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Lay Abstract

While many people are aware that viruses can be used in medicine as vaccines, there are even
more new and developing ways they can be used, such as in fighting cancer or treating previously
uncurable diseases. However, testing of and patient access to these new treatments is often limited
due to the challenges in producing and purifying enough of the virus. Viruses are highly complex
and large relative to other products, and so many of the common methods and manufacturing
processes which are standard in the industry need to be significantly adapted or improved to suit
the production of viruses. This study investigates one step of the purification process, sterile
filtration, and considers how a variety of factors from the materials used to the properties of the
virus solution can be optimized to improve performance. With a deeper understanding of the sterile
filtration process, recommendations can be made to help improve the production of future virus-

based therapies.
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Abstract

Therapeutic viruses are a class of biotherapeutic which have enabled new treatments and
medical advances in the areas of vaccines, cancer treatment, gene therapy, and more. While many
rapid advancements and novel products have been made in research labs and used in small scale
trials, there are a multitude of technological and financial barriers to the large-scale manufacturing
and commercialization of these products. Key among them are the complex unit operations
involved in the purification of therapeutic viruses which often have low yields and high costs.
Significant work has gone into optimizing unit operations including harvest and clarification,
chromatography, and ultrafiltration, while the terminal sterile filtration step has largely been
overlooked despite its crucial use in ensuring the final product is safe and free from any
contaminating bioburden. Thus, this thesis seeks to address the gap and explore various aspects of

process development and optimization in the sterile filtration of therapeutic viruses.

What constitutes a sterile filter is well defined by regulatory agencies such as the FDA and
by accepted ASTM standards. However, few studies have characterized the fundamental
mechanisms and membrane properties which govern how bacteria (specifically the standard
validation organism, Brevundimonas diminuta) is retained during filtration. By comparing the
bacteria retention of commercial membranes with various chemistries and pore size ratings the
relative importance of adsorptive and size exclusion-based retention was explored. Applied
pressure during filtration was also found to be a critical factor, theorized to be due to bacteria
deformation resulting in passage through pore constrictions. Applying the insights gained to the

sterile filtration of a therapeutic virus, it was demonstrated how effective sterile filtration could be
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performed using a specific 0.45 um rated membrane under low pressure filtration, resulting in

improved virus recovery and throughput relative to the standard 0.22 um rated membrane.

To better understand the factors which cause membrane fouling and loss of virus during sterile
filtration, the effect of host cell impurities on filtration performance was investigated. Host cell
DNA and protein were isolated using anion exchange chromatography and then spiked into a
highly purified vesicular stomatitis virus preparation at controlled amounts in order to determine
what effects the impurities would have alone and in combination. This revealed that small amounts
of host cell protein are a major factor in both membrane fouling and reduced virus yield, and that
there is a synergistic effect between the virus and the host cell protein adsorbing to the membrane

surface.

Recognizing that the conventional phase-inversion polymeric membranes have many
fundamental limitations such as high internal surface area and a broad pore size distribution which
can contribute to poor performance, a novel ultrathin, isoporous, microfabricated silicon nitride
membrane was tested for suitability as a sterile filter. Membranes with patterned circular and slit
pores were characterized and compared using model solutions of polystyrene nanoparticles and
bovine serum albumin. After validating that a membrane with 0.2 um width slits was able to act
as a sterile filter in accordance with ASTM standards, it was challenged with preparations of
rhabdovirus Maraba and adenovirus. When compared against a conventional Durapore 0.22 um
membrane, the silicon nitride 0.2 pum slit membrane showed similar virus recovery and was
unsuccessful in reducing the rate of fouling. While promising in some respects, further work is

required to develop the technology and optimize it for biotherapeutic and virus filtration processes.
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Throughout this work, a small supply of purified virus has imposed limitations on the number
of experiments which could be performed, and this is a common issue encountered when
performing small scale studies. In order to develop nanoparticle models more suited to represent
the complexities of virus particles, a process was created through which nanoparticles could be
fused together to create controlled amounts of particle doublets or larger aggregates, similar to
how viruses can be prone to aggregation. Filtration performance of the fused particles was strongly
dependent on the degree of aggregation, and fitting the filtration data to the standard fouling
models revealed that the membrane fouling even resembled true virus solutions. This methodology
could be readily applied by others to achieve simple, high throughput testing of sterile filtration

membranes.

Vi
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Chapter 1

Introduction
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1. Introduction

1.1. Therapeutic Viruses

As early as the 15" century, there are records of physicians attempting to induce immunity to
smallpox through the inhalation of dried crusts from smallpox lesions — what is now seen as the
earliest attempt at immunization®. Long before germ theory, the discovery or viruses, and modern
medicine, viruses (knowingly or not) were finding applications as therapeutic tools in medicine.
Later, through a series of discoveries, the exact nature of viruses was elucidated. In the early 20"
century, a “filterable agent” implicated in human and animal disease was discovered, plaques were
identified growing on cell cultures, and with the electron microscope virus particles were directly
visualized?. Growing alongside modern medicine, viruses have been used as therapeutic agents for
vaccinations to a wide range of diseases, as a vector for gene therapy, and as oncolytic agents for
the treatment of cancer, which all will be the focus of the work presented here. However many
other novel and highly valuable applications of viruses in medicine and biotechnology exist,
including phage therapy for treating bacterial infections®, as a drug delivery agent* or imaging

contrast agent®, and as a scaffold for tissue engineering®.

1.1.1.Vaccines

Vaccines are credited with saving an estimated 2-3 million lives each year and can be
considered one of the most significant medical advances in improving human longevity’. As
numerous advancements have been made in immunology and biotechnology, vaccinations have
enabled the eradication of smallpox and have resulted in significant reduction in measles, pertussis,
polio, and other diseases’. In 1974 the World Health Organization set the goal to reach every child

in the world with vaccines for diphtheria, pertussis, tetanus, poliomyelitis, measles, and
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tuberculosis by 1990. To date, this has not been reached, showing that worldwide access to
vaccines and the mass production of cost effective vaccines is still an issue’. Furthermore, the
development of novel approaches to vaccination and new diseases to be treated continues to push

the development of technologies to produce vaccines.

While vaccines can provide protection against a wide range of pathogens including
bacteria, fungi, parasites, and viruses, only the technologies and applications relevant to viruses

will be discussed here.

The physiological mechanisms behind vaccination are well established, and involves the
introduction of a foreign antigen to the body, which through various pathways activates the
immune system and leads to an adaptive immune response specific to the introduced agent®. The
two major components of the adaptive immune system are T-cells (cell mediated immunity) and
B-cells (humoral and antibody mediated immunity). Through various cascading immune
pathways, a response to the antigen produces short-term protection against the vaccine antigen
through antibody production and CD8* effector cells, plus long term future protection against the
vaccine antigen through B memory cells and CD8* memory cells®. Depending on the strength of
the memory B-cell production, this may even enable life-long protection from any future

infection’.

Live, or live-attenuated viruses were the first forms of vaccines to be used, and continue to
be used to this day in applications such as the varicella vaccine®. Introduction of live virus to the

patient poses a risk of infection and illness, and so viruses must be weakened or attenuated first to
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a point where they no longer pose a risk, but still trigger an immune response in the patient and
produce the desired vaccination effect. One common method of producing attenuated vaccines
involves passaging the virus through an abnormal host. This could be a living organism, such as
the first polio vaccine being passaged in mice, or in-vitro cell culture such as rotavirus vaccine
being passaged in Vero (African green monkey kidney) cells'®. Replication inside of non-human
host cells induces adaptation to that medium, resulting in loss of or modification of key genes
responsible for infecting humans®. However, there is a risk that the adaptations and mutations can
on very rare occasion make the virus into a more virulent form and cause a strong illness once
administered®. In addition, it is possible for the adaptations to be lost if the virus is able to being
replicating again inside human cells, for example an attenuated poliovirus vaccine replicating in

the human intestine and re-developing virulence, leading to cases of paralysis after vaccination®?,

Through the use of chemicals, heat, or radiation, live viruses can be inactivated to the point
of no longer causing illness but still being recognized by the immune system and generating an
immune response®. For example, a typical protocol may involve incubating the virus with 0.01%
formaldehyde'?. While this method does provide increased assurance against unintended
replication and infection, it has been shown that the long-term immunity from inactivated virus
can be lower than that from attenuated virus. With a measles vaccine, a single does of attenuated
virus produced a robust long term immunity while an inactivated virus required three doses and

still produced shorter lasting protection against future infection®3.

Another option for non-infectious and non-replication competent vaccines is to only use

subunits or isolated proteins of the target virus which are sufficient to stimulate the immune system
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and create protection against future infection by the virus they were derived from. For example,
the influenza virus can be broken apart using detergents and the viral hemagglutinin (HA) protein
can be isolated to serve as the vaccine antigen'*. The HA protein is a surface protein on the
influenza virus which is critical for attachment to host cells, and so an immune response directed

at the specific protein will still be effective against infection by the influenza virus.

Enabled by advances in biotechnology and the revolution of genetic engineering, virus
proteins can also be produced and purified in a system entirely separate from any original or
infectious virus. Through various genetic engineering techniques, the genes required to express
viral proteins can be inserted into yeast, animal, or insect cell culture®. The synthesis of hepatitis
B surface proteins in yeast lead to the production of the first recombinant vaccine®® and the
development of novel vaccines such of the human papilloma virus (HPV) vaccine was possible

due to the production of the HPV L1 and L2 proteins in yeast'®.

Some of the most recent advances in vaccine technology are recombinant vaccine vectors.
A well known base virus, such as an adenovirus, vaccinia virus, or rhabdovirus, can be genetically
modified such that it expresses the proteins of the vaccine target’. The ideal final product will
maintain the low infectivity and ability to replicate of the base virus but will lead to an immune
response against the vaccine target. The first vaccine based on this live virus vector technology
was only just approved by the FDA in 2019, and consists of a recombinant vesicular stomatitis
virus (VSV) which expresses the surface glycoprotein of the Ebola virus and results in strong

immunity against the native Ebola virust®. VSV is a promising platform for a wide range of vaccine
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vector products, with ongoing research and clinical trials for HIV®®, Zika virus?®, SARS-CoV-2%,

Influenza??, and more.

1.1.2.Gene Therapy

A wide range of diseases result from underlying genetic defects in the patient, such as hemophilia,
macular degeneration, and sickle cell disease?. Thus, a long sought-after goal in medicine has
been a mechanism through which missing or defective genes in the patient could be replaced.
While liposomes, polymers, and peptides can be used to deliver genetic material to the patient’s
cells, taking advantage of the natural ability of viruses to deliver their genetic material into host

cells is the most common approach to gene therapy?*.

The virus vector will be defined by three criteria: the protein capsid or envelope, the genetic
package of interest to be expressed in the target cells, and the regulatory genes of the virus that
control genetic expression?. An ideal virus vector must be able to transport large therapeutic
genes, have a high transduction efficiency, should not be immunogenic, pathogenic, or cause
inflammation, and be able to target specific cells?*. Meeting all these criteria is the challenge faced

by virus vector gene therapy products.

Gene therapy can be applied in vivo, where the virus vector is administered directly to the
patient to replace missing genes, or ex vivo, where cells from the patient are isolated, transfected,
and then returned to the body. Hepatocytes from the liver, stem cells and from bone marrow, T
cell lymphocytes from blood, and retinal photoreceptors from the eye have all been the focus of

this method?. Chimeric antigen receptor T cell (CAR-T) therapy is an ex vivo gene therapy which
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has received considerable attention for the ability to treat various forms of cancer. T cells are
isolated from the patient and reprogrammed with the transgene allowing the immune cells to
identify cellular markers for cancer, and after administration help build and immune response

against and directly kill cancer cells?.

To date, only a handful of gene therapy virus vectors have been approved by the FDA or
EMA. Glybera, an adeno-associated virus based vector for the treatment of lipoprotein lipase
deficiency marked the first gene therapy product approved by the EMA in 2012, followed by
Luxturna, an adeno-associated virus vector for the treatment of retinal dystrophy approved by the
FDA in 2017. Also in 2017, the first CAR-T cell therapy, Kymriah, used for the treatment of acute
lymphoblastic lymphoma and non-Hodgkin lymphoma was approved?®. Currently, adenovirus,
adeno-associated virus, and lentivirus have been the focus of the large majority of research due to
their well understood nature and suitability to gene therapy, making up over 90% of all viruses

used in clinical trials?.

1.1.3.Oncolytic Viruses

The ability of a coincidental virus infection to result in the regression of cancer was first
observed as early as the 19" century. Case notes would describe a patient with advanced leukemia
which would go into remission after an influenza infection, or a child with leukemia which
regressed after a chickenpox infection?. Even though the entire concept of viruses as we understand
them today was not established, doctors had noticed a connection between natural infectious
disease and the regression of cancer. In more modern medical settings, regression of leukemia?’

and lymphoma?® has been associated with a natural measles infection.
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It is now understood than cancerous cells are fundamentally more vulnerable to infection
due to defects in signalling pathways used to detect and eliminate viral infection, changes in the
cell response to stress, and abnormalities in homeostasis mechanisms?®. Protein kinase R is a
critical factor which combats intracellular viral infections, and may be absent in cancer cells.
Similarly, toll like receptors, a surface and intracellular cell element which stimulates interferon
release and immune response, may be absent or downregulated in cancer cells®. Furthermore, cell
surface receptors which facilitate viral entry into the cell may be upregulated in cancer cells,
leading to viruses having a higher selectivity for cancer cells over healthy cells. For example,
various melanoma and carcinomas overexpress the CD46 surface receptor, which the measles virus
uses for cell entry®. This vulnerability will lead to viral infection and replication, and potentially
lysis of the cancer cells through the stimulation of apoptosis, necrosis or autophagy pathways.
Upon lysis of the cell, the release of tumor associated antigens will then aid the immune system in
recognizing and targeting the cancer via the release of cytokines, danger associated molecular
patterns, and the activation of T cells®®. These two main mechanisms, replication within and
subsequent lysis of tumor cells and enhancement of systemic immune response are the methods
through which antitumor activity is mediated by oncolytic viruses. The relative contribution of the
two mechanisms will vary depending on the nature of the virus?®. Oncolytic virus may also
incorporate some aspects of gene therapy, through the insertion of genes which produce immune
stimulating or anti-cancer factors. In many cases, oncolytic viruses are used in tandem with
traditional cancer treatments, including radiation, chemotherapy, and immunotherapy where they

show a synergistic effect and greatly improve patient outcomes?®
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Imlygic (T-VEC), a herpes simplex virus for the treatment of melanoma, was the first oncolytic
virus to be approved by the FDA in 2015. A specific strain of herpes virus, HSV-JS1, was selected
for a strong innate oncolytic activity. To increase safety, the virus was attenuated through the
deletion of genes encoding specific virulence factors, keeping the ability to replicate in malignant
cells but not in normal cells. In addition, genes encoding a macrophage stimulating factor were
added to the virus, allowing the virus to promote an innate anti-tumor immune response®. Rigvir,
an unmodified echovirus (picornavirus) was approved for use as a treatment for melanoma in
Latvia, Georgia, and Armenia, while Oncorine, an attenuated adenovirus was approved in China
for the treatment of head and neck cancer3. To date no other oncolytic viruses have been approved
by the FDA, however as of 2021 over 70 clinical trials are ongoing®*. Adenovirus and herpes
simplex viruses make up the majority of viruses used in these clinical trials, with reovirus, Vaccinia

virus, Newcastle disease virus, and others also used®*.

1.2. Manufacturing of Therapeutic Viruses

To supply these viral therapeutic products, the ability to generate large amounts of virus is
required. Production is generally divided into two main streams, an upstream side where host cells
are expanded and infected to replicate the virus, and a downstream side where the virus is purified.
On the upstream side, all therapeutic viruses are by nature produced in a biological culture system
ranging from simpler systems such as fertilized chicken eggs for the production of influenza
vaccines®? to highly complex bioreactors. While animal cell lines (specifically mammalian cells)
are often the host for a majority of therapeutic viruses, some other cell lines may used in specific
scenarios, such as insect cells with a baculovirus helper system for the production of adeno-

associated viruses®®, or bacteria for the production of bacteriophage®®. Mammalian cells require
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highly specific growth conditions, and culture supplements such as serum proteins®’ and viral
transfection enhancers® are often added. While significant research continues to be done in
optimizing the conditions for cell growth, virus replication, and bioreactor design®**!, the

upstream side of virus manufacturing will not be the focus of this work.

Following upstream processing, a series of downstream unit operations are implemented in
order to purify the virus product. While the exact unit operations are variable, the process will
generally involve a clarification step to remove bulk debris and turbidity, a purification step to
eliminate the majority of impurities, a polishing step to eliminate any final small amount of
impurities and formulate the product, and a sterile filtration step before the product is vialed. The
design of these operations is motivated by the goals of creating a product which is safe, potent,

and stable.

An overview of four different downstream purification processes used in the production of
Lentivirus is shown in Figure 1.1. While each process contains a majority of the same core steps,
the exact implementation and order is highly variable, demonstrating the complexity of
downstream processing. Process A involves the use of high speed centrifugation, which is able to
produce a highly pure end product®?, however it is not a scalable technology for the production of
very large batches*®. Process A is also unique in that it does not involve a terminal sterile filtration
unit operation, instead operating the entire process aseptically and testing each batch for sterility
before use*?. Process B uses the same main unit operation as C and D, however the Benzonase®
treatment is moved to an intermediate step after chromatography and concentration. While no

specific justification for this was given**, the reduced residual DNA concentration and overall
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volume at this point in the process would allow for significantly less of the Benzonase® enzyme
to be used, saving significant costs**. Process C is unique in using a size exclusion chromatography
process for formulating the final product, implemented to provide extra clearance of contaminating
DNA and increase product purity®®. Finally process D reorganized the final steps, with sterile
filtration occurring right before concentration and diafiltration, as the authors found this improved
the overall recovery of virus*. The design of any downstream purification process will require
significant optimizing and a strong knowledge of all the different unit operations which are

available.

| Process steps in chronological order >

| Finishing |

Benzonase Ultrafiltration

[

High-speed

A) Clarification
(0.45 um)

(500 kDa)

centrifugation

B) Clarification Q IEX Concentration Benzonase | | piafittration Steriization
(?) chromatography /diafiltration
(Capsule)
C Clarification | Benzonase | DEAE IEX Concentration Formulation Sterilization
) (0.45 um) chromtography /diafiltration (SEC)
D) :':‘)I)ariﬂcation | Benzonase | Anion EX f((:jgr}_c‘?niraﬁon | Aseptic vialing |
? iafiltration
chromatography /sterilization

Figure 1.1: Main downstream processing steps involved in the large-scale production of Lentivirus
for clinical purposes. Reprinted and adapted from Merten et al.*” under Creative Commons license.

1.2.1. Physicochemical Properties of Therapeutic Viruses
Any purification unit operation will exploit a difference in one or more physicochemical

properties between the virus and the impurities in solution to achieve separation. Within the
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incredibly diverse nature of viruses, a wide range of properties can be found (Table 1.1) which will
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influence how the virus particles are produced and purified.

Table 1.1: Overview of some physicochemical properties for select therapeutic viruses

Virus Morphology  Size (nm) Envelope Isoelectric Point

Adenovirus Icosahedral 70-90%8 No 45

Adeno- Icosahedral 20-25 No 5.9

associated virus

Baculovirus Rod D: 30-60 Yes 5.4
L: 250-300

Echovirus Icosahedral 30 No 5.6%9

Hepatitis A virus Icosahedral 30 No 2.8

Herpes simplex Spherical 180-200 Yes 4.9

virus

Influenza virus  Spherical 80-120 Yes 5.3

Lentivirus Spherical 80-130 Yes N/D

Measles virus Pleomorphic 100-300°! Yes 6.8

Newcastle Spherical 100-500°2 Yes 5.7

disease virus

Rabies virus Bullet D:75-80 Yes 7.0
L: 100-300

Vesicular Bullet D: 70 Yes 4.0%

stomatitis virus L: 200%

Reovirus Icosahedral 85% No 3.8%9

Vaccinia virus Brick D: 250 Yes 5.0
L: 350

Data from Wolff et al.>® unless otherwise noted
D: diameter, L: length, N/D: data not found

The size of therapeutic virus particles can vary from as small as 20 nm for adeno-associated
virus, to as large as 250 by 350 nm for vaccinia virus®®. Some viruses may have a tight size
distribution, with adenovirus particles ranging from 70 to 90 nm in diameter*®, while others can
have a large variability in size, with Newcastle disease virus particle being anywhere from 100 too
500 nm in diameter, even having some filamentous forms smaller than 100 nm®. Within a

complete process for the production of biopharmaceuticals, it is common for there to be anywhere
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from 10 to 20 membrane based separation steps®’, the majority of which are sized based separation.
Unit operations such as clarification, ultrafiltration, diafiltration, and sterile filtration all rely on
membranes with a given pore size or size cut-off, therefore optimization of these unit operation
will be highly dependent on the virus in question. As discussed further in subsequent sections,
some operations such as sterile filtration with 0.22 pum rated membranes are simply not feasible

with larger viruses, such as vaccinia virus and measles virus®..

The isoelectric point of the virus represents the solution pH at which the virus particle will
have neutral charge; below the isoelectric point the virus will be negatively charged and above it
the virus will be positively charged. In addition to charge contributions from the virus surface
(envelope or capsid), the charge of internal components including genetic material and proteins
will influence the overall isoelectric point*. Isoelectric point is a key consideration for separation
processes based on relative charge, namely ion exchange chromatography®. Long term stability
of the virus and the potential for aggregation will also be influenced by isoelectric point and surface
charge. Aggregates are more likely to form when the virus is at a pH near the isoelectric point®®,
and so proper formulation of buffer solutions used during downstream processing is required to

prevent aggregation.

The presence of a viral envelope adds significant complexity to the virus. The envelope
consists of a lipid bilayer derived from the host cell with additional viral proteins and glycoproteins
incorporated into the structure, and can be prone to variations from cholesterol levels, temperature,
culture medium, and other factors®®. As the outer layer of the virus, the envelope will influence

characteristics such as surface charge and hydrophobicity*3, and will determine surface interactions
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and binding (intended or unintended) during purification unit operations. The envelope of the virus
is also sensitive to damage from shear forces, foaming, and pressure changes*’°%%, therefore more
gentle processing is often required for enveloped viruses during unit operations such as

ultrafiltration, which is known to generate high shear forces.

1.2.2. Safety and Regulatory Considerations

The end result of the upstream processing stage and virus culture process is a complex mixture of
the target virus, whole cells and cell debris, additives, media components, helper viruses, and more.
This introduces a wide range of complications and safety considerations that may not be present
in traditional synthetic pharmaceutical products. As with any pharmaceutical entity, therapeutic
viruses require approval by regulatory agencies such as the United States Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) to ensure that they are both
safe and effective. Varying with the exact nature of the product, a wide range of specifications for

a final product must be met, with some potential criteria detailed in Table 1.2.

Table 1.2: Sample of quality and safety specifications for therapeutic virus products®*-

Attribute Specification
Process related Host cell protein
impurities Host cell DNA

Helper viruses or plasmids
Media components (e.g. fetal bovine serum)
Enzymes (e.g. endonuclease)
Leachables and extractables
Product related Aggregates

impurities Inactive, degraded or improperly assembled variants
Biological Bacterial sterility
contamination Mycoplasma

Adventitious viruses

Endotoxins

Product quantity  Mass
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Potency/ infectivity/ transducing units (cell or animal based tests)
Particle count
Product identity  Verified with appropriate assay (e.g. PCR, SDS-PAGE)
General Color
characteristics Turbidity/ Clarity
pH
Osmolarity

Impurities derived from the host cells (host cell protein and DNA) are often of greatest
concern and can have the most stringent safety requirements. Limits for host cell DNA are set
based on a theoretical risk calculation of the oncogenicity of DNA impurities. Continuous host cell
lines can be derived from mammalian tumor cells and so the presence of oncogenic genes which
could be administered to patients are of utmost concern, with over 200 currently known oncogenes
identified in various host cell species®*®°, Based on probabilistic models and risk calculations, it
has been shown that a safety factor of 1.2x10% results from 1 ng host cell DNA that has been
enzymatically degraded to a median 450 base pairs®. From this and other calculations performed
by agencies such as the World Health Organization, the current regulations specify that host cell
DNA should be limited to sequences shorter than 200 base pairs and the total host cell DNA content
should be less that 10 ng/dose®. This can represent a level of purity where the selectivity for the
viral DNA relative to impurity DNA must be on the order of magnitude of 10° or greater®’,

presenting a significant challenge in downstream purification.

Host cell protein impurity limits are not always so strictly defined, and are instead
evaluated on a case-by-case basis given risks associated with immunogenicity, inflammation,
enzymatic activity, or anaphylactic shock®. The use of in vivo animal testing or in vitro
immunoassay tests can be used to assess the safety of protein impurities and general

immunotoxicity effects®®. For monoclonal antibody therapeutics, a much more mature area of
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biotherapeutics, the limit of host cell protein is typically considered to be 100ng/mg product®, a
very rigorous requirement which approaches the limit of detection of many technologies used for
protein quantification. With typical monoclonal antibody doses ranging from 0.1 to 10 mg®®, this
is equivalent to a per dose limit of 10 to 1000 ng of host cell protein. For therapeutic virus products,
no strict limits have been set and the protein impurity content will vary from product to product
and the case-by-case approach is taken. For example, two different adenovirus-based SARS-CoV-
2 vaccines, ChAdOx1 nCoV-19 (AstraZeneca) and Ad26.COV2.S (Johnson & Johnson) were
found to have host cell protein content of at least 19.1 and 0.04 pg per dose respectively™,
highlighting how there is a wide range of acceptable host cell protein content in therapeutic viruses
preparations. From other published GMP production processes typical host cell protein content
can be seen, with 7.9 pg/dose’ host cell protein in an oncolytic adenovirus and 0.42 pg/dose’

host cell protein in a recombinant HPV vaccine.

Product related impurities such as aggerates, empty or partially empty virus capsids, and
misassembled virus particles must also be considered. While not inherently problematic, these
inactive forms of the virus lack infectivity or an ability to deliver genetic material properly, and so
in applications such as gene therapy they provide no effective benefit. An excess of inactive forms
can render the product more immunogenic, increasing the chances of side effects in the patient or
antiviral immune response® 3. In large doses, inactive forms of the virus may even compete for
binding sites on the host cells, lowering the overall transduction efficiency®’. In some cases, empty
forms of the virus can make up as much as 98% of the total particle count’, and so they must be
removed or have their content reduced. While no strict limits have been set, as a guideline the total

particle to infectious particle ratio should not exceed 30 in the final product’.
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Contamination of final products by any biological organisms (fungi, bacteria, viruses) can
have deleterious effects on patients, given that therapeutic virus products are most often
administered through injection directly into tissue and that patients may already be in a weakened
state and unable to fight off infection. Thus, great care must be taken to ensure products are not
contaminated. In the broader pharmaceutical industry, sterilization using heat or irradiation are
common’, however this is not applicable to therapeutic virus products (excluding some subunit
vaccines) due to their sensitivity and need to remain biologically active. Thus, sterility must be
ensured using other methods validated to remove contaminating organisms. For removal of
bacteria and larger organisms, sterility is typically ensured by passing the product through a
microfiltration membrane validated to fully retain a challenge test of 107 Brevundimonas diminuta
bacteria per cm? of membrane area’ 8. When sterile filtration is not feasible, the alternative is
complete aseptic processing, which is achieved by having the entire production take place in a
closed, Grade A cleanroom environment, along with directly testing each final batch of product

for sterility*" >,

Not all contaminating organisms can simply be removed through sterile filtration.
Mycoplasma, which are known to pass through most filtration membranes’’ are a common source
of contamination is pharmaceutical preparations’®. Thus, mycoplasma must be specifically tested
for in the final product through culture assays in broth or agar, or PCR based methods**7°.
Contaminating viruses are a particular challenge, as membrane filtration with a small enough pore
size membrane to retain viruses (known as virus filtration®”) would also retain the therapeutic virus

product. Thus, other methods such as chromatography can be validated for viral clearance®.
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Testing the final product for contaminating viruses using PCR is also common®>®. Throughout
the entire production process, validation of environmental controls, use of high level cleanrooms,
appropriate sterilization of containers and equipment, and automated processing in sterile

environments should be implemented to reduce risk of contamination®!.

1.2.3.Downstream Processing and Purification

Highly intensive downstream processing is required to achieve product purity standards, and
it is recognized as a major bottleneck in the production of therapeutic viruses**5**°, The challenge
is how to achieve the aforementioned safety and purity criteria with cost effective and industrially
scalable methods that provide a high recovery of the virus product. To date, overall recovery during
downstream processing can be as low as 20-30%%*%°, and so new technologies and processes to

improve recovery are highly desirable.

1.2.3.1. Harvest and Clarification

The first step in downstream processing will be heavily influenced by the nature of the
bioreactor bulk. Many viruses are intra-cellular and must first be released through a lysis step.
Addition of a strong detergent is the commonly accepted method, as it is simple, scalable, and cost
effective, however downstream removal of the detergent from the end product must be confirmed.
Furthermore, it has been shown that detergents such as Triton™ X-100 can stabilize virus particles,
preventing further degradation or aggregations during subsequent downstream processing®?.
However, many detergents (including Triton™ X-100) are already or soon to be restricted by
regulatory agencies due to environmental effects and potential for endocrine disruption, and so

alternate detergents such as polysorbate-20 (Tween-20) have been investigated’®. The use of shear
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force in hollow fiber tangential flow filtration as a method to disrupt cells has been studied®,
however the implementation can be difficult as damage to the virus particles from shear force must
also be prevented. Regardless of the method used, cell lysis introduces a large amount of host cell
impurities into the bioreactor bulk, rendering further downstream processing more complex. For
enveloped viruses, such as rhabdovirus, lentivirus and influenza which are secreted by the host
cell, no further processing is required, and gentle processing is ideal so that the majority of the

cells remain intact and release less debris into solution.

At this stage, a suitable clarification step will remove the majority of cell debris and large
aggregates while preparing the solution for further purification. Clarification using microfiltration,
either in a dead-end or tangential flow setup, is commonly implemented using membranes with a
0.22 to 1 um pore size. In an adenovirus purification process, an 0.8 um pore size tangential flow
filtration operation has been shown to recover 98% of virus particles while significantly reducing
turbidity®. In a lentivirus purification process, a dead end filtration process using a 0.45 pm
membrane was able to recover close to 100% of virus particles while removing upwards of 25%
DNA and 65% protein®. Depth filtration (designed to trap contaminants within its structure as
opposed to on a surface layer) is an alternative for highly turbid solutions which contain large
amounts of debris, and has been successfully implemented to increase recovery by three fold
relative to conventional membranes in an adenovirus purification process®*. The use of filter aids
such as diatomaceous earth can also be considered to further improve filtration performance in

some cases®.
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Host cell DNA is a particular concern at this stage as it can increase the viscosity of the bioreactor
bulk, rendering further processing more difficult*®. In addition, to meet regulatory requirements
the size of the DNA chains must be reduced. Therefore, the majority of downstream purification
processes perform a treatment step with endonuclease enzyme to degrade DNA. This can be
performed directly in the bioreactor bulk before clarification, or in a standalone reactor after
clarification®. The enzyme must then be removed in subsequent downstream purification as it is
considered a process related impurity. As an alternative, DNA can be selectively precipitated using
cationic detergents and polymers. Coupled with clarification, this can remove up to 99% of DNA®’,

however this does not address the regulatory requirement of DNA chain length.

1.2.3.2. Chromatography

Chromatography is widely used in downstream processing and is one of the scalable unit
operations which can separate virus particles from process and product impurities to the strict
limits required by regulatory agencies. Chromatographic separation is driven by viruses and
impurities carried in a liquid phase having different physicochemical interactions with a stationary
or solid phase. Operated in a “bind and elute” mode, most of the impurities will pass through the
stationary phase without interacting, while the virus and some impurities will bind to the stationary
phase. Through a step or gradient change in a property of the liquid phase (ionic strength, pH,
chaotropic salts, solvents) the virus and remaining impurities can be selectively eluted from the
stationary phase*:. The stationary phase can take on various structures or arrangements: packed
beds, monoliths, and membrane adsorbers are all commonly used*. Packed beds of porous
particles are the most traditional chromatography media, however it suffers from significant

disadvantages for the purification of viruses. Porous particles fundamentally depend on diffusion
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as the dominant transport mechanism, and given the large size of many virus particles, they are
unable to effectively diffuse into the pores®®. For the smallest virus particles, such as adeno-
associated virus and parvovirus, effective purification with resin media is possible®®® as they are
small enough to effectively diffuse into and interact with the resin pores. Monolith and membrane
adsorbers instead consist of a single block or membrane of solid matrix with a highly
interconnected macroporous structure, with a pore size ranging from 0.2 to 6 um, through which
the virus particles are transported by convective flux®. Monoliths and membranes can present
challenges, being prone to clogging and possessing an overall lower binding capacity than
traditional resins*®, however they have still emerged as a promising technology for the

chromatographic purification of virus particles®®.

Beyond the three main substrate structures, chromatography media uses a variety of surface
chemistries and ligands to selectively bind and elute the virus particles. Common chromatographic
modes include ion exchange, affinity, hydrophobic interaction, and size exclusion, which
respectively take advantage of differences in isoelectric point, binding to functional groups,
hydrophobicity, and particle size to achieve seapration**. Applying chromatography to purify virus
particles and remove impurities, high degrees of separation can be achieved. For example, in the
purification of adeno-associated virus using hydrophobic interaction membrane chromatography
(phenyl ligand), a virus recovery of greater than 90% is achieved, while eliminating more than
80% of DNA and 90% of protein impurities®*. Each chromatography mode separates the virus
from impurities based on a given physicochemical property, and so by including multiple stages
of chromatographic separation using different modes (orthogonal separation), even higher degrees

of purity can be obtained. Using anion exchange chromatography resin (quaternary amine)
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followed by size exclusion chromatography in the purification of adenovirus, an overall recovery
of 61% was achieved with 99.9% and 97% of host cell protein and DNA being eliminated’?.
Chromatography is also one of the few methods which is able to separate genome containing and
empty (infectious and non-infectious) virus particles, due to slight differences in isoelectric point

caused by the presence of DNA®®,

1.2.3.3. Ultrafiltration

Ultrafiltration can be used to achieve multiple objectives in downstream purification with the
ability to remove impurities, concentrate the virus, and perform buffer exchange. Ultrafiltration is
a pressure driven filtration processes which uses membranes with defined molecular weight cut-
offs, typically ranging from 1 to 1000 kDa%. Ultrafiltration membranes are designed to reject the
product of interest (virus particles) while allowing water and impurities to cross to the permeate
side of the membrane. When operated in a tangential flow configuration with recirculation, the
retained volume and level of impurities is reduced with each pass by the membrane, allowing for
high levels of purification and concentration to be reached. Simultaneously, the medium the virus
is suspended in can be exchanged by adding a new medium to replace volume lost to the permeate,

in a process known as diafiltration*>2,

Careful selection of the membrane molecular weight cut-off must be taken such that the virus
particle is fully retained and the impurities are able to fully transmit with minimal buildup (fouling)
on the membrane surface. Due to this, larger viruses such as lentivirus are highly amenable to
purification through ultrafiltration, with recoveries as high as 100% and clearance of protein and

DNA over 90% achieved with a 300 kDa cut-off membrane®®. In the purification of an adenovirus,
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a 750 kDa cut-off membrane was able to recover 100% of adenovirus particles while clearing 66%
of DNA and 86% of protein impurities®. Smaller viruses, such as adeno-associated virus, can be
concentrated or diafiltered using membranes with molecular weight cut-offs below 100 kDa,
however this will also retain a high degree of impurities and is not an effective purification step®.
Regardless of the choice in unit operations for purification, at least one final ultrafiltration or
diafiltration step will typically be required in order to exchange the virus into a buffer solution

intended for long term stability and safe administration.

1.2.3.4. Sterile Filtration

Sterile filtration is typically the terminal unit operation in downstream processing and
involves dead-end filtration through a microfiltration membrane validated to completely retain any
contaminating bacteria. In almost all cases this step is performed using a polymeric membrane
with a 0.22 um pore size rating which retains the bacteria through size exclusion and adsorption
effects®. However, because of the large size of many virus particles and their complex surface
chemistry (Table 1.1), it is possible for the therapeutic virus product to simultaneously be retained
by the sterile filter membrane. B. diminuta, the bacteria used to validate sterile filtration
membranes, has a minimal dimension of 0.3-0.4 um’>° while large virus particles can be greater
than 0.1 um in size, thus sterile filtration demands a very difficult separation, requiring complete

retention of the bacteria and complete transmission of the virus.

Within small scale clinical and larger scale GMP production processes for therapeutic
viruses, losses during sterile filtration are commonly reported (Table 1.3). Recoveries up to 100%

are reported for adenovirus, while lentivirus and other viruses consistently experience significant
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losses, with only 40% of the product being recovered in the worst case. Despite how critical such
losses are to the efficiency of the overall production process, sterile filtration has received little
attention relative to the other downstream processing unit operations. In many cases, authors who
report on complete downstream purification processes, and even state that they are producing a
“final product”, neglect to consider a sterile filtration step or provide other assurances of aseptic
processing and sterility®+9-%_ Of note, few historical reports could be found detailing the recovery
of virus vaccine products after sterile filtration. This may partially be due to research at the time
not reporting recovery for individual unit operations® or due to some work utilizing 0.45 pm rated

filters before the 0.22 pum standard had been fully adopted®®.

Table 1.3: Overview of sterile filtration recoveries for various therapeutic viruses from clinical or
GMP production processes. Process 1/Process 2 shows sterile filtration recoveries resulting from
different downstream purification unit operations before sterile filtration. Membrane material and
trade name are listed only when provided in the original publication.

Virus Membrane Recovery (%) Reference
Adenovirus 0.22 pm PVDF Millipore Millex Process 1: 57 48
Process 2: 97
0.2 um cellulose acetate Sarstedt 99 82
Filtropur S
0.6/0.2 um PES Cytiva Ulta Prime 100 &
CG
0.22 um PVDF Miillipore Millex 85 100
Influenza virus 0.22 um Process 1: 49 12
Process 2: 71
Lentivirus 0.22 um Process 1: ~50 44
Process 2: ~75
0.22 um 50-70 60
0.22 um PES Pall Acrodisc 70 59
Rotavirus 0.22 um 62 101
Vesicular 0.45/0.22 pum cellulose acetate 40-50 102

stomatitis virus Satrorius Sartoban
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To date, little work has been done to optimize the sterile filtration process or to investigate
the fundamental causes behind these high losses of virus during sterile filtration. Many authors
only report recovery values for a single type of sterile filtration membrane (Table 1.3) and do not
discuss any membrane selection or optimization of process conditions. Even when the authors
identify that different downstream purification processes leading up to sterile filtration can result
in drastically different recovery, the cause of this is not explained in detail or explored further. In
recent studies specifically investigating the sterile filtration of viruses, Shoaebargh et al. first
identified the importance of membrane structure, demonstrating how multi-layered or asymmetric
membranes provided a higher recovery, with recoveries of a Maraba rhabdovirus ranging from 5
to 21 %%, Further work then investigated how additives in solution such as polymers or proteins
could improve virus recovery, attributed to blocking adsorption to the membrane surface and
potentially reducing aggregation of the virus, with recoveries ranging from 11 to 54 %. Taylor et
al. explored the sterile filtration of a cytomegalovirus using a wide range of membrane materials
and structures, again demonstrating improved performance by asymmetric and multi-layered

membranes, with recoveries drastically ranging from 10 to 80 %4,

Studies from other areas of application, such as wastewater treatment, have investigated the
interaction of viruses with microfiltration membranes. Using a series of viruses with different
sizes, it has been shown that as the size of the virus particle increases, retention also increases'®.
Adsorption of the virus to the membrane surface plays a significant role in retention, with studies
showing that hydrophobic interactions are a dominant mechanism'%-1% and that electrostatic
repulsion (pH above virus isoelectric point, low salt concentration to prevent shielding) reduces

adsorption'®. Additional components in solution, such as surfactants, can reduce adsorption and
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retention'®” while organic material and proteins can increase adsorption!®. While these
conclusions should be taken into consideration, the approach taken in wastewater treatment differs
greatly from downstream bioprocessing and may limit the applicability of results. Wastewater
treatments seeks to maximize virus retention, often uses membranes not suited for bioprocessing
(high background adsorption, incompatible materials and solution components) and use virus

solutions multiple orders of magnitude less concentrated.

1.3. Objectives and Thesis Outline

Sterile filtration of therapeutic viruses can result in significant losses, contributing to the
overall inefficiency of downstream purification, with recent studies on the economics of
therapeutic virus production identifying sterile filtration as a significant increase to cost'®* and the
largest contributor to overall cost'*°. Significantly more work is required to better understand the
fundamental mechanisms leading to loss of virus during sterile filtration and to develop methods
by which recovery can be improved. This thesis aims to explore a variety of approaches towards
improving sterile filtration, taking into consideration bacteria retention and regulatory compliance,

properties of the virus and other solution components, and the membrane material and structure.

Chapter 2 provides a brief overview of membrane filtration, detailing the principles of
operation and mechanisms of action, methods of data analysis and commonly applied models, and

available membrane materials and structures.

Chapter 3 investigates how sterile filtration membranes are validated using B. diminuta and

explores the mechanisms and membrane properties through which the bacteria is retained. Despite
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how critical B. diminuta is to validating sterile filtration membranes, little work has been done to
date testing how it is retained by a wide variety of commercial membranes under varying
conditions. Of particular interest, we sought to determine if there were possible conditions under
which larger pore size membranes not typically rated for sterile filtration (e.g. 0.45 um
membranes) could completely retain a B. diminuta challenge test in accordance with regulatory
standards. A large series of bacteria filtration experiments were performed, comparing various
membrane chemistries, pore size ratings, and the effect of applied pressure during filtration. Using
select 0.45 and 0.22 um membrane, sterile filtration experiments with a vesicular stomatitis virus
were then performed. In essence, this chapter seeks to better understand why 0.22 um membranes
are typically required for sterile filtration, if this requirement can be relaxed to 0.45 um membranes
under the appropriate conditions, and what impact this could have on the sterile filtration of

therapeutic viruses.

Chapter 4 demonstrates what effect small amount of residual host cell DNA and protein
impurities can have on the sterile filtration performance of a vesicular stomatitis virus. As
discussed in Chapter 1.2.2, while host cell impurities must be removed during downstream
processing to ensure product safety, small amounts can remain in solution. While previous work
has connected residual DNA with increased virus aggregation and reduced sterile filtration
recovery®®, there has been no work investigating the effects of residual protein, either alone or in
combination with residual DNA. Host cell protein and DNA were selectively isolated and then
spiked back into a pure virus preparation either alone or in combination, and the effect on sterile
filtration recovery and membrane fouling was observed. Further experiments specifically

measured virus adsorption to the membrane in the presence of impurities.
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Chapter 5 evaluates microfabricated isoporous silicon nitride membranes for suitability as
sterile filters. Standard polymeric membranes have a broad pore size distribution, with some 0.22

um rated membranes having pores as small as 0.05 pm?*!!

which can theoretically lead to the
entrapment of larger virus particles. Thus, isoporous microfabricated membrane are an attractive
technology to potentially improve sterile filtration performance. In collaboration with the research
group at Simpore Inc., a variety of membranes were manufactured for testing, including a first of
its kind 0.2 um isoporous slit pore silicon nitride membrane. The effect of membrane pore size
and geometry (circular pore vs. slit) on filtration performance was characterized using simple
model solutions on nanoparticles and bovine serum albumin. The silicon nitride membranes were

challenged with B. diminuta to validate their ability to act as a sterile filter, then tested in the sterile

filtration performance of two different therapeutic viruses.

Chapter 6 presents a technique for fabricating model virus particles using polystyrene
nanoparticles. While nanoparticles have commonly been used to model virus particles in filtration
studies'®'2 they have lacked the ability to represent some aspect of virus solutions, such as the
presence of aggregates. To address this, a tunable and consistent process was designed for
producing nanoparticle with a distribution of doublets, triplets, and larger aggregates. Filtration
tests using standard 0.22 and 0.45 um membranes were performed, and the results were analyzed
using standard pore blockage and Vmax models. The similarity of results to the sterile filtration of

viruses is discussed.
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2. Filtration Fundamentals

In broad terms, filtration is a pressure driven separation process in which a feed solution is
forced through a porous medium (or membrane), on which suspended solids or particles from the
feed are captured. VVarious modes of filtration can be distinguished. In dead end filtration, the fluid
flows normal to the membrane surface with all fluid passing through the membrane. Stirred cell
filtration is similar to dead end filtration, but with added agitation from an impeller or stir bar.
Finally there is cross flow filtration, where the fluid flows tangential to the membrane surface and
only a portion of the fluid passes through the membrane!. The driving force for filtration will
typically be supplied as a constant pressure source (e.g. pressurized reservoir, hydrostatic pressure,

vacuum) or a constant flux source (syringe pump, peristaltic pump).

Flux through the membrane during pressure driven filtration can be derived from the Hagen-
Poiseuille equation?:

_edpP 1)
_8uTL

The Hagen-Poiseuille equation assumes a series of uniform, cylindrical pores with infinitely thin
walls, which is a large abstraction from the true structure of many membranes as discussed in
Section 1.2. Despite this, the model has been shown to be accurate for the predicting the flux
through a variety of membranes®*. Accounting for factors such as the membrane porosity ¢ and
membrane tortuosity 7 can aid in representing some of the non-ideal forms of many membranes.
From this equation, key factors which influence flux through the membrane are the applied
pressure P, the membrane pore size d,,, and the membrane thickness L. To achieve the highest
throughput, using a thinner membrane, with a larger pore size, at a higher operating pressure is
ideal, however there are many trade-offs with real world considerations.
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Flux through the membrane can also be represented using a flow resistance term?:

___r @)
u(Ry + Rf)

J
Here, the resistance to flow from the membrane is given by R,,, while R, represents additional
resistance to flow contributed by the buildup of captured particles on or inside the membrane, also
know as membrane fouling. As filtration progresses and more particulate is captured by the
membrane, the fouling will continue to build and increase the overall resistance to flow. From
Equation 2, if the pressure is kept constant and the overall membrane resistance is increased over
the course of filtration, this will result in a decrease in flux, or for a constant flux source the reverse
will occur, with an increase in pressure. This results in the classic pressure and flux curves as
shown in Figure 1. These curves are highly indicative of filtration performance as the relative rate

of pressure increase or flux decline is directly related to the degree of membrane fouling. Further

discussion on this subject is provided in the next section.
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Figure 2.1: Graphical representation of the effect of fouling on filtration performance. As filtration
progresses and fouling occurs, a constant flux filtration system will experience an increase in
pressure, while a constant pressure system will experience a decline in flux.

Particle capture and fouling of the membrane primarily occurs through two phenomena.
The first is sieving, where the pore size of the membrane is small enough that it physically restricts
the passage of the suspended particles in solution. Filtration membranes are classified based on
their pore sizes, as it largely determines what type of particles or solutes the membrane will be
able to reject®:
e Nanofiltration membranes — Pore size of 10 to 1 nm. Can retain small molecules, sugars,
or dyes.
e Ultrafiltration membranes — Pore size of 100 nm to 10 nm. Effective at retaining viruses,
proteins, or large polymers
e Microfiltration membranes — Pore size of 10 um to 0.1 um. Effective at retaining large

particulate and aggregates, suspended solids, yeast, or bacteria.

Given Equation 1, the class of membrane and pore size must be carefully selected such that the
pores are small enough that the particles of interest are fully retained, but not smaller than
necessary so that the highest possible throughput can be obtained. Due to the pore size distribution
present in most polymeric membranes, the particle sieving of a membrane will never be a perfectly
sharp cut-off where particles above the pore size are fully retained and particle below the pore size
are fully transmitted; the selectivity of a membranes will decrease with increasing pore size

distribution®.
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The other mechanism for particle capture is adsorption to the membrane. When a particle is
transported to the surface or pore wall of a membrane, a resulting balance between attractive and
repulsive forces will determine if the particle adsorbs to the surface. A variety of theories have
been proposed to describe the forces involved, including DLVO theory’, xDLVO theory® and
thermodynamic minimization of Gibbs free energy®. Strong particle-membrane interaction will
allow for the formation of a monolayer on the membrane surface with potentially minimal fouling,

while further particle-particle interaction will lead to greater buildup of the fouling layer°,

2.1. Modeling of Membrane Fouling

Understanding the flux or pressure profiles which occur due to fouling during filtration can
give insights into how the foulant material is mechanistically interacting with the membrane.
Various models of membrane filtration have been developed which rely on different mechanisms
of pore blockage in order to describe how pressure will increase or flux will decrease with

increased throughput during filtration?*.

Experimental data can be fit to these models in order to determine which mechanism of
membrane fouling is likely occurring. Derivation of the models follows the characteristic
equation®!

P _ 3)
dv

Where n is a filtration constant that characterizes the mode of fouling, with n = 0 for cake
filtration, n = 1 for intermediate blocking, n = 3/2 for standard blocking, and n = 2 for complete
blocking. The resistance coefficient K will depend on the properties of the feed solution,

membrane, and operating conditions, with a different coefficient for each mode of fouling®®.
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Stochastic and mechanistic models of fouling have also been derived and matched to the various
modes of fouling originating from Equation 3%, The resulting fouling models for both constant
pressure and constant flux filtration are given in Table 4. Complete blocking occurs when particles
larger than the pores deposit directly on top of the pores, entirely blocking them and preventing
any flow. Standard blocking occurs with particles smaller than the membrane pore size being
trapped within the membrane structure, slowly narrowing the pore width as the fouling layer
grows. Intermediate blocking occurs with large particles partially seal pores and partially bridge
pores. Finally, Cake filtration occurs when a layer of particles is formed on the membrane surface

which neither blocks or enters the pores.

Table 2.1: Review of pore blocking models, giving the equations for both constant flux and
constant pressure models and showing an idealized graphical representation of the fouling
occurring on a membrane.

Blocking Constant Pressure Constant Flux Graphical Representation
Model Equation Equation
P
Complete _ p=—2
Blocking J=Jo = KoV 1-Koy
Jo
P,
Standard I (1 K, V)Z pP= % H H H H
Blockin —Jo\+ T _ s
g 2 (1-%v)
Intermediate _ —KwW _ KV
Blocking J=Joxe P=Fxe !
Jo

Cake Filtration ] P =Py(K oV +1)

T KV +1
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These models have been successfully applied to investigate the fouling of membranes by a
wide variety of substances, including proteins'?, viruses®, polymers'* and nanoparticles®.
However, these models represent an idealized interaction between the particles and the membrane
which may not capture the true fouling behavior. Thus, improved models have been developed
where the fouling occurs in distinct stages each fit to different a different model*® or where models

are combined and multiple mechanism of fouling occur simultaneously’8,

2.2. Membrane Materials and Structures

The large majority of membranes currently employed in filtration operations are polymeric
membranes with a complex polydisperse inner structure (Figure 2.1). Isotropic, or symmetric,
membranes have a uniform pore structure throughout the depth of the membrane. In the filtration
of particles larger than the membrane pore size, particles are primarily captured directly on the
membrane surface, while the filtration of particles smaller than the membrane pore size will result
in particle capture distributed throughout the membrane structure®. Anisotropic, or asymmetric,
membranes have a pore structure that varies throughout the depth of the membrane. Typically
filtration will be operated with the larger pore size side of the membrane placed on the upstream
side, resulting in a prefilter effect where the bulk of particle capture can occur before the smallest
pores are reached?. Finally, composite, or multi-layer, membranes consist or two or more district
layers with varying properties and each having their own pore size. Membranes may be designed
with this form for structural reasons, such as ultrafiltration membranes having a thin active layer
with a tight pore size on top and a thicker, larger pore size support layer beneath to provide
mechanical strength®®. For example, the selective layer of a PES 500 kDa ultrafiltration membrane

was found to be only 0.5 um thick, while the entire membrane was greater than 35 pum thick?:
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Figure 2.2: Variety of structures available for membrane filtration technology. Top images provide
a graphic representation of how pore size changes with depth through the membrane while bottom
images are SEM image of actual membrane structures. Membranes shown are (A) Isotropic
(symmetric), (B) Anisotropic (asymmetric) and (C) Composite (multi-layer). Reprinted with
permission from Reis et al.1°,

These polydisperse membranes can be described with a certain pore size (e.g 0.22 or 0.45
pm), however it is important to recognize that this is only a nominal designation; the actual
membrane structure will consist of pores covering a wide range of sizes. Typically the pore size
distribution is represented using a log-normal probability density function??? with the smallest
and largest pores potentially spanning more than an entire order of magnitude?*. For example, a
20 nm nominal pore size PVDF membrane was found to have an actual average pore size of 44

nm with the smallest and largest pores being 4 nm and 100 nm respectively. Similarly, a 0.22 um
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nominal pore size membrane was found to have an average pore size of 0.33 um and with the
smallest and largest pores being 0.06 um and 6 pum respectively?®, an incredibly broad range of
pore sizes. These measurements are achieved using mercury intrusion porosimetry, however the
method has been criticized due to the high intrusion pressures which can alter pore structures and
distort results'®. Other techniques such as liquid-liquid displacement or gas displacement
porosimetry have been described, and selection of the measurement technique can change the
measured average pore sized from 0.23 to 0.41 pum for a nominal 0.2 pm membrane?*,

demonstrating how variable the measurements can be.

The broad pore size distribution in membranes is a consequence of how the membranes are
fabricated. Common polymeric membranes are fabricated from materials such as PES, PVDF, CA
and PAN using a phase inversion technique. Beginning with a homogeneous polymer solution, the
solution is demixed (through the introduction of solvent, evaporation of solvent heating, etc.) into
a polymer rich and polymer lean phases with solidification of the polymer rich phase solidifying
to form the membrane solid matrix and the polymer lean phase forming the membrane pore void
space?®. This process is driven by thermodynamic and kinetic aspects, with randomness behind the
patterning of solids and voids leading to a disordered structure and pore size distribution. Alternate
methods for the formation of polymeric membranes include interfacial polymerization, stretching,
and electrospinning®’. One technique of note is track etching, as it allows for the formation of
highly controlled pores with a very uniform pore size. In this method a polymer film is irradiated
with heavy ions, leading to the formation of damaged tracks which can be subsequently exposed
to an etching solution to dissolve the damaged ion track and expand the pores?.The resulting

membranes is isoporous, having a uniform pore size with straight channel pores. However, track
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etched membranes have low porosity and a relatively large thickness, leading to low hydraulic

permeability and limited applications.

Membranes are not solely limited to polymeric materials, and many inorganic membranes
fabricated from metallic or ceramic material exist. Ceramic and metallic membranes made of
silver, alumina, titania, zirconia or glass can be fabricated by sintering of powders, with the
resulting in a polydisperse membrane pore size controlled by the particle size of the powder used
for sintering®®. These membranes have the advantage of high chemical and thermal stability,
allowing them to be used in extreme applications or to be cleaned with harsh conditions between
uses. Other techniques such as foaming, electrospinning, and casting can also be applied to the
formation of inorganic membranes®®. Some techniques of particular interest are anodization, de-
alloying, and microfabrication which all allow for the creation of isoporous membranes. Through
the application of electrochemistry principles, thick oxide layers can be grown on metals such as
aluminum or titanium. These oxide layers can self assemble into honeycomb or circular structures
with pore diameters ranging from 4 to 200 nm3L. In de-alloying, a eutectic alloy such as NiAl-Cr
is directionally solidified to create rod-like phase boundaries. The rod-phase can then be
selectively etched to leave behind circular pores®. Finally, microfabrication techniques such as
deep reactive ion etching® or photolithography®* can also be used to create isoporous membranes,
with the unique advantage of also being able to design the pore geometry, as further discussed in

Chapter 5.
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Chapter 3

An Experimental Study of Bacteria Transmission
Through Microfiltration Membranes Reveals the Potential
of Enhancing the Yield of Therapeutic Viruses in

Downstream Processing
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3. An Experimental Study of Bacteria Transmission Through Microfiltration Membranes
Reveals the Potential of Enhancing the Yield of Therapeutic Viruses in Downstream
Processing

Evan Wright, Alexandra Jucan, David R. Latulippe

Prepared for journal submission

3.1. Abstract

Effective sterile filtration using commercial polymeric membranes is an ongoing issue in the
downstream purification of virus vector products due to the inherent challenge in both ensuring
retention of contaminating bacteria while also maximizing yield of the virus. Bacteria retention is
validated using a challenge test with Brevundimonas diminuta bacteria, however there is little
detail available characterizing how membrane and process properties influence retention of this
bacteria. Furthermore, parallel testing of bacteria retention and virus product transmission is often
not investigated, and there is the opportunity to use this approach in order to develop improved
sterile filtration processes. To this end, the present study compares the performance of nine
commercial microfiltration membranes with different chemistries (PES, PVDF, cellulose acetate)
and pore size ratings (0.2, 0.45, 0.8 um) in filtration experiments with B. diminuta. For 0.45 pum
membranes specifically, applied pressure was critical in determining bacteria retention, and for
some 0.45 um membranes at appropriately low operating pressures (< 34 kPa) the bacteria were
even completely retained, demonstrating effective sterile filtration. Using a rhabdovirus-based
vector, the performance of 0.22 and 0.45 um membranes was then compared, highlighting how

the yield could be improved from 61% to 84%. Characterization of the membrane physicochemical
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properties (zeta potential, surface structure) showed a complex relationship between membrane
structure and function with poor correlation to performance, indicating that further investigation
is required. The results from this work provide important insights into bacteria transmission
through microfiltration membranes and a novel direction for optimizing the sterile filtration of

viral vector products.

3.2. Introduction

Cell and virus gene therapies are a highly promising platform for the treatment and even cure
of a myriad of diseases®. However, high manufacturing costs, consistent production, and product
safety are all barriers to further adoption of these technologies. Manufacturing of virus therapy
products involves a complex series of upstream and downstream bioprocessing unit operations?,
which can include the sterile filtration step for bioburden reduction and as a safeguard to ensure
sterility of the final product®. A wide range of commercially available 0.22 pum rated polymeric
membranes are able to perform this operation, and the implementation is generally straightforward
for conventional small molecule pharmaceuticals. However, issues with low throughput and
retention of valuable product can be encountered for many types of biopharmaceuticals such as
highly concentrated antibody solutions®, exosomes®, glycoconjugate vaccines®, and especially
virus particles’®. Loss of product from the sterile filtration step in addition to material costs has
even been found to be one of the largest contributors to the high per dose costs of a particular virus

therapy°.

For these products, their particle size (anywhere from 15 nm for antibodies to 200 nm and

larger for virus particles) relative to the 0.22 pum pore size is often a critical factor which leads to
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issues during sterile filtration. Despite this, the 0.22 um pore size is seen as a necessity to achieve
the required function of ensuring product sterility. When polymeric membrane filters were first
introduced, the 0.45 pm rated membranes were originally assumed to be able to retain all bacteria,
however, this changed in the 1960’s with the identification of Pseudomonas diminuta (now
Brevundimonas diminuta), and the requirement for sterile filtration was shifted to the 0.22 pum
designation®'. The B. diminuta bacteria has since been seen as the gold standard for testing and
validating sterile filtration membranes. Starting in 1987, the FDA stated that a sterilizing filter is
specifically defined based on the ability to retain a minimum of 10’ B. diminuta per cm? of
membrane area®® with the common methodology for this challenge test defined by ATM F838%,
From this, the ability to act as a sterile filter is not necessarily limited to a nominal pore size but is

based on an applied challenge test; the 0.22 um pore size is not a strict necessity.

Despite the importance of sterile filtration and the ability of a membrane to retain B. diminuta,
there is a lack of fundamental studies documenting how the bacteria transmits through membranes
with different pore sizes and properties. In the existing literature, there are brief reports showing
that B. diminuta can be fully retained by 0.45 pm rated membranes?***®, which would be a highly
desirable implementation given the previously described issues in the sterile filtration of
biotherapeutics using 0.22 pum rated membranes. Other existing studies are often performed from
a theoretical perspective, using isoporous®’ or custom-made (non-commercial) membranes'®-2°
to investigate the fundamentals of how bacteria transmit through membranes. While these studies
have presented many useful conclusions on the importance of media composition and temperature

19 the effect of flow interruptions?®, and most importantly the effect of applied pressure during
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filtration?, these is still a lack of available information on how and if certain commercial

membrane retain B. diminuta under different conditions.

To address this, the present study compares how membrane material, pore size, and applied
pressure during filtration influences the retention of B. diminuta by commercial microfiltration
membranes, with a focus on the 0.45 um pore size. Using a small-scale microfiltration setup and
following the protocols identified in ASTM F838, we have performed over 110 individual
filtration experiments in order to characterize the transmission of B. diminuta through nine
different commercial membranes with different chemistries (PES, PVDF, cellulose acetate), pore
size ratings (0.2, 0.45, 0.8 um), and manufacturers. The membranes are then further characterized
by measuring surface zeta potential in both standard electrolyte and the ASTM specified solution
and by imaging the membrane surfaces using scanning electron microscopy to link filtration

performance to membrane physicochemical properties.

To extend the insights gained from the B. diminuta retention testing, a practical challenge test
was performed comparing the sterile filtration of a virus vector through specific 0.22 and 0.45 pm
rated membranes. Specifically, a vesicular stomatitis virus (VSV) was chosen due to it’s unique
bullet shape and large size?, its use as a viral vector in vaccine and gene therapies?®, and past

results which have shown losses during sterile filtration®2*,

Filter validation through bacteria retention testing and optimization of filter performance through

application specific testing is rarely if ever connected in experimental work. By taking a holistic
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approach to this problem and investigating the two properties in tandem, new insights can be

gained into the selection of membranes and the optimization of downstream processing.

3.3. Materials and Methods
3.3.1.Membrane Selection and Characterization

Millipore Durapore PVDF (0.22 um GVWP, 0.45 um HVLP), Millipore Express PLUS
PES (0.22 um GPWP, 0.45 um HPWP), Sartorius PES (0.22 um 15407, 0.45 um 15406), and
Sartorius CA (0.22 um 11107, 0.45 pm 11106, 0.8 um 11104) were used in this study. All
membranes are hydrophilic, considered low protein binding by the manufacturers, and all 0.22 um
rated membranes are recommended for sterile filtration. Membranes were either purchased with a
13 mm diameter or manually cut to that size using a hollow punch. All membranes were housed
in a polycarbonate assembly (Cole-Parmer) with an effective 0.5 cm? of filtration area. When
performing filtration studies with B. diminuta or VSV, all fittings, tubing, and membranes were

sterilized in an autoclave at 121 °C for 30 minutes before use.

Zeta potential of the various membranes was measured using the streaming potential
method using a Surpass 3 instrument (Anton Parr). A pair of 2 x 1 cm samples of membrane were
fitted into the adjustable gap cell of the instrument, and a gap distance of 100 + 10 pum was
maintained for all the trials. A full characterization of the zeta potential over a pH range of 3to 11
was performed using 1ImM KClI as the electrolyte and using 0.05 M NaOH or 0.05 M HCI to adjust
the pH within +0.1 of the target value. Beginning at a pH of 3, the pH was increased in increments
of 1 unit up to 11, then decreased back down to 3 with a zeta potential measurement performed at

each step. A measurement consisted of three individual observations recorded by the Surpass
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instrument. A second set of zeta potential measurements were performed for each membrane using

SLB as the electrolyte with no pH adjustments.

To image the membrane surface pore structures, scanning electron microscopy was used.
Portions of the various membranes were cut using a razor blade and mounted on specimen stubs
using carbon tape and nickel paste, then sputter coated with gold (Polaron E5100). The images
were obtained using a Vega Il LSU (Tescan) instrument at 20 kV and a magnification ranging
from 1000 to 10,000 x. The complete set of SEM images obtained in this study are shown in Figure

S3.6 and Figure S3.7.

3.3.2.Filtration Experiments

Small scale constant pressure filtration tests were performed in triplicate using an Elveflow
OB1 MK3 multi-channel microfluidic flow control (MMFC) system. The pressure controller was
supplied with compressed nitrogen at approximately 410 kPa, while the applied pressure in three
parallel reservoirs (15 mL Falcon tubes, VWR) was controlled using a computer interface
(Elveflow SI 2.6.1). The reservoirs were connected to the membrane assemblies using
approximately 10 cm of 1/16” ID Masterflex silicone tubing (Cole-Parmer) and luer lock fittings
(McMaster Carr). Prior to any filtration experiments, the reservoirs were filled with approximately
10 mL of sterile solution without bacteria or virus (SLB or formulation buffer respectively) and
set to 210 kPa. The throughput of each membrane was observed and compared to previous results
in order to check the membrane integrity and ensure the membrane was fully wet. All filtration

experiments were performed inside of a Class Il Type A2 biosafety cabinet.
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3.3.3.Preparation and Analysis of Brevundimonas diminuta

Lactose broth was prepared by suspending 1.3g of dry media in 100mL of water. Saline lactose
broth (SLB) was then prepared by suspending 7.6g of NaCl in 970mL of water followed by adding
30 mL of lactose broth. Tryptic soy broth (TSB) and tryptic soy agar were prepared following
manufacturer’s instructions. All media was autoclaved at 121 °C for 30 minutes before use

(Tuttnauer 3850E).

Brevumondias diminuta ATCC® 19146 was purchased from Microbiologics in the
lyophilized Kwik-Stik™ format. The B. diminuta was plated onto tryptic soy agar and allowed to
grow for 48 hours at 30°C, at which point a colony was picked and transferred into 5mL of tryptic
soy broth. After incubation for another 24 hours at 30°C with no shaking, a 0.5 mL aliquot was
mixed with 0.5 mL of 50% glycerol and stored at -80°C as the master stock. Another aliquot was
taken and used for 18S rRNA Sanger sequencing, performed by the Mobix Lab at McMaster
University. The sample was boiled for 15 minutes followed by amplification of the 16S gene using
8f(5’AGAGTTTGATCCTGGCTCAG) and 926r(5CCGTCAATTCCTTTRAGTTT) primers and
subsequent purification of the 16S gene (PureLink PCR Purification Kit, Invitrogen) for DNA
sequencing. The results were checked using the BLAST database (National Institute of Health)

and showed a 99% conformity with Brevumondias diminuta ATCC® 19146.

To prepare an active B. diminuta culture, 5mL of TSB was inoculated with a scraping from
the master stock, and incubated for 24 hours at 30°C. 20 ul of the culture was diluted into 5 mL of
SLB and incubated for an additional for 24 hours at 30°C. For the bacteria challenge filtration

tests, the prepared B. diminuta was further diluted in SLB to a final volume of 40 mL, then the
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three parallel reservoirs were each filled with 12 mL of the solution with a bacteria concentration
ranging from 6.8 to 7.6 log CFU/mL (average 7.3£0.3 log CFU/mL), ensuring that the minimum
10" CFU/cm? (7 log CFU/cm?) challenge as specified by the ASTM standard®® was exceeded. The
pressure in each of the reservoir was set to the required level using the MMFC, and 10 mL of
filtrate from the 3 replicate membranes was collected in individual 15 mL tubes. All 0.22 pm rated
membranes were initially tested at 210 kPa (30 PSI) to confirm their ability to act as sterile filters.
Then, to investigate the effect of applied pressure on filtration performance, all 0.45 um and 0.8
pm membranes were tested over a range of 3.4 to 100 kPa (0.5 to 15 PSI). Following each filtration
experiment, the B. diminuta concentration in each of the triplicate filtrate samples was assessed
using a colony forming unit (CFU) count, where 0.1 mL of serially diluted solution was placed
onto tryptic soy agar (MilliporeSigma) in triplicate, which was then incubated for 48 hours at 30°C
followed by the manually counting colonies visible to the naked eye. In addition, to confirm the
complete absence of B. diminuta in the filtrate, a membrane detection method was used. The full
volume filtrate was passed through a separate analytical membrane (Durapore 0.45 pm) designed
to capture any remaining bacteria, which was then removed from the housing and placed directly
onto agar. Following an incubation for 48 hours at 30°C, if no growth on the membrane was
observed then the solution was deemed to be sterile and not contain any B. diminuta. Final bacteria
concentrated is reported as the logio value of the counted CFU/mL. The complete data set of all

feed and filtrate B. diminuta concentrations from this work is available as Table S1.

To investigate potential interactions of the B. diminuta cells with the membrane surface,
the zeta potential of B. diminuta was measured. A culture of B. diminuta in SLB was prepared,

then triplicate samples of the bacteria suspension were measured using a folded capillary cell
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(DTS1070, Malvern Instruments) in a Zetasizer Nano ZSP (Malvern Instruments). The bacteria

refractive index was set to 1.38 based on the value used in pervious work*®.

The cell size of B. diminuta was determined using scanning electron microscopy
measurements. A solution of B. diminuta was prepared identically to the filtration challenge test,
with a 24 hour culture in TSB and a 24 hour incubation in SLB. The bacteria solution was then
further diluted 100 fold in SLB. The bacteria cells were then captured on a silicon nitride
membrane with 0.2 pm slit pores by actively filtering 500 pl of solution through the 0.036 cm?
surface area membrane. See Chapter 5 for more details on the membrane and filtration process.
The membrane with captured bacteria was then gently washed with ultrapure water (Millipore
MilliQ) and was then treated with a solution of 2% glutaraldehyde in cacodylate buffer for 30
minutes. A series of exchanges of increasing ethanol concentration (25, 50, 70, 95, 100 %) were
performed, with a 10 minute incubation at each step. The membrane was then loaded into a Leica
EMCPD 300 critical point dryer, where the ethanol was exchanged with critical point CO2 over 20
drying cycles. The dried membrane was mounted on a stub, sputter coated, and imaged as
previously described for the microfiltration membranes. ImageJ software was used to measure the
cell size of B. dimunta from the SEM images, with 50 cells measured over 5 different locations on

the membrane surface.

3.3.4.Preparation and Analysis of Vesicular Stomatitis Virus
A batch of VSV was prepared using conventional viral culture methodologies and purified
using hydrophobic interaction chromatography for further use in sterile filtration testing. VSV was

propagated inside Vero cells (both provided by Robert E. Fitzhenry Vector Laboratory at
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McMaster University), and infected supernatant was collected and clarified using centrifugation.
Clarified supernatant containing VSV was loaded onto a Sartobind Phenyl Nano 3mL capsule
(Sartorius) operated on an NGC chromatography system (Biorad) and eluted using a step change
in ammonium sulfate concentration. The eluted fraction containing purified VSV was dialyzed
(Slide-a-Lyser G2,10 kDa cut-off, Thermo-Fisher) against a buffer solution to stabilize the virus
(Formulation buffer; 150 mM NacCl, 4% sucrose, 10 mM HEPES, pH 7.4) and stored at -80 °C.

See Chapter 4 for further details on the production and purification of VSV.

To assess the transmission of virus through the membranes, the reservoirs were filled with
7 mL of VSV solution with a titer of 9.3+3x10% PFU/mL. 0.22 and 0.45 um Sartorius PES
membranes were specifically compared at a pressure of 34 kPa, based on results showing complete
retention of B. diminuta (demonstrated effective sterile filtration) by the 0.45 um membrane at this
pressure. The pressure in each of the reservoirs was set using the MMFC and 5 mL of filtrate from
the three replicate membranes was collected. Virus titer of the feed and triplicate filtrate samples
was assessed as plaque forming units per mL (PFU/mL) using a standard plaque assay. Vero cells
were seeded into a 6-well plate (Corning) and infected with 100 pl of serially diluted samples in
triplicate. An agarose overlay was applied, and after a 24-hour incubation the cells were fixed with
3.7% formaldehyde and stained with 0.1% crystal violet solution. Plagues visible to the naked eye

were manually counted.
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3.4. Results and Discussion
3.4.1. Measurement of B. diminuta Cell Size

The size of B. diminuta cells are known to vary based on culture conditions, with nutrient
availability and temperature®® or agitation?® influencing the cell size. When in a nutrient deficient
environment, some bacteria adapt by decreasing their cell size and reducing activity?®, and a high
ionic strength medium is also known to reduce cell size through osmotic effects?’. Validation of
sterile filtration using B. diminuta is meant to present a worst case scenario, and therefore the
culture and solution conditions are optimized to minimize cell size and increase the likelihood of
the bacteria passing through a membrane. The additional step of transferring the cells to SLB and
incubating for 24 hours before filtration will theoretically shrink the size of the cells. The average
size of B. diminuta cells adapted to the SLB medium has been reported as 0.4 x 1 pm?® from
scanning electron microscopy, while the FDA and ASTM standard describe the B. diminuta cell
size as being 0.3-0.4 x 0.6-1 um in size*®*3, In order to validate that the size of cultured B. diminuta
cells used in this work are within the expected size range, the size of individual cells were measured
from SEM images (Figure 3.1). The cells were prepared using a critical point drying method, a
method for dehydrating and preserving cells with minimal distortion to their size and structure?.
From the SEM images, the B. diminuta cells were measured to have an average width of 0.38 +
0.04 pum and a length of 0.95 + 0.1 um, within the expected values for the cell size. Of note, the
smallest cell measured was only 0.29 x 0.68 um, representing the smallest particle a sterile filter

must be able to retain.
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Figure 3.1: Measurement of B. diminuta cell size from SEM images. Cells were captured on a
silicon nitride membrane surface and fixed using glutaraldehyde followed by critical point drying.
Data from 50 total measured cells is given, with representative measurements also shown as an
example.

3.4.2.Effect of Membrane Pore Size

First, different pore size Sartorius CA membranes were compared, with Figure 3.2 showing
the results of this experiment. Figure 3.2A shows the results of the B. diminuta filtration tests,
presenting the bacteria filtrate concentration following filtration at pressures ranging from 3.4 to
100 kPa for 0.22, 0.45, and 0.8 pum pore size membranes. For example, when the 0.45 pm CA
membrane was tested in triplicate at 100 kPa, filtrate concentrations of 3.4 +0.3,4.3+£0.2,4.7 £
0.3 log CFU/mL were measured. As the pressure was reduced to 69 and 34 kPa, the amount of
bacteria in the filtrate was significantly reduced, then at 14 kPa and below all filtration tests
resulted in sterile filtrate with no detectable B. diminuta. For the 0.45 um membrane, there was a
clear link between applied pressure and bacteria transmission. When the 0.22 um membrane was
tested at 100 kPa, no bacteria were detected in the filtrate, as expected of a commercial sterile

filter. Finally, the 0.8 pm membrane was tested from 3.4 to 100 kPa and had no statistical
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difference in the transmission between pressures (p<0.05) with an overall average filtrate
concentration of 6.4 £ 0.3 log CFU/mL. From the SEM images in Figure 3.2B, it can clearly be
seen how the membranes have progressively larger pore sizes and more open structures as the
nominal pore sizes increases. While the trend in size is clear, the observable pores are also all
significantly larger than the nominal size. It is well known that polymeric membranes have a broad
pore size distribution, and that the stated pore size is a nominal label and not necessarily reflective
of a size cut-off*° and studies on some of the same membranes used in this study have shown that
measured pore sizes can cover an entire order of magnitude with the mean pore size being almost
double the nominal pore size3l. Thus, the insights that can be gained from the SEM images are

limited, but it nevertheless shows the relative trend between pore size and bacteria retention.
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Figure 3.2: A) Filtrate B. diminuta concentrations after challenging 0.8, 0.45, and 0.22 um pore
size cellulose acetate (CA) membranes with a feed of 7.3+0.3 log CFU/mL over a range of
pressures from 3.4 to 100 kPa. Data is from triplicate experiments and is reported as the log
CFU/mL geometric mean + the standard deviation (shown by red lines) of the log transformed
data. Flat grey areas indicate that no B. diminuta was detected in the filtrate and that sterility was
achieved, while areas with white squares were not tested. B) Scanning electron microscopy images
of the 0.22, 0.45, and 0.8 um Sartorius CA membranes, showing the pore structure of the
membrane surface.

At the 0.45 um pore size, the applied pressure had a clear effect on bacteria retention, with

increasing applied pressure decreasing bacteria retention. It is important to note that the 0.45 um
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CA membrane fully retained the B. diminuta at up to 14 kPa. Given that the filtration test was
performed in accordance with typical industry and ASTM standards for validating a sterile filter,
this would indicate that the 0.45 pum Sartorius CA membrane can act as a sterile filter when

operated below 14 kPa.

3.4.3. Effect of Membrane Material and Structure

To expand on this result, three other commercial 0.45 um membranes were also tested for
B. diminuta retention over the 3.4 to 100 kPa range. In addition to the 0.45 um membranes, 0.22
pum versions of each membrane were tested, and each fully retained the B. diminuta at up to 200
kPa. Figure 3.3A shows that the various 0.45 um membranes had greatly different performance in
their ability to retain B. diminuta at low pressures. At 3.4 kPa, three of the four membranes tested
were able to completely retain the B. diminuta, with only the Durapore membrane showing
significant transmission. Then as the pressure was increased, the other membranes all reached a
breakthrough point, below which the membranes could be considered to act as sterile filters and
above which B. diminuta would pass through the membrane. The highest pressure that the Express
PLUS, Sartorius CA, and Sartorius PES 0.45 um membranes fully retain the B. diminuta was 6.9,
14, and 34 kPa respectively, and these points are highlighted on Figure 3.3 by the asterisks. All
0.45 um membranes also showed a trend of increase transmission with increasing pressure. These
membranes possess significantly different morphologies as shown in Figure 3.3B, with the visible
pores on the membrane surface being vastly different between membranes. However, there was
no clear relation between the surface pore structure and the bacteria retention. For example, the
Sartorius PES 0.45 um fully retained the bacteria at a higher pressure than the Sartorius CA 0.45

pm, however from the SEM image it also appears to have larger pores. From the pure water flux
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measurements performed at 210 kPa for each membrane, average flux values were 0.92, 1.3, 0.88,
and 1.2 mL min™ cm, and no trend between flux and bacteria retention was observed. While a
previous trend between observed pore size and bacteria retention was found (Figure 3.2), this is

not applicable when comparing membranes of the same nominal pores size.
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Figure 3.3: A) Filtrate B. diminuta concentrations after challenging various 0.45 um membranes
with a feed of 7.3+£0.3 log CFU/mL over a range of pressures from 3.4 to 100 kPa. Data is from
triplicate experiments and is reported as the log CFU/mL geometric mean + the standard deviation
(shown by red lines) of the log transformed data. Flat grey areas indicate that no B. diminuta was
detected in the filtrate and that sterility was achieved. Areas marked with an asterisk indicate the
highest pressure condition at which each membrane fully retained the bacteria. B) Scanning
electron microscopy images of the 0.45 um membranes, showing the pore structure of the
membrane surface
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From the experiments with 0.45 um membranes, the importance of applied pressure during
filtration is clear. The common theory to explain this phenomena is that bacteria deform under
pressure and can be forced through pores that may be smaller than the size of the bacteria cell;
Gram negative bacteria such as B. diminuta lack a thick outer peptidoglycan layer, and so they act
as flexible particles during filtration!6-182L, This effect of increasing pressure resulting in increased
transmission was only seen at the 0.45 um pore size. Applied pressure up to 200 kPa did not affect
the 0.22 um membranes, pressure had a significant effect on the 0.45 um membranes, and no effect
was seen for the 0.8 um membrane. This is in line with behavior expect from the approximately
0.4 x 1 um cells (Figure 3.1), where at this size range the bacteria cell approaches the nominal

0.45 um pore size and could potentially be retained through sieving by the membrane.

In addition to size-exclusion based retention based on pore size selection, adsorption of
bacteria to the membrane likely plays a role. While the membranes are all considered low protein
binding or low adsorption by the manufacturers, some level of adsorption is still possible. Even
for hydrophilic membranes with very large pore sizes, when challenged with a high concentration
of bacteria some retention through adsorption is observed®2. To assess the role of adsorption in the
performance of these membranes, filtration of B. diminuta through specific membranes was
repeated with the addition of 0.1% Tween™ 20 to the solution. Tween™ 20 is a surfactant which
can change the surface charge of a surface, prevent electrostatic interactions, and also provides a
steric hinderance®® all resulting in a reduced level of adsorption. The four 0.22 um were first tested
at 200 kPa with the added 0.1% Tween™™ 20, and all membranes still completely retained the B.

diminuta, resulting in sterile filtrate. Next, the Express 0.45 pm, Sartorius CA 0.45 um, and
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Sartorius PES 0.45 um were tested at 6.9, 14, and 34 kPa respectively with the added surfactant.
These conditions were selected as the highest pressures where complete retention of B. diminuta
had previously been demonstrated with each membrane (indicated by asterisks in Figure 3.3). The
Express 0.45 and Sartorius CA 0.45 maintained their performance in the presence of 0.1% Tween™
20 and fully retained the B. diminuta, while the Sartorius PES 0.45 um allowed 1.8 + 0.4 log
CFU/mL to pass through. The addition of surfactant decreased the performance of the Sartorius
0.45 um PES membrane, indicating that adsorption is involved in the ability to retain bacteria. It
is unclear if adsorption is a significant factor in only the Sartorius PES membrane performance, or
if a decrease in performance experienced by the other membranes was simply not significant
enough to be observed. Regardless, if considering the 0.45 um membranes as sterile filters, the
impact of solution components is a critical criterion. Proper evaluation of sterile filtration
performance should be performed in a medium resembling the final product as opposed to simple

buffer or saline, as per FDA guidelines?.

3.4.4.Membrane Zeta Potential

As an additional approach to characterize the 0.45 um membranes used in this study, the zeta
potential in both SLB and a standard 1 mM KCI electrolyte over a pH range of 3 to 11 was
measured (Figure 3.4). An increase in ionic strength is known to lower the magnitude of the zeta
potential, while varying the species of ion can influence the zeta potential due to differences in ion
mobility** and so a large difference in ionic strength between the two electrolyte solutions was
expected. Membrane zeta potential values reported in literature are highly variable, with zeta
potential values for a Durapore 0.22 um membrane measured using the Surpass 3 instrument,

streaming potential method, and 1mM KCI electrolyte solution being reported as both -23 mv®
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and -38 mV*® at approximately pH 9, while this work measured the zeta potential to be -21 mV at
that pH (Figure S3.8). Furthermore, other work has found that the zeta potential of the Durapore
0.22 um membrane was much lower magnitude at low pH (i.e pH below 4)3¢ compared to the
results presented here. It was observed that membranes made of the same material (Millipore
Express and Sartorius PES) had distinctly different values. Comparing membranes with varying
pore sizes and the same material (Figure S3.8), the difference in zeta potential was either relatively
small, up to 5 mV depending on the pH (Millipore Express and Durapore), or not a significant
difference (Sartorius PES and Sartorius CA). Furthermore, the zeta potential of B. diminuta in SLB
was measured and found to be -3.9 + 0.6 mV. Previously reported values for the zeta potential of
B. diminuta include -3.8 mV measured in 150 mM NacCl, pH 5.5 (same salt and ionic strength as
SLB)®* and -1.9 + 0.2 mV measured in 20 mM sodium phosphate buffer, pH 7.1%°, which are
similar to the value obtained in this study. Generally, for hydrophilic surfaces larger negative zeta
potentials will better repel negatively charged bacteria®”3¢, but despite this no correlation was
observed between membrane zeta potential and bacteria retention. Previous work has found that
when testing a variety of bacteria with different surface charges, there was no correlation with
transmission through a single membrane®. The present study shows that for a variety of
membranes with different surface charges, there is no correlation with the transmission of a single
bacteria, further confirming that the ability of bacteria to be retained by a membrane is not related
to surface charge properties. Therefore, any interactions between the bacteria and the membrane
surface in this situation are likely driven by Van der Waals or hydrophobic forces, however further

work would be required to verify this.
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Figure 3.4: Zeta potential of the various 0.45 um membranes, measured over a pH range of 3 to
11 in 1 mM KCI, and measured in the experimentally relevant saline lactose broth (SLB; ionic
strength 150 mM, pH 6.9).

3.4.5. Sterile filtration of VSV

The data presented here has demonstrated how in the appropriate low-pressure conditions,
certain 0.45 pum membranes are able to completely retain a challenge test of B. diminuta under the
same methodology used to validate sterile filters. While further work is required to add robustness
to this claim, such as testing lot-to-lot variance between membranes, it is nonetheless a worthwhile
contribution given the need to improve the sterile filtration of certain biotherapeutics where 0.22
pm sterile filtration can result in considerable losses. To demonstrate this, the filtration and
recovery of VSV through both a 0.22 and 0.45 um membrane was compared. The Sartorius 0.45

pm CA membrane was specifically chosen for this test, as it was able to fully retain the B. diminuta
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at the highest pressure of 34 kPa. As shown in Figure 3.5, from a starting titer of 9.3 + 3x108
PFU/mL, the filtrate of the 0.22 and 0.45 um membranes contained 5.5 + 2x10%and 7.8 + 2 x108
PFU/mL respectively. This is equivalent to a filtration recovery (ratio of titer in the filtrate to titer
in the feed) of 61 + 10% and 84 + 20% for the 0.22 and 0.45 um membranes. The loss of virus
titer is statistically significant for the 0.22 um membrane (p<0.01) while it is not significant for
the 0.45 pm membrane (p>0.1). In addition, filtration of VSV through the 0.22 um membrane
occurred at an approximate average flux of 12 mL min'* cm™ which improved to 26 mL min™ cm-
2 for the 0.45 um membrane. Filtration of the VSV was significantly improved when comparing
the Sartorius 0.45 um CA membrane to a conventional sterile filter Sartorius 0.22 um CA
membrane in terms of both the product yield and throughput. This demonstrates that sterile
filtration with 0.45 um membranes could be applied to increase the recovery of difficult to sterile
filter virus. Lentivirus, an increasingly popular platform for gene therapy applications, is notorious
for low recovery during 0.22 um sterile filtration®. Furthermore, some viruses such as measles
virus®® and vaccinia virus*® are simply too large for sterile filtration with 0.22 pm rated membranes

to be feasible
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Figure 3.5: VSV titer in the feed and filtrate after triplicate filtration experiments through either a
0.22 or 0.45 um Sartorius PES membrane at 34 kPa. Box and whisker plot depicts the interquartile
range with the shaded area, the horizontal lines represent the median, the cross mark represent the
mean and the whiskers extending from the boxes show the maximum and minimum values
measured.

3.5. Conclusions

This study provides valuable data on the B. diminuta retention properties of a wide range of
commercial membranes with varying physical and chemical properties. It has been shown that
specific 0.45 um rated membranes are able to fully retain a B. diminuta challenge test of a
minimum 10’ CFU/cm? of membrane area, performed in accordance with ASTM F838, when
filtration is performed under low pressure. Retention varied greatly between membranes, with the
most effective membrane being the Sartorius PES 0.45 pum which retained the B. diminuta at up to
34 kPa. For all 0.45 pm membranes, and not for any 0.22 or 0.8 um membranes, a clear trend was
observed between increased pressure and decreased bacteria retention. Additional testing was
performed with the surfactant Tween'™ 20 added to the feed solution, and this resulted in a decrease

in bacteria retention. Results show that pore size is the dominant factor for determining retention,
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indicating that size exclusion is the main mechanism by which the bacteria are retained, however
the results with added surfactant show that adsorption does also play some role. Specific membrane
properties such as the surface pore size (as observed using SEM imaging) and surface zeta potential
were not corelated to bacteria retention; membranes with similar values often performed

differently and there were no clear overall trends with bacteria retention.

Given that specific 0.45 um membranes under the appropriate conditions were able to fully
retain the B. diminuta challenge, they can theoretically act as sterile filters. To highlight the
importance of this outcome, a direct comparison of the sterile filtration performance of a
therapeutic virus through both 0.22 and 0.45 um membranes was compared. In terms of product
recovery, the 0.22 um membrane resulted in a significant loss of the virus, while the 0.45 pm
membrane had no significant difference in virus titer between the feed and filtrate. For
biotherapeutic products with large particles sizes, many traditional 0.22 um membranes are not an
ideal technology for sterile filtration due to product losses. This work has demonstrated that using
larger pore size membranes may be a viable alternative and that virus recovery can be improved
while still meeting the required bacteria retention characteristics. This could also indicate the need
for a new generation of membrane technologies which are tuned to an intermediate pore size
designation which is better designed to maximize the transmission of larger biotherapeutic

particles.
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3.8. Supplementary Material

Table S3.1: B. diminuta feed and filtrate concentration for all filtration experiments performed in
this work. Data is reported as average + standard deviation, with N/D signifying that no bacteria
were detected in the filtrate.

Pressure Filtrate (CFU/mL)
Membrane (kPa) Feed (CFU/mL) Test 1 Test 2 Test 3
Durapore 0.22 pm 1.0+0.3 x 107 N/D N/D N/D
Express 0.22 um 510 2.0+0.7 x 107 N/D N/D N/D
Sartorius CA 0.22 um 1.6+0.5x 107 N/D N/D N/D
Sartorius PES 0.22 pm 1.0+0.5 x 107 N/D N/D N/D
34 |15+0.2x107 1.1+0.3x 103 8.5+ 0.5 x 10? 8.5+ 0.6 x 10?
6.9 | 1.3+0.3x107 3.1+1x10° 6.8+ 0.9 x 103 6.8+0.7 x 103
Durapore 0.45 um 14 | 7.7 £ 0.2 x 108 24+1x10° 2.7+0.2 x 103 3.3+0.3x103
34 | 2.4+0.7 x 107 6.4+2x10° 8.4+2x103 4.0+1.3x103
69 | 4.8+0.8 x10’ 9.6 +1x10* 2.1+0.5x10° 7.1+0.9 x10%
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100 | 3.5+0.7 x 107 2.2+0.6 x10° 1.8+0.4x10° | 3.2+0.5x10°
3.4 |21+0.3x107 N/D N/D N/D
6.9 | 1.7+0.6 x 107 N/D N/D N/D
Express 0.45 um 14 | 2.4+0.7 x 10’ 1.3+0.6 x 10! 3.2+0.4x10%> | 3.3+0.6x10!
34 | 3.6+0.4x10’ 5.4+1x102 86+0.5x10% | 6.4+1x10?
69 | 2.1+0.4 x 10’ 1.1+0.06x10® | 1.4+0.2x10° | 6.4+0.1x10?
100 | 3.7+ 0.6 x 107 2.7+0.5x 103 3.7+0.4x10° | 3.5+0.7 x 10
3.4 | 2.8+0.8x107 N/D N/D N/D
6.9 | 1.4+0.1x107 N/D N/D N/D
) 14 | 1.3+0.7 x 107 N/D N/D N/D
sartorius CA 0.45 um 34| 29403x10" | 21+1 7043 1.8+05
69 | 1.2+0.6 x 107 1.2+0.2 x 103 2.7+1x10° 2.8+0.4 x 103
100 | 1.3+0.7 x 107 26+1x10° 24+1x10* 5.2+0.4 x10*
3.4 | 1.77+1x 10’ N/D N/D N/D
6.9 | 1.4+0.9x107 N/D N/D N/D
) 14 | 1.2 +0.4 x 10’ N/D N/D N/D
Sartorius PES 0.45 um 34 | 20+1 %10 N/D N/D N/D
69 | 3.6+0.7 x 107 2.0+1x10! 1.3+0.6x10" | 6.7+3x 10!
100 | 3.6 £ 0.6 x 107 2.9+0.7 x 10? 4.0 £2 x 102 6.7 +2 x 10?
3.4 | 3.1+0.3x10’ 6.3+2x10° 4.0+1x10° 6+1x10°
6.9 | 2.6 0.8 x 107 3.7+1x10° 3.7+2x10° 3.4+2x10°
Sartorius CA 0.8 um 14 | 1.3+0.2 x 107 4.3+0.7 x 10° 27+09x10° | 1.7+0.5x 10°
34 | 6.7+2x10°8 1.1+0.2 x 10° 1.3+0.5x10° | 1.1+0.4x10°
69 | 1.5+0.2 x 107 3.7 +0.8 x 10° 3.3+0.4x10° | 4.0+0.8x10°
100 | 2.4+0.6 x 107 1.5+0.3 x 10° 3.0£0.4x10° | 2.4+0.5x10°

Table S3.2: B. diminuta feed and filtrate concentration for filtration experiments comparing the
effect of added surfactant in solution. Data is reported as average + standard deviation, with N/D
signifying that no bacteria were detected in the filtrate. Results without added surfactant are
repeated from Table S1 for ease of comparison.

Pressure Filtrate (CFU/mL)
Membrane (kPa) Surfactant | Feed (CFU/mL) Test 1 Test 2 Test 3
N/A 1.7+ 0.6 x 107 N/D N/D N/D
6.9 | 0.1%
Express 0.45 Tween 20 2.6 +0.9 x 107 N/D N/D N/D
N/A 1.3+0.7 x 107 N/D N/D N/D
Sartorius CA 14 | 0.1%
0.45 um Tween 20 1.3+1x107 N/D N/D N/D
N/A 2.0+1x107 N/D N/D N/D
Sartorius PES 34 | 0.1%
0.45 pm Tween20 | 1.2+1x10’ 4.7 +2x 10! 26+05x10% | 2.7+1x10!
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Figure S3.6: Scanning electron microscopy images of all membrane used in this study,
highlighting the pore structure on the surface of the membrane. Images obtained at 5000 x
magnification.
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Figure S3.7: Cross section scanning electron microscopy images of the 0.45 um membrane used
in this study. Images obtained at 1000 x magnification
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Figure S3.8: Zeta potential of all membranes used in this study, measured over a pH range of 3 to
11 in 1 mM KCI, and measured in the experimentally relevant saline lactose broth (SLB; ionic
strength 150 mM, pH 6.9).
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Chapter 4

Investigating the Effects of Residual Host Cell Impurities
on the Sterile Filtration Performance of a Therapeutic

Virus
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4.1. Abstract

Efficient downstream processing represents a significant challenge in the rapidly developing
field of therapeutic viruses. While it is known that the terminal sterile filtration step can be a major
cause of product loss, there is little known about the effect of host cell impurities (DNA and
protein) on filtration performance. In this study, fractions of relatively pure Vero host cell protein
and DNA were isolated and then spiked them into a highly pure preparation of vesicular stomatitis
virus (VSV). The spiked virus solutions were then sterile filtered using two commercially available
microfiltration membranes. Using a combination of transmembrane pressure measurements, virus
recovery measurements, and post-filtration microscopy images of the microfiltration membranes,
it is demonstrated how host cell protein content plays a major role in both membrane fouling and
virus losses during sterile filtration. This effect was consistent across both tested membranes and
was also observed in static adsorption experiments. The results presented in this work indicate that
an “isolate and spike” methodology is valuable for those interested in better understanding and

optimizing a downstream purification process for therapeutic viruses.
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4.2. Introduction

Therapeutic viruses are an important and rapidly developing class of biotherapeutics, with
applications ranging from cancer treatment’ to novel vaccines®. As of 2017, 38% of new
therapeutics approved by the FDA were biologics-based®, and this number is expected to continue
to grow in the future. Thus, researchers have been increasingly focusing on developing efficient
and scalable methods to manufacture therapeutic virus. Many advances have been made in
upstream processing in recent years, such as the development of novel cell lines® or new bioreactor
designs’; as a result, bottlenecking in the production process has shifted to downstream processing
steps®®, which can represent up to 70% of the overall manufacturing costs®. Fortunately, progress
in various areas of downstream purification, including harvest and clarification, chromatography,

and ultrafiltration®!, has helped to relieve this bottleneck.

The terminal sterile filtration step, which is required by regulatory agencies to ensure that
the final product is free of any bacterial bioburden®?, is an often-overlooked component of the
downstream purification train. While sterile filtration is not an issue in many cases, some studies
have reported high losses for lentivirus®, influenza virus', enterovirus*, and rhabdovirus®® during
this process. In situations where significant virus loss occurs during sterile filtration, alternative
strategies can be applied, such as the aseptic processing of a virus'® or reorganizing the downstream
processing train'’, however this is not desirable due to cost and complexity. For some larger
viruses, such as herpes virus (~200 nm)® or vaccinia virus (~250 nm)®, sterile filtration is
particularly challenging due to their size being similar to the rated pore size of sterile filtration
membranes (0.22 um). In all these cases, it is critical to understand the factors that influence the

sterile filtration of viruses, as doing so is key to minimizing losses.
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Clarification is a common membrane microfiltration unit operation which as been
thoroughly studied?®, however key considerations such as relative virus and impurity content,
degree of fouling experienced during filtration, and solution components render it significantly
different from sterile filtration. Similarly, many studies have investigated the removal or retention
of viruses using ultrafiltration membranes?*-23, but few have examined the filtration of viruses with
respect to maximizing transmission and throughput. Some factors that are known to influence the
sterile filtration of viruses include the presence of aggregates?*?, the membrane material and
structure!®, and the solution conditions?®. In general, two mechanisms govern the retention of
viruses by the membrane: size exclusion and adsorption. As the ratio between the virus particle
size and the membrane pore size decreases, it becomes more difficult for the virus to transmit
through the membrane and more likely that it will be retained?”?®, For effective sterile filtration, a
0.22 pum pore size rating is required based on challenge tests with Brevundimonas diminuta®®,
however selection of different membrane structures (i.e. symmetric vs asymmetric, pore geometry)
can still influence particle retention and membrane fouling®®3. In addition, viruses may also
adsorb directly to the membrane through a combination of electrostatic and hydrophobic effects;
this is influenced by membrane chemistry, the pH and ionic strength of the solution, and the
presence of any additives or other components in solution?®%23, For biopharmaceutical
applications, virus formulation buffers are often precisely optimized in order to maximize virus

stability®*%, which leaves little room for modifications aimed at improving filtration performance.

One modification that can be made to improve the filtration process is to minimize the

amount of residual protein and DNA impurities. DNA impurities can originate from host cells in
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the culture system, or if applicable, helper components such as other viruses or plasmids®®;
similarly, protein impurities are derived from host cells or are present in culture media components
(i.e., fetal bovine serum)®. Guidelines relating to these impurities are typically strict and evaluated
on a case-by-case basis®’, depending on the risks they pose. Particular concerns relating to product
safety include the oncogenicity of residual DNA and the immunogenicity of residual proteins3¢-8,
Although impurities are typically removed during downstream processing prior to sterile filtration,
some small residual amounts can remain. This can be problematic, as small residual amounts of
DNA have been shown to mediate aggregation in adenovirus and lead to reduced recovery after
sterile filtration?*?. Beyond this, to our knowledge, no other prior work has investigated how
small amounts of residual host cell impurities affect the sterile filtration performance of therapeutic

viruses.

Studies using monoclonal antibodies have shown that numerous species of host cell
proteins are still present in final formulations, even after downstream purification®®4°. These
residual proteins are a diverse population that possess a range of molecular weights, isoelectric
points, and hydrophilicities**, as well as specific properties, such as charge, structure, and
reactivity, that have all been shown to influence membrane fouling®?. Furthermore, studies in
related areas have shown that residual DNA can mediate the aggregation of proteins, thus leading
to membrane fouling*, and that protein aggregates can form nucleation sites on membranes, which

contributes to further fouling*4°.

It is therefore possible that residual host cell proteins and DNA, either alone or in

combination, may play a role in membrane fouling during the sterile filtration of therapeutic
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viruses. The present study consists of a series of small-scale sterile filtration tests using viruses
prepared with a defined amount of host cell protein and DNA impurities. These conditions were
achieved by first producing a highly pure virus batch via sucrose gradient (SG) ultracentrifugation,
and then spiking host cell protein or DNA into the virus preparation at a consistent level. The
overall filtration performance was then assessed by monitoring the changes in transmembrane
pressure (indicative of fouling) during filtration and measuring the amount of virus recovered after
filtration. Since sucrose gradient ultracentrifugation cannot be scaled up for large-scale
manufacturing®*®, hydrophobic interaction membrane chromatography (HIC) was used as an
alternative approach for purifying a batch of virus and comparing the performance of sterile
filtration on these samples. Static adsorption studies were subsequently performed to develop a
more in-depth understanding of the interactions between the virus, the impurities, and the
membrane. Vesicular stomatitis virus (VSV), a type of rhabdovirus, was selected as a model
therapeutic virus for this study for its potential as an oncolytic virus*’ and as it possesses a bullet
shape geometry with a relatively large size of ~70 nm in width and ~200 nm in length*®, which

may present an additional challenge for typical sterile filters with a pore size of 0.22 pum.

There is a need to improve current manufacturing protocols to maximize virus recovery
during 0.22 um filtration, and an investigation of the influence of host cell impurities on filtration
performance will contribute to optimizing therapeutic virus downstream processing and enabling

greater production of many next-generation biopharmaceuticals.
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4.3. Materials and Methods
4.3.1.Production of VSV and Isolated Host Cell Impurities

A series of purification techniques were used to produce two sub-batches of VSV, one
purified via sucrose gradient ultracentrifugation (SG VSV) and another purified via HIC (HIC
VSV). Isolated host cell protein (HCP) and host cell DNA (HCDNA) were also prepared from

Vero cell lysates. Figure 4.1 shows a schematic of the different methodologies employed.

[ Vero Cells ]

\
* v
[Non—lnfected Vero] Infect with VSV
i [ Infected Vero ]
Lyse cells
[
} ¢ |

Anion Exchange Hydrophobic Sucrose Gradient (SG)
Chromatography (AEX) Interaction Ultracentrifugation
‘ Chromatography (HIC) i
v } v
Host Cell DNA Host Cell Protein Dialysis and Dialysis a!1d
Formulation Formulation
(HCDNA) (HCP)

I

1

Figure 4.1: Outline of process used to isolate host cell impurities (HCDNA and HCP) and prepare
sub-batches of VSV purified via sucrose gradient ultracentrifugation (SG VSV) and hydrophobic
interaction chromatography (HIC VSV).

The Vero cells (ATCC CCL-81) used in this work were provided by the Robert E.
Fitzhenry Vector Laboratory at McMaster University and were cultured using Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% L-

glutamine (Gibco). The cells were maintained in 150 cm? cell-culture flasks (Corning), which were
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incubated at 37 °C with 5% CO; and passaged every 3-4 days. To expand the cells to produce
uninfected Vero or VSV cultures, 15 cm diameter tissue-culture-treated dishes (Corning) were
seeded at an approximate density of 5x10° cells/cm? and grown to confluence. The Vero cells were
spit into new plates at a 1:2 ratio and were incubated for 24 hours. After this time, the media was
removed, the cells were washed with phosphate buffered saline (PBS), and new FBS-free DMEM
was added, followed by the addition of 1 mL of VSV (Indiana strain, recombinant expressing
GFP*, provided by the Robert E. Fitzhenry Vector Laboratory) at a multiplicity of infection (MOI)
of 0.1. The cells were then allowed to incubate for another 24 hours, after which the cell

supernatant containing virus was harvested.

The cell supernatant was portioned into 50 mL tubes, centrifuged (Beckman Coulter
Allegra 6R) at 1400 xg and 4°C for 15 minutes to pellet any cell debris, collected, and then clarified
via 0.45 um bottle top vacuum filtration (Nalgene Rapid Flow). To prevent virus aggregation, a
0.5 M EDTA (Gibco) solution (pH 8.0) was added at a ratio of 1:25. To prepare the SG VSV
samples, the filtrate containing the virus was then centrifuged (Beckman Coulter Avanti J-25i)
using a JLA-10.500 rotor (Beckman Coulter) at 12,200 xg and 4 °C for 90 min to pellet the virus.
The resultant supernatant was then discarded, and the virus pellet was resuspended in 1 mL of
PBS). A sucrose (BioShop) gradient was created by layering 0.5 mL of 75% sucrose, 4 mL of 40%
sucrose, and 4 mL of 3% sucrose in an ultracentrifuge tube (Beckman Coulter Ultra-Clear 13.2
mL) from which a linear gradient was created using a Gradient Master 108 (BioComp
Instruments). Next, 1 mL of resuspended virus was placed on top of the linear sucrose gradient
and ultracentrifuged using a SW41 rotor (Beckman Coulter) at 70,800 xg and 4°C for 30 min. The

purified virus was visible as a single band (approximately one third of the way down the gradient)
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and was collected by puncturing the side of the tube with a syringe needle. The collected virus was
then dialyzed (Slide-a-Lyser G2,10 kDa cut-off, Thermo-Fisher) against formulation buffer (150
mM NacCl, 4% sucrose, 10 mM HEPES, pH 7.4) and further diluted to a final titer of approximately
2.4x108 PFU/mL. The final virus solution was then portioned into 7 mL aliquots and stored at -

80°C until use.

A second sub-batch of VSV supernatant was purified using HIC, a method which has been
shown to be highly effective in the purification of virus particles >, First, a Sartobind Phenyl
Nano capsule (Sartorius) containing 3 mL of membrane was attached to an NGC medium-pressure
liquid chromatography system (BioRad). Next, virus-containing supernatant was prepared and
clarified according to the above-described procedure, then mixed with buffer containing 10 mM
HEPES and 3.6 M ammonium sulfate (Sigma). The final solution consisted of 19% buffer and
81% virus supernatant, with an ammonium sulfate concentration of 700 mM and a pH of 7.4. The
Nano capsule was equilibrated with 10 membrane volumes of equilibration buffer (10 mM
HEPES, 4% sucrose, 700 mM ammonium sulfate, pH 7.4) at a flow rate of 9 mL/min, which was
maintained throughout the experiment. Following equilibration, 10 mL of the prepared sample was
applied to the capsule using the sample pump, followed by a wash step with 10 membrane volumes
(30 mL) of equilibration buffer to remove any unbound impurities. Finally, the virus was eluted
from the membrane via a single step change to an ammonium sulfate free buffer solution (i.e. 10
mM HEPES, 4% sucrose, pH 7.4). During the run, conductivity and UV absorbance at both 260
nm and 280 nm were continuously monitored. The 6 mL fraction containing the largest portion of
virus was collected, dialyzed against formulation buffer (as described above), and stored in

aliquots of approximately 7 mL at -80 °C.
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Isolated host cell impurities were produced using a non-infected Vero cell culture.
Confluent cells were detached from a 150 cm? cell-culture flask, resuspended in 10 mL of low
ionic strength buffer (Buffer A, 10 mM HEPES pH 7.4, 4% sucrose), and centrifuged at 1400 xg
for 15 minutes in order to pellet the cells. The supernatant was then discarded, and the cell pellet
was subjected to a 3x freeze-thaw process consisting of a cold bath in 95% ethanol and dry ice and
a warm bath at 37 °C. Following the freeze-thaw process, the lysed cell pellet was diluted in
another 10 mL of Buffer A, centrifuged at for 15 minutes to pellet any cell debris, and the
supernatant was collected. Host cell protein and DNA were purified from this mixture using an
adapted version of a previously documented method®? and a laterally-fed membrane
chromatography (LFMC) device containing 1 mL of Sartobind Q membrane (Sartorius), which is
a strong anion-exchange membrane. Briefly, the membrane was first equilibrated with Buffer A,
and the cell lysate was then loaded onto it using a 5 mL loop. A wash step with Buffer A was
applied after loading the sample to wash any unbound material. Next, a stepwise elution profile
was applied by mixing proportions of Buffer B (10 mM HEPES pH 7.4, 4% sucrose, 2 M NaCl)
and Buffer A to generate steps of 450 mM, 600 mM, and 800 mM NaCl. These steps had the
purpose to elute protein, a mixture of protein and DNA, and DNA, respectively. From previous
experiments, a 2-step elution proved insufficient for effectively separating pure host cell protein
and DNA, and therefore the 3-step elution process was necessary to remove any protein and DNA
co-eluting at similar intermediate ionic strengths. In each step, 6 membrane volumes (6 mL) were
eluted and collected in 3 fractions of 2 mL. A constant flow rate of 5 mL/min was used throughout
the process. During the run, conductivity and UV absorbance at both 260 nm and 280 nm were

continuously monitored.
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4.3.2.Sterile Filtration

Sterile filtration experiments were performed on a small-scale constant flux system, with
flow being driven using a syringe pump (Harvard Apparatus PhD Ultra) with a 10 mL syringe
(Becton-Dickinson). During operation, a digital pressure transducer (Omega PX409) was used to
measure the transmembrane pressure (TMP) relative to the atmospheric pressure. The resultant
data was normalized against the starting TMP value (TMPq) to account for variance in membrane
permeability and was averaged over a 0.25 mL interval to reduce the effect of noise and oscillations
introduced by the syringe pump. Silicone tubing (Cole-Parmer Masterflex L/S 14) was used to
connect the syringe to a cross junction, which was also connected to the pressure transducer and a
polycarbonate membrane housing (Cole Parmer) with 0.5 cm? of effective filtration. All tubing
connections were secured using polypropylene Luer-lock fittings (McMaster-Carr). This study
used either hydrophilic polyvinylidene fluoride (PVDF, Millipore Sigma, Durapore) membranes
or hydrophilic polyether sulfone (PES, Millipore Sigma, Millipore Express PLUS) membranes,
both of which are designed for the sterile filtration of protein or other biological solutions and have
a rated pore size of 0.22 um. It is worth noting that the PES membrane has an asymmetric pore
structure, with pores being more open on the upstream side of the membrane, while the PVDF
membrane is symmetric and has a consistent pore size throughout the depth of the membrane.
SEM images of the membrane top, bottom, and cross section are shown in Figure S4.8. All fittings,

tubing, and membranes were sterilized in an autoclave at 121 °C for 30 minutes before use.

The assembled system was first pre-wet using a syringe loaded with formulation buffer and

then the membrane permeability was determined by measuring the transmembrane pressure at
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various volumetric flow rates ranging from 0.1-10 mL/min. A 7 mL aliquot of VSV was thawed
and, if necessary, spiked with host cell protein and/or DNA. For tests using bovine serum albumin
(BSA, BioShop) as the spiking impurity, a 1 mg/mL stock solution was prepared in formulation
buffer and then spiked into the VSV. The VSV solution was incubated at 37 °C for 1 hour to allow
any potential interactions between the virus and impurities to take place. The VSV solution was
then loaded into a new syringe, which was then connected to the pump and the pre-wet tubing and
membrane system. A total of 5 mL of VSV solution were then passed through the membrane at a
flow rate of 0.15 mL min* (flux of 0.3 mL min* cm). Next, the filtrate and remaining feed
solution in the syringe were collected and saved at -80°C for future analysis. Finally, the membrane
was removed from the polycarbonate membrane holder, gently washed in Milli-Q water, and fixed
in 1% glutaraldehyde for 30 minutes. All experiments were performed in duplicate using identical
conditions, with all reported data representing the average of the two tests unless otherwise

mentioned.

4.3.3.Static Adsorption

A 7 mL aliquot of VSV was thawed and further divided into 0.5 mL samples. Each 0.5 mL
sample was placed into a separate 1.5 mL Eppendorf tubes and then spiked with impurities as
described above. An individual membrane (1.33 cm? surface area) was cut into small pieces using
a razor, and the different VSV solutions were then incubated for 1 hour at room temperature on an
orbital shaker at approximately 60 RPM. Concurrently, spiked VSV solutions with no added
membrane pieces were prepared and incubated as a control. The resultant supernatant of each

solution was collected and stored at -80°C for future analysis.
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4.3.4. Assays

DNA concentration was measured using a Quant-iT PicoGreen dsDNA Kit (Invitrogen) in
accordance with the manufacturer’s instructions. In brief, a 10 ul aliquot of each sample was
diluted in 40 pl of TE buffer, which was then mixed with 50 pl of working reagent in a half-area
black 96-well microplate (Perkin Elmer), followed by incubation for 5 minutes in a light-free
environment. The fluorescence of the samples was measured at 520 nm emission and 480 nm
excitation using a SpectraMax i3 (Molecular Devices) plate reader, and the DNA concentration

was calculated in relation to a 1-1000 ng/mL Lambda DNA (Roche) calibration curve.

Protein concentration was measured using a Micro BCA Protein Assay Kit (Thermo
Scientific) in accordance with the manufacturer’s instructions. In brief, a 100 pl aliquot of each
sample was mixed with 100 ul of working reagent in a clear 96-well microplate (Corning) and
incubated at 37 °C for 2 hours. The absorbance of the samples was measured at 562 nm using a
plate reader, and the protein concentration was calculated relative to a 1-40 pg/mL BSA (Thermo

Scientific) calibration curve. If necessary, the samples were serially diluted prior to measurement.

VSV titer was measured using a plagque assay. Vero cells were cultured using the above-
described method and seeded into a 6-well plate (Corning) at approximately 6x10° cells per well
and incubated for 24 hours. Virus samples were serially diluted 10-fold into supplemented DMEM,
which was followed by the addition of 100 ul to each well (2 dilution levels, each in triplicate).
The infected wells were incubated for 1 hour at 37 °C and 5% CO», with manual rocking every 15
minutes. An agarose overlay solution consisting of 0.5% agarose and 10% FBS in DMEM was

prepared and kept warm at 40°C; 2 mL of this overlay solution was added to each well and allowed
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to solidify before incubating for another 24 hours. After this incubation period, the cells were fixed
for 1 hour at room temperature by adding 1 mL of 3.7% formaldehyde to each well. The agarose
plugs were then manually removed from the wells and the fixed cells were stained by adding 1 mL
of 0.1 % crystal violet in 20 % ethanol to each well for 10 minutes. Excess crystal violet stain was
aspirated, and the wells were then washed under a gentle stream of water. Finally, the visible
plaques (transparent spots on the cell layer) were counted in order to calculate the number of

plaque-forming units per mL (PFU/mL) accounting for the dilution factor.

DNA fragment length was determined using an automated electrophoresis platform
(Agilent TapeStation, Genomic DNA ScreenTape, Agilent Genomic DNA Reagents).
Specifically, the DNA strand length analysis consisted of a comparison of the DNA from the
unpurified Vero cell lysate and the AEX chromatography-purified DNA that was used in the
spiking experiments. The DNA was prepared for analysis by first concentrating it approximately
30-fold and then buffer exchanging it into 10 mM Tris-HCI, pH 8.5, 0.1 mM EDTA using a
Genomic DNA Clean & Concentrator spin column kit (Zymo Research) as per the manufacturer’s

instructions.

Protein size analysis was performed using SDS-PAGE gel and Coomassie Blue staining.
As with the DNA strand length analysis, the protein size analysis compared protein from the
unpurified Vero cell lysate and the AEX chromatography-purified protein used in the spiking
experiments. 10 pg of each protein sample were mixed 1:1 with Laemmli sample buffer (Biorad)
and heated in boiling water for 2 minutes, followed by separation on 8-16% acrylamide tris-glycine

gel (Mini-PROETAN, Bio-Rad). An 8 to 260 kDa ladder (Chameleon Duo Pre-Stained Protein
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Ladder, LI-COR Biosciences) was included as a reference. After separation, the gel was gently
washed for 10 minutes in deionized water water, followed by staining with Coomassie Blue
(0.02% Coomassie Brilliant Blue G-250, 10% ammonium phosphate, 20% methanol, 2%
phosphoric acid). The gel was incubated for 2 hours in the staining solution with gentle shaking,
then rinsed with deionized water, de-stained for 10 minutes in 20% methanol, and finally imaged

using a ChemiDoc MP (Biorad) gel-imaging system.

4.3.5.Scanning Electron Microscopy

Segments were cut out of fixed membranes using a razor and mounted onto specimen stubs
with carbon tape. The samples were then sputter coated (Polaron E5100) with gold for 60 s under
vacuum conditions at a current of 20 mA,; this resulted in the application of a layer approximately
24 nm thick. The samples were then imaged using a Vega Il LSU (Tescan) instrument operating

at an acceleration voltage of 20 kV.

4.4. Results and Discussion
4.4.1.Production of Purified VSV Batches and Host Cell Impurities

VSV was first purified via hydrophobic interaction chromatography (HIC). The solution
conditions were selected to ensure that the VSV was selectively bound to the membrane, and that
impurities were washed away (appearing as the first peak in the chromatogram shown in Figure
S4.9). The VSV was then eluted through a step change to buffer without ammonium sulfate
resulting in the second peak in the chromatogram. HIC purification combined with dialysis buffer
exchange enabled the removal of 99.7% of the protein and 90.7% of the DNA from the VSV

solution. Similarly, the purification of VSV via sucrose gradient (SG) ultracentrifugation and
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dialysis buffer exchange resulted in 99.95% protein and a minimum of 99.6% DNA removal. No
DNA was detected and the minimal 1.24 pg/mL of protein is likely due to the viral proteins

themselves, given previously measured values of PFU/ug protein®®

Finally, AEX membrane
chromatography was employed to isolate host cell protein and DNA. As previously demonstrated,
this method is highly effective for separating biological components®?. After cell lysate containing
host cell proteins and DNA were applied to the membrane under low ionic strength, the different
components were selectively eluted by increasing the ionic strength in a stepwise fashion. As
shown in Figure S4.10, a step to 450 mM eluted a solution largely consisting of pure host cell
protein, with a concentration of 941 pug/mL. While there was still a small amount of residual DNA
in the protein elution, the relative concentration was not high enough to not cause a significant
change in the DNA concentration when creating the VSV samples spiked with protein. An
intermediate step to 600 mM resulted in the elution of a mixture of protein and DNA, while a third
step to 800 mM generated a highly pure host cell DNA solution (Figure S4.10) with a concentration
of 397 ng/mL and no detectable protein. The compositions of the different eluted fractions are
summarized in Table S4.2. To investigate how AEX chromatography purification affected the
properties of the host cell protein and DNA, size analysis of the two biomolecules was conducted
using electrophoretic separation. An Agilent TapeStation kit was used to generate a profile of the
DNA fragment size distribution, while SDS-PAGE and Coomassie Blue staining were used to
separate and visualize the major protein bands. Vero cell lysate DNA consisted of a minor peak at
2400 bp and a large, broad peak from approximately 5000 bp to 50,000+ bp (Figure 4.2). While
the minor peak was eliminated following AEX purification, the major broad peak was largely

retained. The purified DNA likely consisted of a distribution of large genomic DNA fragments.

Both the protein from cell lysate and the purified protein produced numerous protein bands over a
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wide range of sizes. Some of these bands were maintained after AEX purification, while some
were lost, and some appear to have been concentrated. While the exact protein population shifted
during purification, the purified host cell protein still contained many different proteins. In other
downstream processing studies, impurities for spiking have been prepared via anion exchange
chromatography®, microfiltration and diafiltration®®, flow-through from protein A
chromatography*°, and simply directly spiking culture supernatant®. The methods described here
are advantageous as the DNA and protein impurities have been individually isolated, allowing for

their effects to be discriminated and studied individually.
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Figure 4.2: Effect of AEX chromatography purification on the size distribution of Vero host cell
DNA and protein. Left) Electropherogram comparing the strand length of host cell DNA from
crude cell lysate and DNA purified using AEX chromatography. Right) SDS-PAGE separation of
A—Host cell protein from crude cell lysate; B—Host cell protein purified using anion exchange
LFMC; C—Protein size ladder (kDa).
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The isolated host cell protein and host cell DNA were then spiked into the SG VSV,

resulting in the different solutions summarized in Table 4.1. Since HIC VSV had a higher degree
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of impurities compared with SG VSV, the impurity levels in the HIC VSV were used as targets
when spiking the SG VSV with host cell protein and/or host cell DNA. In all cases, adding the
isolated impurities resulted in a volume change of less than 5% and a less than 6% change in ionic
strength. Furthermore, the addition of the impurities had no significant effect on the virus titer

(p>0.05).

Table 4.1: Measurements of virus titer, protein, and DNA concentrations for the various VSV
solutions. Results are reported as average + standard deviation, with BDL indicating a
concentration below the assay detection limits and N/A indicating that no spiking was performed.

Startin VSV Titer . .
Solu ti01g1 (PFU/mL) Spike Protein (ng/mL) DNA (ng/mL)
N/A 1.24+0.88 BDL
g THCDNA 1.26+0.58 24.6+1.4
SG VSV 2420410 yep 24.844.2 BDL
+HCDNA +HCP 23.2+3.5 23.2+1.1
HIC VSV 2.2+0.2 x10®  N/A 24.5+5.2 20.7%0.75

4.4.2. Effect of Host Cell Impurities on Sterile Filtration

We sought to evaluate whether AEX chromatography-purified host cell impurities can be
used as surrogates for host cell impurities co-purified with VSV batches, as this allowed us to
examine which component of host cell impurities (protein or DNA) had the greatest effect on virus
recovery and fouling during 0.22 um filtration. After purifying VSV batches using the two above-
described methods (HIC and SG), we found that the HIC VSV contained higher levels of

impurities compared to the SG VSV (Table 4.1).

By measuring increases in TMP during filtration and comparing the results for the spiked
SG VSV and HIC VSV, we can evaluate whether spiking isolated host cell protein and DNA into

the SG VSV will produce a virus solution with similar filtration characteristics as HIC VSV. As
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shown in Figure 4.3, the HIC VSV and the SG VSV spiked with host cell protein and DNA (SG
VSV +HCP +HCDNA) exhibited comparable increases in TMP during filtration, along with
similar virus recoveries of 49+18 and 4611 % respectively. Replicate filtration tests were
conducted to demonstrate the precision of process. Spiking the DNA and protein into the final
solution resulted in performance that was comparable to co-purifying the impurities alongside the
VSV. Furthermore, characterization of the DNA and protein impurities (Figure 4.2) demonstrates
their significant complexity that would do be obtained using typical protein or DNA standards.
Therefore, the spiking model was deemed to be appropriate for studying the effects of residual
impurities. When comparing the HIC VSV to the protein- and DNA-spiked SG VSV, the exact
composition of the host cell impurities must be considered. Host cell proteins are very diverse*!,
and different clarification and purification methods are known to select for portions of that
population®®’. Furthermore, AEX chromatography will inherently select for a population of host
cell proteins that is more negatively charged. Despite this, the spiked impurities appear to facilitate
similar filtration performance as impurities co-eluted with VSV during HIC purification. This and
all following constant flux filtration tests were performed at 0.3 mL mint cm2. While this flow
rate is relatively low, it is comparable to the rates used in other sterile filtration operations®®°, and

it minimizes flux-dependant fouling® and potential shear forces®.
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Figure 4.3: Change in transmembrane pressure (TMP), reported as the ratio of the measured TMP
to the initial TMP, during the filtration of VSV through a PVDF 0.22 um membrane at a constant
flux of 0.3 mL min* cm™. VSV was purified via hydrophobic interaction chromatography (HIC
VSV) or sucrose gradient (SG) ultracentrifugation. The SG VSV was then spiked with host cell
protein and DNA (SG VSV +HCP +HCDNA) at amounts similar to those in the HIC VSV. Empty
and open markers represent duplicate experiments under the same conditions.

Next, we wanted to investigate which impurity (protein or DNA) had a more detrimental
effect during the filtration of VSV through 0.22 um PES or PVDF membranes. As shown in Figure
4.4, there was a minimal increase in TMP during the filtration of SG VSV with both the PVDF
and PES membranes. Similarly, when the SG VSV was spiked with DNA (SG VSV +HCDNA),
only a very minor increase in TMP was observed for both membranes. Conversely, a noticeable
change was observed (a 4-5 fold increase) when the SG VSV was spiked with protein (SG VSV
+HCP); however, when the SG VSV was spiked with both protein and DNA (SG VSV +HCP
+HCDNA), the increase in TMP did not significantly differ from spiking with protein alone. This
indicates that, while DNA concentration does not appear to play a role in membrane fouling and

TMP increase during filtration, protein concentration does have an effect. The comparison of the
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two membranes revealed that the PVDF membrane was more susceptible to fouling, which is
consistent with previous findings®. For both membranes, fouling increased linearly in relation to
the volume filtered, thus theoretically implicating cake formation as the main fouling
mechanism®:. In cake filtration, particulate collects on the surface of the membrane, building up
an external layer that resists fluid flow®. In the filtration of biological materials, the increase in
TMP will typically follow an intermediate or standard pore blocking model>#56263 dque to the
adsorption and fouling of material within the membrane structure. This discrepancy could be due
to the low volumes filtered and relatively mild fouling seen in these experiments, which do not

allow for the observation of the full pattern of TMP increase.

No increase in TMP was observed when the VSV was spiked with BSA at a concentration
comparable to HCP. BSA is commonly used as a model protein in fundamental studies of filtration
theory*>%2 and in applied bioprocessing studies?®>%°, as it provides an excellent analogue for how a
generic protein might behave. In this study, however, BSA was proven to be a poor representation
surrogate for host cell proteins. The absence of an increase in fouling with BSA indicates that the
degree of membrane fouling is linked to specific qualities of the host cell proteins, rather than the
presence of protein in general. In some cases, proteins in solutions such as beef extract®, serum
proteins?®, or BSA® have been specifically used to prevent adsorption to membranes and fouling
during virus filtration, which further suggests that fouling is likely not caused by the general
presence of protein in a solution. As a control, host cell DNA and host cell protein were spiked
into formulation buffer and then filtered; these tests produced little to no increase in TMP. In other
studies of protein microfiltration, the concentration and volume throughput required to achieve

detectable fouling is orders of magnitude more than observed in this study®®#?. These results
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demonstrate that the fouling observed when VSV is spiked with host cell protein is not simply due
to the host cell proteins themselves, but a combined interaction between the protein, the virus, and

the membrane.
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Figure 4.4: Change in transmembrane pressure (TMP), reported as the ratio of the measured TMP
to the initial TMP, during the filtration of VSV. Sucrose-gradient-purified VSV (SG VSV) was
spiked with host cell protein (HCP), host cell DNA (HCDNA), or both and then filtered. Two
different membranes were compared: Millipore Durapore (PVDF) 0.22 um, and Millipore Express
PLUS (PES) 0.22 um. Data points are the average of two filtration tests.

The effect of impurities can also be observed in the form of deposits on the PVDF
membrane surface, as shown in the SEM images in Figure 4.5. As can be seen, minor fouling and
build-up is present on the PVDF membrane (vs. the pristine membrane) after using it to filter SG
VSV. The SG VSV spiked with host cell DNA gave a similar result. However, larger deposits can
be seen following the filtrations of the SG VSV spiked with host cell protein; these deposits cover
more area and clearly block some of the pores on the membrane surface. In contrast, no clear

differences can be seen between the pristine PES membrane and the PES membranes that had been
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used to filter the different VSV solutions. This difference may be due to the asymmetric structure
of the PES membrane, which is more open at the top surface, as this may result in more material
being trapped inside the membrane structure instead of on the surface. Asymmetric membranes
are also known to be more resistant to fouling®!, which further explains the results in Figure 4.3,
where less TMP increase was observed during the filtrations using the PES membrane than with

those using the PVDF membrane.

Pristine SG VSV SG VSV +HCDNA SG VSV +HCP

Millipore
Durapore
(PVDF)

Millipore
Express
PLUS (PES)

Figure 4.5: SEM images at 5000x magnification of Millipore Durapore (PVDF) 0.22 um and
Millipore Express PLUS (PES) 0.22 um membranes in either pristine (unused) condition or after
filtering sucrose gradient purified VSV (SG VSV) with added host cell DNA (HCDNA) or host
cell protein (HCP).

The virus recovery (defined as the ratio of infectious particles in the filtrate to infectious
particles in the feed) results for all the filtration tests are shown in Figure 4.6. There was no change
in virus recovery between the SG VSV and the SG VSV spiked with host cell DNA for both tested
membranes, with both having a relatively high recovery of approximately 85%. A comparison of

the filtration tests with and without spiked host cell protein (regardless of the presence of DNA)
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revealed a significant decrease in virus recovery (p<0.01). When host cell protein was spiked, the

PES membrane provided significantly higher recovery than the PVDF membrane (p<0.05).

Recovery of protein was also measured for each filtration test, and no significant change
in protein concentration was observed between the feed and the filtrate (Table S4.3). Even though
the mass of the protein captured by the membranes was not significant, it is clear from these results
that the presence of the host cell protein played an important role in determining how the VSV

interacted with the membrane and the degree of fouling that was experienced.
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Figure 4.6: Box and whisker plot showing the recovery of VSV after filtration, calculated as the
ratio of feed to filtrate titer. Sucrose-gradient-purified VSV (SG VSV) was spiked with host cell
protein (HCP), host cell DNA (HC DNA), or both host cell protein and DNA prior to filtration.
Two membranes are compared, Millipore Durapore (PVDF) 0.22 um and Millipore Express PLUS
(PES) 0.22 um. The boxes depict the interquartile range, the horizontal lines represent the median,
and the cross mark represent the mean. The whiskers extending from the boxes show the maximum
and minimum values measured.
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4.4.3. Adsorption of VSV, Host Cell Protein and DNA to Microfiltration Membranes

To better understand the interactions between VSV, host cell impurities and the
microfiltration membranes, static adsorption tests were performed by incubating the various VSV
solutions along with pieces of a membrane (Figure 4.7). When no additional spiked protein was
present (SG VSV and SG VSV +HCDNA tests) little to no virus adsorbed to either membrane.
However, a significant amount (p<0.01) of VSV adsorbed to the membrane in both conditions
where the SG VSV was spiked with host cell protein (SG VSV +HCP and SG VSV +HCDNA
+HCP)). This again shows the important role played by the host cell protein in determining how
VSV will interact with the membranes; namely, VSV has a greater tendency to adsorb to the
membrane when more host cell proteins are present in the solution. Loss during filtration can also
likely be attributed to adsorption, rather than pore blockage by the host cell proteins. While the
PVDF and PES membranes are both considered hydrophilic and low protein binding by their
manufacturers, some level of protein adsorption is still observed, even under ideal conditions®®;
however, this can vary between manufacturers and membrane units. Adsorption can be mediated
through either electrostatic or hydrophobic effects?®, while host cell proteins can have a wide range
of charges and hydrophilicities*'. Furthermore, the envelope of VSV is also known to have patches
of variable charge and hydrophobicity®®. Given this, it is certainly feasible that some sort of
interaction is taking place, although a mechanistic explanation would require further investigation.
Another explanation could be related to reactive groups on the host cell proteins. Studies
examining membrane fouling via BSA have shown the critical role played by free thiol groups in
this process*?; notably, there are a wide range of functional proteins within the host cell protein

population that may potentially possess similar reactive groups that could mediate fouling.
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Figure 4.7: Box and whisker plot showing the static adsorption of sucrose-gradient-purified VSV
(SG VSV) to Millipore Durapore (PVDF) 0.22 um and Millipore Express PLUS (PES) 0.22 um
membranes in the presence of host cell protein (HCP), host cell DNA (HC DNA), or both. Data
were calculated from plaque assays and adsorption experiments performed in triplicate. The boxes
depict the interquartile range, the horizontal lines represent the median, and the cross marks
represent the mean. The whiskers extending from the boxes show the maximum and minimum
values measured.
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4.5. Conclusions

Using measurements of TMP increase, virus recovery, and microscopy, we have shown how the
presence of small amounts of host cell proteins increases membrane fouling during the sterile
filtration of a virus solution. At the highest levels observed, spiking with approximately 25 pg/mL
host cell protein resulted in a 4.8 times greater increase in TMP and a 34 % reduction in virus
recovery. This effect is due, at least in part, to increased adsorption of the virus to the membrane
in the presence of host cell proteins. Using static adsorption experiments it was shown that up to
5.1 times more virus adsorbed to the membrane when host cell protein was spiked into solution.

Under the tested conditions, host cell DNA was not found to have a significant effect. It is theorized
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that the population of host cell proteins contains unique key proteins that mediate adsorption due
to specific properties, such as charge, hydrophobicity, or reactivity. However, further work is
required to validate this claim. Furthermore, this paper also documented the development and
validated a method of testing membrane fouling effects based on the isolation and subsequent
spiking of host cell impurities. This method could be easily used by other researchers interested in
the topic. Finally, this work can benefit manufacturers of therapeutic viruses who are experiencing
issues with losses during sterile filtration, as it demonstrates that improving host cell protein

removal in earlier downstream purification steps can enhance sterile filtration performance.
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4.8. Supplementary Material
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Figure S4.8: Additional SEM images of the Durapore PVDF 0.22 um and Express PLUS PES
0.22 pum membranes showing the differences in structure between the top, bottom and cross
section of the membranes. Top and bottom images taken at 5000x magnification and cross
section images taken at 1000x magnification.
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Figure S4.9: UV absorbance (at 280 nm) and conductivity profiles for the purification of VSV
using hydrophobic interaction membrane chromatography (Sartobind Phenyl). Peak 1
corresponds to the fraction of the feed that did not bind to the membrane at the high-conductivity
solution conditions (i.e. 100% Buffer B) associated with the loading step; Peak 2 corresponds to
the fraction of the feed that eluted from the membrane at the low-conductivity solution
conditions (i.e. 0% Buffer B). The 6 mL fraction of the eluted peak (i.e. hydrophobic interaction
chromatography purified VSV (HIC VSV)) had a titer of 2.20+0.23x108 PFU/mL.
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Figure S4.10: UV absorbance (at 280 nm) and conductivity profiles for the purification of host
cell impurities using laterally-fed membrane chromatography with an anion exchange (Sartobind
Q) membrane. Peak 1 corresponds to the fraction of the feed that did not bind to the membrane at
the low-conductivity solution conditions (i.e. 0% Buffer B) associated with the loading step;
Peak 2 corresponds to the fraction of the feed that eluted from the membrane at the solution
conditions corresponding to 25% Buffer B (i.e. 75% Buffer A); Peak 3 corresponds to the
fraction of the feed that eluted from the membrane at the solution conditions corresponding to
30% Buffer B (i.e. 70% Buffer A); Peak 4 corresponds to the fraction of the feed that eluted from
the membrane at the solution conditions corresponding to 50% Buffer B (i.e. 50% Buffer A). As
shown in Table S4.2., the fractions corresponding to Peaks 2 and 4 were used to spike in
controlled amounts of host cell protein and host cell DNA respectively.

Table S4.2: Protein and DNA content (measured using a Micro BCA Protein Assay Kit and
Quant-iT PicoGreen dsDNA Kit respectively) of the four elution peaks obtained for the
purification of host cell impurities using laterally-fed membrane chromatography with an anion
exchange (Sartobind Q) membrane. BDL indicates that the concentration was below the
detection limit of the assay used.

Protein (ug/mL) | DNA (ng/mL)
Peak 1 148 417
Peak 2 (HCP elution) 941 13.2
Peak 3 96.5 74.1
Peak 4 (HCDNA elution) BDL 397

Table S4.3: Protein content of the feed and filtrate for VSV filtration experiments. Results
reported as average * standard deviation.

Millipore Durapore Millipore Express PLUS
(PVDF) 0.22 um (PES) 0.22 um
Feed (ng/mL) Filtrate (ug/mL) | Feed (ug/mL) Filtrate (ug/mL)
SG VSV 1.50+0.63 1.58+0.64 0.97+0.68 1.14+0.47
SG VSV 1.12+0.42 1.03+0.88 1.39+0.32 0.94+0.57
+HCDNA
SG VSV +HCP 27.543.1 25.5+2.4 22.1+1.8 23.142.8
SG VSV 24.7+1.1 23.9£2.0 23.6£2.5 23.542.1
+HCDNA +HCP

116



Ph.D. Thesis — E. Wright; McMaster University — Chemical Engineering

Chapter 5

Application of Isoporous Microslit Silicon Nitride

Membranes for Sterile Filtration of Virus VVectors
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5. Application of Isoporous Microslit Silicon Nitride Membranes for Sterile Filtration of

Therapeutic Viruses

Evan Wright, Joshua J. Miller, Matthew Csordas, Andrew R. Gosselin, Jared A. Carter, James L

McGrath, David R. Latulippe, James A. Roussie

Portions of this chapter contain work published in Biotechnology and Bioengineering. Sections
5.1,5.2,5.3.1,5.3.2,5.4.2,5.4.3, and 5.5 contain previously published work while the remaining
chapters are unpublished. Reprinted with permission. Copyright® John Wiley and Sons 2019

https://doi.org/10.1002/bit.27240

5.1. Abstract

The widely used 0.22 um polymer sterile filters were developed for small molecule and
protein sterile filtration and in some cases are not well-suited for the production of large non-
protein biological therapeutics due to their entrapment within the relatively thick and polydisperse
polymer matrix, resulting in significant yield loss and production cost increases. Here, we report
on the first-ever testing of isoporous sub-0.2 um rectangular prism pores created using silicon
micromachining to produce microslit silicon nitride (MSN) membranes. The very high porosity
(~33%) and ultrathin nature (200 nm) of the 0.2 um MSN membranes yielded performance
properties (including hydraulic permeance, and nanoparticle sieving/fouling behavior) that were
dramatically different than a traditional 0.2/0.22 pm polymer sterile filter. Testing of the
membrane in a stirred cell demonstrated how stirring can be used to help reduce fouling on the

membrane surface. The results from bacteria retention tests, conducted according to the guidance
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of regulatory agencies, demonstrated that the 0.2 um MSN membranes can completely retain a
challenge test of bacteria, making this the first micromachined silicon membrane to be validated
as a sterile filter. Applying the MSN membrane to the sterile filtration of therapeutic viruses and
comparing the results with a conventional Durapore membrane a similar virus recovery was
achieved indicating, improvements to the membrane must be made before it can be fully applied
to industry relevant challenges. With further work, it is believed that the results and technologies

presented in this work will find future utility in the production of biological therapeutics.

5.2. Introduction

Current Good Manufacturing Practice (cGMP) standards for the production of biological
therapeutics rely on sterile filtration processes using microporous polymeric membranes to remove
any potential bioburden in order to ensure the safety of the final formulation. Absent of aseptic
production methods, the U.S. Food and Drug Administration (FDA) demands the incorporation of
a final sterile filtration step to remove any potential microbial contaminants. The definition of a
sterile filter is based on the retention of Brevundimonas diminuta (B. diminuta), a bacterium whose
size is often reported in the range of 0.4 um! to 0.8 pum under fully hydrated conditions?.
Specifically, a membrane will achieve a 0.2 um sterile filter designation according to the complete
removal of B. diminuta when challenged with 107 B. diminuta per cm? of membrane surface area®.
It is worth noting that this 0.2 um designation is not strictly based on the pore size properties, but
is known to depend on several interacting factors including the formulation conditions and

operating pressure®.
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The use of sterile filtration membranes in the production of proteinaceous biological
therapeutics is not a significant technical challenge due to the much smaller size of the therapeutic
product relative to the typical membrane’s pore size rating. However, recent advances in the
development of larger (i.e., > 50 nm average diameter) bio-pharmaceutical products, such as
extracellular vesicles, antibody-conjugated drug particles, and viruses, have created a significant
challenge in downstream processing operations. Conventional polymer-based sterile filters often
entrap these larger products because of their high internal surface area, tortuous path pores, and
log-normal pore size distribution®®. Consequently, sterile filtration of large therapeutics typically
incurs significant yield loss and corresponding increase in related production costs. For instance,
it has been shown that the recovery during sterile filtration of a therapeutic virus was less than
25% for four polymeric membranes from three different suppliers’. It has also been reported that
the recovery of engineered extracellular vesicles for immunotherapy reached as low as 20% when
using a conventional 0.22 pum pore size polymeric membrane®. Thus, there is a need for new
membrane filtration technologies that are ideally suited for the downstream processing of large-

sized biological therapeutics.

An attractive alternative to polymeric membranes are inorganic, microfabricated
membranes. Typically fabricated using silicon as a base material and with techniques originally
developed in the semiconductor industry, these membranes can be designed with isoporous and
highly accurate patterned pores which provide precise control over their sieving behavior. To date,
microfabricated filtration membranes have been used in applications including hemofiltration and
dialysis®, cell separations'®!, food and beverage processing'?, and as a substrate or barrier for cell

culture®4, Using well-developed and conventional optical lithography techniques, construction
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of inorganic membranes with a pore size in the range of 1 to 5 um is possible!®. With more
advanced optical lithography techniques such as multiple exposure interference lithography, pore
sizes down to 260 nm are achievable® however the fundamental limits imposed by the wavelength
of light makes the fabrication of these smaller pores highly complex. In order to create pores on
the nanometer scale (e.g. 1-100 nm) techniques such as ion track etching'’ or deep reactive ion
etching® have been used. These techniques are slow and more cost intensive than optical

lithography methods, limiting the manufacturing of products with these techniques.

With microfabrication, the pore structure and shape is not limited to simple circular pores;
slit pores can be fabricated with multiple theoretical benefits to filtration performance. Slit pores
are more resistant to blockage by large particulate completely occluding the pores'®® and are less
likely to be bridged by small particles forming a fouling layer?®. Furthermore, slit pores are highly
tunable, with the width of the slit defining the overall sieving behavior while the length of the slit
defines the overall permeance. Previous lab scale studies have been performed on membranes with
slit widths either greater than 1 um*®2° or less than 30 nm?'??, leaving a gap at the 0.2 pum size.
To the best of our knowledge, no studies to date have reported on the use of a membrane with slit

pore dimensions appropriate for sterile filtration applications.

Here, we report on the testing of various microfabricated membranes with circular or slit
pores having critical dimensions (pore or slit width) of 0.2 um or 0.5 um. Membrane performance
was initially characterized using a variety of tests including hydraulic permeability, nanoparticle
sieving and fouling, and fouling by bovine serum albumin. These results were compared to a

standard polymeric PVDF membrane (0.22 or 0.45 pum pore size) to highlight the benefits of the
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microfabricated membranes. A challenge to the adoption of the membranes is the ability to scale
up the technology. Therefore, we briefly demonstrate how multiple membrane can be integrated
into an Amicon stirred cell and used to process larger volumes, with additional added benefits in
preventing fouling due to the introduction of stirring. The 0.2 um and 0.5 pm slit membrane were
then further tested for suitability as a sterile filter in biopharmaceutical applications following the
ASTM specified protocol?® involving a challenge test of B. diminuta bacteria. Next, the 0.2 pm
slit membrane was tested for transmission and fouling of two therapeutic viruses: a Maraba virus
which has previously been shown to be very difficult to sterile filter with conventional polymeric
membranes (low transmission and high fouling)” and an adenovirus which is typically not a
challenge to sterile filter (high transmission and low fouling)?*%. This work represents the first
step towards developing inorganic, microfabricated membranes for sterile filtration applications
and an opportunity for the biopharmaceutical processing industry to move away from the
polymeric phase inversion membranes which can present barriers to improving manufacturing

processes.

5.3. Materials and Methods
5.3.1.Membranes and Filtration Tests

Microfabricated silicon nitride membranes were produced using a deep UV photolithography
process (Figure 5.1A). Membrane pores were initially patterned on the frontside of a silicon wafer,
within a low pressure chemical vapor-deposited silicon nitride layer on 150mm diameter, 310 um
thick, double-side polished silicon wafers (WaferPro Inc.). For the 0.2 x 10 pm slit features, deep
UV (248 nm wavelength) photolithography (ASML PAS5500/300 C DUV 4X Reduction Stepper)

was used to pattern the slits into 500 nm thick UV™ 210 DUV positive tone photoresist
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(Microchemicals GmbH) and an underlying 60 nm thick DUV-42P antireflective coating (ARC;
Brewer Science Inc.). The wafers were then developed with 726 MiF (Microchemicals GmbH)
and the ARC was removed via etching (27 Pa, 50 W; 20 sccm O2, 20 sccm Ar; 75 s) using a
MiniLock Etcher (Trion Technology Inc.). For the 0.5 x 50 um and 1.0 x 50 um slit features,
conventional (365 nm wavelength) photolithography was used (ASML PAS5500/205 5X-
Reduction Stepper) to pattern 1.2 pm thick AZ® MiR 701 positive tone photoresist
(Microchemicals GmbH) and the patterned photoresist was developed in CD-26 (Microchemicals
GmbH). Reactive ion etching (43 Pa, 150 W; 150 sccm He, 150 sccm SF6; 110-220 s) for slit
feature transfer was performed using a LAM 490 Etcher (LAM Systems Inc.). To image the
membrane surface structures, scanning electron microscopy was used. The membranes were and
mounted on specimen stubs using carbon tape, then sputter coated with gold (Polaron E5100). The
images were obtained using a Vega Il LSU (Tescan) instrument at 20 kV and a magnification
ranging from 1000 to 10,000 x. ImageJ software (NIH) was used to verify the pore size of the

silicon nitride membranes and to calculate their porosity.
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Figure 5.1: (A) Pictographic representation (not to scale) of process workflow steps for the 0.2 um
microslit silicon nitride (MSN) membrane. (B) Scanning electron micrograph (x2,060
magnification; 20 kV) of the resultant freestanding membranes. (C) Higher magnification
micrograph (x12,000 magnification; 20 kV of a portion of the image from (B).

The final fabricated product is a 300 pum thick, 5.4 x 5.4 mm silicon chip with ultrathin
windows of suspended membrane area (Figure 5.1B). The silicon nitride membranes were
designed to have circular micropores (MPN) with a 0.5 um pore diameter or to have microslits
(MSN) with a 0.5 or 0.2 um slit width (Figure 5.1C). The MPN 0.5 pm and MSN 0.5 pm
membranes have a 400 nm thick suspended membrane area made up of three 0.7 x 0.3 mm
windows (0.063 cm? surface area), while the MSN 0.2 um membranes have a 200 nm thick
suspended membrane area of four 0.3 x 3 mm windows (0.036 cm? surface area). For small scale
filtration tests, the silicon nitride membranes were housed in a custom-built membrane holder
(Figure 5.2). For comparable small scale filtration tests using a conventional polymeric

membrane, Durapore (MilliporeSigma) 0.22 and 0.45 pm PVDF membranes were housed in a
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polycarbonate assembly (Cole-Parmer) with an effective 0.5 cm? of filtration area. All filtration

experiments were performed with this experimental setup unless otherwise stated.

Filtration experiments were performed under constant flux with an inline digital pressure
transducer (Omega PX409) to record the transmembrane pressure (TMP) in real time. A syringe
pump (Harvard Apparatus PhD 2000) and 10 mL syringe (Becton Dickenson) was used to supply
the feed at the required flow rate (Figure 5.2). For filtration experiments with B. diminuta, Maraba
virus, or adenovirus, all fittings, tubing, and the filtration module were autoclaved at 121 °C for
30 minutes before use (Tuttnauer 3850E). To begin a filtration experiment, the syringe was first
filled with ultrapure water (Millipore MilliQ) and a series of fluxes ranging from 0.05 - 20 mL
min’t cm were applied. The resulting change in TMP relative to the change in flux was used to
calculate the membrane permeability and to check the membrane integrity by comparing the result
to previous data. A syringe filled with buffer relevant to the test solution (described in their
respective sections) was then loaded and 2-3 mL was passed to flush out the tubing and filtration
module. All water and buffers were prefiltered through a 0.2 pum syringe filter to remove any
potential contaminating particulate. A syringe of the test solution was then loaded and set to a
constant flux of 0.8 mL min™ cm unless otherwise noted. Aliquots of the filtrate were collected

throughout the filtration experiment and analyzed using their respective methods.
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_ Rubber Gasket
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Membrane Holder

Syringe Pump

MSN Membrane

Figure 5.2: Pictures of the system used for the nanoparticle filtration and bacterial challenge tests.
A) The PhD 2000 syringe pump (Harvard Apparatus) maintains a constant flow rate into a custom-
made polyetheretherketone (PEEK) module. In order to measure the transmembrane pressure, the
sensing port of a PX409 pressure transducer (Omega Engineering) was connected via a threaded
port. B) A protrusion from the bottom of the PEEK module fits into the top of the membrane holder
and is sealed by a rubber gasket. The membrane holder is sandwiched between the PEEK module
and a polycarbonate plate to seal the membrane holder in place. For the select experiments
conducted with the Durapore 0.22 pm PVDF membrane, the 13 mm membrane disc was inserted
into a polycarbonate membrane holder (Cole-Parmer) and then attached to the bottom of the PEEK
module.

In order to scale up the filtration experiments and to investigate the effect of stirring on
filtration performance, the silicon nitride membranes were integrated into a 50 mL Amicon
(MilliporeSigma) stirred cell. Six 0.5 um MSN membranes (total 0.378 cm? effective surface area)
were mounted in a 1.1 mm thick, 44.5 mm diameter polycarbonate disk (Figure 5.3A). This disk
was inserted into the stirred cell and placed on a magnetic stir plate to control the rate of stirring.
To perform constant flux filtration, a syringe pump was attached to the outlet of the Amicon and
operated in withdraw mode to pull fluid through the membranes, with an inline pressure transducer
recording the change in TMP over time (Figure 5.3B). Given that the transducer is placed
downstream of the membrane, changes in transmembrane pressure are measured as negative
pressure. For ease of interpretation, the TMP data is inverted. In addition, the height of water in

the Amicon reservoir is not constant and the hydrostatic pressure will change during the filtration,
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therefore the data has been adjusted to account for this factor. Flux during the Amicon filtration
experiments was set at either 2.3 or 0.23 mL cm™2-min?, while the rate of stirring was varied

between 0 and 300 RPM.

(b)

50 mL Amicon

Syringe pump in withdraw mode

H ®

Syringe Pump Magnetic Stir Plate

Figure 5.3: Adapting the MSN 0.5 um membranes for a stirred cell format, by mounting six
membranes in a polycarbonate disk. (B) Diagram of how constant flux filtration was performed in
an Amicon stirred cell.

5.3.2.Nanoparticles and Protein Solutions

Stock solutions of fluorescent polystyrene nanoparticles with nominal diameters of 0.06, 0.18,
0.51, and 0.84 um were purchased from Spherotech. Nanoparticles were diluted to a concentration
of 0.003% (w/v) in a 0.1M carbonate buffer solution (Alfa Aesar), pH 9.4 with 0.01% (v/v)
Tween™ 20. Using dynamic light scattering, these nanoparticles were verified to be monodisperse
with average sizes near the reported nominal sizes (Figure 5.4). The prepared solutions were
analyzed using a Zetasizer NanoZS (Malvern). Five measurements were made, each with a
manually set 20 runs. Each nanoparticle solution was placed in an ultrasonic bath for 15 min
immediately before it was used in a filtration test. Concentration of the nanoparticles in feed and
filtrate solutions was measured by collecting aliquots in a black 96 well plate (Corning) and

measuring the fluorescence intensity of the samples (Spark 10M, Tecan). The percent transmission

127



Ph.D. Thesis — E. Wright; McMaster University — Chemical Engineering

of the nanoparticles was then determined by taking the ratio of the fluorescence intensity of the
filtrate and feed. In filtration experiments using the Amicon stirred cell system, a different

selection of non-fluorescent 0.18 um or 2.1 um nanoparticles were used.
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Figure 5.4: Dynamic light scattering results for the four polystyrene nanoparticles. The
manufacturer’s (Spherotech) reported average diameters are given in the legend. The measured
average diameters (in pum) are shown above the corresponding intensity profiles for each
polystyrene nanoparticle solution.

Lyophilized bovine serum albumin (BSA; Bioshop) was dissolved in 0.01 M Tris buffer, pH
7.5 to create a 0.1% (w/v) solution. After dissolving the BSA and before a filtration experiment,
the solution was passed through a 0.2 um syringe filter to remove any potential protein

aggregates?®.

5.3.3.Preparation and Analysis of Brevundimonas diminuta
B. diminuta bacteria stocks and solutions for filtration were prepared as described in Chapter

3. The sterile filtration challenge with B. diminuta was performed similar to that described in
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ASTM F838%, following the previously mentioned filtration protocol but with the flux rate set to
2mL cm™2-min~*and a total of 6 mL cm passed through the membrane. Along with the collected
filtrate, a sample of the feed bacteria solution was assessed for B. diminuta concentration via
triplicate analysis of the colony counts from a direct spread plate assay (incubation at 30°C for 2
days) on tryptic soy agar. Any plates that showed no colonies after 2 days were incubated for
another 5 days and then checked again to confirm that no B. diminuta were present in the

corresponding sample.

5.3.4.Preparation and Analysis of Rhabdovirus and Adenovirus

Rhabdovirus Maraba expressing green fluorescent protein was provided by the Ottawa
Hospital Research Institute, prepared through a process of cell culture in roller bottles, harvest and
clarification using depth filtration membranes, and purification using multiple ultrafiltration steps.
A final diafiltration step exchanged the virus into formulation buffer consisting of 10 mM HEPES
pH 7.4, 4% sucrose, and 150 mM NaCl. The virus stock and all collected filtrate samples were
stored at -80 °C. The titer of the virus was determined using a 50% tissue culture infective dose
(TCIDso) assay. Vero cells were grown in DMEM (supplemented with 8% FBS and 1% L-
glutamine) to confluence in tissue culture treated 150cm? flasks (Corning) at 37°C and 5% COx.
Confluent cells were detached using 0.1% trypsin and seeded into flat bottom 96 well plates
(Corning) at 5x10* cells per well. After a 24-hour incubation, serially diluted virus was added to
the wells. The virus was initially diluted 10-fold to approach the approximate expected TCIDsp,
then diluted 2-fold. For each dilution level, 100 ul of serially diluted virus was added to 8 wells.

Following a 48 hour incubation, cytopathic effects (green fluorescence) was assessed using a
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Typhoon Scanner (GE Healthcare). The infectious titer was then calculated using the Spearman-

Karber method?"28,

Adenovirus was grown and purified as previously described?® to produced a virus stock for
filtration tests. In brief, HEK 293 cells were propagated using the same method as the Vero cells
above. HEK cells were expanded in culture flasks and resuspended in fresh media at a cell density
of 5x10° cells/mL, then infected with adenovirus type-5 (provided by the McMaster Fitzhenry
Vector Laboratory) at a multiplicity of infection of 5. After a 48 hour incubation, the infected cells
were collected, pelleted through centrifugation, and then lysed using successive freeze-thaw
cycles. The cell lysate was treated with Benzonase® endonuclease enzyme, then diluted with buffer
and clarified using a 0.45 um membrane filter. The clarified lysate was then purified using lateral
flow anion exchange chromatography (process optimization described by Kawka et al.?°) and
finally dialyzed against formulation buffer (10 mM HEPES pH 7.4, 4% sucrose, and 150 mM
NaCl). Analysis of virus titer was performed using a hexon immunostaining kit (Adeno-X Rapid

Titer Kit, Clontech) following the manufacturer’s protocol.

5.4. Results and Discussion
5.4.1.Membrane Characterization

The microfabricated silicon nitride membranes and the PVDF Durapore membranes were
imaged using scanning electron microscopy (Figure 5.5). Measurements of the silicon nitride
membranes show that the actual pore and slit dimensions of the MPN 0.5 um, MSN 0.5 um and
MSN 0.2 um membranes were 0.47+0.03 pum, 0.56+0.03 pum, and 0.18+0.01 um respectively, and

the membrane porosity was 8%, 12 % and 33% respectively. The deep UV photolithography
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process used in fabrication allows for a highly precise pore size across the entire membrane
surface. In comparison, the PVDF membranes fabricated using a polymer phase inversion process
have a highly irregular surface structure with pores of varying sizes. This isoporous nature of the

silicon nitride membrane theoretically allows for a very sharp cut-off in particle sieving.

MPN 0.5 um MSN 0.5 pm MSN 0.2 pm

7

Durapore 0.45 pm

»

Figure 5.5: Scanning electron microscopy images of the silicon nitride and P\VVDF membranes used
in this study. All images were obtained at 5,000 x magnification, except the MSN 0.2 pum
membrane which was obtained at 20,000 x magnification to better show the smaller membrane

slits.

The MSN 0.2 um membrane has a thickness of only 0.2 um, while the MSN 0.5 pum and

MPN 0.5 pm membranes are 0.4 um thick. In comparison, the Durapore membranes have an
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average thickness of 125 um. As shown in Figure 5.6, this large difference in thickness results in
pure water hydraulic permeabilities which are orders of magnitude higher for the MSN and MPN
membranes relative to the Durapore membranes. With higher permeability, fluid can be processed
at higher flow rates or a lower pressures, potentially improving overall throughput. Comparing
within the silicon nitride membranes, the MPN 0.5 um membrane had approximately half the
permeability of the MSN 0.5 um membrane, due to the lower overall porosity, while the reduced
slit width of the MSN 0.2 um membrane also resulted in a lower permeability relative to the MSN
0.5 um membrane. In addition to the pure water permeability, the gas permeability and membrane
burst pressure were also assessed, with relevant methods and results detailed in Figures S5.14-
S5.16). Contrary to the results from the hydraulic permeability, the gas permeability of the 0.2 um
slit membrane was greater than the 0.5 pum sit membrane due to the higher porosity playing a larger

role in overall permeability than the slit width.
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Figure 5.6: Hydraulic permeability (measured with pure water) of the silicon nitride (both
microporous MPN and microslit MSN membranes) and PVDF Durapore membranes used in this
study.
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5.4.2.Small Scale Nanoparticle and Protein Filtration Studies

To assess the performance of the various membranes and to compare the effect of pore
geometry (circular pores vs. slits), a series of filtration tests using standard model solutions were
performed, measuring the transmembrane pressure change during filtration as an indication of
membrane fouling (Figure 5.7). 0.84 um diameter nanoparticles were selected as model particles
likely to cause pore blockage in the 0.5 um width slits or pores, where theoretically the slit
membranes would experience less fouling. While a circular pore can be completely blocked by a
spherical particle depositing on top of it, a slit will still allow for fluid flow around a particle
trapped on the surface®!®. A small amount of surfactant (0.01% v/v Tween™ 20) was included in
the nanoparticle solution to minimize the extent of nanoparticle—nanoparticle interactions and
adsorption of nanoparticles to the membrane surface®, allowing deposition of individual
nanoparticles on the membrane surface to be the dominating factor in membrane fouling. For both
membranes, the initial TMP was very low (<0.5 kPa) due to the incredible high permeability of
the MPN and MSN 0.5 um membranes. Comparing the rates of fouling between pore geometries,
the experimental results did not show a significant difference in performance between the slit and
circular pore membranes (Figure 5.7A). Both membranes fouled at a similar rate, and for both
membranes the TMP increase was relatively linear with respect to throughput, indicating that cake
formation was the dominant mode of fouling®. From this, it is likely that pore blockage (the
expected mode of fouling) was not taking place for the MPN 0.5 um membrane; the theorical
scenario of one pore being blocked by a single particle depositing on top of it was not occurring.
With both membranes experiencing cake fouling by the nanoparticles, there was no clear benefit

to the slit pore geometry.
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When a solution of 0.1% BSA was filtered through the MPN and MSN 0.5 pum membranes,
a difference in performance between the pore geometries was observed (Figure 5.7B). Once again,
both membranes had an incredibly low initial TMP, which then increased as fouling occurred. The
rate of fouling observed with the slit membrane was significantly lower than the circular pore
membranes. With small particles (i.e. proteins) significantly smaller than the pore size, fouling
typically occurs following the pore constriction model, where proteins adsorb to the surface and a
fouling layer slowly grows, gradually constricting the pore size, and eventually completely
bridging and blocking the pore'®?5. However, it has been shown that the high aspect ratio of slit
pores leads to slower fouling, as both the initial deposition and growth of the fouling layer is only
able to cover a small fraction of the slit at the edges*®. The results observed comparing the fouling
of the MPN and MSN 0.5 um membranes matches this theory. Thus, the slit membranes have a
clear advantage when filtering proteinaceous substances or those prone to adsorbing to the

membrane surface, ideally making them more suited to the sterile filtration of therapeutic viruses.
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Figure 5.7: Comparison of 0.5 um microporous (MPN) and microslit (MSN) silicon nitride
membrane filtration performance. Membrane fouling by two model solutions was assessed through
change in transmembrane pressure (TMP) during constant flux filtration. Lines in each panel show
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the TMP profile for a single filtration experiment, with triplicate experiments performed for the
MPN 0.5 um membrane and duplicate experiments performed for the MSN 0.5 pm membrane.
(A) Filtration of 0.003% (w/v) 0.84 um polystyrene nanoparticles. (B) Filtration of 0.1% (w/v)
bovine serum albumin.

With the advantages of the MSN slit structure demonstrated, the filtration performance was
investigated in greater detail and compared to a conventional Durapore 0.22 um membrane using
solutions containing nanoparticles of varying sizes. Nominal diameters of 0.06, 0.18, 0.51, and
0.84 um were chosen specifically to span the slit width dimension. Overall, the results were
remarkably consistent across the triplicate testing. The TMP increase caused by each nanoparticle
size when filtered through a MSN 0.2 pm membrane is shown in Figure 8A. The initial TMP was
very low and is consistent with previous results. For the smallest nanoparticle (0.06 pm), there was
no detectable increase in TMP during the entire duration of the constant flux filtration test. For the
three other nanoparticles, although there was some variation between runs, overall the measured
TMP profiles were fairly linear with respect to the total amount of filtrate throughput, again

indicating the nanoparticles were fouling the membrane through the formation of a cake layer.
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Figure 5.8: (A) Transmembrane pressure (TMP) profiles during constant flux filtration of
polystyrene nanoparticle solutions through 0.2 um microslit silicon nitride (MSN) membranes.
The four panels correspond to the four reported sizes (0.06, 0.18, 0.51, and 0.84 um) of polystyrene
nanoparticles. The three solid colored lines within each panel correspond to the triplicate tests that
were done for each size of polystyrene nanoparticle. The dashed black line within each panel
corresponds to the predicted TMP profile due to formation of a cake layer on the surface of the
membrane. (B) Percent transmission of polystyrene nanoparticles through the 0.2 um MSN
membranes and the 0.22 um Durapore membrane, with error bars showing the standard deviation
from triplicate experiments. (C) Comparison of TMP profiles for 0.2 um MSN membranes and
0.22 um Durapore membranes during constant flux filtration of solutions containing 0.18 or 0.84
um polystyrene nanoparticles, with the lines showing the average TMP profile from triplicate
testing of each membrane.
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To validate the theory of a cake layer formation, all of the measured TMP profiles were
compared against model predictions for the formation of a spherical particle cake layer on the

membrane surface®>%, following the equations:

/e AP (4)
u(Rm + Ry)
Ry =S ©)
_ 180(1 —¢) (6)
*= ppd2e’

Where Equation 4 is used to calculate the changing TMP (AP) given a constant flux and an
inherent membrane resistance R,, (calculated from earlier measurements of pure water flux) and
an increasing fouling resistance R calculated from Equations 5 and 6. The experimental data

showed a good agreement with the model (Figure 5.8A), supporting the theory of cake formation.

Analysis of nanoparticle amounts in the filtrate samples (as percentage of those in the
corresponding feed sample) is shown in Figure 8B. The smallest 0.06 pm nanoparticles were
essentially completely transmitted through both 0.2 pym MSN membranes (97 = 2%) and
conventional 0.22 pum Durapore membranes (92 + 5%). The results for the 0.18 pm nanoparticles
are particularly interesting. For the 0.2 um MSN membrane, the transmission dropped sharply to
2.0+ 0.6%, which is over 45-times lower than the corresponding result for the Durapore membrane
(93 £ 5%). The low amount of 0.18 um nanoparticles in the filtrate would suggest that a dense
cake layer formed on the MSN membrane surface, rapidly leading to membrane fouling and an
increase in TMP; this observation is in in good agreement with the TMP results in Figure 8A. Due

to the incredibly consistent slit width of the MSN 0.2 um membranes (measured width of
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0.18+0.01 um) the 0.18 um particles were completely retained, whereas the polydisperse pore size
of the Durapore 0.22 um membrane likely did not allow it to retain particles with a size close to
the nominal pore size. The experimental results for the Durapore membrane are in good agreement
with those from a previous study of nanoparticle transmission through conventional 0.22 um
membranes®. While a very small amount of the 0.51 um nanoparticles were seen in the filtrates
from both MSN and Durapore membranes, this was likely due to a small amount of polydispersity
in the nanoparticle size (Figure 5.4). A comparison of the TMP profiles for the two membranes
(with two sizes of nanoparticles) is shown in Figure 8C. For the largest 0.84 um nanoparticles,
both membranes foul at a similar rate, however the MSN membranes maintained a lower TMP
(Figure 5.8C). These results demonstrate the sharp selectivity of the MSN membrane, fully
transmitting nanoparticles smaller than the slit width while fully retaining those larger than the slit

width.

5.4.3.Stirred Cell Nanoparticle and Protein Filtration Studies

Due to the small size and surface area of the MSN and MPN membranes, a relatively low
throughput and overall low filtrate volume (only 1-2 mL) is obtained during filtration. To scale up
the filtration process, an alterative experimental setup using an Amicon stirred cell was designed.
Furthermore, previous work using microfabricated membranes often implements cross flow
filtration, where flow of fluid tangential to the membrane surface generates a shear force at the
membrane surface that can prevent the deposition and buildup of particulate on the
membrane!®123435 Shear introduced by stirring may have a similar effect on improve filtration
performance and reducing fouling. First, filtration of 0.18 pum nanoparticles through a disk of six

MSN 0.5 pum membranes was tested. Given that the 0.18 um nanoparticles are significantly smaller
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than the 0.5 um slit width, it is expected that little to no fouling should occur, as was seen with the
0.06 um nanoparticles through the MSN 0.2 um membrane. As shown in Figure 5.9A, only a small
increase in TMP was measured throughout the filtration experiment. In addition, a filtrate volume

of almost 20 mL was obtained demonstrating a significant increase in the overall throughput.
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Figure 5.9: Influence of particle size and stirring on the change in TMP during the filtration of
nanoparticles through a disk of six microslit silicon nitride membranes in an Amicon stirred cell.
A) 0.18 um nanoparticles at a constant flux of 2.3 mL cm™2-min1. B) 2.1 pum particles at a constant
flux of 2.3 mL cm™2-min%. C) 2.1 um particles at a constant flux of 0.23 mL cm2-min!

Next, filtration with 2.1 um nanoparticles through the disk of MSN 0.5 pum membranes was
tested. With particles significantly larger than the slit width, fouling is expected to occur and the
effect of introducing stirring on the rate of fouling can be tested. At the original flux of 2.3 mL
cm2-min* and with no stirring (0 RPM), a clear increase in TMP over the course filtration is seen
(Figure 5.9B). When stirring was applied at either 100 RPM or 300 RPM, no clear difference in
the rate of fouling was seen. A second set of filtration experiments was then attempted at a lower
flux of only 0.23 mL cm™2-min"! (Figure 5.9C), where stirring at only 100 RPM appears to have

completely prevented fouling of the membrane by the 2.1 um nanoparticles. Stirring, or any fluid
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flow parallel to the membrane surface, is able to prevent fouling due to shear and lift forces
introduced at the membrane surface3®, and these forces are balanced against the drag force from
the fluid flow normal to the membrane surface. It is likely that at the higher flux, the drag forces
on the nanoparticles could not be overcome by the lift forces introduced through stirring, and
therefore no effect from stirring was observed. Whereas at lower flux, lift forces from stirring were
able to have a significant effect. This would mean that reduced fouling from stirring must be

balanced against membrane flux, a common design criteria observed in cross flow operations®3,

Finally, the effect of stirring on fouling of the MSN 0.5 um membranes by BSA was
investigated. Beginning at the reduced flux rate of 0.23 mL cm™2-min ! stirring at 0 or 300 RPM
was tested (Figure 5.10). This result appears to show that the stirring may have had a minor effect
on the rate of fouling, with a longer delay until between the start of filtration and when the fouling
buildup became detectable. Due to the significantly smaller particle size, proteins are less affected
by shear and lift forces, and reduced fouling is often attributed to mixing of the boundary layer
and reduction of a concentration polarization®*3¢, Further investigations are required to better
understand the effects of stirring and the generated forces on the filtration performance of the MSN

membranes.
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Figure 5.10: Change in TMP during the filtration of 0.1% BSA through a disk of six MSN 0.5 pm
membranes at a constant flux of 0.23 mL cm™2-min~! in an Amicon stirred cell with stirring set to
either 0 or 300 RPM.

5.4.4.Bacteria Filtration Studies

The MSN membranes have been shown to be resistant to fouling by proteins (relative to
the MPN membranes), to have a sharp selectivity based on particle size, and to maintain a low
TMP during filtration relative to conventional membranes; these factors should all make the
membrane ideal for sterile filtration applications. To validate their sterile filtration functionality,
both the MSN 0.2 and 0.5 pm membranes in the small scale format were tested by performing a
challenge test with a solution of B. diminuta bacteria in accordance with the standard ASTM
protocol?®. As shown in Figure 5.11A, there was no detectable amount of B. diminuta in the filtrate
samples from 0.2 um MSN membranes. To the best of our knowledge, this result represents the
first demonstration of sterile filtration using slit-shaped pores. To confirm the accuracy of our
methods, we also evaluated the performance of a conventional 0.22 pum membrane (the same

Durapore 0.22 um membrane) in the same bacteria challenge test and found no detectable amount
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of B. diminuta in the filtrate samples. For conventional polymer membranes, a combination of both
sieving and adsorption phenomena is most often used to explain the bacterial removal
mechanism®’. Given the very high porosity and ultrathin nature of 0.2 um MSN membranes,
however, it is most likely that adsorption effects are negligible and that the bacterial removal
capability occurs exclusively via sieving by the uniform slit pores. This hypothesis is supported
by the filtration test results obtained with the 0.5 um MSN membrane, which showed the
permeation of high concentrations of B. diminuta into the corresponding filtrate samples. Given
the proper operating conditions (e.g., low applied pressure) it is likely that an intermediate slit
width dimension (i.e., between 0.2 and 0.5 um) could be used and still achieve sterile filtration
performance (i.e., no detectable amount of B. diminuta in the filtrate). As shown in Figures 5.11B-
D, the TMP profiles for the B. diminuta challenge test were quite consistent across the triplicate

tests that were done for each membrane (similar to results in Figure 5.8).
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Figure 5.11: (A) Concentration of B. diminuta (expressed in colony forming units (CFU) per mL)
in the feed and filtrate samples from filtration tests; the error bars correspond to the standard
deviation from the triplicate plate count analysis that was done on each sample. The three sets of
results for each membrane type correspond to the triplicate testing as shown in (B)—(D). The
annotations for each pair of feed and filtrate sample indicate the total challenge amount of B.
diminuta (CFU/cm?). “N/D” is used to indicate those filtrate samples for which there was no
detectable amount of B. diminuta. (B)—(D) Transmembrane pressure (TMP) profiles during
constant flux filtration of B. diminuta solution through a Durapore 0.22 pm, MSN 0.2 um and
MSN 0.5 um membrane. The three solid colored lines within each panel correspond to the triplicate
testing that was done for each membrane.

5.4.5.Virus Filtration Studies

To test the MSN 0.2 um membrane in a real sterile filtration application, two therapeutic virus
solutions were filtered and assessed for performance through the transmission of the virus and the
degree of membrane fouling. Performance was compared to a Durapore 0.22 um membrane as a
reference point for the existing conventional technologies. An oncolytic Maraba virus was selected

as the first therapeutic virus to test, being a large challenge that conventional polymeric membranes

143



Ph.D. Thesis — E. Wright; McMaster University — Chemical Engineering

are unable to sterile filter efficiently given that previous work has shown poor recovery and high
membrane fouling with a variety of polymeric membranes’. Furthermore, the virus is relatively
large, being bullet shaped and 70 x 170 nm’, which is relatively close to the 0.22 um nominal pore
size of sterile filters. Both the virus recovery and TMP profile for the filtration of Maraba virus
through MSN 0.2 um an Durapore 0.22 um membranes are shown in Figure 5.12. The results show
a very similar performance between membranes, with both membranes fouling rapidly and with
very low recoveries of 7.845% and 6.5+4% respectively. The result for the Durapore 0.22 pm
membrane closely matches previous work, where a 5% recovery was reported’. While the MSN
membrane did initially start at a lower TMP, both membranes fouled so quicky that no overall
lower TMP profile was achieved, as was observed in the nanoparticle tests. Previous work has
studied the sterile filtration of Maraba virus in detail”. In this work, the resulting TMP profiles
from constant flux filtration were fit to pore blocking models®?, and it was found that profiles best
fit the standard or intermediate models’. This would indicate that the Maraba virus is fouling the
interior of the pores or bridging the pores on top of the membrane®. In this work, the filtration of
Maraba virus through the Durapore 0.22 um membrane follows a similar pattern. However, the
TMP profile for the MSN 0.2 um membrane is largely linear, which as discussed in Section 5.4.2
is typically associated with cake filtration. This may indicate that the Maraba virus is acting as a
large particle (similar to the nanoparticle filtration tests) building up a fouling layer on top of the

membrane while not fully blocking or bridging the pores.
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Figure 5.12: Change in transmembrane pressure (TMP) (A) and virus recovery (B) (calculated as
the ratio of filtrate to feed titer) from the constant flux filtration of rhabdovirus Maraba through
both microslit silicon nitride (MSN) 0.2 um and Durapore 0.22 um membranes. Solid colored lines
in (A) correspond to TMP change during duplicate filtration experiments for both membranes.
Boxes in (B) depict the interquartile range, the horizontal line represents the median, and the cross

mark represents the mean. Whiskers extending from the boxes show the maximum and minimum
values measured.

Next, a different type of virus was tested in a sterile filtration application. Adenovirus is
commonly used in a variety of therapeutic applications and is an 80 nm icosahedral particle?®, with
previous reports showing a recovery of greater than 90% after sterile filtration?4?>%, It was
expected that Adenovirus would present less of a challenge for the MSN membrane and that less
fouling during filtration would allow for the high permeability of the MSN to maintain an
advantage over the Durapore membrane. While the TMP of the MSN membrane did initially start
low (Figure 5.13) some degree of fouling was observed, whereas for the Durapore membrane there
was no noticeable fouling. Both membranes achieved a high virus recovery of greater than 90%,
however due to the fouling observed on the MSN membrane, it is expected that if a higher

throughput was filtered that the recovery would begin to decrease.
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Figure 5.13: Change in transmembrane pressure (TMP) (A) and virus recovery (B) (calculated as
the ratio of filtrate to feed titer) from the constant flux filtration of adenovirus through both
microslit silicon nitride (MSN) 0.2 um and Durapore 0.22 pm membranes. Solid colored lines in
(A) correspond to TMP change during triplicate filtration experiments for both membranes. Boxes
in (B) depict the interquartile range, the horizontal line represents the median, and the cross mark
represents the mean. Whiskers extending from the boxes show the maximum and minimum values
measured.

For both the adenovirus and Maraba virus, no clear improvement in filtration performance
was observed when directly compared to a Durapore 0.22 um membrane. It was theorized that the
isoporous nature and thinness of the MSN membrane would prevent entrapment of virus within
the membrane structure reducing fouling and loss of virus, however the results presented here
show that there was no benefit to performance. While the MSN membrane does have the advantage
of very high permeability as demonstrated in Figure 5.6, it is possible that the properties of the
membrane also make it more sensitive to fouling. Previous work has shown the importance of pore
interconnectivity in reducing fouling during membrane filtration'826:3%40 3 property that the MSN
membranes lack. Interconnected pores foul more slowly and result in less resistance to flow as the
fluid can flow around the blockage as it passes through the membrane, whereas in with the straight-
through pores of the MSN membranes once a pore is blocked that area of the membrane is rendered

entirely inaccessible to flow. Furthermore, when particulate capture is concentrated in a single skin
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layer, as it occurs on the surface of the MSN membrane, the degree of fouling and resistance to
flow through the membrane is greater. Due to this phenomena, if both the MSN and Durapore
membranes equally capture a material with a high propensity for fouling, such as large protein or
virus aggregates, then it is possible that the resulting fouling could be more extreme for the MSN

membrane.

One key advantage of isoporous microfabricated membranes is a smooth surface that is
highly amenable to improved performance when operated in cross flow filtration. Initial
investigations implementing the MSN membranes in a stirred cell format showed some promise
and testing the filtration of virus solutions in this format is a clear next step, however significantly
more work is required to better understand and optimize the process. Furthermore, the surface
chemistry of the membrane could be improved to better prevent the adsorption of biological
materials. Common approaches such as the grafting of PEG or zwitterionic molecules to a surface
have been shown to reducing protein adsorption, and these methods are compatible with the silicon

chemistry of the MSN membranes*'+42,

5.5. Conclusions

The results presented here are a promising first step towards the development of a new
generation of membranes for biopharmaceutical processing, specifically sterile filtration of
therapeutic viruses. Microfabricated silicon nitride membranes were shown to have a hydraulic
permeability which is orders of magnitude greater than polymeric membranes, enabling higher
throughput processing, while the isoporous and ultrathin nature of the membranes was theorized

to give better selectivity of particles and result in a higher transmission of virus. Using model
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nanoparticle and protein solutions, the filtration performance of MPN and MSN membranes was
compared, with the slit pore membranes demonstrating a significantly lower degree of fouling by
protein solutions, thus likely making them more appropriate for the filtration of biological
solutions and the sterile filtration of therapeutic viruses. The MSN membrane was then integrated
into a stirred cell filtration system, demonstrating the beneficial effects that stirring can have on
reducing fouling from particle deposition on the membrane surface. Using the standard test
organism B. diminuta and following the ASTM protocol, the MSN 0.2 um membrane was
validated to completely retain bacteria and act as a sterile filter. The MSN 0.2 um membrane was
then directly compared to a Durapore 0.22 um membrane in the sterile filtration of both Maraba
virus and adenovirus solutions. Despite the hypothesized benefits of the MSN membrane, a greater
degree of fouling and similar virus recovery was seen when compared to the Durapore membrane.
Future developments to the membrane surface chemistry and filtration configuration will likely
provide large benefits to improving filtration performance and enable this technology to find use

in the bioprocessing and sterile filtration of therapeutic viruses and other products.
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Figure S5.14. Picture of the custom-built pressure testing apparatus utilized for gas flow and
differential pressure tolerance measurements reported in this work. This panel houses the main
control elements used for metering a gas supply to one or more accessory lines in such a way that
both the supply pressure (via the digital pressure gauge) and the volumetric gas flow (via either
the ball rotameter or digital mass flow sensor) can be precisely measured.

1 : e - ‘ —
Membrane Chi‘p Holder el

Figure S5.15: A) A machined pressure fixture used for placement and sealing of membrane chips
above a gas supply orifice. This accessory was attached to the pressure regulation system in Figure
S1 via ¥4” OD Tygon tubing and used for all gas flow rate and differential pressure tolerance
testing. Briefly; a membrane chip is placed between two 300 pum thick silicone gaskets, oversized
to create a tight seal. The membrane chip-gasket assembly, is then placed over a machined orifice
in the base of the holder cell and a 200 um thick spacer layer (pink plastic sheet) is added to ensure
uniform compression. B) The top plate is installed and secured by two socket-head cap screws to
ensure a tight seal.
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Figure S5.16: A) Nitrogen gas flux as a function of applied pressure for the three MSN membranes.
each data point represents at least triplicate observations with average error <25% coefficient of
variation. B) Maximum differential pressure tolerance (i.e. maximum pressure reached at
membrane) for the three MSN membranes, with the error bars correspond to one standard deviation
from the triplicate testing that was done for each membrane type.
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Chapter 6

Fused Nanoparticles as Model Virus Aggregates for

Membrane Filtration
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6. Fused Nanoparticles as Model Virus Aggregates for Membrane Filtration

Evan Wright, Christina Hassey, David R. Latulippe

Prepared for journal submission

6.1. Abstract

Nanoparticles are a ubiquitous part of separation and membrane science, used in a variety of
ways for studying filtration performance and characterizing membranes. Of particular interest,
nanoparticles can be used as approximate surrogates for virus particles which can present
significant experimental complexity, low throughput testing, and safety concerns. However, many
of the properties of nanoparticles are often overly simplified and this greatly limits their accuracy
as surrogates for true virus particles; nanoparticles are often monodisperse, of uniform size, and
have highly stable surfaces. Therefore, to create nanoparticles solutions with more complex
properties, we show here how a “salting out — quenching — fusing” process can be used to create
stable 0.19 pum nanoparticle aggregates. Our results show that the fabrication process is
controllable and repeatable, and the distribution of aggregate sizes can be adjusted by modifying
the experimental conditions. Basic constant pressure filtration tests using membranes with both
0.22 and 0.45 um pore sizes were performed, demonstrating how the degree of aggregation relates
to both the membrane fouling (measured as flux decline during filtration) and overall particle
transmission through the membrane. Analysis of the constant pressure filtration data using pore
blocking and Vmax models demonstrated how the fused nanoparticle filtration data can be related

to the sterile filtration of therapeutic viruses. The fabrication technique and methodology presented
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here can easily be used as a tool in future work to better model and study the filtration performance
of complex solutions and as a simple method to investigate the potential performance of

membranes in the sterile filtration of virus solutions.

6.2. Introduction

Nanoparticles have become a key tool in membrane science for applications such as evaluating
pore size distribution in membranes®=, or as a test material for characterizing membrane fouling*-
7. In filtration studies, nanoparticles have been compared with biological organisms such as yeast®,
bacteria®, and in particular viruses'®4, This is of considerable interest due to safety concerns when
working with viruses and due to the complexity in preparing, handling and interpreting results
from experiments they are involved in. In areas such as biopharmaceutical processing and the
purification of therapeutic viruses, simple nanoparticle surrogates to tests how viruses interact with

membrane filters are highly valuable.

To date, nanoparticles used in filtration studies are largely monodisperse spheres made of
inorganic materials such as polystyrene!''4 gold'>*3 or silica®. While some studies have used a
mixture of particle sizes®®, or alternate shapes such as rods'®*’, the current state of the art is lacking
in ways to represent more complex particles during filtration experiments. This is of particular
concern as viruses have many non-ideal properties that may not be reflected in simple
nanoparticles which could have a large influence on filtration performance. Many viruses have
non-spherical shapes, such as rhabdoviruses being bullet shaped?®, Vaccinia virus being brick
shaped*® and some viruses, such as respiratory syncytial virus, having various pleomorphic forms

which can range from spherical to filamentous?. Furthermore, viruses have highly variable surface
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properties, with charge and hydrophobicity varying between types of viruses and even depending
on factors such as culture conditions?!. Even within a single virus particle, there can be patches of
varying surface properties?® and these factors are all known to influence interactions with
membrane filters?>24, Finally, virus particles are prone to aggregation based on a wide range of
factors?®27 and this aggregation is known to influence filtration performance?2°, therefore
treating them as monodisperse particles may often not be appropriate. Thus, it would be highly
desirable to explore using nanoparticles with alternate and more complex structures in filtration

studies to better reflect the properties of some viruses.

From areas of colloidal science and microfabrication, a wide variety of non-spherical or
irregular nanoparticles have already been detailed in literature, including ellipsoids®, half
spheres®!, peanut shapes®, rods®®, disks®, rectangular prisms® and spheres with textured or
patterned surfaces®®’. There is also the opportunity to create higher order structures such as
packed clusters both small® and large®®, webs®® and dimers*#2, However, many of these
techniques require complex synthesis procedures and the use of microfluidics and/or
microfabrication techniques, making them less suitable for widespread use. A simple and easy to
perform method to fabricate aggregates or higher order colloidal structures would be highly
valuable and could be applied to model virus aggregates during filtration studies. A suitable
technique to achieve this is a “salting out — quenching — fusing” process as first introduced by
Yake et al.**** which creates controlled nanoparticle doublets and larger aggregates, which only

requires commercially available functionalized polystyrene nanoparticles.
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In this work, we demonstrate the repeatable and controllable nature by which higher order
nanoparticle structures can be formed using the “salting out — quenching — fusing” process and
extend the technique to how it can be used to create model feed solutions for membrane filtration
tests. Basic filtration experiments using a commercial PES membrane at two different pore sizes
(0.45 pm and 0.22 um) were performed with the fused nanoparticle solutions in order to
demonstrate how the filtration performance (membrane fouling and nanoparticle recovery) is
influenced by the created aggregates. Analysis of the results using both pore blocking and Vmax
models was then performed to demonstrate how the data obtained from the filtration of fused
nanoparticles relates to the sterile filtration of virus particle and how the results can be practically

applied.

6.3. Materials and Methods
6.3.1. Preparation of Fused Nanoparticles

The protocol used by Juluri et al. #°, optimized for the formation of doublet particles, was used
as a starting point and was further optimized based on initial experimental results. In order to
demonstrate the accuracy and flexibility of the process in producing different aggregate sizes, two
different batches of fused nanoparticles were produced, one with a low fusing time and another
with a high fusing time. The low fusing time was optimized for the formation of doublets and was
targeted at 75% singlet particles remaining, while the high fusing time was optimized for 50%
singlets particles remaining. To begin, 15 uL of carboxyl latex particles (Invitrogen, 4% w/v, mean
diameter 0.19 um) was added to 1.5 mL of 500 mM KCI solution in a glass vial and was gently
swirled for 30 seconds or 120 seconds (low and high salting out time batches respectively) to

ensure adequate mixing. The entire 1.5mL KCl-nanoparticle solution was then added to 150 mL
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of DI water and this solution was autoclaved for 5 minutes at 120°C to fuse the particles and
stabilise any aggregates. Following autoclaving, the solution was air-cooled to ambient
temperature and centrifuged at 10,000 RPM for 2 hours to concentrate the fused particles. The
resulting pellet was resuspended in 15mL of nanoparticle buffer (10mM phosphate buffer pH 7.4,
0.01%v/v Tween™ 20, 0.01% NaNs). An overview of the complete process is shown in Figure
S6.7. This process can be scaled or repeated as necessary, and multiple batches were pooled
together to create one master solution (of both 75% singlet and 50% singlet nanoparticle solutions)

used for all filtration tests described here.

As a control, a solution of unfused nanoparticles was also tested in the filtration
experiments. Given that the fused nanoparticle solution is approximately 0.004% wi/v (not
accounting for any potential losses during production), to create the control solution the stock 4%

wi/v nanoparticle solution was simply diluted 1:1000 directly into the nanoparticle buffer.

In order to validate the salting out-quenching-fusing process, the nanoparticle solutions
were imaged using scanning electron microscopy (SEM) and the fraction of each particle structure
(singlets, doublets, triplets, quadruplets, and larger aggregates) was determined through manual
counting. To prepare the solution for SEM imaging, a 1mL sample was centrifuged, the resulting
pellet was collected then resuspended in deionized water, and a 10 pl drop was dried on a silicon
wafer. The wafer was mounted on specimen carriers and the samples were sputter coated (Polaron
E5100) with gold for 60 s under a current of 20 mA, depositing a layer of approximately 24 nm.
The wafer was then imaged using SEM at 10,000 x magnification and the fraction of particle

structures were manually counted in 10 different areas of each wafer.
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6.3.2. Constant Pressure Filtration

A constant pressure filtration system was used to perform all filtration experiments. The
pressure in a reservoir was controlled using an Elveflow OB1 MK3 multi-channel microfluidic
flow control (MMFC) system. The OB1 MK3 pressure controller was supplied with compressed
nitrogen at approximately 206 kPa (30 PSI), which was filtered prior to entering the unit. The
pressure of the reservoir was controlled using a computer interface and was set to 6.89 kPa (1 PSI)
for all constant pressure experiments. The pressurized reservoir was connected to a polycarbonate
filter holder (Cole Parmer, 0.5 cm? of effective filtration area) using 15 cm of 1/16” ID Masterflex
silicone tubing, and the appropriate Luer Lock fittings. A retort stand and clamp was used to

position the filter holder in place above a glass beaker on a bench-top analytical balance.

Constant pressure experiments consisted of two phases: (1) a buffer pre-test, and (2) a
nanoparticle solution filtration test. The membrane of interest was inserted in the polycarbonate
membrane holder and wetted using the buffer solution by alternating between gentle forward and
back flushing with a syringe. A new membrane was used for each constant pressure experiment.
PES (Millipore Express PLUS) membranes with both 0.22 and 0.45 um pore sizes were used. For
the buffer pre-test, 15mL of the buffer solution was loaded into the reservoir. The reservoir was
pressurized to 6.89 kPa and the weight of the filtrate was recorded at 30 second intervals until a
cumulative filtrate weight of 10g was reached. The process was repeated at 13.8 and 27.6 kPa (2
and 4 PSI respectively), and with this data the permeability of the membrane could be calculated
to ensure that it was within expected values. Next, for the nanoparticle filtration test, the reservoir

was depressurized and filled with 15mL of nanoparticle solution. The reservoir was pressurized to
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6.89 kPa and the first 1 mL was collected and discarded as the holdup volume inside the tubing
and membrane holder. An empty beaker was then placed on the balance and the cumulative weight
of the filtrate was recorded every 30 seconds until a weight of 10 g was reached. For the purpose
of all calculations, the density of the feed and filtrate was assumed to be 1 g/mL. Using the

measured filtrate weight, the filtrate flux during each 30 second interval was calculated.

Post-filtration samples of the feed and filtrate were measured using optical absorbance in order
to assess the nanoparticle recovery, calculated as the ratio of filtrate to feed concentration.
Triplicate 200 ul aliquots of both the feed and filtrate were transferred to a clear 96-well plate
(Corning) and the optical absorbance was measured at 400 nm using a Spark 10M microplate
reader (TECAN). Serial dilution of the stock nanoparticle solution followed by absorbance
measurement was performed in order to ensure that a linear relationship between concentration

and absorbance was valid for all measured samples.

6.4. Results and Discussion
6.4.1. Formation of Fused Particles

The “salting out — quenching — fusing” process is a series of steps which takes advantage of
electrostatic repulsion by charged particles and how the repulsion can be shielded through the
addition of charged ions to the solution. To begin, an electrostatically stable solution of polystyrene
latex particles is salted out by adding a high concentration of potassium chloride and increasing
the ionic strength of the solution. This reduces electrostatic repulsion between particles and allows
them to aggregate through diffusion-controlled collisions and VVan der Walls forces. After allowing

the particles to aggregate for a predetermined amount of salting out time, the solution is quenched
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by diluting it with a large volume of deionized water, reducing the ionic strength and halting any
further aggregation. Finally, the particles are fused together by heating the solution above the glass
transition temperature of polystyrene for a short time, creating particles which are permanently
attached together. This process can be characterized by the Smoluchowski rapid flocculation
estimate®:

_ mur*w

~ 2kTe @

Where 7 is the estimated time for half of the singlet particles to aggregate. From this, there
are multiple variables which can be tuned to achieve a desired result and control the degree of
aggregation or size of higher order structures which are produced. For a given particle size, to
achieve slower aggregation the ionic strength can be reduced (as this increases the stability ratio*®)
or the solids fraction can be decreased, while the opposite can be changed to speed up the
aggregation. The original protocol®® was optimized for the formation of doublets from
approximately 2 pm particles, while other work has already adapted this technique for the
formation of doublets from 0.2 um nanoparticles®®. As opposed to the simple estimate presented
here, more complex mathematical models and calculations are available*”“8, however some degree
of experimental optimization will likely still be required. Through experimental optimization,
processes designed to create solutions with 75% singlet particles (30 second salting out time) and

50% singlet particles (120 second salting out time) were created.

Three different batches of both the nominal 75% singlet and 50% singlet solutions were
assessed in order to show the reproducibility of the production process (Figure 6.1). The
distribution of aggregate structures was calculated by manually counting SEM images, with

representative SEM images given in Figure 6.2. Specifically, for the 75% singlet batches, 75.7%
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of the particles found were defined as ‘singlets’, which refers to a single nanoparticle. 19.2% of
the particles were defined as “doublets”, which refers to two nanoparticles permanently fused
together. The remaining 5.1% of particles were defined as “triplets”, “quadruplets” and “larger
aggregates”, which refers to 3, 4, or more particles permanently fused together. For the 50% singlet
batches, 52.4% of particles were singlets, 23.5% were doublets, 17.5 % were triplets, and 6.5%
were quadruplets or larger aggregates. Between the 75% singlet and 50% singlet solutions, there
were significantly less singlets and significantly more triplets and quadruplets (p<0.01) with no
significant change in the number of doublets or larger aggregates. By precisely controlling the

fusing time during the production process, the distribution of aggregate structures can be

controlled, and once a procedure is established, it is reliable and repeatable.
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Figure 6.1: Fraction of aggregate structures in the nanoparticle solutions for both the nominal 75%
singlet solution created with the low aggregation time (30 second salting out step) and the 50%
singlet solution created with the high aggregation time (120 second salting out step). Bars show
the average and standard deviation of 3 batches.
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Figure 6.2: Representative images of the nanoparticle solutions using scanning electron
microscopy at 10 kX magnification. The nanoparticles as received from the manufacturer (left),
the 75% singlet solution created with the low aggregation (30 second salting out) time (middle)
and the 50% singlet solution created with the high aggregation (120 second salting out) time (right)
are shown. The original nanoparticles are clearly unaggregated and of uniform size, while the
75% singlet solution contains a small number of doublets and the 50% singlet solution contains a
larger number of doublets, triplets, and some larger aggregates.

For the protocol presented here, the estimated aggregation time (7) is approximately 9 seconds,
however an actual aggregation time of 120 seconds was required in order to achieve 50% of the
initial singlet particles aggregating. This discrepancy is likely due to variance in the stability ratio
(W) or insufficient ionic strength to achieve a stability ratio of 1 as assumed. Small changes in
ionic strength can cause large changes in the stability ratio®® and there may be other minor repulsive
forces preventing the ideal interaction from occurring. A large underestimation in the aggregation

time was also reported in previous work*,

6.4.2. Filtration of Nanoparticle Solutions
The permeability of the 0.22 and 0.45 PES membranes was measured to be 0.549+0.062 and
0.929+0.11 (mL mint cm kPal) respectively. Figure 6.3 shows the flux decline during filtration

of a control solution of unfused particles, the 75% singlet solution, and the 50% singlet solution
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all using both PES 0.22 um and 0.45 um membranes. When the unfused particles were filtered
through both membranes a relatively steady flux was maintained, indicating that little to no fouling
of the membrane or retention of the nanoparticles was occurring. This is supported by the post-
filtration recovery of the nanoparticles as shown in Figure 6.4, given that greater than 90%
recovery was seen for both membranes. While the average recovery was lower for the 0.22 um
membrane than the 0.45 um (90.7% vs 97.2%) there was no statistical significance to that
difference (p>0.1). Due to the inclusion of the surfactant Tween™ 20 in the buffer solution,
adsorption of nanoparticles to the membrane should be largely inhibited*® and any particle
retention or membrane fouling should be due to a size exclusion or sieving effect. The nominal
0.22 um rating is often unrelated to the actual dimensions of the pores™ and it has been shown that
other PES 0.22 um rated membranes can have an average pore size as large as 0.43 um°®* therefore
the transmission of a 0.19 um nanoparticle through the 0.22 pm membrane is not an unexpected
result. Previous work has shown that some 0.22 um rated membranes can even exhibit high

transmission of particles as large as 0.3 pm?®.
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Figure 6.3: Flux decline during constant pressure filtration at 6.89 kPa for solutions of unfused
nanoparticles, the 75% singlet solution created with the low aggregation time (30 second
incubation step), and the 50% singlet solution created with the high aggregation time (120 second
incubation step), all filtered using both 0.22 pum and 0.45 um PES membranes. Triplicate
experiments are shown using the different symbols in each panel.
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Figure 6.4: Recovery (measured as the ratio of filtrate to feed optical absorbance) of the unfused,
75% singlet (30 second incubation step), and 50% singlet (120 second incubation step)
nanoparticles solutions after constant pressure filtration at 6.89 kPa through either a 0.22 or 0.45
pm PES membrane. Data is shown as the average of triplicate experiments, with error bars showing
the standard deviation.

When the 75% singlet solution (which is largely comprised of singlet particles with some
doublet particles) was filtered, a flux decline was seen for the 0.22 um membrane (Figure 6.3)
along with a corresponding decrease in recovery (Figure 6.4). It is theorized that the portion of
doublets in the solution are large enough to block the 0.22 um membrane pores, and once pore
blockage begins to occur further fouling may happen due to cake buildup. Conversely for the 0.45
pKm membrane, the doublet particles are still able to full transmit through the membrane without

fouling the membrane at all.

Finally, when the 50% singlet solution (which contains singlets and a moderate amount of
both doublets and triplets) was filtered, an even more severe flux decline was seen for the 0.22 pum
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membrane (Figure 6.3) due to the presence of the triplet nanoparticles and less of the overall
particles being able to pass through the membrane, leading to fouling. Again, a corresponding
decrease in recovery was also seen (Figure 6.4). Now that triplets and larger aggregates have been
created in the solution, some minor fouling and a decrease in flux was even seen for the 0.45 pm

membrane.

As the fusing time of the nanoparticles increases, the degree of aggregation increases, and
a corresponding flux decline during filtration and decrease in recovery is seen. The 0.22 um
membrane was very sensitive to any aggregation and the presence of nanoparticle doublets in
solution, while no change in the performance of the 0.45 um membrane was seen until a significant
number of triplets and larger aggregates were produced. Total particle transmission through the
0.22 um membrane was roughly proportional to the amount of singlet particles in solution, while
transmission through the 0.45 pm membrane was comparable to the number of doublets and
singlets, indicating that the ability of a membrane to transmit or retain aggregates of different sizes

is related to the pore size of the membrane.

It is well known that the presence of aggregates can lead to increased membrane fouling and
reduced transmission through the membrane in general filtration theory®? and for virus particles
during sterile filtration through 0.22 pm membranes in particular?’-2>%3, This reflects what has
been demonstrated here, with the model aggregate nanoparticles resulting in reduced transmission

and increased membrane fouling.
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6.4.3. Analysis of Results Using Pore Blocking and Vmax Models

To better understand how results with the fused nanoparticles relate to the sterile filtration of
viruses, the flux decline data from Figure 6.3 for the filtration of the 50 % singlet nanoparticle
solution through the 0.22 um membrane was compared against models for membrane fouling.
Fitting data from other nanoparticle solutions or membranes was not attempted as significant flux
decline during filtration is required for the distinction between the different models to be
significant. These different models each relate to different mechanisms of fouling and how pores
become blocked during filtration, and describe the pattern of flux decline during constant pressure
filtration®. Each model relies on a blocking constant K,, which varies with the properties of the
feed solution and membrane. The complete blocking model is based on particles being retained on
the membrane surface and entirely occluding the membrane pores:

] =Jo—Kpv (7

The standard blocking model is based on particles accumulating on the inside of pores, growing,

and constricting the pores:

2

J=1o(1-50) ®)
The intermediate blocking model is based on a combination of pores being directly blocked by
particles and the following buildup of particles on top of that layer:

J =Joexp(—K;v) ©)
Finally the cake formation model is based on the formation of a packed bed of particles on top of

the membrane surface:

Jo

J ~JoKv+ 1

(10)
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By fitting the flux decline data during constant pressure filtration to the various models, the model
which best describes the mechanism of fouling which is occurring during filtration can be
identified. To perform the model fitting, the blocking constants K, in each equation were varied
such that the sum of squared error (SSE) between the model prediction J, and the measured data J;

was minimized:
n
SSE = Z(Ii —J)? (11)
i=1

The best model was then selected based on the lowest overall SSE.

Flux decline data from the triplicate experiments for the filtration of 50% singlet particles
through the 0.22 um membrane were each fit to the four blocking models, with an example of each
blocking model fit to one set of flux decline data shown in Figure 6.5. The SSE and blocking
constants for the triplicate data is given in 6.1. While there was not a large distinction between the
models, for each of the filtration experiments the data was best fit to the intermediate blocking
model (Equation 9), with the standard blocking model also closely fitting (Equation 8). The extent
of fouling and flux decline in these experiments was relatively minor, and so it is possible that
longer filtration experiments with a higher degree of fouling would have provided data to which
the model fits would have been more distinct. With the intermediate model being the best fit, this
would indicate that the fused particles are being trapped by the membrane and directly blocking
the membrane pores, with some particle-particle interaction and buildup of multiple particles over
the same area. While spherical particles significantly larger than the membrane pore size would be
expected to follow the cake filtration model'’*>% it is possible that when the particle size closely
matches the pore size, a direct pore blockage is more likely. Previous work examining the filtration

of 0.3 um nanoparticles through 0.22 um sterile filtration membranes similarly showed membrane
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fouling profiles that did not match the cake filtration model*®. Given that virus particles have been
shown to foul sterile filtration membranes following the intermediate model®®, the fused
nanoparticles appear to behave similarly to virus particles in how they interact with the membrane

pores and foul the membrane.
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Figure 6.5: Graphical comparison of best fit curve for the four pore blocking models to the flux
decline data from the constant pressure filtration of 50% singlet (120 second salting out step) fused
nanoparticles through a PES 0.22 pm membrane. Data and curve fitting shown for one of three
replicate experiments.

Table 6.1: Sum of squared error (SSE) from fitting pore blocking models to the triplicate flux
decline data from the filtration of 50% singlet (120 second salting out step) fused nanoparticles
through a PES 0.22 um membrane. Calculated blocking constants (K;) also shown. Data is given
as average * standard deviation.

Blocking Model SSE Blocking Constant (Kj)
Complete 0.66 £ 0.3 0.11+0.02
Standard 0.23+0.2 0.088 + 0.01
Intermediate 0.13+0.1 0.11 +0.03
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Cake 0.86 +£0.2 0.18 £ 0.04

With this similarity between the fused nanoparticles and viruses, the collected data from Figure
6.3 was examined in more detail for how the fused nanoparticles could be used as a screening tool
and for how the results could be applied to select optimal membrane filters for a sterile filtration
process. A common technique for scaling up and sizing membrane filters is to perform a small-
scale filtration test and use that data to calculate the theoretical maximum throughput of the
membrane before it becomes completely blocked, or the membrane Vmax value®. This method
assumes that the membrane is fouled through pore constriction (the standard blocking model), and
is known to overestimate or underestimate system capacity for feed solutions which foul primarily
though other mechanisms®’. Despite this, it is still considered the simplest and a typical first
approach for screening membranes and assessing potential for scale up. This Vmax can be directly

evaluated from filtration data using a plot of t/v as a function of t and is described by the equation®”:

£=Qi0+( - )e (12)

v Vmax

Evaluating membranes using the Vmax model, as opposed to testing a membrane with large
volumes until the actual capacity is reached in an experiment, is highly desirable as it can greatly
accelerate testing and reduce the required volume. Using a fused nanoparticle solution as opposed
to virus solution would serve to even further accelerate this process, and aid in screening the
potentially dozens of commercially available sterile filters. As shown in Figure 6.6, average data
from the triplicate constant pressure filtration of unfused, 75% singlet, and 50% singlet
nanoparticles was plotted on a graph of t/v as a function of t. The slope of each data set is Vmax
1 and from this average Vmax values of 20, 46 and 130 mL were calculated for the unfused, 75%

singlet, and 50% singlet nanoparticle solutions respectively through the 0.22 um PES membrane.
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For the PES 0.45 um membrane, only the 50 % singlet solution showed any measurable fouling
or change in t/v over time, from which an average Vmax of 48 mL was calculated. This again
demonstrates how the extent of nanoparticle aggregation can be used to tune the degree with which
the final solution will foul a membrane during filtration. Given that the plotted data is highly linear,
application of the Vmax model is still reasonable despite the assumption of a standard blocking

model, even if it is not the best fit for the data as shown in Figure 6.5 and Table 6.1.
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Figure 6.6: Average flux decay data from triplicate filtration experiments for 50% singlet (30
second salting out time), 75% singlet (120 second salting out time), and unfused nanoparticle
solutions through either A) PES 0.22 um membrane or B) PES 0.45 um membrane. Data is plotted
as filtrate volume over filtration time as a function of filtration time. Dashed lines represent linear
regressions for each data set used for Vmax calculation.

Screening experiments using fused nanoparticles and Vmax analysis could potentially be
used to evaluate sterile filters before performing in-depth experiments with actual virus solutions.
In a recent study, Taylor et al.'® evaluated 19 sterile filtration membranes to be used for a live
attenuated virus vaccine by performing many filtration tests using actual virus solution. The results
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clearly demonstrated that some membranes were not adequate for the application, fouling
significantly faster than others. In such a situation, if the large number of membranes had initially
been evaluated using simple nanoparticle solutions to eliminate some of the poor performing
membranes, a significant amount of experimental time and valuable virus solution could have been

saved for testing the membranes most likely to give the best performance.

6.5. Conclusions

The results presented here have demonstrated that the “salting out — quenching — fusing”
process is a reliable method for fabricating controlled nanoparticle aggregates, and through both
theoretical estimations and experimental optimization the final degree of aggregation can be tuned
to a desired level. The fabrication process is consistent, scalable, and only requires readily
available materials and simple laboratory equipment. Using 0.19 um diameter polystyrene
nanoparticles, solutions consisting of 100% singlet particles (unfused particles), 75% singlet
particles, and 50% singlet particles were created and all filtered through both 0.22 and 0.45 um
PES membranes. A clear relationship was demonstrated between the degree of nanoparticle
aggregation and the observed membrane fouling and particle transmission. Using pore blocking
models, the data revealed that fused nanoparticles fouled the 0.22 um PES membranes through the
intermediate pore blocking model, similar to how true virus solutions behave. The data was then
further analysed using the Vmax model to demonstrate how rapid fused nanoparticle filtration tests

could be used to predict the filtration capacity of sterile filtration membranes.

This work provides a useful tool to others working in the area of membrane sciences, and

specifically studying the filtration of biological organisms and viruses. More accurate model feed

175



Ph.D. Thesis — E. Wright; McMaster University — Chemical Engineering

solutions can be created which will better reflect realistic membrane performance with non-ideal
solutions as opposed to simply using monodisperse and uniformly sized nanoparticles as is the
standard methodology. In future work, these controlled aggregate models can be directly validated
and through compared to aggregated and un-aggregated virus solutions, while other work to further
improve the ability of nanoparticles to model viruses through surface functionalization (i.e.

modification of surface charge and hydrophobicity) would be highly valuable.
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6.8. Supplementary Material
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Figure S6.7: Overview of the fused nanoparticle fabrication process. A) Details of the fabrication
process on the scale of individual particles, showing the steps of salting out, quenching, and
fusing. B) Schematic of the experimental steps for the salting out, quenching and fusing process
to create a final fused nanoparticle solution.
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7. Conclusions and Future Work

7.1. Conclusions

Therapeutic viruses have played a critical role in modern medicine as vaccine products and
promise to be a large part of future medical advancements through the development of gene
therapies and cancer treatments. However, efficient manufacturing and downstream processing
presents a barrier to the production, testing, and widespread application of these products. Sterile
filtration is a critical unit operation in ensuring the safety of therapeutic viruses, however it can
result in high product losses and a significant contribution to overall product cost. Little research
to date has investigated how the sterile filtration of therapeutic viruses could be improved, and
thus this thesis addresses the issue through a variety of approaches. The advancements made here
will help elucidate the causes of reduced virus recovery during sterile filtration, aiding others in
better optimizing downstream purification and sterile filtration. Furthermore, this work explores
various paths which could lead to the development of future technologies to improve sterile

filtration.

Chapter 3 provides some of the first available data detailing the transmission of B. diminuta
bacteria through a variety of commercial microfiltration membranes with varying pore sizes and
chemistries. Pore size was clearly correlated to retention, while other membrane characteristics
(material, surface zeta potential) showed no clear trend with bacteria retention. Retention by 0.22
pm membranes was independent of any process conditions (increased pressure, added surfactant)
and was attributed to purely a size exclusion or sieving effect. Conversely, retention by the large
pore size 0.8 um membrane was independent of pressure, and was theorized to occur through

mainly an adsorptive effect. At the intermediate 0.45 pm pore size, retention was highly dependent
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on applied pressure for all membranes tested, a phenomena which has been documented before in
literature but never for B. diminuta through commercial microfiltration membranes. Due to this
highly pressure dependent retention, specific 0.45 um membranes when operated under the
appropriate conditions were able to fully retain a challenge test of B. diminuta performed in
accordance with regulatory standards, signifying that the 0.45 um membranes could act as sterile
filters. The use of a larger pore size membrane in the sterile filtration of therapeutic viruses would
be highly desirable, as the tight pore size of many 0.22 um rated membranes is known to result in
reduced recovery of many larger viruses. When challenged head-to-head in the sterile filtration of
a VSV preparation (under conditions which had been validated as a sterile filter) the 0.22 um
membranes resulted in only a 61% recovery while the 0.45 um membrane resulted in an improved
84% recovery. Sterile filtration of VSV was significantly improved by using a 0.45 pum rated
membrane, and the process was still validated to be a proper sterile filtration step despite the larger

pore size membrane.

Chapter 4 examines what effect small amounts of host cell impurities (DNA and protein)
have on the sterile filtration of therapeutic viruses. As demonstrated in Chapter 3, the recovery of
VSV through the 0.22 um membrane was relatively low, and so we sought to examine what
conditions may contribute to this. A process was developed through which DNA and protein were
selectively purified from Vero cell lysate using anion exchange chromatography and spiked back
into highly pure VSV preparations to investigate the effect of elevated host cell protein and DNA
alone and in combination. From filtration experiments of spiked and unspiked VSV preparations,
it was determined that host cell protein played a significant role in increased membrane fouling

and reduced virus recovery. Static adsorption experiments showed that the host cell protein

184



Ph.D. Thesis — E. Wright; McMaster University — Chemical Engineering

increased adsorption of virus to the membrane surface, which may be the mechanism for reduced
yield in the presence of elevated host cell protein levels. This knowledge is highly valuable in
process optimization, as it demonstrates how sterile filtration can be improve by considering the
preceding purification steps and how optimizing the removal of host cell protein impurities during
chromatography or ultrafiltration could lead to improved sterile filtration. Millipore Durapore 0.22
pm and Millipore Express PLUS 0.22 um members were compared throughout this study with the
Express membrane providing higher recovery and fouling less under all conditions tested,
demonstrating how proper selection of the sterile filtration membrane can greatly influence the

process performance.

Chapter 5 explores the performance of microfabricated silicon nitride membranes and
evaluates their utility in the sterile filtration of therapeutic viruses. In Chapters 3 and 4, and as
frequently observed in literature, conventional polymeric membranes result in reduced recovery
of virus after sterile filtration, and so an alternative membrane material and structure was explored.
Microfabricated silicon nitride membranes were shown to have a hydraulic permeability which is
orders of magnitude greater than polymeric membranes, enabling higher throughput processing.
The membranes pores showed less than 10% variance in size, as opposed to polymeric membranes
where the pore size can vary by an entire order of magnitude. Using nanoparticles and proteins as
model foulants, it was demonstrated that slit shaped pores were more resistant to fouling than
circular pores, making them more suitable to the filtration of solutions with a high tendency for
fouling, such as therapeutic viruses. When slit membranes with 0.2 and 0.5 pm slit widths were
challenged with B. diminuta the 0.2 pum slit membrane fully retained the bacteria (acting as a sterile

filter as discussed in Chapter 3), while the 0.5 um slit membrane retained only a minimal amount
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of the bacteria. The 0.2 um slit membrane was then compared with a conventional Durapore 0.22
pm membrane in the sterile filtration of both adenovirus and Maraba virus solutions. Contrary to
expectations, the 0.2 um slit membrane showed a similar recovery and even experienced greater
fouling for both viruses. In order to both scale up the technology and prevent fouling during
filtration, the silicon nitride membranes were implemented in a stirred cell format, with the
addition of stirring leading to greatly reduced fouling by model nanoparticle solutions. While this
technology shows initial promise, significantly more work is required before it can be considered

for use in downstream processing and sterile filtration of viruses.

Some interesting insights can be gained from comparing the retention of B. diminuta in
Chapters 3 and 5 by polymeric and silicon nitride membrane respectively. While highly variable
between membranes, all the polymeric 0.45 um membranes retained the vast majority (>99.9%)
of bacteria in the filtration tests while the silicon nitride membrane retained comparatively little
bacteria (<90%). If bacteria retention was purely occurring through size exclusion based on the
rated pore size, we would expect to see very similar performance between the two membrane types.
From this, it is likely that the high internal surface area of the polymeric membrane is beneficial
in allowing adsorption to contribute to bacteria retention. Furthermore, the pore size distribution
of the polymeric membrane will mean that some pores are smaller than others, and flow through
these more restrictive pores can allow for greater capture of bacteria than expected based simply

on the rated 0.45 um pore size.

Finally, Chapter 6 presents a procedure for creating fused nanoparticles to be used as model

foulants in filtration tests. A “salting out — quenching — fusing” was optimized to consistently
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create doublets, triplets, and larger aggregates from 0.19 um diameter nanoparticles at controlled
levels. Filtration through 0.22 and 0.45 pm membranes demonstrated a clear relationship between
the degree of nanoparticle aggregation and the observed membrane fouling and particle
transmission. Thus, the degree of fouling in the filtration process can be tuned by controlling the
degree of aggregation. In Chapter 5, nanoparticles were used extensively in filtration tests to
rapidly characterize performance without having to perform more complex experiments with virus.
However, the fouling behavior of the nanoparticle solutions in Chapter 5 (cake fouling) is not
representative of how viruses interact with membranes in many cases. When filtration data for the
fused nanoparticles was fit to the pore blocking models, it was revealed that the fused particles
followed the intermediate model, just as the Maraba virus in Chapter 5. It was then shown how the
fused nanoparticles could be used to evaluate membrane filtration capacity following the Vmax
model. This tool would be valuable as an initial test when selecting membranes for sterile filtration
applications. For example, only a small number of membranes could be tested in Chapters 3 and
4 due to the limited amount of purified virus available, and initial screening tests on a broader

range of membranes could have resulted in a drastically different selection of membranes.

7.2. Future Work
7.2.1.Development of Next Generation Sterile Filtration Membranes

Polymeric membranes produced through a phase inversion process have remained relatively
unchanged since the introduction of the 0.22 pm designation and their application to sterile
filtration®. Current sterile filtration membranes for bioprocessing are largely designed for the
processing of protein therapeutics (antibodies, enzymes, blood factors, etc.), with literature from

the manufacturers highlighting high throughput, low protein binding, and high transmission of
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proteins such as 1gG. There is a need for a new generation of membranes which are expressly

designed for high recovery of large therapeutic virus products.

As demonstrated in Chapter 3, the 0.22 pum pore size rating is not an absolute requirement,
and in fact some 0.45 um rated membranes were able to fully retain the bacteria challenge test and
act as a sterile filter. While the concept of implementing an off the shelf 0.45 um membrane for
sterile filtration in an industrial process is unlikely (industry and regulators being highly risk
adverse regarding product safety), there is perhaps room for the design of an intermediate pore size
designation. The industry standard phase inversion via immersion precipitation process for the
fabrication of microfiltration membranes leads to a pore size distribution and variance in pore size?
and so achieving such a precise goal may prove challenging. Given that current 0.22 and 0.45 pum
designations are defined based on practical filtration challenge tests with bacteria®, better tools in
characterizing membrane pore size and filtration performance may be required in order to properly
assess the creation of such a membrane. Potentially, a membrane with properties that lay between
the standard 0.22 and 0.45 um designations could be created which still fully retains bacteria
(potentially with specified limitations to operation) while allowing for higher transmission of
larger particles, including viruses. Recently, Helling et al.®> reported testing a Sartorius PES
membrane with a 0.3 um pore size designation which fully retained a B. diminuta challenge test,
acting as a sterile filter. The intention of the 0.3 um designation, how such a designation is
measured or assigned, and the intended application of the membrane was not detailed, however it

could potentially be an attempt at an intermediate pore size membrane for sterile filtration.

188



Ph.D. Thesis — E. Wright; McMaster University — Chemical Engineering

As detailed in Chapter 5, ultrathin isoporous membranes created through microfabrication
techniques show some promise as a new generation of sterile filtration membranes. However, there
are multiple barriers to their implementation. Fouling of the membrane was a large issue, which
could be mitigated through further investigation into stirred cell filtration or through the design of
a cross flow filtration setup. In addition, surface modification of the membrane with anti-fouling
coatings, such as PEG or zwitterionic functional groups could aid in reducing fouling due to
adsorption of proteins. Processes for attaching these anti-fouling molecules to silicon and silicon-
based surfaces have already been demonstrated?, and could readily be adapted to the silicon nitride
membrane surface. Another barrier to the implementation of the silicon nitride membranes is
difficulty in scaling up the technology. On an industrial scale, polymeric membranes are available
in pleated, spiral wound, and hollow fiber formats®, all allowing for high membrane surface area
with low footprint. Due to the ridged structure of the silicon nitride membranes, these solutions
would not be applicable. Therefore, investigations into applying the silicon nitride membranes in

a stacked plate or plate and frame format would be necessary.

7.2.2. A Deeper Understanding of Host Cell Proteins in Downstream Purification

In Chapter 4, small amounts of host cell protein were identified as a major factor in membrane
fouling and reduced recovery of virus during sterile filtration. This knowledge could be applied by
optimizing preceding purification steps to reduce the level of host cell protein, thereby improving
sterile filtration. However, the host cell proteins present in downstream processing are a highly
complex mixture potentially made up of hundreds of different proteins, all with different
physicochemical and functional properties®’. While the total host cell protein amount is often

measured, a true risk-based approach would need to consider each of the individual protein species,
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and this is an ongoing challenge within the indsutry®. If the specific problematic host cell proteins
could be identified, then rational design and optimization of purification steps could be performed
to specifically target those proteins. Analysis of residual host cell protein using 2 dimensional
SDS-PAGE could identify the most abundant proteins and provide information about their relative
size and isoelectric point®, from which design of ultrafiltration (sized based separation) or

chromatography (charge based separation) could be improved.

In Chapter 4 anion exchange chromatography was used to produce the host cell proteins for
spiking studies, which will inherently select for a subsection of the overall host cell protein
population. By implementing a variety of orthogonal methods to produce purified host cell protein
subsets, such as cation exchange, hydrophobic interaction, and size exclusion chromatography, the
resulting protein could be used in spiking studies to observe relative differences in sterile filtration
performance caused by the protein subsets. Coupled with 2D SDS-PAGE or other analytical
methods, this could theoretically be used to identify specific problematic proteins. An even more
advanced analytical technique such as LC-MS could be used to identify and measure specific
proteins and track their relative concentration through different unit operations. In the production
and purification of monoclonal antibodies, LC-MS methods have identified and quantified host
cell protein profiles®, and this method could easily be translated to the purification of therapeutic
viruses. Applying this methodology will not only help optimize the sterile filtration step, but all

downstream processing unit operations.
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7.2.3. Discriminating Mechanisms of Bacteria Retention and Membrane Interaction

It is well accepted that sterile filtration membranes retain bacteria through a combination of
size exclusion and adsorption effects''%. However, as presented in Chapter 3, it can be difficult to
assess the relative contribution of adsorption effects or to investigate which membrane properties
result in increased adsorption due to confounding variables such as different membrane structures
and unknown pore size distributions. It would be highly beneficial to isolate and test for adsorption
of B. diminuta to the membrane surface to better understand the mechanisms behind bacteria
retention during sterile filtration. One approach to address this would be to perform static
adsorption experiments measuring the degree of bacteria adsorption to the membrane surface.
Similar work has been performed before for other materials or types of membranes, where the
bacteria solution is incubated with the surface of interest (either as a drop on the surface or with
the surface immersed in the bacteria solution) and then after a set period of time, potentially with
shaking or other gentle agitation, the bacteria adsorbed to the surface can be assessed through a
change in the solution cell concentration! or through measuring the amount of adsorbed bacteria
on the surface with colorimetric'? or fluorometric assays'®. Using these methods, isotherms
describing the interaction between bacteria and filtration membranes!* or other materials such as
activated carbon®® have been generated. Furthermore, insights into adsorption of bacteria to novel
functionalized surfaces'®!?, the effects of surface charge, hydrophobicity, and texture on bacteria
adsorption'®, and the effect of surface charge on adsorption®’ have all been investigated using

similar techniques.

Applying this approach to sterile filtration, membranes would be incubated in a solution of B.

diminuta, then the number of adsorbed bacteria would be assessed and compared between
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membranes with differing properties (material, surface charge, hydrophobicity). Performing the
experiment using a static adsorption approach would ideally help in eliminating any capture of
bacteria from active flow through the membrane and entrapment by pore size exclusion. Data from
these studies can be used to generate adsorption isotherms?® and then applied to kinetic adsorption-

filtration models®® to gain information on the sterile filtration process and what role adsorption

plays.

7.2.4.Improved Characterization of Membrane Performance and Structure

MilliporeSigma, Sartorius, Pall, Cytiva, Meissner, and other manufacturers all produce a suite
of sterile filtration membranes with varying materials and structures designed for the sterile
filtration of biotherapeutics. Given this, how should a researcher or process engineer with the goal
of obtaining high recovery of a therapeutic virus approach the selection of a sterile filtration
membrane? While some membrane characteristics such as the use of asymmetric or dual-layer
membranes are generally understood to improve recovery?®2!, there are no universal properties or
standardized measures which can be directly related to the recovery of large biotherapeutic
products, such as viruses. The current approach is to simply perform a large number of bench scale
experiments, testing each available membrane for recovery of the therapeutic virus of interest.
However, this involves significant resources and time, with all the complexities of producing,

handling, and analyzing virus solutions.

In other separation operations, many characterization and qualification tests are standardized.
In ultrafiltration for example, a filtration test using dextrans spanning a size range of 1-2000 kDa

is performed to provide a direct picture of the pore size distribution and membrane sieving
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performance®??, and this allows for better comparisons between membranes to be made. A similar
standardized test to compare sterile filtration membranes would be highly desirable. As discussed
in Chapter 6, nanoparticles have been used to assess the performance of sterile filtration
membranes, but only nanoparticles of one or two sizes and in inconsistent buffer solutions>%, An
ideal characterization test could involve the filtration of a ladder of nanoparticles with varying
sizes (e.g 0.1 — 0.3 um), potentially with each size having an independent fluorescent absorption
and emission to allow for easy analysis. Current nanoparticle synthesis via emulsion
polymerization allows for the production of nanoparticles with accurate and precise size?*, which
could be applied in filtration tests to help discriminate the pore size distribution and particle sieving

of sterile filters.

Alternatively, the pore size and structure of sterile filtration membranes could be elucidated
through the use of advanced imaging techniques. Scanning electron microscopy coupled with
focused ion beam milling (FIB SEM) allows for a stack of 2D images through the entire depth of
the membrane to be acquired, from which an accurate reconstruction the complete 3D structure
can be obtained?>?. This technique has been applied to ultrafiltration membranes, and has been
used to determine the inner pore size and pore distribution, providing novel insights such as the

prevalence of dead end pores and quantifying the number of pore sub-structures such as mouths
and throats?®. This detailed information of the membrane structure can then be further applied to

better understand particle transmission through applied filtration tests or simulations?’. To date,
this has not been applied to sterile filtration membranes, and could be a powerful tool in
characterizing the range of available membranes and understanding their relative capability to

achieve high recovery of virus.
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