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Zusammenfassung

Sekretorischd mmunglobuline(SIgs) sind von grofR3er Bedeutung bei der Immunantwort
Bereichder Schleimhaute undon groRem Interesse als zukilnftige PharmazeulikaZuge
dieser Arbeit wurde Ziegenmolke als Quelle fir die Aufreinigung von sekretorischen
Immunglobulin M und sekretorischen Immunglobulin A verwendet. Der Prozess kann in zwei
Teilprozesse aufgeteilt werden: 1) Aufreinigung von Slgs ohne chromatographaduitée it

dem Fokus auf Implementierung in einer Molkerei undi@jreinigung und Auftrennung von
Slgs mit einem zweistufigen Anionenaustauschproz&lsserster Schritiwurde aufgrund der
niedrigen Ausgangskonzentration von Sigs in Ziegenmallee Molke 30 1 40-fach mit einer
Hohlfasermembran mit einem Cotf von 500 kDaaufkonzentriertDer wichtigste Schritt von
Teilprozess 1 wadie fraktionierte Fallung mit PEG 10,000 ude Multimere mit hohem
Molekulargewicht zu entfernen und um die Konzentratien Verunreinigungen drastisch zu
reduzieren. Die Reduktiomler Verunreinigungerwar nétig, um die Aufreinigung mittels
Diafiltration zu gewdahrleisten und eine Regithvon72% zu erreichenDieser Prozess wurde bis
zum Pilotmalistab realisierEine Reinheit von mehr als 95% wurde mit Teilprozess 2
ermdglicht. Dabei wurde eine Durchflussreinigung mit Q Sepharoseeé&lsiert, um die
Verunreinigungen IgG und Serum Albumin zu emtien. AnschlieRend wurde die Leitfahigkeit
auf 8 mS/cm erhodht und der Durchfluss auf Poros 50HQ geladen. Die erhdhte Leitfahigkeit
verhindertedas Bindervon IgG und Laktoferrin. Slgonntemit einem Stufengradienten elutiert
werden,um eine Mischung mieiner Reinheit von 95% zu erreichen oder mit einem linearen
Gradienten eluieriverden um die Trennung von SIgM und SIgA zu erreichéfit dem
entwickelten Prozess kénnen Slgs im preparativen Mal3stab aufgereinigt viziedAnpassung

des chromatographisen Prozesses auf sekretorische Antikdrper rekombinanter Natur ist ohne

Umstande maglich.



Abstract

Secretory immunoglobulingSigs)play a major role in immune defense of mucosal surfaces and
are of potential interest for future drug candidabkeghe cairse of this workcaprine whey was
used as a source for the purification of secretory immunoglobulin M and secretory
immunoglobulin A.The process can be split in two spitmcesses: 1) Aonchromatographic
process for the prpurification of Sigs, whichcan be established at dairy sites and 2)
Purification and separation of Slgs using a -st®p aniorexchange procesd.ow initial
concentration of Slgs in caprine whey requir@aoncentration s first step. 307 40-fold
concentration was achieved usingalow fiber membrane with a cuaiff of 500 kDa.Key step

was the fractionated precipitation with PEG 10,000 to remove a high fraction of high molecular
weight multimers as well a® reduceimpurity concentration drasticall{o lower the protein
concentréon for the final operation unit. Final purification of spbocess 1 was a diafiltration

to achieve a purity of Slg af2%. Scaleup of subprocess 1 was realized up to pilot sc&li@al
purity of more than 95% was achieved with gubcess 2A flow-through purification step on Q
Sepharose &tFlow was established at which Slgs were collected in the-floaugh and IgG

and serum albumin were bound. Remaining IgG and lactoferne emoved in a bindand

elute step on Poros 50HQ. A buffer exchangevbeh the steps was not required, solely
conductivity of the collected flowhrough of Q SepharoseagtFlow had to beincreased to 8
mS/cmto avoid binding of IgG and lactoferrin to Poros 5QHQhighly pure mixture of Slgs
was achieved with a step elutillmm Poros 50HQSeparation of SIgM and SIgA was achieved
with linear gradient elution resulting in highly pure SigAeparative production of Sigs is with
the developed process possibkdaption of the chromatographic process for recombinant

secretoryimmunoglobulins is easily possible.
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1. Introduction

1.1 Immunoglobulins

Immunoglobulins(antibodie$ are of major importance for the immune system of the human
body. Antibodies belong to the humoral adaptive immune system and can adapt to the pathogens
to which the human body is exposéa.general, an antibody consists of two heavy chains and
two light chains, which are connected by disulfide bofids There are fie major groups of
antibodies: ImmunoglobuliM (IgM), IgD, 1gG, IgE and IgA. The main difference between the
major classes is the type of the heavy chain, which differ in their sequence: 2, TBe and U
main interest of this work was the purification of secretorijbodiestherefoe IgD and IgE will

not be discussed any furthé&lthough, IgG is not a secretory antibody, it lacks the secretory
component and is only present as a moromesecretions oimammals it is important to
mention, due to thaot negligible amourfound in animal milk and whe}2]. Furthermoreit is

the most abundant antibody class in blood plaghhaand therapeutic antibodies which are
availableon the market are based on IgGfragmentsf IgG, sud as Fald3]. The molecular
weight of IgG is approximately 15000 Da[l]. The twosecretory antibodglasses present in
secretions are secretory I1gI8IgM) [2, 4] and secretory IgA (SIgA)b, 6]. IgM acts as the first
barrig of the adaptive immune systeand has a pentameric struct{dg The mokcular weight

is approximately 90000 Da[7]. The pentameric structure and the polymeric nagive IgM a

high avidity, but i main contribution to the immune response is activation of the complement
system[8]. In its secreted form, IgA is found as a dinidf with a molecular weight of
approximately 40,000 Da[9]. The mainsites of action for IgA aréhe mucosal surfaces of the
body, especially in the gastrmtestinaltract [4]. At these surfaces IgA ithe most present
antibody specie§s, 10, 11]. Analysis ofisoelectric pointsgl) of polyclonal immunoglobulins

was performed by Prin et 4lL2]. In this study 20 serum samples from male and female donors
were used. In general, the pls of all immunoglobulins were distriltid range ot i 10, pls

of IgM and IgA were found to be more the acidic range with peaks for IgM betwgrsof 5.5

T 6.7 and for IgA betweeplsof 4.77 6.9, respectivelyThe peak of pls folgG was found to be

in therange of7 1 9.95



1.2 Polymeric immunoglobulin receptor and secretory component

Secretory antibdies areproduced by epithelial cellsy binding of dmeric IgA or pentameric
IgM to the polymeric immunoglobulin receptor (B transcytosis and secretion into the lumen
[4, 6]. In the lumen, the pIgR, ich hasa molecular weight of 10000 Da, is cleaved, where
thedimer of IgA or the pentamer of IgM is released, carrying the secretory component(SC)
6]. A residual fragmentwith a molecular weight of 20,000 Da of the plgR left in the
membrane of the cell and further degraded within the Aelbther function of the pIgR is the
removal of bacteria from infected tissues by transcytpks. In this case, polymeric &g
neutralize the bacteria by binding to them. Thebdgteria complex binds to the pIgR and is
transported through the cell and secreted into the Iuylerinterestingly, plgR, without any
antibodies bound, is also transported through the cell and secreted into theHieaesecretory
component is found in the secretions. As a free molecule, secretory mempegas found to
show some activity against the bacterial toxin ACtdstridium difficileas well ageducing the
local infectivity of enterotoxigenid&scherichia col{13].. Another feature of SC is the enhanced
proteolytic stability of antibodies associated with. &@dh [14] proposed that the enhanced
stability derives from the physiologic function of the secretory component or simply by

physically blocking the cleaving site$ proteases on secretory antibodies.
1.3 Applications ofpolymeric andsecretoryimmunoglobulins

A summary ofstudies usingSIgA is found in the review of Corthédy5]. It has to be
mentioned, that all of these studies were eitheasitro or in vivoin animal model&nd in some
cases IgA was a recombinant molecule specific to aiceatatigen In several studies, the
protective mechanisms of SIgA against infectionsrathviruses orHelicobacter pyloriand
intoxication ofClostridiumdifficile enterotoxins A and B the gastrmtestinal tracthavebeen
reported.The hypothesis forhe inactivation of the rotaviruses by SIgA is that it may take place
during the transcytosis of SIgA through the ¢&B]. A monoclonal §A specificagainst urease

of H. pylori reduced the infectivity oH. pylori in the gastrointestinal tradtl7]. For this
experiment,H. pylori was incubated with the monoclonal IgA prior to applmatto healthy
mice. The IgAbacteriacomplex was applied orally. In a second study, secretion of IgA into the

stomach antrunof mice reduced the infectivity oH. pylori as well [18]. Other isotypesof
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immunoglobulins, especially IgG, may also be important for the protection agkipgltori [19,

20]. It has been shown, that the case of intoxication wit@. difficile toxinsplgA was sixtimes
more efficientin neutralizing the bacterial toxins and preventingupsenentranous colitis,
antibiotic-associated colitis and diarrht#taan 1gG or monomeric IgA21]. In other studies, the
protection of the respiratory mucosa against infections with the influenza virus was
demonstratedA study using pjA and IgM specific against gp41 envelope protein from HIV
resulted in reducedpreadingof the virus. In this case, the virus was neutralized intracellularly
and removed to the lumen by transcyto$?]. Passive immunization seems to be a good
application for SIgA. SIgA can be applied orallytranasal, intrauterine or via lung instillation
to protect the major quantities of the mucosal surfaces of the humannlidi big advantage

of this application would be theontainmeniand neutralizatiorof the infection at a very early

stage or even liere the infection start&pplications for SIgM have not been reporssdfar
1.4 Sources of secretory immunoglobulins

The major problem with secretory immunoglobulissthe productionin larger quantitiesin
transgenic plants, expression of SIgA was e@ebdin small amount$23-25]. For mammalian
cell lines, the ceexpression of the immunoglobulin and the secretory component seems to be the
most challenging issueSeveral methods are published wh&BA was assembled from
separately expressegholymeric IgA and secretory componenfThe source for the
immunoglobulin was either human plasmacombinant productionf polymeric IgAor SIgA
collectedfrom human colostirm [14, 26-28]. In all cases, productivity was rather small without
an option fora scaleup toan industrialprocessTo overcomehe issue of low productivity for
recombinant production systeyngheyas aby-productin dairy industryseems to be an optimal
source for secretory immunoglobulins. Although concentration of Sigs in whey is lather
with 0.017 0.04g L™ and 0.03i 0.08 g L'* for SIgM and SIgA, respectively, the amount of
whey available is sheer nevending[2, 29]. Subsequent processing of whey for the purification

of Slgsoffersa huge reduction of disposal cokisdairy sites

In a study by Gustafsson et al30] some similar glycosylation patterns were found for
glycoproteins from human and animatilk, especially when it comes to proteifeund in

caprine wheywhich was the source for our studies.



1.5 Purification strategies for antibodies

For monoclonal IgG, produced in cell culturasproces®ased on protein Ahromatographys

a capture stepeems to be the method of choif&l]. Protein A is gorotein fromStaphylococcus
aureuswith a high affinity tothe Fc region of IgG. Moderaffinity resinsfor purification of 1I9G
have immobilized recombinant protein A to reduce-spacific binding, ligand leaching and
facilitate elution of IgG Alternatives to protein Achromatographyas capture step are widely
investigated, as summarized in several revi¢8%34]. Alternative unit operationsre for
instanceaqueous twgphase separation (ATPS), three phase pantitgp (TPP), precipitation,
crystallization, membrane separation and membrane chromatog@gdigup and continuous
purification is easily possible with ATPS, but establishnudrat platform process is hindered by
process understanding of extractions &wtl stream variabilityAndrews et al[35] performed

an extensive study for the purification of monoclonal antibodies (shABRystallization would
have the advantage of getting high purity within one step, but crystallization opehéca
proteins in general iglifficult to realize, especially with antibodies, because of their size,
glycosylation and flexibility at the hingegion. Membrane chromatography is similar to
packedbed chromatography, ionic ligands are immobilized to nramd materialswith the
advantages of fast mass transfer by convective flow and cheaper materials compared to packed
bed chromatographynudsen et al[36] developed a flowthrough anion exchange membrane
chromatography process for the purification of mABs. The disadvantage iprtitisss is the

establishment as a flethrough method, which results in high process volumes to handle.

Unfortunately, a platform process | ike protei
immunoglobulins andhie main problem with protein A isw affinity for other immunoglobulin

classes except 1g(87]. Two dfinity resins or IgA are commercially availablewhich could

substitute potein A chromatographyThe first one consists of immobilized jacalin on a
chromatographic backbone. Jacalin is a ptirived lectin from the jackfruttapable of binding

IgA. A big drawback is the fact, that jacalin solely binds to IgAl. Additionallheio
glycoproteins are captured with jacal@i, 38-40]. The second resin is based camelid VHH

ligandswith higher selectivity for IgA41], but arather lowcapacityof 8 mg/mL resinf42] and

binding of antibodies from other sources than human does not decurhuman IgM a



chromatographic resin based caimelid VHHis alsocomnercially available. According to the
manufacturer, the binding capacdthis resinis 5 mg/mL and croseeactivitieswith IgM from
rat and mouse are documen{d®]. Low capacities and high costs per mL of resre major
drawback and render an establishments a platform process comple to protein A

chromatographyn industrial scalémpossible.

Whey canbe seen as a great source for proteins in general and espesallysource for
antibodies. In literature, many publicai®can be found which cover the purification of whey
proteins. Processes are published with the purpose of clarification of#vhdy], concentration

of whey proteins[48-52] and fractionation of whey proteif$3-65]. The usedunit operation

were versatile, utilizing aggregation and precipitation techniqudsi6, 52, 54, 55, 66],

membrane separatiqa?, 49, 53, 56, 67], lyophilization[50], chromatographic methodlS8, 61,

63, 68, 69] and mixed matrix membrane separatib8, 60, 65]. Interestingly, immunoglobulins

from ani mal whey havendét been in the focus of
IgG produced in transgenic animals. These processes were based cromudtrafiltration[70,

71]. Therefore, new strategies have to be developed for secretory immunoglobbénkarge

difference insize of secretory immoglobulinscompared to impurities (host cell proteins and

DNA fragments for cell culture supernatants
| act al b u dactoglobalim dound in whey seem tooffer utilization of membrane

separation and prgutation techniques for purification.

1.6 Non-chromatographic techniques

Chromatographic techniques are widely knoamd usedor their universal applicabiljt and

high selectivies nonetheless the major drawbacks are small productivities and bgib c
conmpared to other methodshGe apest chromatographic resins ar
resin (lorexchange resins), whereaarket prices foaffinity resinsstartatt 0, 000 G4 per L
In comparisonme mbr anes for tangenti al flow Fforl trati
industrial process scales and polyethylene gb/feEGs) areextremely cheap with bkilprice of

~30 u.per kg



Membrane separationtechniques

Membrane separation techniques offer a wide variety of possible applicalidresed on the

same principle. ¥pical and established processes are preparation of water with low ionic
strength by reverse osmosis, separation of divalent salt from monovalent salts by nanofiltration,
concentratiorand diafiltrationof macromolecules like proteins or carbohydratesrantbval of
suspended particles from a feed strd@@}. Separation characteristics for membrane processes

can be seen iRigurel.

OO AA .. > Suspended
) ) O A o particles
Microfiltration O ~ A A 0‘
L ‘ . 1]
UOO A .‘ ® ——> Macromolecules
Ultrafiltration O _ ..
: ~0 ‘A ] Sugars
O A — Divalent salts
Nanofiltration OO A A Dissociated acids
L ) ‘ 1]
O A Monovalent salts
. o A A Undissociated acids
Reverse 0osmosis 5 A AA
L © ]
O
O

O ——> Water

Figure 1: Separation characteristics of membrane processes. Adapted 7@)m

In all cases a feed stream passes tangentiattygh a membrane module (Figure 2, ledine).
Compared to conventional deadd filtration, a complete blockage of the membrane is unlikely

and atequilibriuma constant permeate flow is achievedy(re 2, right pangl

Recycle

Feed M < % ? Membrane @P Retentate Thickness

of filter cake

Pump
\\\ Flux

Permeate Time Time

Thickness
of filter cake

Figure 2: Left panel:General scheme oftangertial flow filtration processComparison dea@nd filtration (middle paneljand
tangential flow filtration(right panel)regarding thickness of filter cake and fl&dapted fronf72].



Depending on the size of the solutes which are removed, either, demg@rousmembranes
(reverseosmosis and nanofiltration) @orous membrangsiltra- and microfiltration)are used.

In both cases, the membranes consist of organic polymers. Porous membranes can also consist of
inorganic structures, e.g. titanium oxide. The driving force for separ&ialso dependent on

the size of the solutes. Reverse osmosis is driven by the chemical potential or applied pressure,
the driving force of dialysis is a concentration difference and for-paittoe- and microfiltration

the driving force is the appliegressureAs mentioned above, membrane separation processes
with protein solutions as feed streams are widely usecbnventional processes for purification

of mABs, membrane techniques are used fwoduct concentration and buffer exchange
especiallyin platform processes with protein A affinity chromatographiterature about
purification of immunoglobulins in preparative scale based on membrane separation techniques
is rare. Besides the purification processes for IgG from transgenic goats by Bdrahh
mentioned abovelernandezZCampos et al[73] andLiu et al [74] developed processes for the
purification of immunoglobulins from chicken egg yolk based on ultrafiltratemle Kim and

Nakai [75] compared membranes of differemembrane manufacturer regarding the achieved
purity of immunoglobulins from chicken egg yoKrishnan et al[76] developed a rcess for

the purification of monoclonal IgM from hybridoma cell cultures.

Problem with single step ultrafiltration sapsis alow resolution for the separation of proteins.
As a rule of thumb, the difference in molecular weights between two proteinkidbe at least
differ by a factor of 10 and the membrane-cfitshould be 10x the molecular weight of the
protein which should be removed from the feed solution to achieve a good sep&m@tiorore
complex feed solutionwith severaltypes of proteinseven higher differenseare necessanA
compelling method for enhancementre$olutionis the seup of a tangential flow filtration in a
cascade modeMayani et al.[77] published a purification process for lysozyme based on a
cascae ultrafiltration setup. The problems with cascade sa@ps are the need of multiple pump

systems and complex process control units.

Low concentration of secretory immunoglobulins and high difference in molecular weight
compared to impurities contributegd the choice of using an ultrafiltration process for the

separation task. In our case, ultrafiltration should enable a removal of low molecular weight



impurities during concentration of the sample, when a membrane with a high molecular weight

cut-off is used.

Precipitation techniques

Purification of proteins by precipitation techniques is used for many yegogcal agents for
precipitation are saltgyrganic solventsionic polymers andhonionic polymers The origin of
precipitation using salts is rahold. Hofmeister established thecs@a | | ed A Hof mei st e
which ranks anionsind catios according to their influence on the solubility behavior of proteins

[78]. An example for precipitation of proteins using the saltng effect of a salt can beade

with ammonium sulfate which is a weltknown salt for precipitation of proteins and
fractionation of protein solution¥he salt is kosmotropic, has a high solubility in water and both

ions are can be found at the endlofet A Hof mei ster serieso[7%i t h a
Although the mechanism behind the salting out effect is still not fully understood, some
similarities regarding the mechanisms with hydrophobic interactioomatography were found.

The main advantage of ammonium sulfate precipitation is the low cost of ammonium sulfate.
Disadvantages are the low selectivity and the large amounts of ammsuliate needed for
precipitation. This can lead to subsequent problems in waste water treatment in industrial scale

therefore ammonium sulfate precipitatiommsstlyused in lab scale.

Many organic solvents show precipitating properties on proteingryethanol is widely used.

The main problem with e.g. methanol and acetone are their toxicity. Ethanol on the other side
has detrimentainfluences on the protein structure at room temperature and explosion proof
equipmentis required Probably the mdswell-known separation processthe fractionation of

blood plasma using cold ethanol precipitation established by €bhh[80]. Several protein
fractions can be collected by change of ethanol concentration, addition of salt and change of

temperature.
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The most common neionic polymer used for precipitatioa PEG

0 H
H o

Figure 3: Chemical formula of polyethylene glycol.

PEGis asynthetic polymemwhich is available irdifferent moleculamweights, typically PEGs

with molecular weights ranging from a few 100 Da up to 20 kDa are Asgeneral assumption

is that increasing molecular weight of PEG anddbiecentrations beneftial for precipitation.

Other advantages of PEG alow bulk price and the inertness of PEG. At room temperature
proteins are not affected in their biological activity by precipitation with PE@Grawback is the
increasing viscosity of PEG solutions witincreasing molecular weighand polymer
concentration Precipitation of proteinsand the precipitation mechanisosing PEG wre
investigated in several studiesing model protein§81-87]. The precipitation mechanism of
polyethylene glycol is not yet fully understooficcording to Atha and Inghaf83] a volume
exclusion effet is the driving force for the precipitation of proteins. PEG molecules can be seen
as a spongéke structure which remove the available water of a solution and therefore
increasing the local protein concentration to a level above the solubility gfrdbeins.The
shielding hydrate shell covering the proteins is removed and electrostatic interactions between
the proteins increase, causing the proteins to precip8ateral models are proposed to describe

the precipitation mechanisfi@3, 86, 88], but none of these models is able to reliably predict
precipitation of a target protein from a biological feedstockhe highly variable physical
properties of proteins hinder the establishment of a platform process based on precipitation with
PEG.Nonetheless, seversiudies with the scope of purification of proteinsnfrbiological feed
streams are published. H°ni g and Kdyglucesidase vel op
[89]. Lewis and Metcalf established processes for the recovery of human pathogenic viruses
[90]. Purification of mABs was performed by severasearch groupg86, 91-95]. Purification

processesf secretory immunoglobulingith PEGare not published so faout Cripps et al96]
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developed a process at lab scale for the purification of IgM and IgA. Due to low resolution of
PEG precipitation, the precipitation step is an intermediate step in a purification cascade
including affinity chromatography and gel filtratiotn our case,implementation of PEG

precipitation in a purification cascade for Slgs with the focus on high purity and cheap process

setup seems to be a logical decision.
1.7 Chromatographic techniques

Liquid chromatography is widely used jmotein purificaton, especially fothe purification of
monoclonal antibodiesAs mentioned above, the most common method used for mABs is
protein A affinity chromatographyAffinity chromatography has the advantage of the high
specificity of the ligand to the protein ofterestDisadvantages are the high costs for the resins
and sometimes detrimental elution conditions at e.g. low Bdrophobic interaction
chromatography (HICandion exchange chromatography (IEX)e two other chromatographic
modes which are widely ad in preparative scale, whereat reversed phase chromatography is
mainly used in analytical scalblIC uses shorthydrophobic chains of carbohydratesbind to
hydrophobic moieties of amino acids of the proteins and to the hydrophobic patches of .proteins
Loading of a HIC column is performed at high salt concentrations to remove the hydrate shell of
proteins and to make the hydrophobic patches accesEint®n is performed by reducing the

salt concentration in the mobile phase to weaken the hydropintdriactions.

Although a high resolution can be achieved, RPC is mainly used for analytical purposes because
of the denaturing propertiesf long carbohydrate chairier proteins and the harmful properties
of usedmobile phase modifiers.igandsaretypically chains with 16 18 carbohydrate residues.

In IEX strong or weak ionic groups are immobilized as ligands and electrostatic interactions
between the ligand and the protein of interest are utilized for bin@imgling of proteins
dependon the pl ofthe protein and the pH of the mobile pha&ea pH of the mobile lower

than the pl of the protein, the overall charge of the protein is positiveiemdersa. Therefore
proteins with a pl above &re normally purified usingcation exchange chromatogiey
(CAEIX) andfor proteins with a pbelow 7anion exchange chromatography (AIEX) is used.
Loading in IEX is performed at lownodifier concentrations in the mobile phaddution is
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performed at increasingpodifier concentrationsThe most common modifian IEX is sodium
chloride, since it is cheap and safe to ugé. increasedsalt concentration the electrostatic
interactions between tHgands and the proteins are reduckX is also kown for its gentle

conditions, high binding capacities and a éaspectrum of already publisth applications.

Manufacturers offer many different stationary phases, from-tirdesd agarose with large inner
particle porosities, small pore sizesthe range of 50 nmand therefag high surface area®

rigid and crossinked poly(styrenalivinylbenzene) with large perfusion poregh sizes of up

to 1 um Problem of beads used for chromatographic purification are mass transfer limitations
due to diffusion of theroteinsinto the beadand detrimental ratios of protegize to pore size,
which can reduce effective pore diffusion even méreompromise between particle size and
pressure drop has to be found. Columns packed with large particled@®0um) have a smaller
pressure drop compared to columns packed withl gragticles (< 50 um)The disadvantage is
that krger particle size results in longer diffusion pditisthe proteinsand therefore longer
residence times are neededjtarantee diffusion of the proteins into the beatiss issue could

be overcome by.g. corebead technology. In this case, beads have a solidvdtinea shell
around the core, which contains the ligands. The prirgipfethis seup areshort diffusion
paths due to the reduced alable diameter of the particle and lower pressure diwpto larger
particles. A disadvantage is areduced surfacearea andtherefor reduced capacities. A
preparativeand analyticalmethod for separation of charge variants of mABs based on a
chromatographic resin of the cepead technology was developed Nyco et al.[97, 9§].
Regarding mass transfer limitatiomsnolithic design of chromatograpic materials is amant

to mention Monoliths consist of one entire block of polymers, often methacrylate, with high
diameter channels in the range of several Tine big advantagof monolithsarethe high mass
transfer which is independent of diffusion and solely cdietioby convectiveflow [99] and
applicability of large biomolecules like viruses, VLPs, DNA and large protgi6§-109.
Residence time can be kept shadsulting in short process times. Drawbacks are lower
capacities compared to conventional chromatographic resinpassible entrapment of large
biomolecules[110, 111]. Nonetheless, monoliths are an interesting option for purification of
large biomolecules witheasy scalability from lab scale with 1 mL columns up to process scale
with 8 L columnsand their &ailability as disposable colummsdmulti-use columnsRecently,
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processes using membrane chromatography have been estaljBghe®sb, 60, 92]. The
advantagesnd disadvantaged membrane chromatography are similar to monoliths with high

flow rates andow process timeen the positive side and lower capacities on the negative side
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2. Objectives

The objective of this doctoral thesis was the development of a fast and easy process for the
purification of secretory antibodies from caprine whey. The methodld be easily scalable and

an implementation at a daisjte should be possible for the initial steps of the process to reduce
high sample volumes due to low concentration of secretory immunoglobulins in whey.
Chromatographic unit operations should bedumed as much as possible and the
chromatographic unit operations should not include expensive affinity rdsme. sample
composition should be of high purity regarding secretory IgM and secretory IgA in a mixture and
a separation of secretory IgM andcsetory IgA should be achieved well In terms of future
progress of production of recombinant secretory immunoglobtiismsnethod should be generic
and purification recombinant secretory immunoglobulirghould be possible with minor
adaptions For sarple analysis, secretory antibodies should be tested for their biological

activities against bacterial toxins in an easy and fast assay.
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3. Material and methods

3.1 Batch isotherm and kinetic studies

Materials

Adsorbents Q Sepharose Fast Flow (GE HealthcareSBiences AB, Uppsala, Sweden) and
Poros 50HQ (ThermoFisher Scientific, Life Technologies Corporation, Grand Island, NY, USA)
media were used. Chemicals were obtained from Merck (Darmstadt, Germany) and Sigma
Aldrich (St. Louis, MO, USA and proteingisedwere bovine thyroglobulin (L00:1G, Sigma
Aldrich, St. Louis, MO, USA, BSA (A2151-100G SigmaAldrich, St. Louis, MO, USA, GFP
(kindly provided by the biendustrial pilot plant, BOKU Vienna, Vienna, Austria), 1gG (a kind

gift of Octapharma, Vienna, Atrea) and enriched SHyaction purified according to
Matlschweiger et al.112]. All experiments were performed using 20 mM Tris pH 7.2 or 20 mM
Tris 63 mM NaCl pH 7.2.

Batch isotherms

All experiments were performed tmL reaction tubesand as triplicatesStock solutions for the
single component &ations and the mixtures were prepared and a dilution seasperformed.
50% (v/v) gel slurry was prepared and depending on thaeps@g 50 or 75uL of slurry was
added to a sample volume of 9250 or975 L to reach a total reaction volume of 100
Thesolutions were incubated for 180 h on arend-overend rotator $tuart SB3, Coldarmer,
Stone, Staffordshire, UKand centrifugedor 20 min at 14,000 RCF he supernatant of single
component solutions were analyzed with a Cary 60\WS photoneter Agilent technologies,
Inc., Santa Clara, CA, USAexcept ofisothermwith thyroglobulin. Supernatants of mixed
protein solutions and thyroglobulin were analyzed using an analyticaHFREC. Calculation of
capacity was performed kymass balance.¥perimental data was fit using Langmuir sorption

isotherm and TableCurve 2D softwareotitainthe values for gux and Ko.

Batch kinetics

All experiments were performed in 2 mL reaction tuaed as triplicatesStock solutions for the

single component salions and the mixtures were prepared. 50% (v/v) gel slurry was prepared
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and depending on the sgp 25 or 50 pL of slurry was added to a sample volume of 950 or 975
KL to reach a total reaction volume of 1000 jshcubation was stopped after 1, 3, 5, 18, 20,

40, 60, 120 and 360 minutes by filtration of the solution through a 0.22 um syringe filter
(SLGVX13NL, Millex-GV filter, Merck, Darmstadt, Germaphgnd further analyzed by UVIS
photometry or SEEHPLC. Calculation of capacitand protein concentian was performed by

amass balance.

3.2 Frontal analysis studies

Materials

Adsorbents Q Sepharose Fast Flow (GE HealthcareSBiences AB, Uppsala, Sweden) and
Poros 50HQ (ThermoFisher Scientific, Life Technologies Corporation, Grand Island, NY, USA)
mediawere used. Chemicals were obtained from Merck (Darmstadt, Germany) and Sigma
Aldrich (St. Louis, MO, USA and used proteins were bovine thyroglobulill(011G, Sigma
Aldrich, St. Louis, MO, USA, BSA (A2153100G SigmaAldrich, St. Louis, MO, USA, GFP
(kindly provided by the biendustrial pilot plant, BOKU Vienna, Vienna, Austria), 1gG (a kind
gift of Octapharma, Vienna, Austriggnriched Slefraction purified according to Matlschweiger

et al. [117 and Dextran standard with different molecular weightse used asvell (T10
(10kDg 17-025001), T40 (40kDa 17-027001) and T70 (70kDa17-0280-01), Amersham
Pharmacia Biotech AB, Uppsala, Swellelll experiments were performed using 20 mM Tris
pH 7.2 or 20 mM Tris 63 mM NaCl pH 745 mobile phase and 20 mM Tris 1 M NaCl pH 7.2 as
elution buffer The chromatographic systerased was an AKTAExplorer 100 (Amersham
Biosciences, Uppsala, Sweden) and the used software was Unicorn, version 5.11. All preparative
chromatograms show a normalize@dwyis of C/G. Normalization was performed by dividing the

UV-signal of the runs with the maximum WRignal of the sample.

Break-through curves (BTC)

Q Sepharose Fast Flow was packed into a Tricorn BAD Healthcare BikSciences AB,
Uppsala, Swedemolumn with a final bed volume of 10.2 cm and a bed volume of 2100 m
Breakthrough curves were performed using single component protein solutions and protein

mixture solutions. Conegration of thyroglobulin wag mg/mL, concentration of BSA and GFP
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was ~ 0.5 mg/mL and conceniaat of IgG was 0.5 mg/mLSample was loadeahtil full break
through of proteiroccurred

3.3 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) was used to determine the intraparticle
concentratn profiles of adsorbed thyroglobulin (TG) and bovine serum albumin (BSA)

Materi als

Adsorbent Q Sepharose Fast Flow (GE HealthcareSBiences AB, Uppsala, Sweden) media
was used. Chemicals were obtained from Merck (Darmstadt, Germany) and/Adyioha (St.
Louis, MO, USA and used proteins were bovine thyroglobulinlO011G, Signa-Aldrich, St.
Louis, MO, USA, BSA (A2153100G SigmaAldrich, St. Louis, MO, USA, GFP (kindly
provided by the bigndustrial pilot plant, BOKU Vienna, Vienna, Austria). Usgatein labels
were Rhodamia Red™-X Succinimidyl Ester and Rhodamine Gr&&i Succinimidy! Ester,
Hydrochloride, mixed isomers (R6113) (both ThermoFisher Scientific, Life Technologies
Corporation, Grand Island, NY, USAJLSM was performed with Zeiss LSM 510 microscope
with a PlanApochromat 62/1.4NA oil objective (Carl Zeiss Nerolmaging,LLC, Thornwood,
New York, NY, USA) and a Leica Sp3nicroscope with a PlaApochromat 40x/0.85 dry
objective (Leica Microsystems, Wetzlar, Germany)

Labeling of proteins

Rhodamine ReW'-X dye and Rhodamine Gre@A-X dye were used tofluorescery label
thyroglobulin and BSA, respectivefgllowing the supplier instructiong.hyroglobulin and BSA
were incubated in pH 8.5 sodium bicarbonate bufferttvia dyeto-protein molar ratief 1:3for
1 h at room temperature in thoark. After reaction, nreacteddye was separated by size
exclusion chromatography usingn éeconePac 10 DG desalting column froBio-Rad

Laboratories (Hercule§€A, USA). Average labeling ratios of IBand 026 were obtained

Batch adsorption

Batch CLSM experiments were dong filacing QFF particles invials containing 15 ml of each

labeled protein diluted with sufient unlabeled protein to yield final dyeto-protein ratio of
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1:40, and rotated enoverend ona rotator. At periodic time intervals, small samples were
removedfrom the vials and rapidly centrifuged at 13,000 rpm for 30 s to sepheatesinfrom

the supernatanSame procedure was performed with protein mixtures. Ratios of resin to protein
were chosen to change the protein concentratibrthe lower concenttad protein inthe

supernatant by a maximum of 10%.

3.4 Peptide mapping of whey proteins

Materials

All chemicals used were of M§ade. Acetonitrile (ACN), Water, formic acid, trifluoroacetic
acid (TFA), ammonium bicarbonatedoacetamid€lAA), dithiothreitd (DTT) and proteomics
grade trypsin were purchased from SigAldrich (St. Louis, MO, USA). NaCl was purchased
from Merck (Darmstadt, Germany). Pierce C18 spin columns were purchased from Thermo
Fisher Scientific (Sunnyvale, CA, USA).

Tryptic digest and measurement of peptides (peptide mapping)

Samples were separated on a-neducing SDSPAGE and the bands were excised using a
scalpel. The irgel digestion of the samples was performed according to the trypsin digest
protocol supplied by Sigmaldrich. In brief, proteins were reduced-gel with 5 mM
dithiothreitol ©TT), alkylated with 200 mModoacetamidelAA ), and digested with a 10 pg/ml

solution of trypsin at 37° C for 24 hours. After digestion the peptides were extracted from the
SDSPAGE gel and ded using a Speedvac. The dried sample was resuspended and desalted
using C18 spin columns according to the manu
peptides were resuspended in 28tetonitrie (ACN), 0.05% trifl uoroacetic acid TFA) to a
concettration of 1 pmol/ul. 1 pl sample was injected to an Ultimate 3R@LC naneHPLC

connected to a Finnigan LTQ linear ion trap MS with a rBBb source (all Thermo Fisher

Scientific).

The peptides were trapped on a nano trap column 108 ommmand sepated on an Acclaim
PepMap RSLC 75 pm x 150 mm C18 column with a patrticle size of 2 um and a pore size of 10
nm using a 30 minute gradient from 4% to 55% buffer B. Buffer A was 4% ACN, 0.1% formic
acid and buffer B 80% ACN, 0.08% formic aciche flow ratewas 300 nimin.
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The data dependent automatic scan mode was used. The capillary voltage was set at 8 V and the
mass spectrum was scanned from m/z 300 to 1650 Da. Collision induced dissociation (CID)
fragmentation was used at default settings (35 normatinélidion energy, 0.25 Activation Q

and 30 ms activation time).

The data set generated was analyzed by Proteome Discoverer 2.0 with Sequest HT using FASTA
files from the UniProt databank. Proteins searched for wapeinelactotransferrifQ29477,
bovine polymeric immunoglobulin receptor (plgRP81265 and caprine secretory component

(SC) (sequencé&indly provided by the company parther
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4. Results

4.1 Characterization of wheyrotein fraction

Prior to purification of secretory immunoglobulins, the contdrthe whey protein fraction was
analyzed with analytical method3he starting material was concentrated on a 100 kDa
membrane and preparative separatioon a Superdex 200 prep grade size exclusiolumn

(Figure 4 upper left paneljvas performedFractons were collected and further analyzed using
SDSPAGE and dot blot§Figure 4 lower paned and upper right panglFor dot blot analysis,
antibodiesspecificagainst caprine immunoglobulins were udeamnunoglobulinsigM andIgA

were found in the earlgluting fractions, together with aggregates of .IJ@&e main fraction of

IgG was eluting in the range of 0i50.6 CV after the secretory immunoglobulirSerum
albumin was eluting around 0.62 CMighestpeaks werdoundin the range of 0.6¥ 0.82 CV

comr es pondi g atld. Abdiscrimination of immunoglobulins with and without
secretory component was not possible due to lack of an antibody speciéiprinecsecretory
component (SC)In the reduced SDBAGE analysisa bandat 70 kDa was found irthe
fractions of IgM and IgAand in fraction number 3@or the identification of théand, a LG

MS was performedBandswere excised from th€DSPAGE. After reduction, alkylation and
trypsin digestion, the sample peptides were separated on a reveessd manddPLC and
detected via linear ion trap MS. The resulting spectra from the bands were used as the data sets
in Proteome Discoverer to identify the proteifibe band of fractions 15, 16 and h&8d low
sequence coverage for bovine plgR with only 26%,the Sequest HT score was high with 435.

The high score confirmed a high homology of found peptide fragments, where at the low
sequence coverage could be explained by the nature of two different animal species. Sequence
coverage with the protein sequenprovided by the company partner was 57% and the Sequest
HT score was 379. Although the score is lower compared to bovine plgR, the high sequence
coverage and the high score enable an identification of the analyzed band as the secretory
componentand the polymeric immunoglobulins eluting within 0.36 0.48 CV could be
identified as secretory immunoglobulinmportant to mention is that the sequence coverage of
plgR and SC cannot reach 100%, because after cleavage of the plgR a protein fragment with a

molecular weight of 20 kDa remains in the membrane of the secretin@leelband of fraction
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30 hada sequenceoverageof 69% and a Sequest HT score of 446 was fdondhe protein

lactotransferrin (Q294779 from Capra hircus An identification of this bash as caprine

lactotransferrirvas possible, which was expected.

Tablel: Overview of the peptide mapping results. Band A was identified as lactotransferrin and band B was identified as caprine

secretory component.

Protein

Band of fractiond5, 16, 18

Sequence coverage Score

Bandof fraction 30

Sequence coverag Score

Polymeric immunoglobulin

receptor(bovine)

Secretory component
(caprine)

Lactotransferrin

20% 435
57% 379
46% 261

11% 32
11% 32
69% 466
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Figure 4: Preparative separation of whey protein fraction on Superdex 200 prep grade. Upper left panel: Chromatogram of
preparative SEC including the main fractions. Upper right panel: Dot blot analysis using antibodies against caprine IgM,
caprine IgA ad caprine 1gG. Lower left panel: SEFFAGE of nonreduced samples of selected fractions from preparative SEC
separation. Lower right panel: SEFSAGEof reduced samples of selected fractions from preparative SEC separation.
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4.2 Purification of secretory immunglobulins

A process for purification of secretory immunoglobulins with high molecular weightn a

high abundance of low molecular weight impuritie$ g G, -L §A a #L.A) wad required In
comparison to M and SlgAwith molecular weights of approxirtedy 900 kDa and 440 kDa,
respectivelythe most abundant impuritig®-L G a +#L.Al) haVerather low molecular weights

of 17 and 14 kDa, respectivel. separatiorapproachbased ormolecular weight was chosen
Due to low concentration of secretory immutadmilins in wheyof 0.14 mg mL™ a membrane
processwas the unit operation of choicewhere purification and concentration could be
performed at the same timEherefore, whey was concentratedi3®0 fold on a membrane with

a high molecular weight cutff of 500 kDa. The purpose of this concentration step was to
increase the concentration of secretory immunoglobulins from 0.14 g/l5tb 80 g/L. The

high molecular weight cuff of the membrane was requiréal remove low molecular weight
impurities Using this membrane, the purity was increased from 3% to 15% during concentration
of the sampleLoss of Slg fractiorduring concentrationvas 16%.A high concentration was
needed for subsequent precipitation of the secretory immunoglobulins using polyetylesi
10,000.Removal of multimers and reduction of low molecular weight impurities was achieved
with a fractionated precipitationAt a PEG concentration of 3% up to 60% of the multimer
fraction was removed an8l i 10% of secretory immunoglobulins ese co-precipitated.The
precipitate was discardebhcreasing the PE@oncentratiorof the supernatand 7% resulted in
precipitation 0f85% of secretory immunoglobulins and fymwas increased from 15% #2%.
Precipitate was reolubilized containing maly Slgs. Remaining impurities weltgG, seum

al bumi -factoglabdlin.b
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Figure 5: Precipitation of multimer and Slg fraction with PEG 10,000-dResolved precipitates were analyzed.

Purpose of the precipitation step was reduction of high concentration of low moleeidgt
impurities to improve diafiltrationConcentration of remaining impurities in the dissolved
precipitate was reduced from 20 g/L to 3 g/L. For the diafiltration, a membrane with a lower
molecular weight cubff of 300 kDa had to be used to avoictessive loss of Slg. Purity of Slg
fraction could be increased from 42% t@% using diafiltration with 10 volume exchanges and

1x PBS as bufferwhile 6% of Slg fraction was lasthe overall yield for this process was 42%,

main loss was during PEG preitgtion.

25



100R0% I Purity

[ Yield
84R0%
72f4%
. 47R6%
42f7%
41f1%
15R0.59
3%
@ o o o
& &° & &
& & X &
> S o® 3
\& § Q& >
(¢
Q‘o
o
&

Figure 6: Summary regarding purity and yietd subprocess 1.

Purity of more than Z% of Slg fraction and separation of SIgM and SIgA with non
chromatographic mbbds was not possibla,process fofurther purificaton of Slg fraction and
separation of secretory IgM (SIgM) and secretory IgA (SIgA) veaglired and an approach
using chromatographic methodss choserPurities of secretory immunoglobulins of up to 95%
should be achievednd process complexity should lbeduced as much as possib&ow
diffusion of high molecular weight proteins was observed on QFF, wiastby its nature small
pores Several load conditions were tested angreakthrough of Slg occurred almost
immediately, evemt the longestesidencdime of 5.0 minutesAt this residence timenly 22%

of Slgfractionwas bound to the resin, wieatpurity could be increased from 67% to 89%p

to 21.5 mg Slg per mL resin could be loaded onto the column until a-timealgh of 10% of
serum albumin wa observedFigure 7 left pane). At lower residence times of 1.0 and 1.7 min
breakthrough of 10% of serum albumin occurred after 5 abdy Slg per mL resirigG was
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bound as well, but capacity wastmas high as for serum albumin aadraction of IgG was
found in the flowthrough. Lactoferrin could not be removed in tiisp due to the high pif the

proteinand was found in the flothrough
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Figure 7: Left panel: Breakhrough curves of whey proteins on QFF. Load conegiom was 3.1 mg Slg rifLand column
volume was 6.6 mL. Right panel: SBAGE of norreduced samples of flethrough purification of QFF. M ... Marker, W ...
initial sample, L ... load, FT ... flowthrough, E2 ... eluate, SIgM ... secretory IgM, SlgAhecretory IgA, LF ... lactoferrin, SC ...
secretory component, SA . .-LG s <actaglotiulml bumi n, LC ... light

Further purification was achieved using gjgarous Poros 50HQ in birahdelute mode.

Binding capacity of IgG on Poros 50H§as found to be almost zero when conductivity was

increased to 8.0 mS cth Sodiumchloride was added to the load to prevent IgG from binding.

IgG and lactoferrirwerefound in the flowthrough, Sig vasbound.Slg could be eluted either
with a step gradiet at 213 mM NaCl or with a linear gradierluteon. Elution with a step
gradient resulted ia mixture of SIgM and SIgA with a purity of > 95%, bagparation was not
possible. linear gradientlutionto 213 mM NaCl with a gradient length of 10 C&5sulta in a
purity of SIgA of > 95% A purity of SIgM of 60% could be achievedavith SIgA as the

remaining impurity.
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Figure 8: Purification of Slg on Poros 50 HQ. Upper left and right panel: Step elution of Slg fraction at 213 mMaN&CI
corresponding SD®AGE analysis of nereduced samples. M ... Marker, L ... load, FT ... ftowough, Ela ... eluate of step
gradient elution, E2 ... eluate at 100% buffer B, SIgM ... secretory IgM, SIgA ... secretory IgA, LF ... lactoferrise&€tory
component, SA ... serum albumin, LC ... light chlhower left and right panel: Linear gradient elution of Slg fraction at 213
mM NacCl and corresponding SEFAGE analysis of nereduced samples. M ... Marker, L ... load, FT ... ftovough, cAL..
fractions containing SIgA of linear gradient elution, hA ... IgA from human colosti, .. fractions containing SIgM of linear
gradient elution, hM ... IgM from human plasma, E2 ... eluate at 100% buffer B, SIgM ... secretory IgM, SIgA ry $ghreto
LF ... lactoferrin, SC ... secretory component, SA ... serum albumin, LC ... light chain.
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Figure 9: Left panel: Summary regarding purity and yield of process 2 with step elution (SE) on Poros 50HQ. Right panel:
Summary rgarding purity and yield of process 2 with linear gradient (LG) elution for separation of SIgM and SIgA on Poros
50HQ.

As control for the integrity and activity of the purified secretory immunoglobulins, purified
secretory immunoglobulins were tested measy dot bloassayusing bacterial antigenSIgA
showed activity againsElostridium difficiletoxin A andStaghylococcus aureualpha toxin and
peptidoglycane, SlgM was active agair@ostridium difficile toxin A and Staghylococcus
peptidoglycane. Té positive controls IgA from human colostrum and IgM from human plasma
showed the same patterit.has to be mentioned, that the experimentalupetllowed only
gualitative analysis of secretory immunoglobulins. Quantitative analysis of integrity avityacti

of secretory immunoglobulingould require elaborate assays based on cell cultures and were out

of the scope of this study.
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The final purification scheme can be seen in Figure 4.

[ A e D

Initia_l sample Negative purification
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Figure 10: Flow scheme of process for puc#ition of highly pure Slg or SIgA.

The direct results of this work have beeumblishedin peerreviewed journals, Biotechnology
progress and Journal of Chromatography B. Th
Process for Purification of Secretotymmunogl obul ins from Caprine

| mmunogl obul in Purification from Fwhes yon- by Ch

published resutarementioned below.
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4.3 Protein diffusionin chromatographic resins

Slow diffusion ofSilgswas observed durg purification of pre-purified wheyon QFF Break
throughof serum albumin wsmuch shallower and occurred earlier than expeated toslow
diffusion and a decreased capagity 3. Slow diffusionin a small pore resiof high molecular
weight proteinsand slower diffusion and lower capacitiesf low molecular weighproteins in
mixture with high molecular weight proteingere further analyzed umg batch adsorption,
frontal analysis and confocal laser scanning microscopy (CL3Wha residence time of 5.0
minutes 22% of the Slg fractionas bound to the columnln batch mode, pore diffusion
coefficiens of SigM and SIgA were found to be 2.520"° cn? s and 1.65x 10° cn? s?,
respectivelyas can be seen in the left panel of Figbiréleasurements ofyldrodynanic radii
with DLS for SIgM and SIgA resulted in radii df7.9 and 16.3, respectivelZonversion of

hydrodynamic radius to radius of rggion for globular proteinsan be performed with equation

(2):
R, =0.775(R, (1)

Using equation (1) found radius of gyration for SIgM and SIgA was 13.9 nm and 12.6 nm,
respectively. @lculatedpore diffusion coefficienfDe) of SIgM and SlgAwas 2.5x 10'% cn? s*

and 1.7 x 10° cn? s, respectively which is in agreement with @und in batch adsorption.
Furthermore an averagelyhigh equilibrium capacity 0f40.2 mg mL* particle for Slg fraction

was found in batch adsorption experimgiigure 11, right panel.
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Figure 11: Left panel: Batch adsorption kinetics for SIgM and SIgA.
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Right p&wkh adsorption isotheriior Sigand serum

albumin Measurement of EB@f SA was not possible due to I@&concentrationm pre-purified whey.

For comparison, »>@eriments with theéhigh molecular weightnodel protein thyroglobulin on
QFF were performed-or thyroglobulin,a R, of 10 nm was found and calculatpdre diffusion

coefficient was6.0 x 10%° cn? s?, pore diffusioncoefficient of TGfound in batchkinetic was

also 6.0 x 10™° cn? s*. Equilibrium capacity for thyroglobulin waslso averagely high with
approximately 45mg mL* particle Protein diffusion of thyroglobulin was visualized using
confocallaserscanning ntroscopy.Slow diffusion into particles of QFF could be confirmed

and everlong term incubatiomp to one weeklid not change the powih of the thyroglobulin

fronta lot (Figure 13)
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Figure 12: Left panel:Batch adsorption kigtics of single component soluticnof TG and GFP on QFFRight panel:Batch
adsorption isothermef singlecomponent solutiaof TG and GFP on QFF.
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290min

Figure 13 CLSM pictures of batch kinetic of TG on QFF. Concentration of T&2s@mg mL. Actual particle diameters of the
particles shown were 90 um £ 5 um. The microscope used was the Leica SP5 confocal microscope.

As a comparison, experiments with a gm@ous resin were performg#l14]. On Poros 50HQ
diffusion of TG was fast and TG was able to diffuse into the core of the parf€l&sM pictures
are shown in Figure 1@ipper paal, red) Pore diffusion coefficient for TG was 7.0 x46n?s

1 andmaximum capacity for TG on Poros was 110 mg hplarticle which was determined by
batch adsorption (Figuretl
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Figure 14: EBCand batch kinetiéor TG on Poos 50HQ.
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Figure 15: Batch adsorption kinetics gfe-purified wheyon QFF.

Diffusion of seruminto particles of QFfwas found to be slower compared to predictions using
the shrinking core modekFitting of experimental dataf a single component solution of BSA
with the shrinking core model resulted inDa of 1.0 x 107 cn? s’. However, ftting of
experimental dataf pre-purified wheywith the shrinking core model resulted in ad@ 2.5 x
108 cn? s* and2.0x 108 cn?? s* for frontal analysis and batch kinetic absorpticespectively
(Figure 15, data of batch adsorptipnThe found R s reduced by a factor of 1820. In frontal
analysis for sake of simplicity of experimental-gptand on-line detection of proteinanockel
protein solution was adapted amBA was substituted with GFP. GFP was mixedhwit
thyroglobulin to simulate prpurified whey solution.D. of GFP insingle component solution
was 6.0x 107 cn? s, which is even higher than the calculatedob1.7 x 107 cn? s*, which
was calculated with the radius of gyration. For 4wamponent solution, chosen concentrations
of proteins were 2 mg mtfor thyroglobulin and 0.5 mg mtfor GFP and. of 2.0x 107 cn?

s* for GFPwas foundin batch adsorption and fital analysisSimultaneous incubation of TG
and GFP did not result in a displacement of GFP by slower diffusingnt@ high capacity was
foundfor GFP(Figure 16, upper and lower left panel
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Figure 16: Batch adsorption of niti component solutions of TG and GFP in batch adsorption and frontal analysis mode. Upper
left panel: Batch adsorption kinetic of mixture of TG and GFP on QFF. Upper right panel: Batch adsorption kinetic ofahixture
TG and GFP on Poros 50HQ. Lower lefinel: BTC of mixture of TG and GFP on QFF. Lower right panel: BTC of mixture of
TG and GFP on Poros 50HQ.

High fluorescence intensity of GFP rendered confocal laser scanning microscopy of GFP
unsuitablefor detection and analysis of GFP solutiofke fat that every GFP molecuis able

to absorband emitlight resultedin attenuation of the laser in tloenterof the beadpbservinga

black dot in the center of thmage. Due to this limitatigrfor CLSM studies of protein mixtures,
mixtures of TG and BSA were usednstead of mixtures of TG and GFRualitatively, slower
diffusion of BSA in the mixture with TG wasbservedusing visualization with CLSMFigure

17), which is in agreement with findings in batch adsorption and frontal analydisplacemat

of BSA by TG was not observesliequential incubation of TG and BSA on QFF resulted in a

reduced pore diffusion coefficient for BSA.
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