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ABSTRACT

Monoliths are an alternative stationary phase format to conventional particle
based media for large biomolecules. Conventional resins suffer from limited
capacities and flow rates when used for viruses, \ikesparticles (VLP) and other
nanoplex mateals. Monoliths providean open pore structur® improve pressure
dropsand mass transpovia convective flow. The challenging capture of a VLP
from clarified yeast homogenateas used to develop a new monolith separation
which foundhydrophobic interatn based separation using a hydroxyl derivatised
monolith had the best performance. The monolith was then compared to a known
beaded resin method, where the dynamic binding capacitgasedhreefold for
the monolith with 90% recovery of the VLP.

Confocal microscopy was used to visualise lipid contaminants, deriving from
the homogenised yeasiThe lipid formed a layer on top of the column, even after
columnregeneration, resulting in increasing pressure doops anumber of cycles.
Removal of70% of the lipid precolumn by Amberlite/XAD-4 beadssignificantly
reducedhe fouling process. Applying a reduced lipid feed versus an untreated feed
further increased the dynamic binding capacity of the monolith from 0.11 mg/mL

column to 0.25mg/mL column.

Control of chromatographic conditions can impact the product concentration
during elution.  Critical parameters which influenced the concentration of
measureable VLP eluted included column contact time, salt concentration in mobile
phase, and inclusiorf ¢tipid. The parameters were -c@pendant with a crude lipid
feed loaded at low salt and extra wash time of 40 minutes causing the largest
decrease of 40%. Reducing the time of contact between the column and the VLP
helped reduce such adverse effectscrdasing the flow rate in the column had no
effect on the elution profile with crude or reduced lipid feeds. This informs process

development strategies for the future use of monoliths in vaccine bioprocessing.
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1 INTRODUCTION

1.1 RELAVANCE OF PROJECT

Vaccines represent the ookthe greatest contributions to disease prevention
in both humans and animals. Per year vaccines prevent in excess of 3 million deaths
and have a positive economic impact in excess of a billion dollars pefUlesar et
al., 2009. Often vaccines involve the use of attenuated or inactivated live viruses.
There is a potential to produce disease in healthy individuals after vaccination and
this must be minimised to the lowest possible probalfiNtyad and Roy, 2003

Virus-like particles (VLPS) represent a new range of vaccines, producing
immune responses via a highly effective and safe macromolecule which mimics the
overall structure of the virus. VLPs contain no genetic material and so cannot cause
disease. Currentommercially available vaccines produced from VLPs include
Hepatitis B (HBV) and Human Papilloma Virus (HPV). There are a number of
vaccines in development including for Influenza, Human Parvovirus and Norwalk

viral infections(Roldao et al., 2010

Advances and improvements in expression systems, better cell lines,
optimising media and more efficient bioreactors have resulted in higher yields at
concentrations most process technology cannot deal (Withger, 201} Often
downstream processing steps can form bottlenecks in the process, increasing
processing times and reducing batch numbers per year. Chromatography is
commonly one of those steps which may form a batttkn Often a process may
contain two or three chromatography steps which are used in purification, as capture

steps, polishing steps or for viral removal.

Chromatography media was originally developed for small protein
molecules, which are a number afcfors smaller than large macromolecules. The
use of resins with large macromolecules has resulted in yields significantly less than
those with small proteingflungbauer, 2005  Alternative chromatography media
such as a wonolith adsorption system have favourable physical properties giving
greatly enhanced capacity for large (<1,000 kDa) macromolecules, when compared
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to bead based pack beds. Wide pores allow the application of faster flow rates,
reducing processing timesMonoliths have previously been used for commercial
scale plasmid DNA processin@Jrthaler et al., 2005 Currently research on
monoliths has focused on how they may help with the technical ngaliefaced in

viral vaccine production, not only for downstream processing steps, but also as an

analytical method.

Large macromolecular assemblies, such as VLP, have complex interactions
with surfaces and other molecules. These characteristics cansgive difficulties
in controlling adsorption based purification with conditions leading to the formation
of aggregates or loss of yield. Understanding the phenomena involved can help

develop optimal strategies to help determine the ideal chromatogcaiitions.
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1.2 AIMS OF PROJECT

The aim of this project is look at the purification of a macromolecule using a
novel chromatography matrix, known as a monolith. Focus will be on how the
monolith performs with a yeast derived VLP. The project is in lbolation with
BIA Separations, Slovenia, who have developed the monoliths into a commercially
available product. A range of current and novel analytical techniques will be used to

achieve a number of objectives:

1.2.1 Development of a monolithic VLP separation

Currentlythere is a conventional chromatography process, used to purify the
HBsAg VLP, based on a hydrophobic interaction column with ligands of weak
hydrophobicity. Using HBsSAg VLP produced recombinantly from a
Saccharomyceserevisiaeyeast strain, by a batch fermentation process, a HIC
purification process will be developed. Once a suitable monolith column has been
identified the process will be modified to ensure that the loading and elution
conditions are ideal. The two processel ve compared on capacity, yield, purity
and throughput.

1.2.2 Interactions of impurities with hydrophobic monoliths

Lipid fouling in chromatography has a detrimental effect on the purification
process and lifetime of the column.  Conventional resing stieversible fouling
over time, from contaminants such as lipids and proteins, inside the pores, reducing
capacity and yieldJin et al., 2010Siu et al., 2006a Due to the difference in the
pore structure for mwliths it is unknown where and how the fouling would occur.
From the results of the study an effective strategy for lipid removal will be
developed and integrated into the full purification process. The feeds with or
without lipid will be compared to dermine the effect on the chromatography

process from the inclusion of lipids.
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1.2.3 Interactions and loss of product on hydrophobic monoliths

A variety of binding and elution conditions will be studied to determine what
effects this may or may not have on ¥eP. The conditions of chromatography
may result in reversible or irreversible changes in the structure of the molecule. This
can result in the formation of aggregates, loss of product viability or significant yield
losses. Hydrophobic interaction is lkawn to cause unfolding of proteins upon
adsorption on the chromatographic me#o et al., 2007p  The conditions of
the chromatographic process will be varied to provide insights into any structural

changes whicimay occur
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1.3 ORGANISATION OF THESIS

The first chapter introduces the project, including the relevance and aims
behind choosing to look monolitlas an adsorption medaad a macromolecule like
VLP. A literature review and background behind a numbé¢hethemes and areas
studied in the project are presented. These include VLP, chrorapky
techniques, monolithsBIA-specific CIM monoliths, andmethods to analyse
chromatographic performance.

The second chapter covers the details on the experimmaathbds that were
used during the project. Details are given on the volume and concentration of

materials, equipment setup and experimental conditions.

The third chapter reports on the development of the monolithic
chromatography process using a rangehgtfirophobic ligands and monolithic
formats. A comparison with the conventional resin column is presented. The
standard monolith is compared to a large pore column to determine the effect of pore
size on the process. A number of analytical methodseated for their suitability in

analysis of the VLP and VLP purification process.

The fourth chapter highlights the effect of the presence of lipid in the feed
material.  Four lipid removamethodsare presentedwith the selection of one
method which an then be used before the chromatography step to produce-a lipid
reduced feed material. Thiynamic binding capacity of the monolith with the

reduced lipid feed is compared to the full lipid feed.

The fifth chapteffocus on the effects of the chromataginic process on the
VLP vyield and structure. The effect of time on the structure of the VLP and
subsequent elution yield was studied. The use of a small monolith, from BIA
separations, was used to gain some understanding of the processes that may be

ocaurring.

The sixth chaptesummarises the findings and conclusions from the project

areas. A number of areas for future work are discussed.
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The seventh chapter talks about validation of a chromatography process and
the validation issues which arise wharchromatography process is changed. The

economics of a using a new chromatography matric, such as the monolith, is
discussed.

The final chapter includes an inventory of all references accessed and used
throughout the project.
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1.4 VIRUS-LIKE PARTICLES (VLP) AND VACCINES

1.4.1 Traditional vaccines
Numerous vaccines have been developed against both bacterial and viral
diseases. The purpose of a vaccine is to elicit an immune response, giving long

term protection from the particular disease. Vaccines can be usatg:

- Killed (Inactivated) microorganisms

- Living microorganisms

- Weakened (attenuated) microorganisms
- Inactivated bacterial toxins (toxoid)

- Purified cellular subunits

- Recombinant vectors

- DNA

Inactivated vaccines are composed of viruses which have @sirifectivity
though the use of various agents, such as formaldehyde and UV irradiation, which
damage the DNALevy et al., 1991 They differ from attenuated vaccines, which
use Vvirus strains that are Amildo or | ac
mutations(Levy et al., 1994 Whole cells do not have to be used in a vaccine, as
showvn by the use of capsular polysaccharides in $tw@ptococcugpneumonia
vaccine, and small peptides (e.g. 15 to 20 amino acids) which are synthesised in the
lab.

The use of recombinant vectors involves placing genes from the pathogen
encoding the majoantigens for example the adenovirus, into non virulent viruses
and bacteria. The antigen is then replicated in the host and expresses as the product
of the pathogen, which will elicit an immune response when it leaves the cell or is
displayed on the ceBurface(Willey et al., 200§. DNA vaccines are similar, by
generating foreign proteins in the cell which the host immune system then responds
too (Willey et al., 2008.
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1.4.2 VLP vaccines

Although the types of vaccines statedsection1.4.1 have proved to work
effectively they do have disadvantages. Inactivated pathogens are very stable, with
no tendency to become active again, although multiple be@stnormally needed
(Willey et al., 2008. Issues may arise if minuscule portions of virus particle survive
chemical treatment and produce disease. Attenuated vaccines do not require
multiple boosters, but there is the possibility of reversal to a more virulent form
which may cause full blowinllness in the immune compromisdtVilley et al.,
2008. The same disadvantage can be seen with the use of a recombinant vector

vaccine.

Vaccines using virufike particles (VLPs) offer an alternative solution.
Structural proteins of many viruses can form VLPs follgviecombinant DNA
expression in a variety of culture systef@sgacic and Anderson, 2006The VLPs
mimic the overall structure of the virus particles, without the requirement of
containing inéctious genetic materigNoad and Roy, 2003 VLPs stmulate the
efficient cellular and humoral immune responses for both viral anevin@ndisease
(Noad and Roy, 2003 often proving more immunogenic than subunit or

recombinant protein immunoge(Srgacic and Anderson, 2006

Production of VLPs can happen in mammalian or ingattenden et al.,
2005 or yeast expression systefhsu et al., 2009Fu et al., 1996pband even plants
(Guan et al., 2000 Formation of the VLPs is eithéy selfassembly or chemical

modification following the production of separate subu(iasttenden et al., 20P5

VLPs have also shown that they can be used as carrier molecules for the
delivery of epitopegNoad and Roy, 2003 A high immune response comes about
from the repetitre high density display of the epitopéSrgacic and Anderson,
2009. The display of nofinfectious subunits of pathogens is achieved via the use
of linkers, an example is the developmentofallergy vaccine using bacterial pili
(Lechner et al., 2002

Currently there are two commercially available VLP vaccines, one against
the hepatitis B virus (HBV), and one against various types of the human papilloma
virus (HPV). The HBV vaccine has been available since 1982, but it took a long

period of time beforéhe next VLP vaccine for HPV came to market in 2006 (Merck
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& Co) and 2007 (GSK)(Inglis et al., 2006Harper, 2008 The HPV vaccine is
composed of a number of VLPs from a range of HPV strains to protect against
cervical cancer and genital wa(tdarper, 2009 Work is being carried out onhar

VLP vaccines, with potentials including HIYDoan et al., 2005and influenza
(Galarza et al., 200B1ahmood et al., 20Q®right et al., 2008

The technical challengeof producingiral vaccine (whether VLP or viruses
themselves)s not only limited to findingsuitable antigens but encompasses all
aspects, from the expression systems and process train, to the process analytics and
the regulatory considerations Buckland (200% provides an overview othe

development of soméral vaccins, i n particular focusing

To produce &/LP vaccine at a manufacturing scale which woulds$athe
anticipatedmarket demand, the process developniergcaling upfrom thelab is
crucial. For example dvelopment and use of a suitable expression system is
important to prevent the issue of low productivity leyelad produce correctly
formed WP (Vicente et al., 2010b as well as DSP steps which work with the

complex nature of the VLPs but can be used at large scale.

The development of advanced analytical methadsst occur alongside
vaccine development to ensurattkiaccine characterisation, potency and sadety
possible But this can prove problematic due to the complex nature of Vard
result in numerous methods being applied to ensure the correct data is achieved. Itis
important that these issues are radded early to prevent analytical limitations.
Ultimately the combination of a suitable purification process and good analytical
techniques ensure that the resultant vaccine is safe for either human or animal use.
This is particularly important as vaoeis are injected into healthy humans, or are
used in animals which enter the food chain. In terms of purity it is up to the
manufacturer to remove as much as possible all contaminants/extraneous matter

from the final bulk producfCBER regulations)

1.4.3 Hepatitis B virus (HBV)
Hepatitis B is a highly infectious disease, with about 2 billion people infected
worldwide (WHO information sheet No. 204) and about 350 million people with a
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chronic infection. Approximately 1 million deaths occur annu@iiright, 2008.
Around 1540% of infected patients will develop cirrhosis, liver failure or
heptacellular carcinoma (HCC) making it thé"18ading cause of death worldwide
(Lavanchy, 2004

Individuals mayalso be carriers of the virus acting as reservoirs of infection.
Often these are those in infancy or childhood, and the immunodef{€letgrson,
1987. In the Middle and Far East, and Stéharan Afria, they can account for
around 1630% of the populatiofO'Grady, 2002 Transmission is through contact
with infected body fluids, such as blood, saliva, and semen. HBV-i06Qimes
more infectious thmHIV (WHO information sheet No. 204).

1.4.4 Hepatitis B surface antigen (HBsSAQ)

1.4.4.1 Production

The isolation of the gene for HBsAg from the genome of the Dane particle
enabled the development of recombinant organisms producing HB&Agnzuela
et al.,, 1979 The initial use of bacterial systems fail@tlenzuela et al., 193dut
yeast, such aS.cerevisiaeand P.pastoris and mammalian systems, such as CHO
cells, produced mature particlégalenzuela et al.,, 1982Nampler et al., 1985
Miyanohara et al., 198Fu et al., 1996&Petre et al., 198 Carty et al., 198Belew
et al., 1991 Diminsky et al.,, 1997 Burns et al., 1992 Comparison of the
recombinant HBsAg to human plasma derived HBsAg shows that the recombinant
HBsAg was similar in size and compositifralenzuela et al., 198%ampler et al.,
1985 Miyanohara et al., 198¥amaguchi et al., 1998

Production of the HBsAg particle has also been proven in plant expression
systemqSmith et al., 2002Richter et al., 2000which would enables oral delivery
of the vaccine instead of the traditional needle/syringe method. The use of plants
would also reduce the cost of the bulk antigen, alghohigher doses are needed

because of the gut environmé8imith et al., 2002
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1.4.4.2 Structure

During HBV infection hepatocytes produce and secrete HBsAgQ to excess.
They were identified in the late 1960s and were originally called Australia Antigen.
This was because they were first identifioatin the sera of an Australian aborigine
(Bayer et al., 1968Almeida and Waterson, 1959 Identification of infected
individuals is due to the presence of these particles and not the infectious virus,
called he Dane particle, which is present in much lower quant{ieme et al.,
1970.

HBsAg is a lipoprotein, approximately 20nm and 3.5MiDasize. It is
composed of approximately 28% lipids and 7850% proteins, (as seen kigure
1-1) (Gavilanes et al., 198Diminsky et al., 1997 Greiner et al., 2000 The
HBsAg particle mimics the structure of the outer coat of the HBV Dane particle. In
the HBV Dane particle there are three different types of protein makihgwhis
outer coat. These are synthesized by 3 overlapping envelope genes within one single
open reading framgramada et al., 2001 The proteins are ¢hS (small) protein at
226 amino acids, M (medium) which is the S protein plus 55 amino acids, and the
large (L) protein which is the M protein plus 108 or 119 amino gddsmada et al.,
200]). It is synthesised in the endoplasmic reticulum and subsequently buyds out
Figure 1-2 (Huovila et al., 1992Simon et al., 1988Eble etal., 198§. The rate
limiting step in the expomrocess is the budding of the lipoproteins particle from the
membranéHuovila et al., 199p
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S-protein ? % Phospholipids

Figure 1-1 A schematic diagram of the virdlige particle HBsAg from yeastEach
VLP is around 22nm in size and 3.5mDa. It is made of approximately 75% protein
(Sprotein) and 25% lipid. The core of the VLP contains free host lipids.

Step 1

Step 4

Figure 1-2 A model for the biogenesis of HBsSAgQ particles. Particle formation
occurs in several steps. Step 1: Synthesis of p24s in the ER membrane; Step 2: within

40 minutes all of this material has become protease resistant, which may represent
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simply a confamational change oaggregationin the membrane or both. Over the
next 3 hours, the bulk of this material is transferred to the ER lumen (Steps 3& 4).
(Simon et al., 1988

If HBsAg is made in yeast only the S protein is in YHeP lipid membrane
(Honorati and Facchini, 199&onveaux et al., 1994%ilbert et al., 200p whereas
CHO cells can produce HBsAg with all 3 prote{i@minsky et al., 199% The M
protein has been shown to be dispensable raotdrequired to form complete
particles, whereas the L protein has been shown to be a key requirement in helping
with budding of the Dane particl¢Bruss and Ganem, 1991hn yeast this budding
is absent.The L potein contains the pr&1 domainDiminsky et al., 199) which
is needed for infectivity of the HB\YBlanchet and Sureau, 2007 Yeast HBsAg
contains only the S protein with about 70 per parti@eeiner et al., 2000 The S
protein is a 24D protein (also called p24s) which can be also be in a glycosylated
form of 27kD (gp27s)(Simon et al. 1988 Hemling et al., 1988Petre et al., 1997
although glycosylation does not appear important for immunogen(iegyerson,
1987. In HBsAg from human plasma samples around 25% of the proteins are
glycosylatedPetre et al., 1987 Glycosyation can occur in CHO HBsAg, but is not
seen in those produced in ye@3iminsky et al., 199Y.

The S protein is exceedingly hydrophobic and has an abundance of
hydrophobic amino acids, such as proline and tryptoghmling et al., 1988
There are 3 main hydrophobic regions, i
The 06ad determinant is a highly cwonfor ma
160(Coleman, 2006Chiou et al., 1997 Mutations of various amino acids in the S
protein can have an effect on antigenic regions which may affect antibody
recognition(Bruce and Murray, 199% hiou et al., 199/Hemling et al., 1988russ
and Ganem, 19918&onveaux et al., 199€oleman, 2006 There are also a number
of cysteine molecules which appear to be important in structural fiemmand
secretion with the S proteiMangold et al., 1995 The major cysteines are in
position Cys107, Cyel38, Cysl49 and either Cy&37 or Cysl39, as indicated in
Figure 1-3 (Mangold et al., 1998ruce and Murray, 1995
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Figure 1-3 Secondary structure model of the HBV S protein. The major antigenic
region is originally translocatethto the ER lumen and it is only after assembly and
secretion that it is exposed on the surface of the S pr@wamgold and Streeck,
1993 Mangold et al., 1996

Cysteines play a major part in the formation of the disulphide bonds within
the S proteinfMangold et al., 1995Mangold and Streeck, 1998Vampler et al.,
1985 Coleman, 2006 The conformation anstability of the tertiary structure in the
S protein is mainly driven by the formation of these disulphide b@Bdedy and
Swartz, 2011 These disulphide bonds likely do not form until it buds into the ER
(Bundy and Swartz, 20)1 Zhao et al showed that additional disulphide bond
formation can be formed using KSCN and heat to preduenore mature particle,
with high regularity and uniformity and an increase in antigenifdiyao et al.,
2006. Wampler et al saw a similar effech@n using thiocynat@NVampler et al.,
1985.

The 6ad determinant i's of particul ar
genetic variability in this region also causes different serotypes to appear. There are
four different epitopes and four overlapping epitopes in the re¢®eddigh
Tonekaboni et al., 2000 The 4 major serotypes for HBsAg aéw, adr, aywand
ayr (Norder et al., 1992 The O6ad determinant region
recognition. Any change in the region may reduce the ability of any tests which use
antibodies, such as ELISA tests, to recognise the HBS&ddighTonekaboni et al.,
200Q Chiou et al., 199,Coleman, 2006
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The lipid layer of the HBsAg is composed of lipids common to the species of
production. Therefore the lipid composition is different whsAg is produced in
human or yeast or CHO cells. Common to all species though is the high percentage
of phospholipids present in the membrane, with levels arour80% in yeast
(Sonveaux et al., 1993in et al., 201)) 90% in transformed cell lindSatoh et al.,

2000, and 70% in humangGavilanes et al., 1982 Studies on the lipid layer
suggest that it is not a traditional bilayer as is normally seen in enveloped viruses but
is either a single layer or a discontinuous bilay@reiner et al., 201,05atoh et al.,

2000, Gilbert et al., 2005Sonveaux et al., 199%as seernin Figure 1-1). This layer

then surrounds a hydrophobic core containing the lipid triglyceride/neutral lipids
(Greineret al., 2010Diminsky et al., 199¥. The lipid layer has a tight association
with the S protein, restricting its moveméBatoh et al., 20Q@reiner et al., 2010

and also helping to maintain the native conformag®avilanes et al., 1990

Removing around 70% of the lipids in the bilayer can cause a big decrease in
the antigenic activity of HBsAg in Guinea pi¢Savilanes et al., 199®ut a partial
delipidation of the particle has been shown to increase the efficacy of vaccination by
preserving the particle structure and keeping it in solyimsombere et al., 2006
Approximately 5% of vaccine rguients and chronic sufferers are rasponsive to
the current vaccines. Delipidation of the HBsAg makes it 100 to 200 times more T
cell antigenic that normal, and has been shown to cause immune responses in both
nonresponders and chronic sufferersisipossible that the delipidation exposes the
4 hydrophobic regions in the membrane better, but at the expense of redoekd B

antigenicity(Desombere et al., 20P6

The aggregation of HBsAg is poorly understood as limited research has been
conducted into its characterisation. Understanding the mechanisind beh
aggregation can ultimately help reduce the degree of aggregation formation in a final
vaccine preparation, especially when the effect on efficacy, and immunogenicity,
from aggregates is unknown. Guidelines from the ICH recommend that the
percentage ofaggregates is minimised and the levels evaluated against known
criteria values (ICH guideline Q6B). ResearchThgugabulova et al. (199%ising
size exclusion chromatography with HBsAg showed that peak broadening in
chromatography samples was due to a degree of aggregation of the paftsctes.

extent of protein degradation with the HBsSAQ particle increased the particles were
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retained longer on the column, suggesting modifications in the charge or
hydrophobicity of the particle. Earlier work suggested that particle adhesion may be
respongle for aggregation, with the aggregates containing a few active sites on its
surface available to accommodate other HBsAg particles. When saturation of these

sites is reached it can be seen that aggregation d@dsagabulovaet al., 1998

Diminsky et al. (200pinvestigated HBsSAg aggregation as a result of storage
condtions to determine the stability of the final bulk vaccine. They found that an
increase in temperature was a major factor in promoting aggregation. The lipid
components had a greater stability than the proteins components, seeing that changes
in the conbrmation of the HBSAQ S protein resulted in a loss of antigenic activity.
Reduction in the helical content of HBSAg S proteins from 49% &t 28 26% at
60°C abolished the antigenic activityLi et al. (2007 investigated aggregation
during ultrafiltration. They also saw a change in the percentage contdhhelfx
(489%-34%) ando-turns (29%38%) between the standard HBsAg and aggregated

particles. Their results also showed a change in the lipid structure of the particle.

Aggregation studies on proteins have shown that there is often a structural
transition between the aggregatiprone protein formation and the standard protein
formation. This is characterised by an increase-sheets. It is recognised as a key
step inthe misfolding of proteins and spontaneous aggregdiuAllister et al.,
2005. Aggregation can be visualised by electron microscopy. But as Tgleubulova
points out this is difficult in HBsAg as both aggregates andaggregated forms
are composed of spherical particles which are indistingbishdy electron
microscopy and as such the aggregation pattern is mg3keagabulova et al.,
1999.

1.4.5 Vaccine
The vaccine against Hepatitis B has been available since M&@&ination
is 95% effective in preventing the development of chronic infecflavanchy,
2004. Development of a recombinant vaccine greatly reduced the price per dose,
from around $100 plus per vaccination when human plasma was used in the late
7 006 s/ e gRetergon,a¥Bdosan price per dose approximately $1430 now
(CDC website, US government).
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1.5 PURIFICATION OF NANO PLEX MOLECULES

The collection of unit operations which form the production process for a
biopharmaceutical drug, therapy or vaccine can be broken down into upstream,
recovery, pufication and formulation. SeEigure 1-4 for an example production
process flow diagram for the production of a VLP. Ultimately the unit operations
produce a finaproduct which meets regulatory specifications, and is deemed safe

for use by humans or animals.

Upstream will normally consist of a number of fermentation steps, producing
the product either from a natural, or recombinant cell line. Once harvestethffom
fermentation vessel the media is then sent though recovery steps, such as
centrifugation or filtration. Unit operations such as these will separate out the cells
in the media, which will either be disposed of retainedif there are intracellular
products. Homogenisation may be used to release the intracellular product.
Purification steps will involve removing all contaminants, such as DNA, host
proteins or endotoxins; buffer exchange; or preparation of the molecule into its final
form, such as felding. Various purification steps include chromatography,
precipitation, ultrafiltration, diafiltration and ultracentrifugation .The following steps
of formulation ensure that the molecule is in the correct buffer and may be with or

without adjuvants.

Purification steps are therefore some of the most important in the whole
process. They can also be some of the most expensive as welll For example in
chromatography Protein A resins can be thousands of pounds for just one litre,
taking up a significant pportion of the cost of goods. Chromatography is one of
the most common purification steps, and downstream process can often feature 2, 3
or 4 columns. The first capture chromatography step is of high importance and can
have a major influence over thegt unit operations, as well as the upstream steps
before. Selection of the purification steps are important and are dependent on the
molecule. A description of some of the main purification steps, both adsoiive (
chromatography based) or nadsoptive methods, which are used in
biopharmaceutical production follows.
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Figure 1-4 Example schematic of a production process for a VLP vaccgy the

upstream, recovery and purification steps are details on the profess flow diagram.

1.5.1 Non-adsorption purification methods - Precipitation

Precipitation is a cheap and effective method for protein purification. The

idea behind precipitation is tiake a substance, or molecule, which is soluble and

make it insoluble. This can be done by changing a chemical or physical parameter in

its environment(Hilbrig and Freitag, 2003 With proteins the solubility can be

reduced by a single or a variety of techniques:

1.
2.

5.
6.

Adding salt to a high concentratiorca | | ed fAsalting outo
Adjusting the pH to the isoelectric point
Reducing the diaelectric constant of the medium to enhance electrostatic

interactions

. Adding nonionic polymers to reduce the amount of water available for

protein solution
Adding polyelectrolyes to cause flocculation
Adding polyvalent metal iondBailey ard Ollis, 1986.

The principles of protein precipitation have been applied to macromolecules

for conventional viral vaccines and plasmids DNAddiatt and O'Sullivan, 1998
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Plasmid DNA has emerged as an impatrtenacromolecule in the development of
gene therapy, as a method of delivering the target genes to the target cell, or as a new
vaccine material.For use it must be in the supercoiled or covalently closed circular
(ccc) form, with the regulatory bodiesashg that it must make up 90% or more of

the total plasmid DNA within aroduct(Urthaler et al., 2005 The open forms must

be minimised, as these are less transfective than the supercoiled fyene therapy
(Landeret al., 2002

Various agents have been used to precipitate plasmid DNA including PEG
(polyethylene glycol), MCL, LiCl,, PEI, CTAB (cetyltrimethylammonium), SDS,
spermine, spermidine, sodium acetate, PEG and salt, ammonium sulphate, 2
propanol and affinity ligandéLander et al., 20Q2Zerrira et al., 2000Shamlou,

2003 Hilbrig and Freitag, 20Q3Freitas et al., 2006 Use of precipitation for
nucleic acids by salts is a known techrmgn molecular biology, but requires well
balanced conditions to avoid significant product 1¢gsss, 2008 CTAB has
proved to be highly selective approach for initial recovery inifiddr lysate and
scale up should be eaflyander et al., 2002 although it may be hard to have fine
control over the reaction #ie large scaléShamlou, 2008

The use of precipitation for viral products is limited but PEG (polyethylene
glycol) has proved successful in the purification of a formimactivated hepatitis A
vaccine, VAQTA (Merck) to concentrate the virus. But the process is sensitive to
small changes in the growth and harvest conditidasefsberg and Buckland, 2012
Effect on themoleculesis important in selection of the precipitating agent, for
example the precipitation of contaminating proteins in the purification of HPV 16
proteins by ammonium sulphate also increabes extent of disulphide bonding,
increasing the stability of the VLRKiIm et al., 2012.

Affinity precipitation was developed in the 1970s as an alternative to affinity
chromatography. There are two types of affinity precipitation, primary and
secondary. Primary affinity precipitation involves the interaction between a
multivalent enzyme and a bifunctional ligand. Secondary affinity precipitation uses
affinity and stimulusresponsiveness combined in an agent called the affinity

microligand (AML). The AML is a polymeric substance with one or several ligands
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which precipitates reversibly because it is -g#hsitive, thermosensitive or

oligomeric.

The pellet formed from the precipitation reaction can be collected either
though centrifugation or ultrafiltration and then resuspengioritas et al., 2006
Shamlou, 2003Lander et al.,, 2002 Care has to be taken when centrifuging and
resuspending the pellet as the sdiiglid separation involved can cause shear
induced damage, which would reduce the yield of produlbéated (Levy et al.,
2000. Although precipitation is a cheap and simple techniquestiuis still
limited in its use for a commercial manufacturing process, namely as it is very

difficult to scale up successfully.

1.5.2 Non-adsorption purification methods - Ultra centrifugation
Ultracentrifugation has widely been used in the biotechnoiodystry as a
downstream processing method since the first ultracentrifuges were developed for
anal ytical use in the 192006s in Sweden.
centrifugation due to the very high rotational speeds that are used durnagjampe

Ultracentrifuges can run up to and exceed forces of 10§, M0Beelwright, 191).

There are two types of ultracentrifugation, differential pelleting or density
gradient centrifugation(Pinheiro andCabral, 1992 Differential centrifugation
involves components of diverse size, shape and densities being forced to move to the
bottom of the centrifuge bottle at different rates. Density gradient centrifugation
relies on the formation of a gradientorg the depth of the cell, separating
components by density and viscodiBinheiro and Cabral, 1992The use of density

gradient centrifugation is most common.

Density gradient centrifugation can be used to concentrate as well as purify a
target product. It can be run in a batch or continuous niDdsai and Merino,
2000. Three basic strategies are available for the operation of density gradient
ultracentrifugation: 1) to pellet the target protein tortbter wall; 2) sediment onto a
dense liquid; or 3) banding in a gradient. Pelleting is only for robust particles,
sedimentation involves minimal losses and banding enables removal of impurities

but requires lengthy development and optimisat{@esai and Merino, 2000
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Separation can be based on size or density differentials akdoisn by the

following namegDesai and Merino, 200®inheiro and Cabral, 1992

e Ratezonal centrifugatioi separation by size. The density gradient
inside the tube never exceeds the density values of the settling
particles.

e |sopycnic centrifugatiorni separation basedharelative densities. The

maximum density inside the tube is higher than the components.

A gradient inside the ultracentrifuge is achieved by the addition of a gradient
material. The choice is dependent on the density and stability of the molecule in
qguesion being separated. Feed enters the bottom and the particles, move into the
gradient with the less dense supernatant removed from the top. The choice of
material must produce a smooth gradient from one edge to arfgtheelwright,

1991). An example of how this may look is illustrated by the separation of
lipopolysaccharides in a C$ (caesiumchloride) gradientfFigure 1-5 (Hamel et al.,
1990. A gradient can be defined as preformed or-feething dependant on the
type of gradient material us€@heelwright, 1991

Type of gradient Definition Examples

Preformed Gradient is set before Sugarsi.e.sucrose
sample is applied Polysaccharides.e. ficoll

Self-forming Gradient is generated ¢ Colloid silica i.e. percoll

the sample and fluid ar Metal salts i.e. caesium
spun together chloride

Tablel1.51 Gradient materials used in density gradient ultracentrifugation.

CsCl is frequently used as a gradient material and can achieve a high density
(up to 1.9 g/cr) but can denature certain proteins. Sucrose is more widebstise
is a cheaper gradient material and covers sufficient density range for most operations

(up to 1.3 g/cr), but can also damage prote{i®esai and Merino, 2000
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Ultracentrifugation has traditionally been used to purify vaccines, for example
influenza, hepatitis B and rabid®esai and Merino, 2000Perez and Paolazzi,
1997. It has also been used in the development of new viral vaccines, including
Lentiviral vector productiorfLesch et al., 200)land VLRbased vaccine@/icente et
al., 2011h HerbstKralovetz et al., 201,0Wolf and Reichl, 2011Rolland et al.,
2001, Bellier et al., 2006Crawford et al., 1994 Historically ultracentrifugation has
been used to purify plasmid DNA by a CsCl and ethidium bromide (EtBr) density
gradient (Prather et al., 2003Singer and Muller, 2097 The CsCI creates the

gradient, followed by the adtbn of the EtBr to visualise the nucleic acig&nger
and Muller, 200Y.

Lipids
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} Proteins
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QE_, — LPS
k)
> 1.45 -
‘0
o
&) — Carbohydrates
1.5
Nucleic acids
1.6 B

v
Figure 1-5 Predicted buoyant position of hydrated constituents in CsCl gradients.

The use of ultracentrifugation as a purification step is limited as it does not
scale up well. The method is tedious, labour intensive, and can have low recovery
yields, with several impuritiegPeixoto et al., 20Q7Vicente et al., 201)b The
method developed for plasmid DNA purification is particularly difficult to scale up
as it is difficult to control but also because the solvents are toxic and carcinogenic,
resulting in personnel safety issues and hazardous waste considgitathsr et
al., 2003 Singer and Muller, 20097 Ultracentrifugation has largely been replaced by

chromatographic methods, due to significant advances with medias and ligands

44



(Desai and Merino, 2000 Chromatographically purified material may be of a better

quality and purity when comparéRolland et al., 2001Singer and Muller, 2007

1.5.3 Adsorption purification methods i Porous beads
Conventional resin based chromatographic columns were developed for the
purification of proteins andother small molecules. Eight different column
chemistries are now available for use within analytical and commercial processes,
such as iorexchange (IEX), hydrophobic interaction (HIC) size exclusion (SEC),
affinity (AFC), normal phase (NPC) and reverghase chromatography (RPC)
(Jungbauer, 2005

In conventional chromatography convective flow governs the transport of
product in the extrparticle void of the packed adsorbent and diffusion governs the
transport within the channels of each partidlgddiatt, 2003. Media for protein
chromatography has a pore safearound 30nn{Jungbauer, 20Q%ut nanoparticles
often have a particladiameter of around 2800nm whichmakes them unable to
enter into poregLyddiatt, 2002. This results in the majority of the binding only
occurring on the edge of the beads, with a limited fraction using the void volume of
the resin. This results ia decrease in the binding capacity compared to use of the
resin with proteins, for example-§gpharose decreases from 120mg/ml gel with
proteins to 46g/ml gel with plasmid DNA(Prazeres et al., 1998 Capacity of a
column candrop as much as 30 or 50 fold with macromolecylegldiatt ard
O'Sullivan, 1998Trilisky and Lenhoff, 200y The rate of diffusion into these pores
also ha an effect as it is slower for larger molecules and therefore becomes a rate
limiting step. A high binding capacity can be achieved by increasing the surface
area, for example with a highly porous material, or reducing the size of the particles,
seeFigure 1-6. Reducing the size of the particles dramatically increases the flow

resistance, but can result in an increase in back prg$&lsson et al., 1999

To combat the issues surrounding the lack of diffusion for macromolecules
chromatographic matrices have been designed with larger particles, around 50
300um, and pores which are around-48lDnm (Lyddiatt and O'Sullivan, 1998
Other chromatographic matrices that have been developed for use with

macromolecules are hydroxyapatfteingbauer, 20Q5Cook, 2003, controlled pore
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glass(Barton, 1977 Schuster et al., 20p1perfusion particlegAfeyan et al., 1990

and traditional resins with altered beads structure, inotu@Sepharose RTNKL
(Blanche et al., 20Q0Blanche et al., 2003 superpose 6 (Pharmacia Biotech),
Sephacryl S100QFerreira et al., 2000and Sepharose 6 fast flq@hamlou, 2003
Belew et al., 1991 Nonporous resins, such as cellulose sulphiatediatt and
O'Sullivan, 1998 have also been developed for use with macromolecules and have

particles which are around BDOumin size(Shamlou, 2008

Evenif resins do have an increased pore structure they may still exhibit a low
capacity when the purification of the macromolecule is compared to use with a
protein(Prazeres et al., 1998The enlarged pore structure may be a disadvantage as
the volumetric capacity is reduced and the physical strength is compromised
(Lyddiatt, 2002.

Adsorbent with large

pores

Solid adsorbent Adsorbent with small pore

* Nanoparticle © Molecular impurity 3 Ligand
Figure 1-6 Schematic of examples of solid phases that are available or custom made

for nanoplex purificatior{Zhang et al., 2001
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Perfusion particles look like traditional bead particles but have additional
perfusion poreswithin their structure, se&igure 1-7. The pores of perfusion
particles are in excess of 500M0.5%m. The result of this is to trigger convective
flow as the mobile phase mavethrough the particle, dramatically reducing
resistance to the stagnamibile phase mass transfer rate amcreasing column
efficiency. Extent of the flowthrough is governed by the ratio of pore size to
particle size(Afeyan et al., 1990 To increase the surface area, and therefore
increase capacity of the columparticles also have some small diameter pores.
These are very shallow and as such there is limited effect fridnsidn (Afeyan et
al., 1990.

Perfusion particleslisplay low backpressures and improved hydrodynamic
characteristicgPersson et al., 20P4 A perfusion particle column with POROS 50
HS resin (PerSeptive Biosystems) was used to purifjLB Solution because its
large pores would be accessible to the VLP. The recovery of VLP was between 25
and 45% and showed a significant drop at this ok et al., 1999 Issues with
perfusion particles can involve entrapment of macromolecules due to the convective
flow. This can result in a reduction in elutioancentration but can be reversed by

using a very low flow rat€Trilisky and Lenhoff, 200).
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Figure 1-7 Diagram of pore structure in a perfusive parti¢hfeyan et al., 1990

Another type of absorbent that has been reported for use with plasmid DNA

is a pellicular absorbent. These beads have a solid core around an agarose pellicle
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estimated to be less than 5um deep. It has been shown to have a modest capacity of
less than 1mg nanoparticle/mL absorbgyddiatt, 2002.

Both Pall and GE Healthcare have developed a core bead resin. Pall have
named t hi s tineae hre@Heagey al., Q)0 These beads are made
by mixing hydrophilic cores with a solution containing hydrophilic gel forming
component at a temperature above it gelling point, followed by blending with a
phobic flud and subsequent cooling to solidify the gel coating, Kgare 1-8
(Wang et al., 2007dohnson et al., 1990 The Capto Core resin from GE Healthcare
Is used for flow through applications, as the inactive shell excludes large molecules
(cut off ~MW 700 000) from entering through the pores of tiedl §GE Healthcare
Life Sciences Data file 2898307 AA). GE showed that they could be used for the
reduction of HCP in influenza virus hemagglutinin (HA) purification/ang et al.
(2007 showed that it could be used for awuly purification. When compared to
other aniorexchange resins for the purification of DNA Palls @dc HyperD resin
exhibited the highest capacity over specialist redtaosrDuval and Burke, 2004

Molocules with Maokeciios with
oppasite chage same charge
are drawn into the bn:m\ / as bead are excluded
Protein
bincing sites

Caramic
backbons

T

Hydrogel

Figure 1-8 Sc hemat i ¢ o-in-a-sah eR d | 0(Frdmfie Bedtl ICorporation

website www.pall.com)
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1.5.4 Adsorption purification methods i Monoliths

The initial research behind the development of monoliths was carried out in
1950s and beyonKun and Kunin, 1968Sederel and Dejong, 1978lansen and
Sievers, 1974 It was not untit he end of 198006s/ beginni
current monolithic forms first emerged. There were a few groups, looking at
different monolith technologies, such as those led by &fjart Uppsala, Sweden,
Svec and Fchet in Prague and at Berkeleyd Nalanishi and Soga at Kyoto
University (Hjerten et al., 1992Hjerten et al., 1989Liao et al., 1991 Svec and
Frechet, 1992Svec and Frechet, 19958vec and Frechet, 199&%ennikova and
Svec, 1993 Tennikova et al., 1990Tennikova et al., 1991INakanishi and Soga,
199]1). The original name for monolith chromatography was Highiformance
membrane chromatography (HPMC), as the columns were produced as disks
(Tennikova and Svec, 1993 ennikov et al., 1998 Svec and Tennikova have
written a detailed history of monolith material development, detailing the early

attempts and recent developme(®vec and Tennikova, 20D3
The advantages of using monoliths incl{@ennikova et al., 1991

1. A monolith is synthesized directly in the final size in a mould.
Classic chomatography supports prepared by suspension processes
have to be size classified.

2. In fabrication of beads many are produced which are not the correct
size, causing waste. A monolith prepared efficiently will be the
correct shape.

3. The holder is simple anthe monolith easily positioned. Packing of a
column requires substantial experience of packing procedures.

4. A monolith can easily be used in a singke or disposable form.

5. For analytical use flowrates are at least one order magnitude lower
than those intraditional analytical columns, making the use of a
highly efficient pump unnecessary.

6. Scale up is easily achievable by enlarging the monolith or stacking
them. Scale up in packed columns has specific problems associated
with packing, radial gradients dmequires heavy duty equipment.
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Monolith columns can be produced by a variety of meth@&@isec, 2010
Svec et al., 2003

e Free radical polymerisation including thermally initiated polymerisation,
photoinitiated polymerisation, radiation polymerisation;

e Polymerisated high internal phase emutsi;

e Cryogels;

e Living polymerisations;

e Polycondensation;

e Solublepolymers.

As this thesis is concerned with the use of a column produced by thermally initiated
free radical polymerisation only this techniques will be described in detail. The
review fromSvec (201D as well as the monolith reference bg&vec et al., 2003

should be consulted for all other techniques.

Polymerisation can occur either as a suspension in a solution or in a mould,
with the mould made mondhithaving a smaller surface af8aec and Frechet,
19953. The polymerisation mixture for a monolith needs to contain both a
crosslinking monomer and anert diluent, the porogen. Porogens can be solvating
or nonsolvating solventssolublepolymers or a mixturéSvec and Frechet, 2003
It is the porogen that forms the poi&vec, 201D The steps in the mechanism of
formation are as detailed Figure 1-9 (Svec and Frechet, 200&nd willresult in a

monolithic structure that looks like a number of beads joined togdtigamré 1-10).
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1. Monovinyl + divinyl monomoers,initiator
and porogenic solvent in solution

\
2. Heat mixture to start initiating radicals within
the organicsolution

3. Polymers becommsoluble and precipitate ouf
asMW exceeds solubilitpr by crosdinking.

\ 4
4. Nuclei become swollen by monomers in liquid

v

5. Polymerisation continues in nuclei and liquid.

A\ 4
6. Nuclei associatds clusters by polymer chains
that crosslink the nuclei.

\ 4
7. Clusters join up together

A\ 4
8. Matrix is reinforced by interglobular
crosslinking and capture of chains still
polymerising insolution

\ 4
9. Porogen is t@ped invoids.

\ 4
10. In a mould the clustefall to the bottonto
form the structure

Figure 1-9 Mechanism of polymer monolith formation.
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Figure 1-10 Scanning electron microscopy picture of a monolithic GEBAVIA-
based diskTennikova and Freitag, 2000

Control of the porous properties and ultimately the pore size distribution and
surface area, is though alteration of the variables polymerisation temperature,
composition of porogenic solvent and percentage of dnolselg monomer
(Viklund et al., 1995 Temperature is the most convenient and easiest variable to
adjust for control of the pore size distribution. As the polymerisation temperature is
increased the size of the pores decre@gdsund et al., 1996 Svec and Frechet,
19953. This can be explainad terms of nucleation rates and the number of nuclei
that are formed. Higher temperatures result in a larger number of free radicals and in
turn a larger number of nuclei and globu{8sec and Frechet, 1996dThe surface
area is also decreas€8ivec, 201D The polymerisation reaction is exothermic and
it is this reason that the production ofgarmonoliths becomes an issue. The heat
generated by the reaction, further fuels the polymerisation in the solution, changing
the pore structure at different monolith siZBsenquah and Forde, 200Mihelic et
al., 200). One method is to heat up the porogen to initiate decomposition and
continuously add this to the polymerisation mixture, controlling the rate of heat

generationDanquah and Forde, 2008

Varying the type of porogen or the percentage of crosslinking monomer is a
less simple way of controlling thgore size distribution. A porogen which causes an
earlier onset of phase sepavatwill result in larger poregSvec, 2010Viklund et

al., 1996. Changing the ratio of monomers to divinyl monomers will not only
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induce the formation of a different porous structure but also materials with different
compositions(Svec, 201D Increasing the percentage of divinyl monomers will
result in more crosslinked polymers and smaller nuclei. These smaller nuclei result

in smaller pore sizes but a larger surface &&ac, 201D

Monoliths have proved advantageous for macromolecules due to higher
binding capacities, anthe ability to run at faster flow rates, in comparison to
conventional resin beads. These two characteristics are a direct result of the
structural properties of the monolith. As already mentioned the ligands on
conventional resin beads are both on théside of the beads and in small
channels/pores into the centre. A molecule small enough to enter the pores of the
resin will do so by diffusion. The speed of diffusion is greatly reduced in large
macromoleculeshence the amount of lateral movement gldine pore is reduced

over the run time compared to smaller molecules, such as proteins.

diffusive perfusive monoliths stacked
particles particles membranes

VALRNA
AAVARD
11ANANI

Figure 1-11 The mass transfer characteristics of common chromatographic media.
Areas of diffusion are indicated by small channels within the support matrix. The
difference between bedmhsed columns and monoliths can be clearly $€agnon,
2006.

The better performance of monoliths compared to conventional columns is
usually explained by enhanced rmasansport. Mass transport of a molecule to the
ligand is by convection, not by concentration gradients, with flow used to accelerate
the mass transfer rate (deigure 1-11°) (Svec and Freche1,999. The large wide
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flow-through pores of a monolith are connected in such a way that the diffusional
path is extremely shortJosic et al., 2001 There has been some research on
modelling the monolith pore network and flow paiideyers and Liapis, 1999
Koku et al., 2011 The size of the pores is important to consider; sma#oray
exhibit size exclusion as flow is restricted, but too large and molecules cannot reach
the wall prior to elution so the number of absorptiesbrptionsteps decrease
(Tennikov et al.,, 1998 The breakthrough curve is substantiadtgeper when a
sufficiently high intraparticle convective flow is assungédsic et al., 2001

Another advantage of the wide pore structure is the ability of the monolith
column to run at high flow rates without any effect to the breakthrough curve or
elution profile (Etzel and Riordan, 2009osic et al., 20Q1Jungbauer and Hahn,
2008 Hahn and Jungbauer, 2Q@Vvec and Frechet, 199%lartin et al., 200k The
back pressure increases lingawith the increase in flow ratéPersson et al., 20p4
but remains lower when compared to a conventionah igdumn at equivalent flow
rates(Jungbauer and Hahn, 2008

A monolith is only useful if it has the correct surface chemistry. There are
three ways to prepare a column with a particular chemistry, 1) preparation from
functional monomers; 2) modification of reactive robins and 3) graftingSvec
and Frechet, 2003 Almost any monomer can hesed to prepare a monolith in a
mould, allowing a variety of surface chemistries that can be obtained directly.
Chemical modification can be used when a monomer precursor is not available.
Reactions are easily performed using monoliths prepared from meyeowith
reactive groups. Grafting involves filling the pores of a monolith prepared from
polymerisation mixtures with a high percentage of crosslinking monomer
(presumably with a large number of unreacted vinyl functionalities) with a secondary
polymeirsation mixture, consisting of a solution of functional polymer and a free
radical initiator. A second polymerisation takes place inside the g8k and
Frechet, 2008

Columns can be prepared from a variety of materials, including methacrylate
based polymeréSvec and Frechet, 1996Istyrene divinylbenzen@un and Kunin,
1968 Sederel and Dejong, 19y 8r silica (Motokawa et al., 20Q2Siouffi, 2006
PousTorres et al., 2000 Guiochon (200yprovides a thorough review of the many
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types of monolithic columns that have been produced. The CIM monoliths from
BIA separation are a type of polymer column and are made from glycidyl
methacrylate (GMA) anethylenediamethacrylatd EDMA) to form poly(glycidyl
methacrylateco-ethylene diamethacrylate) polymer columf{Bodgornik et al.,
2000, using cyclohexanol and dodecanol as inert porog@ilelic et al., 200L
Other polymers used for columns include piperazine diacryladimd (PDA) plus
methacrylanmde (Hjerten et al., 1993aHjerten et al., 1993b poly(acrylamideco-

butyl methacrylateo-N, -nethylenebisacrylamidelXie et al., 1997p and
poly(acrylamideco-methylene bisacrylamidéXie et al., 1997 The cloice of the
polymeric materials can influence the chemistry of a column. By altering the
monovinyl and divinyl monomers it has been shown that it is possible to produce a
hydrophobic columns (using butyl methacryla{Xje et al., 1997pZeng et al.,
1996 or hydrophilic (using methethylenebisacrylamide) coluifXie et al., 1997a

There are only a small number of commercially available monolith

chromatography columns includiggungbauer and Hahn, 2004

e CIMT BIA separations
e UNOT Bio-rad
e Proswifti Dionex (Thermo Scientific)

e Chromolithi Merck Millipore

The Chromolithcolumns are an example of a silica monolith, first available
in 2000. Commercially available silica monolith columns have a bimodal pore
structure composed of macroporesl anesopores ofeZn and 13nm(Chambers et
al., 2007 Unger et al., 2008 Silica monoliths are prepared by a-gel method
using tetramethoxysilane (TMOS), tertraethoxysilane ealkgltrialkoxysilanes
(Unger et al., 2008and methyltrimethoxysilangviotokawa et al., 2002 However,
it uses are limited as silica dissolves at pH >8, resulting in packing instability, poor
reproducibility, poor efficiencies, poor peak shapes dmgh back pressure
(Chambers et al., 2007 It also is liable to shrink after being prepa(€hambers et
al., 2007%.

Monoliths can be used in theemaration of a number of different

macromolecules. A detail list of the uses for a CIM monolith can be seen in section
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0. Other reviews and books provide detaifsthe use of monoliths in plasmid DNA
separation, protein separation, enzymatic conversion, virus purification or removal,
antibody purification, ord mimic viruscell interactiongJungbauer and Hahn, 2008
Svec et al.2003 Josic and Buchacher, 2QQIbsic et al., 20Qungbauer and Hahn,
2004 Mallik and Hage, 2006Etzel and Riordan, 200®anquah and Forde, 2008
Danquah and Forde, 20(ochling et al., 2004&Kalashnikova et al., 2008

1.5.5 Adsorption purification methods i Membranes

Similar to monoliths is membrane chromatography, also known as membrane
absorbers. Like monoliths théyve large interconnected pores, where transport of
macromolecules to ligands is by convective flow, reducing any mass transfer
resistance (such as that associated with diffusion of macromolecules into pores).
Membranes also have lower pressure drops fgeked beds, as the flow path is
shorter(Han et al., 2005Yang et al., 2002van Reis and ydney, 2007 and flow
independent resolutiofTeeters et al2003 Reif and Freitag, 1993 The functional
groups are attached toese poregHan et al., 2006 Common chemistries for
membranes include anion or cation ioncleange, hydrophobic interaction and

protein A.

Comparison with an equivalent resinows that the membrane absorber has a
higher binding capacity, such as in the case of the Sartobind Q membrane compared
to Q sepharose for MAl#laber et al., 2004&hou and Tressel, 200Butkemeyer et
al., 1993. With plasmid DNA a membrane has been shown to have an increase in
capacity which was two ti mes giveetiméser t ha
greater than equivalent 4% particles(Teeters et al., 2003 Buffer usage can be
95% kess than for the same process in a conventional chromatography ¢dhumon
and Tressel, 2006

Although the membrane may prove to have a higher binding capacity its use
in any commercial product has been limited by the high price of the abs(£herts
and Tressel, 2006<nudsen et al., 2001 Zhou and Tressel (20p@ompared a Q
columns with an absorber and foundttthe absorber was more cost effective when
run in the flowthrough method, due to reduced process development costs, no initial

equipment investment and minimal validation needed.
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Commercial membrane absorbers are based on macroporous support from
estabished membrane formation process technology, with chemical modifications,
seeTable 1.52. (Wang et al., 2008 There are 3 types of commercial available
membranes, sed&igure 1-12 (details from supplier websites). All of these
membrane absorbers are available in a variety of sizes, from small process
development batches to manufacturing. They are provided ready to use, in plastic

housingwhich makes them suitable in a single use facility.

Supplier  Membrane Chemistry Membrane Pore size/
name Membrane
thickness

Millipore  ChromaSorb Primary Ultra  high  molecular 0.5em
amine weight polyethylene (UPE' 0.0125cm

Pall Mustang IEX Hydrophilic 0.&m
Q/SIE polyethersulfone (PES)  0.01375cm
Sartorius Sartobind Q IEX, HIC  Polypropylene/polyester  3-5em
Stedim 0.0275cm
Table 1.52 Details on commercial membranes availablefor membrane
chromatography.
A
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Figure 1-12 Membrane absorbers commercially available A) Millipore
ChromaSorb; B) Pall Mustang Q; C) Sartorius Stedim Sartobind.

Membranes can be used in bind and elute, and flow through chromatographic
modes. Examples of bind and elute processes include large profaims et al.,
2002, viruses(Han et al., 2005 plasmids(Tseng et al., 20Q4Haber et al.2004
Teeters et al., 2003and monoclonal antibodie$Zhou and Tressel, 2006
Lutkemeyer et al., 1993/icente et al., 2011&Knudsen et al., 2001 The use of
membranes in the flomthrough mode can be to remove host cell proteins in
monoclonal atibody processes as a polishing s(gpudsen et al., 200Zhou and
Tressel, 2006

Scale up of membrane absorbers rezpiincreasing the surface area within
the membrane holder. This can be done by adding in layers by stacking membranes
in the holder, increasing the surface argaudsen et al. (20Q0khowed that scaling
up of membranes for MAb purification, by adding layers, resulted in a linear
increase in the breakthrough capacity. The column diameter is another method o

scale ughat is possibl¢Teeters et al., 2002

1.5.6 Cryogels
Cryogels are another type of supermacroporeaparation media, very
similar to monoliths. They are also composed of a single stationary phase produced
through a polymerisation reaction. The main difference between monoliths and
cryogels is related to the method of production. Cryogels are foamnedry low

temperaturescfyogel from the Greekvord a | 9 (&ryos) meaning frost or ice)
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(Plieva et al., 2004 The gels that form are sponge like, with large interconnecting

pores.

The formation of the porous structurof cryogels relies on the phase
separation during freezing, with one phase being frozen crystals of water and another
a nonfrozen liquid microphas€Svec, 2010 The unfrozen part contains a high
concentration of nofrozen componds from the original solution
(cryoconcentration) dissolved in the unfrozen solvent, where chemical reactions
occur although the sample appears to be a solid b{bokinsky et al., 2000 The
high concentration of components accelerates the chemical reactions which take
place. Cryogels can be formed at significantly lower concentrations of polymers and

crosslinking agents than gels at room temperatkezinsky et al., 2001l

Figure 1-13 illustrates the steps on the formation of cryogels. After
completion the system is brought to ambient temperature causing water within pores

to thaw, which can be easily replaced with a mobile phase.

Freezing Polymerization Thawing
in frozen state

monomers and initiators
ice crystals
initially forming polymer

<
&
Q cross-linked polymer gel

supermacropore

Figure 1-13 Schematic of formation of cryog€Rlieva et al., 2004

A variety of cryogels have been made from monomers including poly(vinyl
alcohol) (Lozinsky et al., 200and acrylamide (AAmjPlieva et al., 2004Yilmaz
et al., 2009 Yao et al., 2006 Polymerisation of the cryogels can occur by the
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process of fregadical polymerisatioffYao et al., 2006 Pore sizes for cryogels are
larger than monoliths, with a large distribution of pore sizes, up to approximate
10Cem and as low ase®n (Chen et al., 20Q8Plieva et al., 2004Yilmaz et al.,
2009. Recovery of the captured macromolecule can be removed byritimeed
elution or detachment of celby compressing the matrikigure 1-14) (Dainiak et

al., 2006 Kumar and Srivastava, 20110

Piston

W |

) ) £ Removal of external
50% compression by w  force
—-— A —

Reswelling by addition
of buffer

Affinity cryogel Squeezed liquid ) b

monolith containing containing cells Liquidfiow "D

specific cell type containing cells [)

Figure 1-14 Mechanical squeezing of the cryogel matrix for the recovery of bound
cells. Affinity-bound cells on cryogel matrix were removed by compressing the
cryogel column up to 50% of its original length by using an external piston that
squeezes out the liquidaihcontains cells. In the next step, the buffer was added to
re-swellthe affinity cryogel matrix and then the column was flushed with fresh cold
buffer.

The pores of a cryogel are controlled by the size and shape of ice crystals
which are formed.Therefore the temperature the cryogel is formed at, and the speed
this temperature is reached, is very important in determining the flow characteristics
of the column. Cryogels are formed at a range of temperatures, inchidii@
(Arvidsson et al., 20QZPlieva et al., 2004 -16°C (Yilmaz et al., 200pand-20°C
(Chen et al., 20Q8Yao et al.,, 2006 Plieva et al. (2004 studiedthe effect of
temperature on acrylamide (AArbpsed cryogels. Very different cryogels were
formed if the temperature was-42°C or-18°C. This was a result of the different
morphology of the ice crystals that were formed during the freezing process; at

12°C the cryogel had large interconnected pores arout@lbm, whereas at18°C

60



the gel showed a bimodal pore size distribution with pores at several hundred
micrometres in size and 03k m. This variability was due to the different cooling
rates; the18°C column was formed over-@ minutes, whereas th&2°C was over
12-15 minutes.

Yao et al. (200plooked at the effect of the cooling time-20°C on the pore
formation. They saw that the most favourable cryogel was formed over 2 hours and
contained well connected pores and smooth walls. If the mixture was cooled too
quickly (in this case over 1 hour) then inhomogeneous ice blocks were formed which
gave irreglar ice crystals, and a cryogel with rough walls. The column did not

perform as well as the 2 hour cryogel.

Thanks to the large pores in cryogels they are particular useful as a matrix for
a variety of macromolecules. As the pore sizes can be frd80&n they have
proven to be excellent for cell separation from crude or processed material, such as
with E.coli and Saccharomyces cerevisigPainiak et al., 2006Arvidsson et al.,
2002 Lozinsky et al., 2003Plieva et al., 2004 The purification of the hepatitis B
surface antibody (antiiBs) was achieved on a cryogel by embedding someHiBi
imprinted particles into thergogel structure. This increased the specific surface

area, and gave large inrteonnected flow channe(gsliyuce et al., 201

Cryogels can be modified for very specific separation technologies, either by
attaching a ligand or using a particular monomer in the production process.
Specific affinity ligandseparation includes IMACArvidsson et al., 2002 Cu2+
IDA (iminodiacetate) to remove Himgged recombinant lactate dehydrogenase
(Plieva et al., 2004and protein A to capture IgG specifabelled cellfKumar and
Srivastava, 2000 The cryogel with protein A lands proved to be better for cell
separation than flow cytometry or magnetic affinity cell sortifkgumar and
Srivastava, 2000 The separation of lysozyme from egg white was achieved by
using a tryptophan containing hydrophobic adsorl{¥iimaz et al., 2008 The
cryogel was made using a monomeNafethacryloyL-tryptophan (PHEMALrp).
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1.6 CHARACTERISTICS OF PROCESS CHROMATOGRAPHY
PERFORMANCE

The performance of the chromatography column must be monitored
throughout the operation of the column. In a manufacturing process this is to ensure
consistency between each run, and in the lab this @btain information in the
research and development of the unit operation. During chromatographic runs the
profile during the loading, washing, elution and cleaning steps will be monitored on
line. Typical methods include looking at the UV absorbancél@rof the material
postcolumn, as proteins are visible at a wavelength of 280nm, checking the back
pressures, or other characteristics such as conductivity or pH. Monitoring the
process will indicate if there are any deviations from a standard rualiands the
operator to make any changes. -@ft monitoring gives further details about the
run and the protein, antibody or macromolecule being purified.

This section describes a few of the characteristics and methods of monitoring
performance that we encountered during the project, and is not a comprehensive

list.

1.6.1 Fouling of chromatographic resins

Ideally a chromatographic run will be identical to the one before it, and the
one after. The method of purification will produce a molecule which ifaated
by the process, with no variation on the final elution pool in terms of its purity
profile. To achieve this resin in the column must remain unchanged during the
chromatographic runs, either from the feed material, the elution process, or the
cleanng steps. It is important to understand the cycles of use as replacement of
resins can have a considerable impact on manufacturing(&bspard et al., 2000
Limited work has been published on fouling in chromatography, although
comparisons can be made with research from membranes to understand the

characteristics and mechanis(felly and Zydney, 199Meng et al., 2000

Unfortunately fouling of resins can occur by contaminants in the feed

material, in particular residual proteins, lipids, nucleic acids, and endotoXims.
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consequences of fouling includes reduction in DBC and product yield, increase in
backpressure, loss of signal resolution and medium discolour@loepard et al.,
200Q Siu etal., 2006a Siu et al., 2006pLevison, 1997 Boushaba et al., 2011
Levison et al., 199Nash et al., 1997 Even cell wall have been shown to increase
the degree of fouling by exhibiting characteristics of -éxechange medium
(Shaeiwitz et al., 1989

The most common, and noticeable consequéooe fouling, is the reduction
in binding capacity. Foulants can block pores or layer on the (&sing et al.,
2009 Siu et al., 2006 If breakthrough curves are compared between fresh resins
and used resins the curves are shifted on the used resins so that breakthrough occurs
earlier, probably as a result of mass transfer limitations on beads due to deposits
(Bracewell et al., 20Q8Siu etal., 2006a Pampel et al., 200Jiang et al., 20Q9
Boushaba et al., 2011 The degree of fouling, and hence the percentage reduction in
binding capacity, is dependent on the feed material on to the column. When a
Adirtyo feed stream (swiddmprmearneyd ftoaul ani sl
stream, the greatest reduction occurs with the dirty sti@a®a and Chand, 2005
Staby et al., 1998Muller-Spath et al., 20Q9in et al., 2010 Bracewell et al. (2008
looked at the impact of clarification strategies before a chromatography step to
remove some or most of the foulants. They found that it had a positive impact on the

capacity.

With Saccharomyces cerevisigeast the foulant with the most impact is
lipids. The commonest lipids in are the neutral ligidsiacylglycerol (TAG) and
steryl esters (SE). They are sequestered from the rest of the cell by forming the
hydrophobic core of soalled lipid particles (LP), in particular lipoproteins
(Czabany et al., 2007 The tails of lipid particles are ngoolar and therefore act as
a site for hydrophobic interactidhevison, 199). The chomatographic separation
of products from milk clearly illustrates the issue of lipid foulifRampel et al.,
2007, Fee and Chand, 20p5Pampel et al. (200&howed that the back pressure in
the column increased as chromatography runs were undertaken, and that removal of

the lipids (skimmed milk) had less effect of the pressure.

HIC columns are very susceptible to lipid fouling as tpa&llimolecules are
hydrophobic and therefore binding easily and irreversible to the columns. Work at
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UCL has highlighted the effect of lipids on resin binding capacities, 2010.
SEM shows the buildip of the lipids on a resin bead after ten cycles using a yeast

homogenate feed, ségure 1-15.

A s
£ Clean beads
.

SEI 1.0kV X50,000 WD 4.7mm TU[]IIT

After 1 cycle
s N S —
Sh:64 GB-H  SEI 10kV  X50,000 WD49mm 100nm

After 10 cycles

Sb:64 GB-H  SEI 1.0kvV X50,000 WD52mm 100nm

Figure 1-15 Fouling of 6 Sepharose FF beads (GE Healthcare, Sweden) by ilpids
a yeast homogenate feed after 10 cycles, includii®gy &3 visualised by electron
microscopy (Courtesy of Jing Jin, UCL).
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