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Zusammenfassung 

Sekretorische Immunglobuline (SIgs) sind von großer Bedeutung bei der Immunantwort im 

Bereich der Schleimhäute und von großem Interesse als zukünftige Pharmazeutika. Im Zuge 

dieser Arbeit wurde Ziegenmolke als Quelle für die Aufreinigung von sekretorischen 

Immunglobulin M und sekretorischen Immunglobulin A verwendet. Der Prozess kann in zwei 

Teilprozesse aufgeteilt werden: 1) Aufreinigung von SIgs ohne chromatographische Schritte mit 

dem Fokus auf Implementierung in einer Molkerei und 2) Aufreinigung und Auftrennung von 

SIgs mit einem zweistufigen Anionenaustauschprozess. Als erster Schritt wurde, aufgrund der 

niedrigen Ausgangskonzentration von SIgs in Ziegenmolke, die Molke 30 ï 40-fach mit einer 

Hohlfasermembran mit einem Cut-off von 500 kDa aufkonzentriert. Der wichtigste Schritt von 

Teilprozess 1 war die fraktionierte Fällung mit PEG 10,000 um die Multimere mit hohem 

Molekulargewicht zu entfernen und um die Konzentration der Verunreinigungen drastisch zu 

reduzieren. Die Reduktion der Verunreinigungen war nötig, um die Aufreinigung mittels 

Diafiltration zu gewährleisten und eine Reinheit von 72% zu erreichen. Dieser Prozess wurde bis 

zum Pilotmaßstab realisiert. Eine Reinheit von mehr als 95% wurde mit Teilprozess 2 

ermöglicht. Dabei wurde eine Durchflussreinigung mit Q Sepharose FF realisiert, um die 

Verunreinigungen IgG und Serum Albumin zu entfernen. Anschließend wurde die Leitfähigkeit 

auf 8 mS/cm erhöht und der Durchfluss auf Poros 50HQ geladen. Die erhöhte Leitfähigkeit 

verhinderte das Binden von IgG und Laktoferrin. SIg konnte mit einem Stufengradienten elutiert  

werden, um eine Mischung mit einer Reinheit von 95% zu erreichen oder mit einem linearen 

Gradienten eluiert werden, um die Trennung von SIgM und SIgA zu erreichen. Mit dem 

entwickelten Prozess können SIgs im preparativen Maßstab aufgereinigt werden. Die Anpassung 

des chromatographischen Prozesses auf sekretorische Antikörper rekombinanter Natur ist ohne 

Umstände möglich. 
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Abstract 

Secretory immunoglobulins (SIgs) play a major role in immune defense of mucosal surfaces and 

are of potential interest for future drug candidates. In the course of this work, caprine whey was 

used as a source for the purification of secretory immunoglobulin M and secretory 

immunoglobulin A. The process can be split in two sub-processes: 1) A non-chromatographic 

process for the pre-purification of SIgs, which can be established at dairy sites and 2) 

Purification and separation of SIgs using a two-step anion-exchange process. Low initial 

concentration of SIgs in caprine whey required a concentration as first step. 30 ï 40-fold 

concentration was achieved using a hollow fiber membrane with a cut-off 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 as to reduce impurity concentration drastically to lower the protein 

concentration for the final operation unit. Final purification of sub-process 1 was a diafiltration 

to achieve a purity of SIg of 72%. Scale-up of sub-process 1 was realized up to pilot scale. Final 

purity of more than 95% was achieved with sub-process 2. A flow-through purification step on Q 

Sepharose Fast Flow was established at which SIgs were collected in the flow-through and IgG 

and serum albumin were bound. Remaining IgG and lactoferrin were removed in a bind-and-

elute step on Poros 50HQ. A buffer exchange between the steps was not required, solely 

conductivity of the collected flow-through of Q Sepharose Fast Flow had to be increased to 8 

mS/cm to avoid binding of IgG and lactoferrin to Poros 50HQ. A highly pure mixture of SIgs 

was achieved with a step elution from Poros 50HQ. Separation of SIgM and SIgA was achieved 

with linear gradient elution resulting in highly pure SIgA. Preparative production of SIgs is with 

the developed process possible. Adaption of the chromatographic process for recombinant 

secretory immunoglobulins is easily possible. 
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1. Introduction  

1.1 Immunoglobulins 

Immunoglobulins (antibodies) 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 exposed. In general, an antibody consists of two heavy chains and 

two light chains, which are connected by disulfide bonds [1]. There are five major groups of 

antibodies: Immunoglobulin M (IgM), IgD, IgG, IgE and IgA. The main difference between the 

major classes is the type of the heavy chain, which differ in their sequence: µ, ŭ, ɔ, Ů and Ŭ. The 

main interest of this work was the purification of secretory antibodies; therefore IgD and IgE will 

not be discussed any further. Although, IgG is not a secretory antibody, it lacks the secretory 

component and is only present as a monomer in secretions of mammals, it is important to 

mention, due to the not negligible amount found in animal milk and whey [2]. Furthermore, it is 

the most abundant antibody class in blood plasma [1] and therapeutic antibodies which are 

available on the market are based on IgG or fragments of IgG, such as Fab [3]. The molecular 

weight of IgG is approximately 150,000 Da [1]. The two secretory antibody classes present in 

secretions are secretory IgM (SIgM) [2, 4] and secretory IgA (SIgA) [5, 6]. IgM acts as the first 

barrier of the adaptive immune system and has a pentameric structure [4]. The molecular weight 

is approximately 900,000 Da [7]. The pentameric structure and the polymeric nature give IgM a 

high avidity, but its main contribution to the immune response is activation of the complement 

system [8]. In its secreted form, IgA is found as a dimer [4] with a molecular weight of 

approximately 440,000 Da [9]. The main sites of action for IgA are the mucosal surfaces of the 

body, especially in the gastro-intestinal-tract [4]. At these surfaces IgA is the most present 

antibody species [6, 10, 11]. Analysis of isoelectric points (pI) of polyclonal immunoglobulins 

was performed by Prin et al. [12]. In this study 20 serum samples from male and female donors 

were used. In general, the pIs of all immunoglobulins were distributed in the range of 4 ï 10, pIs 

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

ï 6.7 and for IgA between pIs of 4.7 ï 6.9, respectively. The peak of pIs for IgG was found to be 

in the range of 7 ï 9.95.  
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1.2 Polymeric immunoglobulin receptor and secretory component 

Secretory antibodies are produced by epithelial cells by binding of dimeric IgA or pentameric 

IgM to the polymeric immunoglobulin receptor (pIgR), transcytosis and secretion into the lumen 

[4, 6]. In the lumen, the pIgR, which has a molecular weight of 100,000 Da, is cleaved, where 

the dimer of IgA or the pentamer of IgM is released, carrying the secretory component (SC) [4, 

6]. A residual fragment with a molecular weight of 20,000 Da of the pIgR is left in the 

membrane of the cell and further degraded within the cell. Another function of the pIgR is the 

removal of bacteria from infected tissues by transcytosis [13]. In this case, polymeric Igs 

neutralize the bacteria by binding to them. The Ig-bacteria complex binds to the pIgR and is 

transported through the cell and secreted into the lumen [6]. Interestingly, pIgR, without any 

antibodies bound, is also transported through the cell and secreted into the lumen. Free secretory 

component is found in the secretions. As a free molecule, secretory component was found to 

show some activity against the bacterial toxin A of Clostridium difficile as well as reducing the 

local infectivity of enterotoxigenic Escherichia coli [13].. Another feature of SC is the enhanced 

proteolytic stability of antibodies associated with SC. Lindh [14] proposed, that the enhanced 

stability derives from the physiologic function of the secretory component or simply by 

physically blocking the cleaving sites of proteases on secretory antibodies.  

1.3 Applications of polymeric and secretory immunoglobulins 

A summary of studies using SIgA is found in the review of Corthésy [15]. It has to be 

mentioned, that all of these studies were either in vitro or in vivo in animal models and in some 

cases IgA was a recombinant molecule specific to a certain antigen. In several studies, the 

protective mechanisms of SIgA against infections of rotaviruses or Helicobacter pylori and 

intoxication of Clostridium difficile enterotoxins A and B in the gastrointestinal tract have been 

reported. The hypothesis for the inactivation of the rotaviruses by SIgA is that it may take place 

during the transcytosis of SIgA through the cell [16]. A monoclonal IgA specific against urease 

of H. pylori reduced the infectivity of H. pylori in the gastrointestinal tract [17]. For this 

experiment, H. pylori was incubated with the monoclonal IgA prior to application to healthy 

mice. The IgA-bacteria-complex was applied orally. In a second study, secretion of IgA into the 

stomach antrum of mice reduced the infectivity of H. pylori as well [18]. Other isotypes of 
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immunoglobulins, especially IgG, may also be important for the protection against H. pylori [19, 

20]. It has been shown, that in the case of intoxication with C. difficile toxins pIgA was six-times 

more efficient in neutralizing the bacterial toxins and preventing pseudomembranous colitis, 

anti-biotic-associated colitis and diarrhea than IgG or monomeric IgA [21]. In other studies, the 

protection of the respiratory mucosa against infections with the influenza virus was 

demonstrated. A study using pIgA and IgM specific against gp41 envelope protein from HIV 

resulted in reduced spreading of the virus. In this case, the virus was neutralized intracellularly 

and removed to the lumen by transcytosis [22]. Passive immunization seems to be a good 

application for SIgA. SIgA can be applied orally, intranasal, intrauterine or via lung instillation 

to protect the major quantities of the mucosal surfaces of the human body [15]. A big advantage 

of this application would be the containment and neutralization of the infection at a very early 

stage or even before the infection starts. Applications for SIgM have not been reported so far.  

1.4 Sources of secretory immunoglobulins 

The major problem with secretory immunoglobulins is the production in larger quantities. In 

transgenic plants, expression of SIgA was achieved in small amounts [23-25]. For mammalian 

cell lines, the co-expression of the immunoglobulin and the secretory component seems to be the 

most challenging issue. Several methods are published where SIgA was assembled from 

separately expressed polymeric IgA and secretory component. The source for the 

immunoglobulin was either human plasma, recombinant production of polymeric IgA or SIgA 

collected from human colostrum [14, 26-28]. In all cases, productivity was rather small without 

an option for a scale-up to an industrial process. To overcome the issue of low productivity for 

recombinant production systems, whey as a by-product in dairy industry seems to be an optimal 

source for secretory immunoglobulins. Although concentration of SIgs in whey is rather low 

with 0.01 ï 0.04 g L
-1
 and 0.03 ï 0.08 g L

-1
 for SIgM and SIgA, respectively, the amount of 

whey available is sheer never-ending [2, 29]. Subsequent processing of whey for the purification 

of SIgs offers a huge reduction of disposal costs for dairy sites.  

In a study by Gustafsson et al. [30] some similar glycosylation patterns were found for 

glycoproteins from human and animal milk, especially when it comes to proteins found in 

caprine whey, which was the source for our studies.  
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1.5 Purification strategies for antibodies 

For monoclonal IgG, produced in cell cultures, a process based on protein A chromatography as 

a capture step seems to be the method of choice [31]. Protein A is a protein from Staphylococcus 

aureus with a high affinity to the Fc region of IgG. Modern affinity resins for purification of IgG 

have immobilized recombinant protein A to reduce non-specific binding, ligand leaching and 

facilitate elution of IgG. Alternatives to protein A chromatography as capture step are widely 

investigated, as summarized in several reviews [32-34]. Alternative unit operations are for 

instance aqueous two-phase separation (ATPS), three phase partitioning (TPP), precipitation, 

crystallization, membrane separation and membrane chromatography. Scale-up and continuous 

purification is easily possible with ATPS, but establishment of a platform process is hindered by 

process understanding of extractions and feed stream variability. Andrews et al. [35] performed 

an extensive study for the purification of monoclonal antibodies (mABs). Crystallization would 

have the advantage of getting high purity within one step, but crystallization of therapeutic 

proteins in general is difficult to realize, especially with antibodies, because of their size, 

glycosylation and flexibility at the hinge-region. Membrane chromatography is similar to 

packed-bed chromatography, ionic ligands are immobilized to membrane materials with the 

advantages of fast mass transfer by convective flow and cheaper materials compared to packed 

bed chromatography. Knudsen et al. [36] developed a flow-through anion exchange membrane 

chromatography process for the purification of mABs. The disadvantage in this process is the 

establishment as a flow-through method, which results in high process volumes to handle.  

Unfortunately, a platform process like protein A purification for mABs doesnôt exist for other 

immunoglobulins and the main problem with protein A is low affinity for other immunoglobulin 

classes except IgG [37]. Two affinity resins for IgA are commercially available, which could 

substitute protein A chromatography. The first one consists of immobilized jacalin on a 

chromatographic backbone. Jacalin is a plant-derived lectin from the jackfruit capable of binding 

IgA. A big drawback is the fact, that jacalin solely binds to IgA1. Additionally, other 

glycoproteins are captured with jacalin [27, 38-40]. The second resin is based on camelid VHH 

ligands with higher selectivity for IgA [41], but a rather low capacity of 8 mg/mL resin [42] and 

binding of antibodies from other sources than human does not occur. For human IgM, a 
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chromatographic resin based on camelid VHH is also commercially available. According to the 

manufacturer, the binding capacity of this resin is 5 mg/mL and cross-reactivities with IgM from 

rat and mouse are documented [43]. Low capacities and high costs per mL of resin are major 

drawbacks and render an establishment as a platform process comparable to protein A 

chromatography in industrial scale impossible.  

Whey can be seen as a great source for proteins in general and especially as a source for 

antibodies. In literature, many publications can be found which cover the purification of whey 

proteins. Processes are published with the purpose of clarification of whey [44-47], concentration 

of whey proteins [48-52] and fractionation of whey proteins [53-65]. The used unit operation 

were versatile, utilizing aggregation and precipitation techniques [44-46, 52, 54, 55, 66], 

membrane separation [47, 49, 53, 56, 67], lyophilization [50], chromatographic methods [58, 61, 

63, 68, 69] and mixed matrix membrane separation [59, 60, 65]. Interestingly, immunoglobulins 

from animal whey havenôt been in the focus of process engineers so far, except for monoclonal 

IgG produced in transgenic animals. These processes were based on micro- or ultrafiltration [70, 

71]. Therefore, new strategies have to be developed for secretory immunoglobulins. The large 

difference in size of secretory immunoglobulins compared to impurities (host cell proteins and 

DNA fragments for cell culture supernatants and proteins with low molecular weight, e.g. Ŭ-

lactalbumin and ɓ-lactoglobulin, found in whey) seem to offer utilization of membrane 

separation and precipitation techniques for purification.  

1.6 Non-chromatographic techniques 

Chromatographic techniques are widely known and used for their universal applicability and 

high selectivities, nonetheless the major drawbacks are small productivities and high costs 

compared to other methods. Cheapest chromatographic resins are available for ~ 1,000 ú per L 

resin (Ion-exchange resins), whereat market prices for affinity resins start at 10,000 ú per L resin. 

In comparison, membranes for tangential flow filtration are available from 100 ú per m
2
 for 

industrial process scales and polyethylene glycols (PEGs) are extremely cheap with bulk price of 

~30 ú per kg. 
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Membrane separation techniques 

Membrane separation techniques offer a wide variety of possible applications all based on the 

same principle. Typical and established processes are preparation of water with low ionic 

strength by reverse osmosis, separation of divalent salt from monovalent salts by nanofiltration, 

concentration and diafiltration of macromolecules like proteins or carbohydrates and removal of 

suspended particles from a feed stream [72]. Separation characteristics for membrane processes 

can be seen in Figure 1.  

Microfiltration

Ultrafiltration

Nanofiltration

Reverse osmosis

Suspended

particles

Macromolecules

Sugars

Divalent salts

Dissociated acids

Monovalent salts

Undissociated acids

Water
 

Figure 1: Separation characteristics of membrane processes. Adapted from [72]  

 

In all cases a feed stream passes tangentially through a membrane module (Figure 2, left panel). 

Compared to conventional dead-end filtration, a complete blockage of the membrane is unlikely 

and at equilibrium a constant permeate flow is achieved (Figure 2, right panel).  
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Time

Thickness

of filter cake Flux

Time
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Figure 2: Left panel: General scheme of a tangential flow filtration process. Comparison dead-end filtration (middle panel) and 

tangential flow filtration (right panel) regarding thickness of filter cake and flux. Adapted from [72] . 
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Depending on the size of the solutes which are removed, either dense, non-porous membranes 

(reverse osmosis and nanofiltration) or porous membranes (ultra- 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 separation is also 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 nano-, ultra- and microfiltration 

the driving force is the applied pressure. As mentioned above, membrane separation processes 

with protein solutions as feed streams are widely used. In conventional processes for purification 

of mABs, membrane techniques are used for product concentration and buffer exchange, 

especially in platform processes with protein A affinity chromatography. Literature about 

purification of immunoglobulins in preparative scale based on membrane separation techniques 

is rare. Besides the purification processes for IgG from transgenic goats by Baruah et al. 

mentioned above, Hernández-Campos et al. [73] and Liu et al. [74] developed processes for the 

purification of immunoglobulins from chicken egg yolk based on ultrafiltration, while Kim and 

Nakai [75] compared membranes of different membrane manufacturer regarding the achieved 

purity of immunoglobulins from chicken egg yolk. Krishnan et al. [76] developed a process for 

the purification of monoclonal IgM from hybridoma cell cultures.  

Problem with single step ultrafiltration set-ups is a low resolution for the separation of proteins. 

As a rule of thumb, the difference in molecular weights between two proteins should be at least 

differ by a factor of 10 and the membrane cut-off should be 10x the molecular weight of the 

protein which should be removed from the feed solution to achieve a good separation. For more 

complex feed solutions with several types of proteins, even higher differences are necessary. A 

compelling method for enhancement of resolution is the set-up of a tangential flow filtration in a 

cascade mode. Mayani et al. [77] published a purification process for lysozyme based on a 

cascade ultrafiltration set-up. The problems with cascade set-ups 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 contributed to the choice of using an ultrafiltration process for the 

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



  10 

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 years. Typical agents for 

precipitation are salts, organic solvents, ionic polymers and non-ionic polymers. The origin of 

precipitation using salts is rather old. Hofmeister established the so-called ñHofmeister seriesò, 

which ranks anions and cations according to their influence on the solubility behavior of proteins 

[78]. An example for precipitation of proteins using the salting out effect of a salt can be made 

with ammonium sulfate, which is a well-known salt for precipitation of proteins and 

fractionation of protein solutions. The salt is kosmotropic, has a high solubility in water and both 

ions are can be found at the end of the ñHofmeister seriesò with a high salting out effect [79]. 

Although the mechanism behind the salting out effect is still not fully understood, some 

similarities regarding the mechanisms with hydrophobic interaction chromatography 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 ammonium sulfate needed for 

precipitation. This can lead to subsequent problems in waste water treatment in industrial scale, 

therefore ammonium sulfate precipitation is mostly used in lab scale.  

Many organic solvents show precipitating properties on proteins, but only ethanol is widely used. 

The main problem with e.g. methanol and acetone are their toxicity. Ethanol on the other side 

has detrimental influences on the protein structure at room temperature and explosion proof 

equipment is required. Probably the most well-known separation process is the fractionation of 

blood plasma using cold ethanol precipitation established by Cohn et al. [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 non-ionic polymer used for precipitation is PEG. 

 

Figure 3: Chemical formula of polyethylene glycol. 

 

 PEG is a synthetic polymer which is available in different molecular weights, typically PEGs 

with molecular weights ranging from a few 100 Da up to 20 kDa are used. A general assumption 

is that increasing molecular weight of PEG and the concentration is beneficial for precipitation. 

Other advantages of PEG is a low bulk price and the inertness of PEG. At room temperature 

proteins are not affected in their biological activity by precipitation with PEG. A drawback is the 

increasing viscosity of PEG solutions with increasing molecular weight and polymer 

concentration. Precipitation of proteins and the precipitation mechanism using PEG were 

investigated in several studies using model proteins [81-87]. The precipitation mechanism of 

polyethylene glycol is not yet fully understood. According to Atha and Ingham [83] a volume 

exclusion effect is the driving force for the precipitation of proteins. PEG molecules can be seen 

as a sponge-like structure, which remove the available water of a solution and therefore 

increasing the local protein concentration to a level above the solubility of the proteins. The 

shielding hydrate shell covering the proteins is removed and electrostatic interactions between 

the proteins increase, causing the proteins to precipitate. Several models are proposed to describe 

the precipitation mechanism [83, 86, 88], but none of these models is able to reliably predict 

precipitation of a target protein from a biological feedstock. The highly variable physical 

properties of proteins hinder the establishment of a platform process based on precipitation with 

PEG. Nonetheless, several studies with the scope of purification of proteins from biological feed 

streams are published. Hºnig and Kula developed a process for the purification of Ŭ-glucosidase 

[89]. Lewis and Metcalf established processes for the recovery of human pathogenic viruses 

[90]. Purification of mABs was performed by several research groups [86, 91-95]. Purification 

processes of secretory immunoglobulins with PEG are not published so far, but Cripps et al. [96] 
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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 filtration. In our case, implementation of PEG 

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

set-up seems to be a logical decision. 

1.7 Chromatographic techniques 

Liquid chromatography is widely used in protein purification, especially for the purification of 

monoclonal antibodies. As mentioned above, the most common method used for mABs is 

protein A affinity chromatography. Affinity chromatography has the advantage of the high 

specificity of the ligand to the protein of interest. Disadvantages are the high costs for the resins 

and sometimes detrimental elution conditions at e.g. low pH. Hydrophobic interaction 

chromatography (HIC) and ion exchange chromatography (IEX) are two other chromatographic 

modes which are widely used in preparative scale, whereat reversed phase chromatography is 

mainly used in analytical scale. HIC uses short, hydrophobic chains of carbohydrates to bind 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 accessible. Elution is performed by reducing the 

salt concentration in the mobile phase to weaken the hydrophobic interactions.  

Although a high resolution can be achieved, RPC is mainly used for analytical purposes because 

of the denaturing properties of long carbohydrate chains for proteins and the harmful properties 

of used mobile phase modifiers. Ligands are typically chains with 16 ï 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 binding. Binding of proteins 

depends on the pI of the protein and the pH of the mobile phase. At a pH of the mobile lower 

than the pI of the protein, the overall charge of the protein is positive and vice versa. Therefore, 

proteins with a pI above 7 are normally purified using cation exchange chromatography 

(CAEIX) and for proteins with a pI below 7 anion exchange chromatography (AIEX) is used. 

Loading in IEX is performed at low modifier concentrations in the mobile phase. Elution is 
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performed at increasing modifier concentrations. The most common modifier in IEX is sodium 

chloride, since it is cheap and safe to use. At increased salt concentration the electrostatic 

interactions between the ligands and the proteins are reduced. IEX is also known for its gentle 

conditions, high binding capacities and a large spectrum of already published applications.  

Manufacturers offer many different stationary phases, from cross-linked agarose with large inner 

particle porosities, small pore sizes in the range of 50 nm and therefore high surface areas to 

rigid and cross-linked poly(styrene-divinylbenzene) with large perfusion pores with sizes of up 

to 1 µm. Problem of beads used for chromatographic purification are mass transfer limitations 

due to diffusion of the proteins into the beads and detrimental ratios of protein size to pore size, 

which can reduce effective pore diffusion even more. A compromise between particle size and 

pressure drop has to be found. Columns packed with large particles (50 ï 100 µm) have a smaller 

pressure drop compared to columns packed with small particles (< 50 µm). The disadvantage is 

that larger particle size results in longer diffusion paths for the proteins and therefore longer 

residence times are needed to guarantee diffusion of the proteins into the beads. This issue could 

be overcome by e.g. core-bead technology. In this case, beads have a solid core with a shell 

around the core, which contains the ligands. The principles of this set-up are short diffusion 

paths due to the reduced available diameter of the particle and lower pressure drop due to larger 

particles. A disadvantages is a reduced surface area and therefor reduced capacities. A 

preparative and analytical method for separation of charge variants of mABs based on a 

chromatographic resin of the core-bead technology was developed by Nico et al. [97, 98]. 

Regarding mass transfer limitations monolithic design of chromatograpic materials is important 

to mention. Monoliths consist of one entire block of polymers, often methacrylate, with high 

diameter channels in the range of several µm. The big advantages of monoliths are the high mass 

transfer which is independent of diffusion and solely controlled by convective flow [99] and 

applicability of large biomolecules like viruses, VLPs, DNA and large proteins [100-109]. 

Residence time can be kept short, resulting in short process times. Drawbacks are lower 

capacities compared to conventional chromatographic resins and possible entrapment of large 

biomolecules [110, 111]. Nonetheless, monoliths are an interesting option for purification of 

large biomolecules with easy scalability from lab scale with 1 mL columns up to process scale 

with 8 L columns and their availability as disposable columns and multi-use columns. Recently, 
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processes using membrane chromatography have been established [36, 59, 60, 92]. The 

advantages and disadvantages of membrane chromatography are similar to monoliths with high 

flow rates and low process times on 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 method should be easily scalable and 

an implementation at a dairy site 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 be reduced as much as possible and the 

chromatographic unit operations should not include expensive affinity resins. Final sample 

composition should be of high purity regarding secretory IgM and secretory IgA in a mixture and 

a separation of secretory IgM and secretory IgA should be achieved as well. In terms of future 

progress of production of recombinant secretory immunoglobulins the method should be generic 

and purification recombinant secretory immunoglobulins should be possible with minor 

adaptions. For sample 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 Healthcare Bio-Sciences 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 proteins used were bovine thyroglobulin (T-1001-1G, Sigma-

Aldrich, St. Louis, MO, USA), BSA (A2151-100G, Sigma-Aldrich, St. Louis, MO, USA), GFP 

(kindly provided by the bio-industrial pilot plant, BOKU Vienna, Vienna, Austria), IgG (a kind 

gift of Octapharma, Vienna, Austria) and enriched SIg-fraction 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 in 2 mL reaction tubes and as triplicates. Stock solutions for the 

single component solutions and the mixtures were prepared and a dilution series was performed. 

50% (v/v) gel slurry was prepared and depending on the set-up 25, 50 or 75 µL of slurry was 

added to a sample volume of 925, 950 or 975 µL to reach a total reaction volume of 1000 µL. 

The solutions were incubated for 18 ï 20 h on an end-over-end rotator (Stuart SB3, Cole-Parmer, 

Stone, Staffordshire, UK) and centrifuged for 20 min at 14,000 RCF. The supernatant of single 

component solutions were analyzed with a Cary 60 UV-VIS photometer (Agilent technologies, 

Inc., Santa Clara, CA, USA), except of isotherm with thyroglobulin. Supernatants of mixed 

protein solutions and thyroglobulin were analyzed using an analytical SEC-HPLC. Calculation of 

capacity was performed by a mass balance. Experimental data was fit using Langmuir sorption 

isotherm and TableCurve 2D software to obtain the values for qmax and KD. 

Batch kinetics 

All experiments were performed in 2 mL reaction tubes and as triplicates. Stock solutions for the 

single component solutions and the mixtures were prepared. 50% (v/v) gel slurry was prepared 
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and depending on the set-up 25 or 50 µL of slurry was added to a sample volume of 950 or 975 

µL to reach a total reaction volume of 1000 µL. Incubation was stopped after 1, 3, 5, 10, 15, 20, 

40, 60, 120 and 360 minutes by filtration of the solution through a 0.22 µm syringe filter 

(SLGVX13NL, Millex-GV filter, Merck, Darmstadt, Germany) and further analyzed by UV-VIS 

photometry or SEC-HPLC. Calculation of capacity and protein concentration was performed by 

a mass balance. 

3.2 Frontal analysis studies 

Materials 

Adsorbents Q Sepharose Fast Flow (GE Healthcare Bio-Sciences 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 used proteins were bovine thyroglobulin (T-1001-1G, Sigma-

Aldrich, St. Louis, MO, USA), BSA (A2153-100G, Sigma-Aldrich, St. Louis, MO, USA), GFP 

(kindly provided by the bio-industrial pilot plant, BOKU Vienna, Vienna, Austria), IgG (a kind 

gift of Octapharma, Vienna, Austria), enriched SIg-fraction purified according to Matlschweiger 

et al. [112] and Dextran standard with different molecular weights were used as well (T10 

(10kDa, 17-0250-01), T40 (40kDa, 17-0270-01) and T70 (70kDa, 17-0280-01), Amersham 

Pharmacia Biotech AB, Uppsala, Sweden). All experiments were performed using 20 mM Tris 

pH 7.2 or 20 mM Tris 63 mM NaCl pH 7.2 as mobile phase and 20 mM Tris 1 M NaCl pH 7.2 as 

elution buffer. The chromatographic system used was an ÄKTA-Explorer 100 (Amersham 

Biosciences, Uppsala, Sweden) and the used software was Unicorn, version 5.11. All preparative 

chromatograms show a normalized y-axis of C/C0. Normalization was performed by dividing the 

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

Break-through curves (BTC) 

Q Sepharose Fast Flow was packed into a Tricorn 5/10 (GE Healthcare Bio-Sciences AB, 

Uppsala, Sweden) column with a final bed volume of 10.2 cm and a bed volume of 2.00 mL. 

Breakthrough curves were performed using single component protein solutions and protein 

mixture solutions. Concentration of thyroglobulin was 2 mg/mL, concentration of BSA and GFP 
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was ~ 0.5 mg/mL and concentration of IgG was 0.5 mg/mL. Sample was loaded until full break-

through of protein occurred. 

3.3 Confocal laser scanning microscopy 

Confocal laser scanning microscopy (CLSM) was used to determine the intraparticle 

concentration profiles of adsorbed thyroglobulin (TG) and bovine serum albumin (BSA). 

Materi als 

Adsorbent Q Sepharose Fast Flow (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) media 

was used. Chemicals were obtained from Merck (Darmstadt, Germany) and Sigma-Aldrich (St. 

Louis, MO, USA) and used proteins were bovine thyroglobulin (T-1001-1G, Sigma-Aldrich, St. 

Louis, MO, USA), BSA (A2153-100G, Sigma-Aldrich, St. Louis, MO, USA), GFP (kindly 

provided by the bio-industrial pilot plant, BOKU Vienna, Vienna, Austria). Used protein labels 

were Rhodamine Red
TM

-X Succinimidyl Ester and Rhodamine Green
TM

-X Succinimidyl Ester, 

Hydrochloride, mixed isomers (R6113) (both ThermoFisher Scientific, Life Technologies 

Corporation, Grand Island, NY, USA). CLSM was performed with a Zeiss LSM 510 microscope 

with a Plan-Apochromat 63x/1.4NA oil objective (Carl Zeiss MicroImaging, LLC, Thornwood, 

New York, NY, USA) and a Leica Sp5 microscope with a Plan-Apochromat 40x/0.85 dry 

objective (Leica Microsystems, Wetzlar, Germany). 

Labeling of proteins 

Rhodamine Red
TM

-X dye and Rhodamine Green
TM

-X dye were used to fluorescently label 

thyroglobulin and BSA, respectively following the supplier instructions. Thyroglobulin and BSA 

were incubated in a pH 8.5 sodium bicarbonate buffer with a dye-to-protein molar ratio of 1:3 for 

1 h at room temperature in the dark. After reaction, unreacted dye was separated by size 

exclusion chromatography using an Econo-Pac 10 DG desalting column from Bio-Rad 

Laboratories (Hercules, CA, USA). Average labeling ratios of 0.18 and 0.26 were obtained. 

Batch adsorption 

Batch CLSM experiments were done by placing QFF particles in vials containing 15 ml of each 

labeled protein diluted with sufficient unlabeled protein to yield a final dye-to-protein ratio of 
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1:40, and rotated end-over-end on a rotator. At periodic time intervals, small samples were 

removed from the vials and rapidly centrifuged at 13,000 rpm for 30 s to separate the resin from 

the supernatant. Same procedure was performed with protein mixtures. Ratios of resin to protein 

were chosen to change the protein concentration of the lower concentrated protein in the 

supernatant by a maximum of 10%. 

3.4 Peptide mapping of whey proteins 

Materials 

All chemicals used were of MS-grade. Acetonitrile (ACN), Water, formic acid, trifluoroacetic 

acid (TFA), ammonium bicarbonate, iodoacetamide (IAA), dithiothreitol (DTT) and proteomics 

grade trypsin were purchased from Sigma-Aldrich (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 non-reducing SDS-PAGE and the bands were excised using a 

scalpel. The in-gel digestion of the samples was performed according to the trypsin digest 

protocol supplied by Sigma-Aldrich. In brief, proteins were reduced in-gel with 5 mM 

dithiothreitol (DTT), alkylated with 100 mM iodoacetamide (IAA ), and digested with a 10 µg/ml 

solution of trypsin at 37° C for 24 hours. After digestion the peptides were extracted from the 

SDS-PAGE gel and dried using a Speedvac. The dried sample was resuspended and desalted 

using C18 spin columns according to the manufacturerôs instructions. The desalted and dried 

peptides were resuspended in 2% acetonitrile (ACN), 0.05% trifl uoroacetic acid (TFA) to a 

concentration of 1 pmol/µl. 1 µl sample was injected to an Ultimate 3000 RSLC nano-HPLC 

connected to a Finnigan LTQ linear ion trap MS with a nano-ESI source (all Thermo Fisher 

Scientific). 

The peptides were trapped on a nano trap column 100 µm × 20 mm and separated on an Acclaim 

PepMap RSLC 75 µm × 150 mm C18 column with a particle size of 2 µm 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 acid. The flow rate was 300 nL/min.  
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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 normalized collision 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 were caprine lactotransferrin (Q29477), 

bovine polymeric immunoglobulin receptor (pIgR) (P81265) and caprine secretory component 

(SC) (sequence kindly provided by the company partner). 
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4. Results 

4.1 Characterization of whey protein fraction 

Prior to purification of secretory immunoglobulins, the content of the whey protein fraction was 

analyzed with analytical methods. The starting material was concentrated on a 100 kDa 

membrane and a preparative separation on a Superdex 200 prep grade size exclusion column 

(Figure 4, upper left panel) was performed. Fractions were collected and further analyzed using 

SDS-PAGE and dot blots (Figure 4, lower panels and upper right panel). For dot blot analysis, 

antibodies specific against caprine immunoglobulins were used. Immunoglobulins IgM and IgA 

were found in the early eluting fractions, together with aggregates of IgG. The main fraction of 

IgG was eluting in the range of 0.5 ï 0.6 CV after the secretory immunoglobulins. Serum 

albumin was eluting around 0.62 CV. Highest peaks were found in the range of 0.67 ï 0.82 CV 

corresponding to ɓ-LG and Ŭ-LA. A discrimination of immunoglobulins with and without 

secretory component was not possible due to lack of an antibody specific to caprine secretory 

component (SC). In the reduced SDS-PAGE analysis, a band at 70 kDa was found in the 

fractions of IgM and IgA and in fraction number 30. For the identification of the bands, a LC-

MS was performed. Bands were excised from the SDS-PAGE. After reduction, alkylation and 

trypsin digestion, the sample peptides were separated on a reversed phase nano-HPLC 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 proteins. The band of fractions 15, 16 and 18 had low 

sequence coverage for bovine pIgR with only 20%, but 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 sequence provided by the company partner was 57% and the Sequest 

HT score was 379. Although the score is lower compared to bovine pIgR, the high sequence 

coverage and the high score enable an identification of the analyzed band as the secretory 

component and the polymeric immunoglobulins eluting within 0.36 ï 0.48 CV could be 

identified as secretory immunoglobulins. Important to mention is that the sequence coverage of 

pIgR and SC cannot reach 100%, because after cleavage of the pIgR a protein fragment with a 

molecular weight of 20 kDa remains in the membrane of the secreting cell. The band of fraction 
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30 had a sequence coverage of 69% and a Sequest HT score of 446 was found for the protein 

lactotransferrin (Q29477) from Capra hircus. An identification of this band as caprine 

lactotransferrin was possible, which was expected. 

Table 1: Overview of the peptide mapping results. Band A was identified as lactotransferrin and band B was identified as caprine 

secretory component. 

 Band of fractions 15, 16, 18 Band of fraction 30  

Protein Sequence coverage Score Sequence coverage Score 

Polymeric immunoglobulin 

receptor (bovine) 
20% 435 11% 32 

Secretory component 

(caprine) 
57% 379 11% 32 

Lactotransferrin 46% 261 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 and caprine IgG. Lower left panel: SDS-PAGE of non-reduced samples of selected fractions from preparative SEC 

separation. Lower right panel: SDS-PAGE of reduced samples of selected fractions from preparative SEC separation. 
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4.2 Purification of secretory immunoglobulins 

A process for purification of secretory immunoglobulins with high molecular weights from a 

high abundance of low molecular weight impurities (IgG, SA, ɓ-LG and Ŭ-LA) was required. In 

comparison to SIgM and SIgA with molecular weights of approximately 900 kDa and 440 kDa, 

respectively, the most abundant impurities (ɓ-LG and Ŭ-LA) have rather low molecular weights 

of 17 and 14 kDa, respectively. A separation approach based on molecular weight was chosen. 

Due to low concentration of secretory immunoglobulins in whey of 0.14 mg mL
-1

 a membrane 

process was the unit operation of choice, where purification and concentration could be 

performed at the same time. Therefore, whey was concentrated 30 ï 40 fold on a membrane with 

a high molecular weight cut-off of 500 kDa. The purpose of this concentration step was to 

increase the concentration of secretory immunoglobulins from 0.14 g/L to 3.5 ï 4.0 g/L. The 

high molecular weight cut-off of the membrane was required to remove low molecular weight 

impurities. Using this membrane, the purity was increased from 3% to 15% during concentration 

of the sample. Loss of SIg fraction during concentration was 16%. A high concentration was 

needed for subsequent precipitation of the secretory immunoglobulins using polyethylene glycol 

10,000. Removal of multimers and reduction of low molecular weight impurities was achieved 

with a fractionated precipitation. At a PEG concentration of 3% up to 60% of the multimer 

fraction was removed and 5 ï 10% of secretory immunoglobulins were co-precipitated. The 

precipitate was discarded. Increasing the PEG concentration of the supernatant to 7% resulted in 

precipitation of 85% of secretory immunoglobulins and purity was increased from 15% to 42%. 

Precipitate was re-solubilized containing mainly SIgs. Remaining impurities were IgG, serum 

albumin and ɓ-lactoglobulin. 
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Purity of

initial sample

 

Figure 5: Precipitation of multimer and SIg fraction with PEG 10,000. Re-dissolved precipitates were analyzed. 

 

Purpose of the precipitation step was reduction of high concentration of low molecular weight 

impurities to improve diafiltration. Concentration 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 cut-off of 300 kDa had to be used to avoid excessive loss of SIg. Purity of SIg 

fraction could be increased from 42% to 72% using diafiltration with 10 volume exchanges and 

1x PBS as buffer, while 6% of SIg fraction was lost. The overall yield for this process was 42%, 

main loss was during PEG precipitation.  
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Figure 6: Summary regarding purity and yield of sub-process 1. 

 

Purity of more than 72% of SIg fraction and separation of SIgM and SIgA with non-

chromatographic methods was not possible, a process for further purification of SIg fraction and 

separation of secretory IgM (SIgM) and secretory IgA (SIgA) was required and an approach 

using chromatographic methods was chosen. Purities of secretory immunoglobulins of up to 95% 

should be achieved and process complexity should be reduced as much as possible. Slow 

diffusion of high molecular weight proteins was observed on QFF, which has by its nature small 

pores. Several load conditions were tested and break-through of SIg occurred almost 

immediately, even at the longest residence time of 5.0 minutes. At this residence time only 22% 

of SIg fraction was bound to the resin, whereat purity could be increased from 67% to 89%. Up 

to 21.5 mg SIg per mL resin could be loaded onto the column until a break-through of 10% of 

serum albumin was observed (Figure 7, left panel). At lower residence times of 1.0 and 1.7 min 

break-through of 10% of serum albumin occurred after 5 and 6.5 mg SIg per mL resin. IgG was 
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bound as well, but capacity was not as high as for serum albumin and a fraction of IgG was 

found in the flow-through. Lactoferrin could not be removed in this step due to the high pI of the 

protein and was found in the flow-through. 

M   W   L    FT E2

kDa

198

98

62

49

38

28

17

14

6

3

SIgM

SIgA

IgG
LF

SC

SA

LC

ɓ-LG

 

Figure 7: Left panel: Break-through curves of whey proteins on QFF. Load concentration was 3.1 mg SIg mL-1 and column 

volume was 6.6 mL. Right panel: SDS-PAGE of non-reduced samples of flow-through purification of QFF. M ... Marker, W ... 

initial sample, L ... load, FT ... flow-through, E2 ... eluate, SIgM ... secretory IgM, SIgA ... secretory IgA, LF ... lactoferrin, SC ... 

secretory component, SA ... serum albumin, LC ... light chain, ɓ-LG ... ɓ-lactoglobulin. 

 

Further purification was achieved using giga-porous Poros 50HQ in bind-and-elute mode. 

Binding capacity of IgG on Poros 50HQ was found to be almost zero when conductivity was 

increased to 8.0 mS cm 
-1
. Sodium chloride was added to the load to prevent IgG from binding. 

IgG and lactoferrin were found in the flow-through, SIg was bound. SIg could be eluted either 

with a step gradient at 213 mM NaCl or with a linear gradient elution. Elution with a step 

gradient resulted in a mixture of SIgM and SIgA with a purity of > 95%, but separation was not 

possible. Linear gradient elution to 213 mM NaCl with a gradient length of 10 CV resulted in a 

purity of SIgA of > 95%. A purity of SIgM of 60% could be achieved with SIgA as the 

remaining impurity.  
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Figure 8: Purification of SIg on Poros 50 HQ. Upper left and right panel: Step elution of SIg fraction at 213 mM NaCl and 

corresponding SDS-PAGE analysis of non-reduced samples. M ... Marker, L ... load, FT ... flow-through, E1a ... eluate of step 

gradient elution, E2 ... eluate at 100% buffer B, SIgM ... secretory IgM, SIgA ... secretory IgA, LF ... lactoferrin, SC ... secretory 

component, SA ... serum albumin, LC ... light chain. Lower left and right panel: Linear gradient elution of SIg fraction at 213 

mM NaCl and corresponding SDS-PAGE analysis of non-reduced samples. M ... Marker, L ... load, FT ... flow-through, cA1 ... 

fractions containing SIgA of linear gradient elution, hA ... IgA from human colostrum, cM1 ... fractions containing SIgM of linear 

gradient elution, hM ... IgM from human plasma, E2 ... eluate at 100% buffer B, SIgM ... secretory IgM, SIgA ... secretory IgA, 

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 regarding 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 in an easy dot blot assay using bacterial antigens. SIgA 

showed activity against Clostridium difficile toxin A and Staphylococcus aureus alpha toxin and 

peptidoglycane, SIgM was active against Clostridium difficile toxin A and Staphylococcus 

peptidoglycane. The positive controls IgA from human colostrum and IgM from human plasma 

showed the same pattern. It has to be mentioned, that the experimental set-up allowed only 

qualitative analysis of secretory immunoglobulins. Quantitative analysis of integrity and activity 

of secretory immunoglobulins would 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. 
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Figure 10: Flow scheme of process for purification of highly pure SIg or SIgA. 

 

The direct results of this work have been published in peer-reviewed journals, Biotechnology 

progress and Journal of Chromatography B. The articles are entitled ñA Nonchromatographic 

Process for Purification of Secretory Immunoglobulins from Caprine Wheyò and ñSecretory 

Immunoglobulin Purification from Whey by Chromatographic Techniquesò. Further non-

published results are mentioned below. 
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4.3 Protein diffusion in chromatographic resins 

Slow diffusion of SIgs was observed during purification of pre-purified whey on QFF. Break-

through of serum albumin was much shallower and occurred earlier than expected, due to slow 

diffusion and a decreased capacity [113]. Slow diffusion in a small pore resin of high molecular 

weight proteins and slower diffusion and lower capacities of low molecular weight proteins in 

mixture with high molecular weight proteins were further analyzed using batch adsorption, 

frontal analysis and confocal laser scanning microscopy (CLSM). At a residence time of 5.0 

minutes 22% of the SIg fraction was bound to the column. In batch mode, pore diffusion 

coefficients of SIgM and SIgA were found to be 2.5 x 10
-10

 cm
2
 s

-1 
and 1.65 x 10

-9
 cm

2
 s

-1
, 

respectively as can be seen in the left panel of Figure 5. Measurements of hydrodynamic radii 

with DLS for SIgM and SIgA resulted in radii of 17.9 and 16.3, respectively. Conversion of 

hydrodynamic radius to radius of gyration for globular proteins can be performed with equation 

(1): 

hg RR Ö= 775.0  (1) 

Using equation (1) found radius of gyration for SIgM and SIgA was 13.9 nm and 12.6 nm, 

respectively. Calculated pore diffusion coefficient (De) of SIgM and SIgA was 2.5 x 10
-10

 cm
2
 s

-1 

and 1.7 x 10
-9
 cm

2
 s

-1
, respectively which is in agreement with De found in batch adsorption. 

Furthermore, an averagely high equilibrium capacity of 40.2 mg mL
-1 

particle for SIg fraction 

was found in batch adsorption experiments (Figure 11, right panel).  
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SIgM: De = 2.5 x 10-10 cm2 s-1

SIgA: De = 1.7 x 10-9 cm2 s-1

SIg: qmax ~ 40 mg mL-1 particle

SA

 

Figure 11: Left panel: Batch adsorption kinetics for SIgM and SIgA. Right panel: Batch adsorption isotherm for SIg and serum 

albumin. Measurement of EBC of SA was not possible due to low SA concentration in pre-purified whey. 

 

For comparison, experiments with the high molecular weight model protein thyroglobulin on 

QFF were performed. For thyroglobulin, a Rh of 10 nm was found and calculated pore diffusion 

coefficient was 6.0 x 10
-10

 cm
2
 s

-1
, pore diffusion coefficient of TG found in batch kinetic was 

also 6.0 x 10
-10

 cm
2
 s

-1
. Equilibrium capacity for thyroglobulin was also averagely high with 

approximately 45 mg mL
-1
 particle. Protein diffusion of thyroglobulin was visualized using 

confocal laser scanning microscopy. Slow diffusion into particles of QFF could be confirmed 

and even long term incubation up to one week did not change the position of the thyroglobulin 

front a lot (Figure 13). 

TG: De = 6.0 x 10-10 cm2 s-1

GFP: De = 2.0 x 10-7 cm2 s-1

TG: qmax ~ 45 mg mL-1 particle

GFP: qmax ~ 80 mg mL-1 particle

 

Figure 12: Left panel: Batch adsorption kinetics of single component solutions of TG and GFP on QFF. Right panel: Batch 

adsorption isotherms of single component solutions of TG and GFP on QFF. 
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Figure 13: CLSM pictures of batch kinetic of TG on QFF. Concentration of TG was 2.0 mg mL-1. Actual particle diameters of the 

particles shown were 90 µm ± 5 µm. The microscope used was the Leica SP5 confocal microscope. 

 

As a comparison, experiments with a giga-porous resin were performed [114]. On Poros 50HQ 

diffusion of TG was fast and TG was able to diffuse into the core of the particles (CLSM pictures 

are shown in Figure 16, upper panel, red). Pore diffusion coefficient for TG was 7.0 x 10
-8
 cm

2
 s

-

1
 and maximum capacity for TG on Poros was 110 mg mL

-1
 particle, which was determined by 

batch adsorption (Figure 14). 

TG: qmax ~ 110 mg mL-1 particle

TG: De = 7.0 x 10-8 cm2 s-1

 

Figure 14: EBC and batch kinetic for TG on Poros 50HQ. 
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SA: De = 2.0 x 10-8 cm2 s-1

SIg: De = 7.0 x 10-10 cm2 s-1

 

Figure 15: Batch adsorption kinetics of pre-purified whey on QFF. 

 

Diffusion of serum into particles of QFF was found to be slower compared to predictions using 

the shrinking core model. Fitting of experimental data of a single component solution of BSA 

with the shrinking core model resulted in a De of 1.0 x 10
-7
 cm

2
 s

-1
. However, fitting of 

experimental data of pre-purified whey with the shrinking core model resulted in a De of 2.5 x 

10
-8
 cm

2
 s

-1
 and 2.0 x 10

-8
 cm

2
 s

-1
 for frontal analysis and batch kinetic absorption, respectively 

(Figure 15, data of batch adsorption). The found De is reduced by a factor of 18 ï 20. In frontal 

analysis for sake of simplicity of experimental set-up and on-line detection of proteins, model 

protein solution was adapted and BSA was substituted with GFP. GFP was mixed with 

thyroglobulin to simulate pre-purified whey solution. De of GFP in single component solution 

was 6.0 x 10
-7
 cm

2
 s

-1
, which is even higher than the calculated De of 1.7 x 10

-7
 cm

2
 s

-1
, which 

was calculated with the radius of gyration. For two-component solution, chosen concentrations 

of proteins were 2 mg mL
-1
 for thyroglobulin and 0.5 mg mL

-1
 for GFP and De of 2.0 x 10

-7
 cm

2
 

s
-1
 for GFP was found in batch adsorption and frontal analysis. Simultaneous incubation of TG 

and GFP did not result in a displacement of GFP by slower diffusing TG and a high capacity was 

found for GFP (Figure 16, upper and lower left panel).  
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Figure 16: Batch adsorption of multi 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 of mixture of 

TG and GFP on Poros 50HQ. Lower left panel: 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 

unsuitable for detection and analysis of GFP solutions. The fact that every GFP molecule is able 

to absorb and emit light resulted in attenuation of the laser in the center of the bead, observing a 

black dot in the center of the image. Due to this limitation, for CLSM studies of protein mixtures, 

mixtures of TG and BSA were used instead of mixtures of TG and GFP. Qualitatively, slower 

diffusion of BSA in the mixture with TG was observed using visualization with CLSM (Figure 

17), which is in agreement with findings in batch adsorption and frontal analysis. A displacement 

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

reduced pore diffusion coefficient for BSA.  




































