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Abstract

Implementation of the mille-feuille nanofilter paper in
the virus removal filtration of IgY purified from chicken

egg yolk

Michelle Dahlman

The purpose of this thesis was to test the mille-feuille nanofilter paper for a virus
removal filtration from a potential protein-based nutraceutical. Therefore, chicken IgY
was purified from egg yolk, with PEG precipitation for crude fractionation followed by
thiophilic adsorption chromatography. The biuret total protein assay was done for
quantitative analysis, and for qualitative analyses, sodium dodecyl sulphate-
polyacrylamide gel electrophoresis, dynamic light scattering and size exclusion-high
performance liquid chromatography were performed. The protein characterization
results revealed that the final preparation of IgY was a complex mixture of proteins
and aggregates.

Two variants of the mille-feuille filter paper were produced for the two-step
nanofiltration: 11 ym pre-filters to remove aggregates and other high molecular
weight impurities, as well as dedicated 31 pm virus removal filters. The thickness, basis
weight and hydraulic flux of the produced filters were measured for quality control,
and the pore size distributions of the filters were estimated with the use of
cryoporometry by differential scanning calorimetry and the BJH method derived from
nitrogen gas sorption isotherms.

Finally, the IgY preparation was spiked with the model virus ®X174 and tested for
virus removal with the mille feuille filter paper, which resulted in an LRV over 5 as
determined with the plaque forming units assay. Flux measurements as well as
following pre-filtrate and filtrate characterizations with dynamic light scattering
revealed that the pre-filtration had a critical impact on the quality of the final product.
The final filtrate was gone through tandem mass spectrometry, upon which IgY and
several other egg yolk proteins were identified. The results of this thesis show that
the mille-feuille nanofilter paper has a high potential for virus removal of
nutraceuticals.
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Implementation of the mille-feuille nanofilter paper in the virus removal
filtration of IgY purified from chicken egg yolk

Michelle Dahlman

Popularvetenskaplig sammanfattning

Aggulan frin hons ir rik pa bioaktiva proteiner och peptider, déribland immunoglobulin Y.
Immunoglobulin 'Y 4r faglars motsvarighet till déiggdjurens immunoglobulin G.
Immunglobuliners uppgift i immunforsvaret &r att oskadliggora frimmande antigener, och dess
unika malsokande egenskap kan vidare anvdndas i nutraceuticals dir de visar sérskild
lamplighet for anvdndandet inom passiv immunisering for att motverka humana virus 1 mag-
och tarmkanalen.

Inom produktionen av alla proteinbaserade lidkemedel och nutraceuticals finns det alltid en risk
for viruskontaminering. Dels kan ramaterialet innehalla patogener farliga for ménniskan eller
ocksd kan sadana introduceras under tillverkningsprocessen. Det ar dérfor viktigt att inféra
virusborttagningsmetoder i1 produktionen som ser till att biosdkerheten for den slutgiltiga
produkten sdkerstills och dr helt fri fran patogener. Det finns olika metoder for virusborttagning
som alla har sina fordelar och begridnsningar. Somliga proteiners bioaktivitet, déribland
immunoglobuliner, kan dock paverkas av flertalet av dessa virusborttagningsmetoder.
Nanofiltrering dr en attraktiv metod for virusborttagning via storleksseparation da den kan
avliagsna de allra flesta virus utan att paverka proteinets funktion. Deras hoga kostnad dr dock
en stor nackdel, varpa det finns en stor efterfragan pa en ny typ av nanofilter som kan kombinera
hog prestanda med kostnadseffektivitet.

Mihranyans grupp pa Uppsala universitet har utvecklat ett nanofilter, kallat mille-feuille filter,
producerat helt fran cellulosa utvunnen fran gronalgen Cladophora och har stora mojligheter
att mota denna efterfragan. Filtret har visat hog potential inom virusborttagning inom en rad
applikationer, men har &nnu ej testats inom tillverkningen av nutraceuticals. 1 detta
examensarbete har dérfor immunoglobulin Y renats frén dggula for att sedan anvindas i ett
virusborttagningstest med mille-feuille filtret. Resultaten visar att mille-feuille filtret har en hog
potential for virusborttagning.

Examensarbete 30 hp
Civilingenjorsprogrammet i Molekylir bioteknik
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1 Introduction

Chicken IgY has been of considerable interest in several applications, including that as an active
agent in nutraceuticals. IgY has shown high potential in the application of orally administered
antibodies in passive immunisation as an alternative treatment to vaccine and antibiotics against
viral and bacterial infections in the gastrointestinal tract (Carlander et al. 2000). Sarker et al.
(2001) showed that oral administration of human rotavirus-specific IgY extracted from hens to
children with rotavirus diarrhoea exhibited significant protective effect. Horie et al. (2004)
demonstrated the abolishment of Helicobacter pylori infection in humans through oral
administration of neutralizing IgY antibodies in drinking yoghurt.

In the development of all protein-based pharmaceuticals and nutraceuticals there is a risk of
viral contamination. In order to ensure the biosafety of the final product, a range of virus
clearance steps can be implemented in the manufacturing process. For immunoglobulin,
commonly used inactivation methods like irradiation (UV-C, y-radiation) and heat treatment
(high temperature short time (HTST)) are incompatible due to possible denaturation of proteins
(Grieb, T. et al. 2002). Therefore, there is a need for novel methods for viral clearance that
ensure both the biosafety and the bioactivity of protein nutraceuticals.

The mille-feuille filter paper developed by Mihranyan’s group at Uppsala University show high
potential to meet both needs. The nanofilter is the first non-woven size-exclusion virus removal
filter produced entirely out of the cellulose from Cladophora green algae (Metreveli et al. 2014;
Gustafsson et al. 2016). The filter has shown high potential in the virus removal application
such as downstream and upstream bioprocessing as well as drinking water purification.
However, its application in the processing of nutraceuticals is yet to be tested. Therefore, in this
thesis, chicken IgY will be isolated and purified from egg yolk and subsequently gone through
a virus removal filtration with the the mille-feuille filter paper.
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2 Background

2.1 Chicken egg proteomics

Chicken eggs are a natural food source for humans, and the yolk is rich in bioactive proteins
and peptides that can further be used as pharmaceutical or nutraceutical agents (Mine &
Kovacs-Nolan 2006). The yolk is a very complex assembly of lipids and proteins where proteins
exist as either free proteins or as apoproteins, i.e. proteins that form assemblies with lipids into
low-and high-density lipoproteins which are the main constituents of yolk. The yolk can further
be divided into a water-soluble plasma phase and a granola fraction. The plasma main
constituents are low-density lipoproteins and three groups of livetin proteins: a-livetin (serum
albumin), B-livetin, and y-livetin (IgY). The granular phase contains a- and B-lipovitellins,
phosvitin and low-and high-density lipoproteins. Overall, the proteins with highest abundance
in egg yolk have been identified as IgY, serum albumin, cleavage products of vitellogenin,
apovitellogenins, and ovalbumin (Mann & Mann 2008).

2.2 Comparisons of chicken IgY and mammalian IgG

Chicken IgY is the major serum antibody in hens and consists of two heavy chains and two
light chains. Instead of the typical Ig hinge region located between the antigen binding region
(Fab) and constant region (Fc), IgY possesses an extra pair of heavy chain constant domains
resulting in a less flexible protein structure (Carlander et al. 1999). As the Fc region is the most
hydrophobic part of an Ig, the extra pair of constant domains on the heavy chain makes IgY
more hydrophobic than mammalian IgG. The isoelectric point (pI) of chicken IgY reportedly
is lower (5.6-7.5) than that of mammalian IgG (6.9-9.0) (Li et al. 2002). Also, the molecular
weight of IgY is higher (180 kDa) than that of mammalian IgG (150 kDa) (Carlander et al.
1999). There are several other important differences from mammalian IgG. For example, IgY
does not bind to human Fc-receptors, complement factors or protein A and G, which reduces
the risk of non-specific immune responses but complicates the purification process as the later
are effective and commonly used ligands in affinity chromatography in purification of Igs
(Larsson et al. 1998).

There are many advantages to use chicken IgY in applications where mammalian IgG and other
antibodies are currently used. Eggs are cheap and readily available, and the maternal transfer
of IgY from hen serum to egg yolk enables a non-invasive and easier way of extraction than
that of mammalian antibodies (Carlander et al. 2000; Jensenius et al. 1981). Furthermore, the
IgY productivity in laying hens is almost 18 times greater than that of IgG in rabbits (Schade
et al. 2001), and the phylogenetic distance between mammalians and avians results in a higher
titer of mammalian antigen-specific antibodies produced in avians than in mammalians
(Carlander et al. 1999).
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2.3 Viral clearance methods

Chicken eggs may already be contaminated with potential human pathogens like Salmonellas,
Campylobacter spp. and Listeria spp. which are the most frequent sources of food-borne disease
outbreaks (Jones et al. 2012). Avian viruses are also of concern. Hence, in the following
extraction and purification of egg-derived proteins for their use in nutraceuticals, there will be
a continuous risk of viral contamination in the manufacturing environment. Therefore, it is
essential, as in the manufacturing of all protein-based pharmaceutics, to implement virus
clearance steps in the process in order to ensure the biosafety of the final product. Virus
clearance methods are classified as either inactivation or removal methods. Among inactivation
methods, low pH, solvent/detergent, UV-C irradiation, y-irradiation and heat treatments, e.g.
pasteurization, are commonly used methods, whereas nanofiltration can be used for virus
removal (Shukla & Aranha 2015; Boschetti et al. 2005). Table 1 shows an overview of common
clearance methods in protein bioprocessing, with target virus types, limitations and advantages.
Overall, the inactivation methods are based on the protein having higher resistance to
inactivation than the viruses, which is not always the case. Non-enveloped viruses are more
challenging to eliminate as the lack of lipid coat has made them naturally more resistant to harsh
conditions, and therefore show high resistance to some inactivation methods, e.g. to low pH,
solvent/detergent and heat treatments (Groner et al. 2018). Moreover, heat treatments, e.g.
pasteurization, and irradiation methods are incompatible with Igs and result in their
denaturation and loss of their bioactivity. (Godden et al. 2006; Grieb et al. 2002)

Table 1. Overview of common viral clearance methods used in bioprocessing with target viruses, limitations and advantages.
Adapted from Boschetti et a/. 2005.

Viral clearance

method Effective against Limitations Advantages
e  Not compatible with proteins
. itive to 1 H(e.g. 1 i i
Low pH Enveloped viruses SE?HS'I 1ve. ° O.W p. (c.g. lgs) Compatible with low pH mAb
e  Limited inactivation of non- processes

enveloped viruses

e  Proteins may absorb radiation and
. L. Many viruses with denature and/or denature due to free Effective against a wide range
Y-irradiation . . . . . .

different effectiveness radicals and reactive oxygen species of viruses

generated during radiation

e  Does not inactivate all viruses, e.g.

retroviruses
Many viruses with e  Proteins may absorb radiation and Effective against a wide range
UV-C irradiation . Y . Y . & g
different effectiveness denature and/or denature due to free of viruses

radicals and reactive oxygen species
generated during radiation

e  No protein denaturation

e  Does not inactivate non-enveloped . .
e  High protein recovery

Solvent/detergent | Enveloped viruses viruses
e  The solvent/detergent requires
removal
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e  Can denature certain proteins e  Simple process

Enveloped and man . . . . .
L e VAt P v e  Does not inactivate parvovirus B19 o  Effective against a wide

e.g. HTST nonenveloped viruses . . .
g ) P o  Eventual stabilizers may require range of viruses

removal

e Does not interfere with
. . rotein bioactivit
All viruses, size- . P . . v
Nanofiltration e  Very expensive e  High protein recovery
dependent . . . .
e  Membrane fouling e  Effective against a wide
range of viruses

Nanofiltration is a robust method for virus removal that utilizes the size difference to separate
viruses from protein solutions (Cipriano et al. 2012; Buchacher & Iberer 2006). Particles
featured with a larger size than the size of the filter pores will be captured by the filter. Unlike
the inactivation methods, nanofiltration is more attractive because it physically removes
undesired particles, including the most resistant non-enveloped viruses and does not interfere
with the bioactivity of the protein of interest. A limitation of nanofiltration is that the flux
typically decreases during operation with fluids, due to fouling of the membranes. The fouling
can be due to many reasons, e.g. accumulation of high molecular weight aggregates, but can be
significantly reduced by implementing a prefiltration step (Kent et al. 2017). Furthermore, most
currently available filters on market are ceramic membranes or made from synthetic polymers
and are very expensive, partly due to their complicated production and their single use, which
consequently marks the price of the final product (Buchacher & Iberer 2006). Therefore, there
is an urge for a more cost-efficient high-performing nanofilter to reduce the high production
cost of protein-based pharmaceutics and nutraceuticals.

The mille-feuille filter paper developed by Mihranyan’s group at Uppsala University is a novel
nanofilter made entirely from cellulose nanofibers derived from Cladophora green algae
(Metreveli et al. 2014). The filter pores arise due to voids between randomly aligned cellulose
nanofibers. The work done by Mihranyan’s group enabled tailoring the pore size of the
nanofilter to successfully separate proteins from both small-and large-size viruses based on the
size exclusion principle. The mille-feuille filter has shown high performance in several virus
removal filtrations, including the removal of swine influenza A virus (Metreveli et al. 2014),
xenotropic murine leukemia virus (xMuLV) (Asper et al. 2015), and even the worst-case model
minute virus of mice (MVM) (Gustafsson et al. 2016). Recently, the virus removal filtration of
the mille-feuille filter was shown for human plasma-derived immunoglobulin G (hIVIG) spiked
with ®X174 and MS2 phages as model small-size viruses (Wu et al. 2019). The filter has also
demonstrated high potential in water purification applications, where its ability to remove
viruses and other microorganisms from water has recently been tested (Gustafsson et al. 2018;
Manukyan et al. 2019). Apart from its high performance demonstrated in earlier mentioned
studies, and with regards to currently available nanofilters, the cellulose of the mille-feuille
filter makes it a more sustainable and cost-efficient product. Its feasibility in the production of
nutraceuticals and functional food proteins has not yet been tested, which is the reason for this
project. Various aspects of IgY isolation, purification, and virus-removal nanofiltration are
discussed in more detail below.
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2.4 Methods for IgY isolation and purification from chicken egg yolk

2.4.1 Crude fractionation

As earlier mentioned, chicken egg yolk is a complex mixture of water-soluble proteins,
lipoproteins and lipids, and the first and most critical part of purifying IgY is to separate the
protein in the plasma from the granular phase. Salt precipitation (Deignan et al. 2000), PEG
precipitation (Schade et al. 2001) and ultrafiltration (Hernandez-Campos et al. 2010) are
commonly used methods for the initial fractionation of IgY. In this project, PEG precipitation
was chosen for crude fractionation.

2.4.1.1 Precipitation with PEG

Polyethylene glycol (PEG) precipitation is a frequently used method for initial fractionation of
IgY. PEG precipitates IgY by occupying the solvent (water) to a limit where the local
concentration of IgY exceeds its solubility, somewhat similar to salting out with electrolytes
(Polson et al. 1980). The PEG precipitation method was further developed (Polson et al. 1985)
with PEG at a molecular weight of 6000, i.e. PEG-6000, to a process of three consecutive steps,
starting with 3.5% of total volume of PEG to remove fatty acids, followed by 8.5% to remove
lipids, and then 12% PEG to finally precipitate IgY.

2.4.2 Polishing chromatography

After the initial fractionation, IgY can be further purified using chromatography techniques. In
protein purification processes in industry, two chromatography steps are often implemented to
reach a highly purified final preparation of the protein in question. In this project, ion exchange
chromatography and thiophilic adsorption chromatography were chosen as both methods
previously have been used to purify chicken IgY.

2.4.2.1 Thiophilic adsorption chromatography (TAC)

The first process of thiophilic chromatography was developed for the isolation of Igs (Hutchens
& Porath 1986), and its mechanism is not yet fully established. It has been suggested that Igs
bind to an immobilized sulfone thioether ligand on the resin (Fig. 1) through a salt-promoted
electron acceptor and donor mechanism of the electron free pair of a thioether and a sulfone
dipole on the ligand (Porath & Belew 1987). Desorption of the proteins bound to the resin
occurs when the concentration of a lyotropic salt, such as potassium sulphate, is reduced.

270N

6/0\/\8/\/3\/\%
o o

Figure 1. Schematic drawing of the molecular structure of a sulfone thioether ligand immobilized to the column resin in
thiophilic affinity chromatography.
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2.4.2.2 lon exchange chromatography (IEX)

In 1on exchange chromatography (IEX) separation of proteins occurs due to the charged groups
of the protein surface, which is influenced by the surrounding environment (Scopes 1994). IEX
can be classified as either cation exchange or anion exchange, depending on the charge of the
immobilized groups to the stationary phase, which are negatively charged for cation columns
and positively charged for anion columns. The charge of the protein surface depends on the pH
of the surrounding environment as well as pl of the protein in question. Hence, separation of
proteins can be done by actively choosing pH and salt concentration of the mobile phase that
will optimize binding (bind and elute mode) or direct washout (flow-through mode) of the
protein of interest. For the purification of chicken IgY, both cation exchange and anion
exchange columns can be used, but the latter is mentioned more frequently in previous studies
regarding IgY purification. With an anion exchange column and a buffer pH above the pl of
IgY (5.6-7.5), an overall negative charge will be generated to the protein which can then bind
to the column through electrostatic interactions. Other egg proteins with a pl above the pH of
the buffer will instead flow through the column and can thereby be separated from IgY.

2.5 Protein characterization methods

In the purification of a specific protein, it is of crucial interest to determine the recovery and
purity of the protein, the composition of the sample as well as the removal of other unwanted
proteins. The following protein characterisation methods were used in this study.

2.5.1 Biuret assay

The biuret assay is a colorimetric assay used for protein quantification, based upon the binding
of copper ions in the alkaline reagent to the nitrogen atoms of the proteins’ peptide bonds (Sapan
et al. 1999). The copper-protein complex will give rise to a purple colour whose intensity will
be proportional to the total protein concentration in the sample, and which can be detected with
a spectrophotometer at the peak absorption at 540 nm. The recovery of total protein can then
be calculated with the following formula:

Total units in purified fraction x 100

Total protein recovery (%) = (1),

Total units in previous fraction
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Figure 2. Schematic drawing of the reaction in the biuret assay. Copper ions (Cuz+) in the reagent will react with the nitrogen
atoms (N) of a peptide bond. At least two peptide bonds with two nitrogen atoms are required in order for the reaction to take
place.

2.5.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) is a semi-
quantitative method for estimating the identity and purity of proteins in a sample by separating
them through a gel matrix. Sodium dodecyl sulphate (SDS) breaks non-covalent bindings,
unfolding the protein into flexible polypeptide chains. The denaturing agent also generates an
equally distributed negative charge to the polypeptides, ensuring a constant mass-to-charge
ratio. An electric field forces the polypeptides to migrate towards the anode, and components
with shorter peptide length migrate faster through the gel than higher peptide length
polypeptides (Shapiro et al. 1967). f-mercaptoethanol can be added to the sample to further
break the disulphide bonds, thus ensuring complete unfolding.

2.5.3 Size exclusion-high performance liquid chromatography (SE-HPLC)

To identify proteins in a complex sample, size exclusion-high performance liquid
chromatography (SE-HPLC) can be used. This technique separates particles in regard to their
molecular weight, as the stationary phase beads of the column contain pores of known cut-off
size. An aqueous buffer is used as the mobile phase. Small size components can penetrate the
pores of the stationary phase beads and will thus be retained, whilst larger size components will
elute faster (Lathe & Ruthven 1956). Therefore, the retention time of the different components
will be in accordance to their size, and a chromatogram can be obtained by measuring the
protein absorbance at 280 nm due to the aromatic rings of tyrosine and tryptophan.

2.5.4 Liquid chromatography tandem mass-spectrometry (LC-MS/MS)

Another orthogonal method of identifying proteins in a complex sample is liquid
chromatography-tandem mass spectrometry (LC-MS/MS). In this method, the proteins in the
sample are first digested into peptides with a protease such as trypsin or pepsin. The peptides
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are separated with liquid chromatography and then ionized to generate charges. The peptides
will then migrate through a series of analysers under high vacuum. Mass spectrometry uses the
mass-to-charge ratio of ions in gas phase to identify the amount and compounds in the sample,
and the analysers sorts the ions according to their mass-to-charge ratio. The result is an
experimental mass spectrum, “Fingerprint”, of the components in the sample (Pappin et al
1993).

2.5.5 Dynamic light scattering (DLS)

In order to estimate the particle size distribution of proteins in a solution, dynamic light
scattering (DLS) can be utilized. DLS uses the Stokes-Einstein equation to evaluate the
hydrodynamic diameter of a spherical particle by measuring the translational diffusion
coefficient D (m2/s) as the particles fluctuate in the transmitted light (Shiba et al. 2010). For
non-spherical particles, e.g. Igs, the measurement generates a hydrodynamic diameter
equivalent to a sphere with the same translational diffusion coefficient. The measurement may
provide particle size distributions based on the intensity of scattered light, particle volume and
number.

2.6 Virus-removal nanofiltration

In connection to the virus removal nanofiltration flux determination, cryoporometry by
differential scanning calorimetry, nitrogen gas sorption porometry and PFU end-point titration
were used. In the characterization of a nanofilter the most critical parameter is the size
distribution of pores as it directly relates to the filters’ performance to separate particles of a
certain size. In this thesis, the pore size distribution was analysed with two different methods,
1.e. cryoporometry by differential scanning calorimetry (CP-DSC) (Landry 2005) and with the
Barret-Joyner-Halenda (BJH) method derived from nitrogen gas sorption porometry (NGSP)
isotherms (Barrett & Joyner 1951).

2.6.1 Cryoporometry by differential scanning calorimetry (CP-DSC)

With CP-DSC it is possible to calculate the pore size of a porous material based on the melting
point depression of a liquid inside the pore, as the method utilizes the fact that liquid confined
in a pore will freeze and form ice crystals as well as liquid not undergoing phase transition
during freezing or melting (Landry 2005). The porous material is soaked in a liquid, frozen and
then thawed, and the melting point depression AT can then be related to the pore radius 7, with
the following equation:

AT = —Am

Tp—6m

where AT is the difference between the peak maximum for the melting of water inside the pore
and the peak value for melting of the bulk water. A,,, B, and §,,, are liquid-dependent constants
for water, determined as A,,=19.082, B,,=-0.1207 and §,,=1.12 (Landry 2005).
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2.6.2 Nitrogen gas sorption porometry (NGSP)

NGSP is an analysis based on the sorption of nitrogen onto solid surfaces at liquid nitrogen
temperature. With this method sorption isotherms, i.e. the amount of gas adsorbed as a function
of the relative pressure (p/p0), are derived. Prior to the measurement, the sample must be
outgassed with vacuum in order to remove any physiosorbed species from the surface that
otherwise might interfere with the analysis. The sample is then exposed to a gradually
increasing pressure (relative pressure) of nitrogen gas to induce physisorption. As the relative
pressure is increased more molecules become adsorbed on the material until eventually nitrogen
condenses into a liquid inside the pores, giving a steep rise in the isotherm. When the relative
pressure is lowered in the reverse direction during desorption, the pores are emptied from liquid
nitrogen in a consecutive order from large pores to small ones. Therefore, the desorption branch
of the isotherm can be used to generate a pore size distribution using the BJH method (Barrett
& Joyner 1951).

2.6.3 PFU end-point virus titration

There are different methods to validate the performance of the filter using model viruses,
including quantitative polymerase chain reaction (qQPCR), Tissue cell infectious dose (TCID50)
and Plaque forming units (PFU) methods. gPCR method is less commonly used for validations
because it cannot distinguish between infective virus particles and nucleic acid fragments. For
this reason, TCID50 and PFU methods are preferable. Both methods are based on serial
dilutions of a virus sample and the detection of appearing cytopathic effects in a liquid medium
or plaque forming units on agar plates cultivated with bacteria. The PFU assay measures the
number of virus particles that form plaques (expressed per volume unit) of bacteria cultured on
agar plates. In TCIDS50 assay, each virus dilution is replicated multiple times, and the titer is
calculated from the end-point where 50% wells of each replicate are infected (Reed & Muench
1938). The use of TCIDS50 assay in virus quantification usually require a lab with BSL-2 as it
tests mammalian viruses. In this thesis, PFU end-point titration method was used to validate
virus clearance, which utilises bacteriophages as model virus and requires only BSL-1 for
quantification. The bacteriophage ®X174 was used as model small-size virus with a size of 28
nm and pl of 6.6, and the host cell was E. coli.

Before filtration, PFU end-point titration is done to determine a virus titer for the feed, and after
filtration, virus quantification with of the feed and filtrate is done in order to assess an LRV.
The number of plaques formed on each agar plate for each dilution is counted and the virus titer
(PFU ml-1) is calculated with the following formula:

10g1o (%) _ 10g1o (number ofplaques) (3),

0.1xdilution factor

where 0.1 is the added volume of virus in ml.

The effectiveness of the clearance method to remove virus is expressed as the logio virus
retention value (LRV) and is estimated with the following formula:

_ PFU (feed)
LRV = loglo PFU (filtrate) (4)’
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where PFU (feed) and PFU (filtrate) are the calculated virus titers of the feed and filtrate,
respectively. If no plaques can be detected in the sample, the theoretical end-point is calculated.
The limit of detection in the current experimental set up was <0.7 PFU ml-1, which corresponds
to one detectable plaque in one agar plate for duplicate samples without dilution by assuming
that each plaque is produced by one bacteriophage.
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2.7 Project aims

In this thesis, the feasibility of virus removal from IgY samples by nanofiltration with mille-
feuille filter paper is investigated. IgY is isolated from chicken eggs by consecutive crude
fractionation and polishing chromatography steps. Following the nanofiltration with mille-
feuille filter paper, the obtained protein product is then analysed with a range of protein
characterisation techniques to assess the purity of the final product and quantify protein yield.
To assess the virus clearance properties, the product of IgY isolation and purification is spiked
with ®X174 bacteriophage as model small-size virus and the efficiency of virus removal is
expressed as LRV. Figure 3 provides the flow-chart of the project.
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2.7.1 Project overview
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3 Materials & Methods

3.1 Materials

Cladophora cellulose was provided from FMC BioPolymer G-3095-10 batch, USA. Support
membranes were purchased from Ahlstrom-Munksjo. Eggs from Uggelsta 4gg were purchased
from Ica Nédra Hornan in Uppsala. Polyethene glycol (PEG-6000), tris-HCI, sodium phosphate
dibasic and sodium phosphate monobasic were purchased from Sigma-Aldrich. The columns
used in the polishing chromatography were a HiTrap® DEAE 1 ml column and a HiTrap® IgY
Purification column purchased from GE Healthcare. Mini-PROTEAN TGX precast protein
gels, Precision Plus ProteinTM Dual Colour Standard, 4x Laemmli sample buffer and
Tris/Glycine/SDS running buffer for the SDS-PAGE analyses were provided from Bio-Rad.
Analytical SE-HPLC was performed with a bioZen 1.8 m SE-3 column from Phenomenex.
Bovine serum albumin (BSA), PBS, sodium chloride, 2-propanol, Total Protein Reagent and
B-mercaptoethanol were purchased from Sigma-Aldrich. Human intravenous immunoglobulin
(hIVIG) is a human-derived liquid preparation of mainly IgG and was a gift from CSL Behring,
Australia. Bacteriophage ®X 174 and Escherichia coli (E. coli) Castellani and Chalmers strain
C were purchased from the American Type Culture Collection (ATCC). Agar was provided
from BD. For the Luria-Bertani (LB) broth, sodium chloride was purchased from Sigma-
Aldrich, and tryptone and yeast extract were purchased from Thermo Fischer Scientific.

3.2 Methods for isolation & purification of IgY

3.2.1 Crude isolation by PEG precipitation

The egg yolk was separated from the white and transferred to a Munktell filter paper, and then
carefully rinsed with deionized water in order to remove any remains of the white. The egg sack
was punctured with a pipette tip and the yolk transferred to a 50 ml Falcon tube. PBS (pH 7.4)
was added to the tube to a double volume of yolk. Three and a half % (3.5%) PEG of the total
volume was added, the tube was vortexed, rolled for 10 min before centrifugation at 5000 rpm
for 40 min with a Sorvall ST16 centrifuge. Following the centrifugation, the supernatant was
filtered through a Munktell filter paper and transferred to a new 50 ml Falcon tube. Additional
8.5% PEG of the total volume was added, the tube was vortexed and shaken until the polymer
was dissolved, then centrifuged at 5000 rpm for 40 min. Following centrifugation, the
supernatant was discarded, and the pellet was dissolved in 10 ml PBS buffer with a glass stick
and mixed by vortexing. Upon complete dissolution, 12% PEG of the total volume was added,
the tube was shaken and vortexed until the polymer was dissolved. The mixture was centrifuged
at 5000 rpm for 40 min. The supernatant was discarded, and the pellet was dissolved in 1 ml
PBS. Table 2 shows the general protocol for precipitation with PEG per tube and yolk (15 ml).
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Table 2. Protocol for the PEG precipitation per tube and egg yolk (15 ml). *“Yolk crude” = Yolk + 2:3 PBS

“Yolk 3.5% 8.5% 12%
Yolk i i
0 crude”* PEG Supernatant PEG Pellet in PBS PEG Pellet in PBS
[ml] [ml] [ml]

[mi] <] Ie] [ml] e]

15 40 1.58 32 2.72 10 1.2 1.2

3.2.2 Polishing chromatography

3.2.2.1 TAC

A HiTrap® IgY Purification (5 ml) column (GE Healthcare) was used on AKTAm Start system
with Unicorn software (GE Healthcare) to monitor the absorbance at 280 nm and conductivity
of the column effluent. According to the manual of the manufacturer, the column capacity
amounted to 100 mg of IgY per column (5 ml). The buffers used in the chromatography were
compliant with the recommendation of the manufacturer. The binding buffer was 20 mM
sodium phosphate and 0.5 M potassium sulphate (pH 7.4), and the elution buffer consisted of
20 mM sodium phosphate (pH 7.4). For tightly bound proteins that did not elute with the elution
buffer, a washing buffer constituting of the elution buffer with 30% 2-propanol was used. The
sample load volume was 1 ml. Prior to the injection, the sample was adjusted to 0.5 M of
potassium sulphate and then filtered through a 0.45 pm filter. A flowrate of 5 ml min-1 was used
throughout the entire run. The column was equilibrated with 25 ml of binding buffer, and 1 ml
of sample was then passed through the column. Binding buffer at a volume of 25 ml was then
applied for the washout of unbound followed by a 25 ml linear gradient from binding to elution
buffer. Elution buffer with 30% 2-propanol was applied to the column in order to elute tightly
bound proteins from the column until the absorbance returned to baseline. The eluted fractions
were collected with the use of an automated fraction collector at a volume of 5 ml each. Prior
to pooling of the fractions, the content of the fractions was analysed with SDS-PAGE and the
total protein concentration was measured with the biuret assay.

3.2.2.2 IEX

A HiTrapa DEAE 1 ml column (GE Healthcare) was used with AKTAm™ Start system
equipped Unicorn software (GE Healthcare) to monitor the absorbance at 280 nm and
conductivity of the column effluent. According to the manufacturer, the column capacity
amounted to 100 mg of protein per column. A flowrate of 1 ml min-1 was used in accordance
to the manufacturer’s manual. The binding buffer was 20 mM tris-HCl (pH 8.5), and the
elution buffer consisted of the binding buffer and 1 M sodium chloride (pH 8.5). Prior to
sample injection, the sample was passed through a 0.45 um filter. The column was
equilibrated with 25 ml of binding buffer, followed by a linear gradient of elution buffer. The
eluted fractions were collected with an automated fraction collector at volumes of 1 ml each.
Qualitative and quantitative analyses of the protein content were performed with reduced
SDS-PAGE and the biuret total protein assay.
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3.3 Protein characterizations

3.3.1 Biuret assay

The recovery of total protein after each step in the purification and filtration process was
determined with the biuret assay. Total protein reagent was used at a volume ratio of 1:3 and
the absorbance of the mixture was detected at 540 nm with the use of a Tecan M200
spectrophotometer. Bovine serum albumin was used in a concentration range of 0.625-4 mg ml-
1as a standard curve. All measurements were done in duplicates. The recovery of total protein
was calculated with the use of formula (1).

3.3.2 SDS-PAGE

For qualitative analysis of the protein samples, SDS-PAGE was performed on 10% precast
stain-free polyacrylamide gels under reduced and non-reduced conditions. The samples were
diluted with Laemmli buffer at a volume ratio of 1:4. For reduced conditions, 1 ml of f-
mercaptoethanol was added per 100 ml of sample and then heated at 100°C for 10 min to break
disulphide bonds. The samples were then separated electrophoretically through the gels at 120
V for 60 min. The detection was performed with a ChemiDoc XRS+ system equipped with
ImageLab analysis software. Precision Plus ProteinTM Dual Colour Standard was used as
standard marker.

3.3.3 DLS

Dynamic light scattering (DLS) was performed in order to estimate the particle size distribution
of the samples before and after the purification and filtrations steps. The measurements were
done in 1 ml standard cuvettes with the use of a Malvern Mastersizer 3000. All measurements
were done in triplicate.

3.3.4 SE-HPLC

SE-HPLC analysis was performed with a Hitachi Chromaster HPLC-UV and a BioZen 1.8 pm
SEC-3 column. The mobile phase consisted of 10 mM sodium phosphate (pH 6.8) and the flow
rate was 0.3 ml/min. The absorbance intensity was monitored at 280 nm. Prior to the analysis,
the samples were centrifuged at 10 000 rpm for 5 min and then filtrated through a 0.2 pm filter.

3.3.5 LC-MS/MS

For mass spectrometry, the 31 pum filtrates were analysed by in-solution digestion with trypsin
according to standard operation procedure and then analysed by LC-Orbitrap Tandem mass
spectrometry (MS/MS) at the MS Facility at Uppsala University.

3.4 Filter preparation and characterizations

3.4.1 Filter preparation

The Cladophora cellulose dispersion was produced in a LM20 microfluidizer, by passing the
material through hole-sized chambers at a pressure of 1800 bar. The filters were then prepared
by draining dispersion in Buchner funnels on top of support membranes soaked in deionized
water with the use of vacuum. The filters were dried in a hot-press (Rheinstern) at 105°C for 3
h and then cut to a diameter of 47 mm with a cutting press (Méder pressen).
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3.4.2 Thickness & basis weight
The thicknesses of the produced filters were measured with a digital calliper (Mitutoyo
Absolute). Each filter was measured at ten different spots to calculate the mean thickness. To

derive the basis weights (g m-2), the filters were weighed on an analytical balance (Mettler
Toledo).

3.4.3 Hydraulic flux

Flux measurements were performed with filter holders (KST-47) from Advantec and a balance
(Mettler Toledo MS1602TS/00 Precision Balance) supplied with the LabX software (Mettler
Toledo) to monitor the weight change of the filtrate over filtration time. For the measurement’s
hydraulic permeability, deionised water was filtered at a load volume of 57.47 L m-2 (100 ml)
at 1 bar.

3.4.4 CP-DSC

In order to estimate the pore size distribution of the produced filters, cryoporometry by
differential scanning calorimetry (CP-DSC) was performed with the use of a Mettler DSC3
instrument equipped with STRARe software. The filters were cut into strips, weighed and then
soaked in deionized water overnight. The day before the measurement each strip was folded
and then placed in an aluminium pan with a lid. The pan was then placed in the auto-sampler
of the instrument for measurement. The sample was frozen from -30°C at a rate of -10 K min-1
and then subsequently heated to 15°C at a rate of 0.7 K min-1. The measurement generated two
endothermal peaks, representing the melting points of the water confined inside the pores (2-
50 nm range) and bulk water (outside pores). The difference in melting point was used to
calculate the pore size with formula (2).

3.4.5 NGSP

From nitrogen gas sorption isotherms, the pore size distributions of the filters could be
determined from the Barret-Joyner-Halenda (BJH) method and the use of ASAP2020
(Micromeretics) instrument. One day before the measurement, the filters were cut in strips and
then folded to fit in a sample tube. Prior to analysis, the samples were outgassed in vacuum at
95°C for 6 h. The pore size distribution could then be calculated using the BJH method, from
the desorption branch of the isotherm.

3.5 Nanofiltration

In the pre-filtration, the feed was “TAC pooled” fraction adjusted to a concentration of 1 mg
ml-1. The feed was filtered at a load volume of 14.41 L m-2 (25 ml) at a transmembrane pressure
(TMP) of 1 bar. The product of feed filtration will be referred to as “11 um pre-filtrate”. In the
31 um filtration, the pre-filtrate was filtered at a TMP of 3 bar, and the resultant product will
be referred to as “31 um filtrate”. All filtrations were done in triplicate, and control samples
were held before each filtration in order to calculate the recovery of proteins. Prior to the
filtrations, deionized water was first filtered at a TMP of 1 bar in order to wet the filter and
flatten out eventual wrinkles on the filter that could arise. Vmax was calculated in order to get
the maximum load volume of the feed solutions before fouling of each filter. Vmax was obtained
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through linear regression, as the inverse of the slope from plotting time over the filtrate load
volume (t/V).

3.6 Virus titration

®X174 (28 nm; pl 6.6) phages were used as model small-size virus for the virus removal
filtration. The virus was propagated in E. coli Castellani and Chalmers strain C. To determine
the bacteriophage titer, E. coli was cultured in Luria-Bertani (LB) broth in a shaking incubator
(INCU-LINE ILS4) at 37°C at 220 rpm for 2 h.

The feed solution (“11 um pre-filtrate”’) was spiked with the ®X174 phage at a concentration
of 6.0 £0.6 PFU ml-1, and the filtration was performed at a TMP of 3 bar at a load volume of
14.41 L m-2 (25 ml). A 500 pl fraction of the feed solution was held as control sample to check
the difference in phage titer of the feed and filtrate. The filtrations were done in triplicate and
the virus quantification of each filtrate was done in duplicate.

After the virus removal filtration, the phage titers of the feed and filtrate solutions were
evaluated using PFU end-point titration. The feed solution was serially diluted up to 10-6 with
LB broth using a liquid handling robot (Tecan Freedom EVO 75, Austria). The feed and filtrate
solutions were mixed with E. coli and soft agar, then poured onto the surface of petri dishes
prepared with hard agar. The agar plates were incubated at 37°C for 5 h. The bacteriophage
titers were calculated with formula (3), and the retention of the virus removal filtration could
then be estimated using formula (4).
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4 Results & discussion

4.1 Crude isolation by PEG precipitation

Table 3 shows the mean and standard deviation of the total protein concentration measured with
the biuret assay of all three batches (B1, B2 and B3) of the PEG precipitation method for crude
fractionation of IgY. The result shows that the total protein concentration differs between the
batches, with 56.01+0.02 mg ml-1 as the highest concentration (B1) and 40.940.06 mg ml-1 as
the lowest (B3). Figure 2 shows the result of the non-reduced and reduced SDS-PAGE analysis
of B1, B2 and B3. The lanes representing B1, B2 and B3 under non-reduced conditions contain
one intense band between 150 and 250 kDa, which could be due to monomeric IgY. The lanes
representing B1, B2 and B3 under reduced conditions all contain one intense band around 65
kDa and two bands between 25 and 30 kDa, which could be due to IgY heavy chain (IgY-HC)
as well as kappa and lambda IgY light chains (IgY-LC), respectively. Additional bands in the
lanes of reduced samples can be seen at approximately 75, 40, 35 and 10 kDa, which resemble
results of other studies after PEG precipitation which could also report IgY purities around 80%
(Al-Razem et al. 2018; Pauly et al. 2011).

Table 3. The mean and standard deviation of the total protein concentrations of the final PEG precipitates (n=3) measured
with the biuret assay. IgY purity** was estimated semi-quantitatively by measuring the band intensities of IgY in the reduced
SDS-PAGE analysis gel. IgY recovery** was calculated based on the purity estimations.

IgY ity* IgY ok
Total protein concentration gt purity g recovery
Batch [%] per 15 ml egg yolk
[mg ml-1]
[mg]
Bl 56.0+0.02 94 63
B2 53.84£0.01 96 62
B3 40.940.06 93 52

Other studies have reported highly varying IgY recoveries after PEG precipitation, e.g. 130-
132 mg (Deignan et al. 2000), 40-80 mg (Pauly et al. 2011) and 74 mg (Akita & Nakai 1993)
per egg yolk (15 ml) with corresponding purities of 89% (Deignan et al. 2000) and 80% (Pauly
et al. 2011; Akita & Nakai 1993).

Semi-quantitative analysis of the protein bands in the gel obtained by SDS-PAGE (Fig. 4),
suggest that the purity of IgY amounted to 93-96% which generates corresponding recoveries
of 52-63 mg of IgY per egg yolk (15 ml), and are within the range of the recoveries reported
after PEG precipitation by other sources. The purity estimation is likely overrated, as the band
intensity of IgY-HC especially is oversaturated.

28



Reduced

Std

kDa

200
IgY — 150 L. Raal. |

100

i= B W e < IgY-HC

50

37

5 «— IgY-LC
20

15

10

Figure 4. Gel obtained from non-reduced and reduced SDS-PAGE analysis of PEG precipitation batches B1, B2 and B3 with
200-fold dilutions.

4.2 Polishing chromatography

42.1 TAC

Figure 5 represents the combined chromatograms of three runs with 1 ml of the protein sample
(“PEG precipitate™) applied to the HiTrap® IgY Purification column. The figure shows three
different groups of peaks. The first peak (1) represents the washout of proteins that have not
bound to the column with binding buffer. The second peak (2) represents the elution of column-
bound proteins with elution buffer, and the third peak (3) shows the proteins that are tightly
bound to the column and elute after the addition of elution buffer with 30% 2-propanol. The
figure also shows the fractions in tubes T4-T15 collected during the runs. Since 2-propanol was
used for the elution of column-bound proteins that were tightly bound to the column also after
elution with elution buffer, the corresponding collected fractions were not pooled since the
organic solvent is likely to have a denaturing effect on the proteins.
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Figure 5. Chromatogram from three runs with the HiTrap® IgY Purification column. The peaks represent the washout of
unbound (1), elution of column- bound (2), and elution of column-bound with 30% 2-propanol.

Table 4 shows the mean amount of proteins found in the collected fractions from the runs (n=3).
The total amount of protein that was collected after the chromatography amounted to
approximately 75% of the initial total protein amount in the 1 ml sample. In total, 68% of the
total amount of injected protein was column-bound, eluted and found in the collected fractions
under peak (2) in Figure 5. Approximately 2.7 % of the total amount of protein did not bind to
the column, represented by peak (1) in Fig. 5, and 4.1% were too tightly bound to the column
and required 2-propanol in order to elute.

Table 4. Mean and standard deviation of total protein quantity (mg) and percentage in the initial sample and collected peak
fractions from the runs (n=3). (1): Washout of unbound; (2): Column-bound; (3): Washout of column-bound with 30% 2-
propanol.

Quantity Quantity
[mg] [7o]
Initial protein 53.8 100
(1) Washout of unbound fraction 1.41+0.7 2.740.01
(2) Column-bound fraction 36.942.8 68.610.03
(3) Washout of column-bound fraction 22427 4.14+0.03
Total protein in collected fractions 40.5+3.1 75.440.03

Figure 6 shows the gel obtained from the reduced SDS-PAGE analysis of the collected T4-T15
fractions with the HiTrap® IgY Purification column. The lanes, representing T5-T15 pooled
fractions, show one band at approximately 65 kDa, which most likely is IgY heavy chain (IgY-
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HC), and two bands between approximately 25 and 30 kDa, which could be of two types of
IgY light chain (IgY-LC), i.e. kappa and lambda. Additionally, three bands can be seen between
35 and 40 kDa. All lanes have also one band around 10 kDa. T10 had the highest amount of
protein among pooled samples (Table 3), which is clearly seen from the high intensity of the
lanes in the SDS-PAGE analysis. A band at approximately 200 kDa can be seen in lane T10,
which could also be present in the other lanes but fails to show because of the low concentration
protein at specified dilution. It should be noted that the lane representing T4 (from washout
pool) differs from the other lanes, featuring a band at 75 kDa that cannot be seen in the other
lanes. The latter suggests that the protein representing the band at 75 kDa was successfully
separated from the other proteins. As this protein was most probably not IgY; the fraction
containing this protein was not included in the pooling of the fractions.
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Figure 6. Gel obtained from reduced SDS-PAGE analysis of fractions obtained from one run with 5-fold dilutions.
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4.2.2 1EX

Figure 7 shows the combined chromatograms obtained from three runs with the HiTrap® DEAE
column as well as the fractions collected in one run. The first absorbance peak in the
chromatogram (1) represents proteins that did not bind to the column. The elution buffer was
applied to the column at approximately 27 ml and the second peak (2) represents column-bound
proteins that were subsequently eluted.
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Figure 7. Combined chromatograms from the runs (n=3) with the HiTrap® DEAE Fast Flow column. The peaks represent
the washout of unbound with binding buffer (1) and elution of column-bound with elution buffer (2).

Table 5 shows the quantity of protein obtained after chromatography in the pooled fraction of
washout of unbound proteins with binding buffer (1) and elution of column-bound proteins with
elution buffer (2). In total, 93% of the initial amount of proteins could be found in the collected
fractions. Of these, 78% were found in the fractions collected under the first absorbance peak
representing the proteins that had not bound to the column, and only 15% of the total amount
of proteins were bound to and eluted from the column.

Table 5. Mean and standard deviation of total protein quantity (mg) and percentage in the initial sample and collected peak
fractions from the runs (n=3). (1): Washout of unbound with binding buffer; (2): Elution of column-bound with elution

bufter.
Quantity Quantity
[mg] [70]
Initial protein 40.9 100
(1) Washout of unbound fraction 32+1.4 78+0.03
(2) Column-bound fraction 6.11+0.1 1540.02
Total protein in collected fractions 38.1+1.3 93+0.03
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Figure 8 shows the gel image obtained after reduced SDS-PAGE analysis of the peak
representing collected fractions. The lanes T4 and T14 represent fractions collected during the
washout of unbound (1) and elution of column-bound proteins (2). The results suggest that most
proteins did not bind to the column (lane T4), including IgY, which most likely is represented
as the intense band around 60 kDa (IgY-HC) and bands between 25 and 30 kDa, i.e. kappa and
lambda IgY-LC, respectively. Both lanes show multiple bands between 30 and 40 kDa, as well
as around 10, 75, 130 and 200 kDa. Overall, the result from the SDS-PAGE analysis in Fig. 8
resembles that of the result of TA chromatography (Fig. 6), except from the band at 75 kDa
which was successfully separated by TA chromatography as seen in Fig. 6.

The separation was acceptable, but the capacity of the column was probably overestimated due
to optimistic data from the provider. Thiophilic chromatography was thus the primary choice,
but this may still serve as an additional separation step, if required.
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Figure 8. Gel obtained from SDS-PAGE analysis of peak fractions collected from one run with the HiTrap® DEAE column.
The fractions were diluted 5-fold.
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4.3 Purification of IgY for virus removal filtration

In the previous section, the isolation and purification of IgY was performed in a small scale
for analytical purposes. For the virus removal filtration, larger quantity of IgY would need to
be isolated and purified using crude isolation by PEG precipitation and polishing TAC.

Table 6 shows the protein recovery following PEG precipitation and chromatography for up-
scaled experiment. A final protein recovery of 65% after the chromatography step was
observed, which is lower than that observed in the scale-down model, i.e. 69%. The latter is
likely to occur due to the microfiltration in the sample preparation since the loss of proteins due
to high viscosity increases with an increased number of runs.

Table 6. Total protein concentrations of the samples after each purification step measured with the biuret assay and the
recovery of total proteins determined with formula (1).

. Total
Total protein )
Volume . protein Recovery
Sample concentration
[ml] amount [%]
[mg ml-1]

[mg]
PEG precipitate 8 57.940.04 463 100
TAC pooled 120 2.4940.07 299 65

Figure 9 shows the result of the SDS-PAGE analysis of the fractions from crude yolk (Yolk
crude), “PEG precipitate” and the pooled fractions after TA chromatography (TAC pooled) for
the purification of IgY for the virus removal filtration. Standard marker (Std) 10-250 kDa and
human IVIG (IgG) were included as references. The results show that the band at 75 kDa in
“Yolk crude” and “PEG precipitate” is completely removed after chromatography (TAC
pooled). The bands in “PEG precipitate” and “TAC pooled” fractions at approximately 65 kDa
and 25-30 kDa are assumed to be the heavy chain and lambda and kappa light chains of IgY,
respectively (Al-Razem et al. 2018; Pauly et a/. 2011). In addition, several bands in both “PEG
precipitate” and “TAC pooled” can be seen between 35-40 kDa as well as bands at
approximately 250 and 10 kDa, which have not been removed after chromatography. Because
of the different dilutions of “PEG precipitate” and “TAC pooled” due to the high intensity of
the band at 65 kDa, it is not possible to establish whether any band has been reduced after
chromatography.
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Figure 9. Gel obtained from reduced SDS-PAGE analysis of each step in the purification process, including hIVIG (IgG) and
standard marker (Std) as references. Dilutions: “hIVIG” 1:100, “Yolk crude” 1:200, “PEG precipitate” 1:200, “TAC pooled”
1:5.

Figure 10 shows the particle size distribution by intensity measured with DLS of “PEG
precipitate” and “TAC pooled” fractions together with a highly purified human IVIG industrial
sample containing mainly IgG. The measurement of “hIVIG” gave a distribution peak between
approximately 3 and 20 nm, and it is expected that an equally pure sample of IgY would give
a similar size distribution. Measurements of both “PEG precipitate” and “TAC pooled” gave a
broad distribution peak between approximately 7 and 100 nm (PEG precipitate) and between 7
and 70 nm (TAC pooled). The maximum peak of “PEG precipitate” between 20 and 30 nm has
shifted to lower distributions for “TAC pooled”. The narrowing of the main peak suggests that
some larger species present in the fractions PEG precipitate fraction were removed after TAC.
The DLS analysis of the “TAC pooled” fraction further suggests that this fraction is
polydisperse as it also generated a second distribution peak between approximately 105-900
nm, which could indicate formation of protein aggregates.
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Figure 10. Particle size distributions by intensity of “hIVIG” (IgG), "PEG precipitate" and "TAC pooled" measured with
DLS.

4.4 Filter characterizations

In order to characterize the produced filters, the thickness, basis weight, hydraulic flux, and the
pore size distribution were analysed. Two variants of the mille-feuille filter were produced, i.e.
pre-filters for removing high molecular weight proteins and protein aggregates and dedicated
virus removal filters. The pre-filtration was intended to minimize blocking of the pores in the
dedicated virus removal filters as it will be discussed below. The pre-filters had a filter thickness
of 11 um, and the dedicated virus removal filters had thicknesses of 31 pum. For detailed
discussion on the effect of mille-feuille filter thickness on aggregate removal see (Manukyan
et al. 2020).

Table 7 shows the mean thickness, basis weight and flux value measured of the filters produced
for the pre-filtration and following virus removal filtration. The local variations of thickness
were insignificant, and the measured thickness of the filters was within specified range, i.e.
11.1£0.3 pm and 31.1+2.5 um). The basis weight (g m-2) of the samples reflected the
differences in the thickness of the produced samples. The hydraulic flux values amounted to
146+12.5 and 474+4.7 L m-2 h-1 for the 11 and 31 pum, respectively, and mirror the thickness of
each filter type, as a shorter diffusion length will lead to a higher throughput of feed volume
per surface area and time.
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Table 7. The thicknesses, basis weights and hydraulic flux values of the produced filters (n=3).

Thickness Basis weight Flux H20

[1m] [g ma2] [L m2hi]

Pre-filters 11.14+0.3 12.940.7 146+12.5
Virus removal filters 31.1+£2.5 29.0+1.6 47142

Figure 11 shows the heat flow curves from the CP-DSC measurements of the produced filters,
where the endothermal peaks represent the melting point of the water confined in the pores and
the water in the bulk, respectively. It can be seen that there is a shift in the melting point for the
pore-constricted water for the 31 um filters to lower heating rates than that of the 11 pm filters,
whereas the melting point for the bulk water is positioned at the same values around 0.7 °C. The
difference in melting point temperature between the bulk water and pore-constricted water for
the 31 pm filters thus results in a smaller pore size than that of 11 um with a lower
corresponding difference in melting point temperature, as calculated from formula (2) and
shown in Table 7.
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Figure 11. Heat flow curves of the 11 and 31 um filters from CP-DSC and is typical
for all measurements (n=3). The arrows point at the endothermal peaks representing
the melting point of the bulk water and the water constricted in the pores,
respectively.

Figure 12 shows (a) the cumulative pore size distribution and (b) BJH pore size distribution of
the 11 and 31 um filters. According to the results, the 31 um filters have a narrower pore size
distribution than the 11 um pre-filters, as expected, with pore size mode at approximately 21
and 24 nm, respectively. The result from the cumulative pore size distribution (a) and BJH
method (b) suggests that the 31 um filters have a lower total pore volume and a larger fraction
of smaller pores than the 11 um pre-filters. For larger pores above 30 nm, the distributions are
relatively similar between the 11 and 31 um filters.
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Figure 12. The a) cumulative pore size distribution and b) pore size distribution with the BJH desorption method, of the 11
and 31 um filters measured from nitrogen gas sorption isotherms.

Table 8 shows the mean pore size mode of the produced filters measured with CP-DSC and
BJH method from NGSP isotherms where the pore size mode refers to the position of the
highest peak in Figure 10b. The thinner layer of nanofibers of the pre-filters were expected to
generate larger pores than that of the filters used for the virus removal with intended thicknesses
of 33 um, which is here confirmed as the pre-filters exhibit pore size mode of 24 and 33.6+2.1,
and dedicated virus removal filters 21 and 26.24+2.1 derived from BJH-NGSP and CP-DSC
methods, respectively. An important remark on the results of the two methods used to estimate
the pore size distribution is that CP-DSC measures the pore mode in wet conditions, whereas
the method of NGSP generates a pore size distribution measured when the filters are in a dry
state.

Table 8. The pore size distributions of the filters measured with CP-DSC (n=3) and the BJH method from NGSP (n=1).

Pore size mode

[nm]
CP-DSC BJH method-NGSP
11 pm pre-filters 33.6+2.1 24
31 um filters 26.24+2.1 21
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4.5 Filtration of TAC pooled feed solution

To assess the recovery of protein and to monitor the compositional changes before and after
the virus removal filtration, two-step filtration was conducted with TAC-pooled feed solution.

Figure 13 shows the mean flux plotted against the load volume (L m-2) from the pre-filtrations
with the 11 pm filters (n=3) at 1 bar with “TAC pooled” (1 mg ml-1) as feed solution, and the
following filtration with the 31 pm filters (n=3) at 3 bar with “11 pm pre-filtrate” as feed. The
rate of fouling in the pre-filtrations is significant as the flux starts with approximately 130 L m-
2h-1 and ends with 50 L m-2 h-1, resulting in an average flux decay of approximately 54% for a
load volume of 14.41 L m-2. In the following filtration with the 31 pm filter, some fouling still
take place as the flux starts at around 100 L m-2 h-1 and ends with approximately 85 L m-2 h-1.
The maximum load volume before fouling takes place (Vmax) was calculated to 27 L m-2 for the
11 pm pre-filters and 90 L m-2 for the 31 pum filters. From these results it is clear that the
implemented pre-filtration heavily contributed to an enhanced throughput in the following
31 um filtration.
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Figure 13. Plot of the mean of flux with standard deviation against the load volume of pre-filtrations (n=3) with “TAC
pooled” as feed solution at a total protein concentration of 1 mg ml-1, and filtrations (n=3) with “11 pum pre-filtrate” as feed
solution.
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4.6 Pre-filtrate and filtrate characterizations

Table 9 shows the total protein concentrations of the fractions from the filtrations measured
with the biuret total protein assay. It is seen from the table that the recovery of total protein
progressively decreases with each step. The decrease in protein concentration is relatively larger
for the pre-filtrate fraction compared to filtrate. The results correlate well with the fouling
behaviour observed in Fig. 13 above for pre-filtrate and filtrate samples. In a real downstream
process, a range of different pre-filtrations and filtrations are typically implemented to remove
various contaminants from the feed. In particular adsorptive depth filtration is used to clear the
feed from cell harvest and aggregates which ultimately enhances the throughput of the final
virus removal filtration.

Table 9. Total protein concentrations of feed ("TAC pooled") and filtrates measured with the biuret assay.

Total protein concentration Recovery
[mg ml-1] [%]
Feed (TAC pooled) 0.9940.01 100
11 um pre-filtrate 0.8310.03 83
31 um filtrate 0.68+0.04 68

Figure 15 shows the result from reduced SDS-PAGE analysis of the feed (TAC pooled), “11
um pre-filtrate”, and “31 um filtrate”. Lane “Std” contains the standards marker with proteins
ranging from 10-250 kDa. All lanes contain one intense band at approximately 70 kDa, two
bands between approximately 25 and 30 kDa, and one band around 10 kDa. Three bands
between 35 and 40 kDa can also be seen in all lanes. As the total protein concentration

measurements showed (Table 7), there is substantial loss of protein after each filtration step,
which is not detectable in the SDS-PAGE result.
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Figure 15. Gel image obtained after reduced SDS-PAGE analysis of the feed (TAC pooled), pre-filtrate and filtrate (n=3)
with 5-fold dilutions.

Figure 16 shows the DLS particle size distributions by (a) intensity and (b) volume of the feed
solution (TAC pooled), “I1 pm pre-filtrate” and “31 pm filtrate” with DLS. In the graph
showing the intensity distribution it can be seen that the second peak in the TAC-pooled feed
solution disappears after pre-filtration. Furthermore, the particle size distribution narrows for
each step, especially clearly seen in the intensity distribution profile. The feed sample features
the broadest pore size distribution, whereas 31 pum filtrate shows the narrowest distribution,
characterised by a shift of the modal size from 20 nm to 10 nm, respectively. No particles above
30 nm could be detected in the 31 pm filtrate. The latter result is expected as the 31 pm filter
according to the filter characterization has a modal pore size around 21-26 nm as determined
with both CP-DSC and NGSP (Table 8), thereby generating a molecular cut-off threshold. The
results are also compliant with the flux curves as discussed above, where filtrations of “TAC
pooled” feed solution through 11 um pre-filter resulted in rapid flux decay due to protein
aggregates (Fig. 13).

It should be noted that no second peak due to protein aggregates was seen in the volume
distribution curves of “TAC-pooled” feed sample in Fig. 16b. This suggests that the
concentration of aggregates in “TAC pooled” feed solution is very small and thus the majority
of the particles have size distribution peaks ranging from 6 to 50 nm, with a maximum peak
around 10 nm. The size distribution by volume becomes progressively narrower and the peak
position shifts to smaller sizes.
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Figure 16. The size distributions of hIVIG (IgG), feed (TAC pooled), pre-filtrate and filtrate by a) intensity and b) volume,

measured with DLS (n=3).

Analytical SE-HPLC was performed to further analyse the differences between the samples as
shown in Fig. 16. Figure 17 shows the combined SE-HPLC profiles of the feed solution (TAC
pooled), “11 um pre-filtrate” and “31 pum filtrate”. The arrow marks the retention time for
“hIVIG” (t=9.7 min). The profile is characterised by multiple overlaying peaks, which suggest
a complex mixture of proteins in the sample. Similar to SDS-PAGE analysis no loss of any
specific molecular weight fraction of protein has occurred. In general, the overall absorbance
intensity decreased for each filtration step. According to previously published literature, the
small peak at a retention time of around 6 min likely represents IgY dimer, and the main peak
at around 9 min monomeric IgY (Sahlin et al. 2016; Kim & Patterson 2003). Based on the
profile it is clear that other impurities are present in the sample, represented by intensity peaks

for retention times between 10 and 20 min.
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Figure 17. Chromatogram obtained from the SE-HPLC analysis of the feed (TAC pooled), 11 um pre-filtrate and 33 um
filtrate.

Finally, to qualitatively assess the proteomic composition of the final filtrate, LC-MS/MS was
conducted. Table 10 shows the results of LC-MS/MS analysis of the final filtrate. The protein
with the highest score and coverage, hence the most likely protein, was identified as “Ig lambda

chain C region”. The results of the LC-MS/MS analysis suggest that the most abundant species
in the filtrate is an Ig-like protein, i.e. most likely IgY. Of the proteins presented in Table 10,

serum albumin (a-livetin), IgY (y-livetin) and vitellogenins are as earlier described, the most
abundant proteins in egg yolk. The results from the LC-MS/MS analysis are concordant with

the SE-HPLC profile (Fig. 17) on the presence of impurities.
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Table 10. Overview of the result from the LC-MS/MS analysis. The result of the analysis is typical for all filtrates (n=3).

Mw Isoelectric point
UniProt code Protein identified Score Coverage [%] [kDa] [pI]
P20763 Ig lambda chain C region 739.90 90.29 11.4 6.51
AO0A3Q2UAAS Ig-like domain-containing protein 269.09 52.59 12.9 8.03
A0A3Q2USF2 Ig-like domain-containing protein 193.71 63 10.2 8.97
A0A3Q2TX54 Ig-like domain-containing protein 189.61 65 10.4 8.94
A0A3Q2U343 Ig-like domain-containing protein 189.55 65.35 10.4 7.97
A0A3Q2U474 Ig-like domain-containing protein 161.36 75.25 10.3 9.35
A0A3Q2TX22 Ig-like domain-containing protein 113 55.45 10.4 8.94
AOA1DS5PI9F9 Uncharacterized protein 103.08 24.30 198.9 7.46
A0A3Q2U5SMS Ig-like domain-containing protein 87.40 60.40 10.3 9.29
FINFL6 Vitellogenin-2 74.35 6.36 205.0 9.10
FINK40 Uncharacterized protein 61.37 15.94 163.2 6.37
P10184 Ovoinhibitor 36.57 31.99 51.9 6.58
P19121 Serum albumin 34.17 28.62 69.9 5.74
A0A3Q2U5VS5S Ig-like domain-containing protein 31.57 43.62 10.0 5.24
AO0A3Q2TZ57 Ig-like domain-containing protein 29.73 46.88 9.9 5.11
A0A3Q2UIM3 Ig-like domain-containing protein 26.25 41.49 9.7 7.96
AO0A3Q2U7L8 Ig-like domain-containing protein 24.18 23.96 9.8 5.87
Anaphylatoxin-like domain-
A0A3Q2UGT2 containing protein 20.82 5.40 176.7 7.81
A0A3Q3AGK3 Ig-like domain-containing protein 19.28 44.44 10.3 4.73
AOA1D5SNUW?2 Vitellogenin-1 16.72 2.30 210.6 9.0
A0A3Q2U347 Vitellogenin-3 11.57 3.03 186.9 8.84
FINWX6 Plasminogen 10.88 5.74 90.7 7.65
Anaphylatoxin-like domain-
F1P587 containing protein 9.83 2.43 181.0 7.31
093568 Fibrinogen gamma chain 9.05 8.51 49.6 5.74
A0A3Q2UFU8 Ig-like domain-containing protein 8.14 41.49 9.6 6.44
AOA1D5P3R8 Uncharacterized protein 7.94 2.10 166.2 6.16
Q02020 Fibrinogen beta chain 7.02 5.40 52.6 7.36
Insulin like growth factor binging
FINIO7 protein acid labile subunit 6.86 6.96 66.9 7.25
A0A3Q3AX54 Uncharacterized protein 3.61 2.61 134.2 6.99
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4.7 Virus removal filtration

Ultimately, a virus removal filtration with “11 um filtrate” at a load volume of 14.4 L m-2 and
a concentration of 1 mg ml-1 spiked with the ®X174 phage (28 nm; pl 6.6) was performed in
order to assess a LRV for the final preparation of IgY and this method of virus removal. In a
typical protein bioprocess, two orthogonal virus clearance steps are implemented in order to
ensure the absolute clearance of viral contaminants. For enveloped viruses, a combination of
low pH and solvent/detergent treatments is useful for inactivation, but in this processing of IgY,
no such step was investigated. The virus removal filtration was conducted with a 31 pum filter
at a TMP of 3 bar. The virus titer of the feed was calculated to 6.0+0.6 PFU ml-1.

Table 11 shows the feed titer, filtrate titer as well as the LRV of the virus removal filtration
determined with the PFU assay. No plaques were detected. Hence, the filtration exhibited over
5 logio reduction of the bacteriophage titer as calculated with formula (4).

Table 11. The feed titer, filtrate titer and log reduction value (LRV) for the virus removal filtration of 11 um filtrate” spiked
with ®X174, measured with the PFU assay. The filtrations were done in triplicate and virus quantification of each sample
was done in duplicate.

Feed titer Filtrate titer LRV
[logio PFU ml-1] [logio PFU ml-1]

Run 1 6.0£0.6 <0.7 >5.3+0.6

Run 2 6.0£0.6 <0.7 >5.320.6

Figure 18a shows the typical result from the PFU assay of the feed solutions (n=3) at three
different dilutions (10-3, 10-4, 10-5) (n=2). The virus titres of feed solutions were calculated
based on the number of plaques of the 10-3 dilutions. Figure 18b shows the filtrate of one
filtration without dilutions (100) (n=2), and the result is typical of all filtrations (n=3).

Figure 18. a) From left, top row: Feed 1 with dilutions (from right to left) 10-3, 10-4 and 10-s. From left, bottom row: Feed 1
with dilutions (from right to left) 10-3, 10-4 and 10-s. b) Filtrate 1 without dilution (100) (n=2). The results are typical for the
feeds and filtrates from all filtrations (n=3).
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5 Main conclusions

The main aim of this thesis was to study the feasibility of IgY nanofiltration with mille-feuille
filter paper. In order to do so, IgY first had to be isolated and purified from chicken egg yolk,
using crude isolation and polishing chromatography. In a real protein purification process,
additional purification steps would be implemented in order to generate a high purity of the
final product, e.g. with a second polishing chromatography step and adsorptive depth filters to
clear the feed from protein aggregates and cell harvest. When a nanofiltration is conducted for
viral clearance in the final step of the downstream process, the feed has ideally a high purity
which contributes to an enhanced throughput and thus to a higher biosafety and recovery of the
final product.

SDS-PAGE analysis of the crude isolation product, generated after PEG precipitation,
resembled those that have been reported earlier, i.e. with protein bands at 65 and 25-30 kDa,
representing IgY-HC and IgY-LC respectively, as well as a number of bands seen at 75, 40, 35
and 10 kDa. In terms of yield after PEG precipitation, the estimated recovery amounted to 52-
63 mg of IgY per yolk (15 ml) which is within the range of those earlier mentioned in other
studies, i.e. between 40 and 132 mg per yolk (15 ml). The IEX chromatography displayed
column overload and was therefore not further used. TA chromatography generated a yield of
65-75% and was further used in the purification of IgY for the virus removal filtration. Two-
step filtration was implemented to process the TAC-pooled product, for which two types of
filters were produced, i.e. 11 um pre-filter and 31 um dedicated virus removal filter. The pre-
filter featured larger pores than 31 pum virus filter and higher hydraulic flux. The pre-filters
efficiently removed any large molecular weight species and protein aggregates present in the
TAC-pooled preparation, which was manifested by rapid fouling during pre-filtration. During
the subsequent filtration through 31 wm virus filters the flux decay was negligible. It was further
observed that filtration through 31 um virus filters resulted in further removal of large molecular
weight impurities. Hence, it was clear that the two-step filtration approach had critical impact
on the quality of the final product. Proteomic analysis with SE-HPLC and LC-MS/MS
confirmed that IgY was indeed the main constituent of the final filtrate (31 um filtrate), although
various other impurities were detectable too. To reach a higher purity of IgY, additional
polishing chromatography steps, e.g. ion exchange chromatography already tested or
preparative scale gel chromatography, adsorptive depth filtration or a combination of both
should be implemented.

Ultimately, the final IgY preparation was spiked with 28 nm ®X174 phage to study the virus
clearance efficiency. The resulting LRV amounted to >5, demonstrating that the mille-feuille
filter paper could provide high level of biosafety for heat-sensitive protein-based nutraceuticals.
Additional inactivation steps could be desirable to implement, e.g. low pH and
solvent/detergent treatments in order to inactivate enveloped viruses. The results from this
thesis will be significant in the further research of the mille-feuille filter paper and its
establishment on the market as a high-performing cost-efficient nanofilter in the viral clearance
of protein-based nutraceuticals.
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