
ABSTRACT 

 

HERIGSTAD, MATTHEW OMON.  Hybrid Particle-Nonwoven Membrane Media for 

Bioseparations.  (Under the direction of Ruben G. Carbonell). 

 

Adsorption separations performed in feed streams containing large particulates pose 

interesting problems, the solution of which would aid in many fields of bioseparations.   

Production of biologically derived protein products is one of the most rapidly expanding 

sectors in the global economy. The capture and purification of these products has, of late, 

become the bottleneck of the industry and can account for approximately 50-80% of the 

production costs. The biopharmaceutical industry has begun to focus on improving overall 

economics by merging two or more separation schemes into one.  The majority of the 

emphasis has been on combining the initial protein capture and host cell clearance steps; 

however, many of the currently available methods have shown little efficacy at large-scale.  

Additionally, interest in the clearance of pathogenic activity, most importantly infectious 

prions, from blood and blood derived products has grown over the past decade with the 

increased threat of blood-transfusion of variant Creutzfeldt-Jakob disease.  This work 

characterizes the transport and binding properties of a novel hybrid particle-nonwoven 

membrane medium in which a polymeric chromatographic resin is entrapped between layers 

of a nonwoven polypropylene membrane (a particle-impregnated membrane or PIM).  This 

membrane-supported resin construct offers the advantage of increased interstitial pore 

diameter to allow passage of cells and other debris in the feed, while providing sufficiently 

high surface area for product capture within the resin particles.  Columns packed with 

stacked disks of PIM displayed excellent flow distribution, and had an interstitial porosity of 

!b = 0.48 ± 0.01, a 25-60% increase over those typically observed in a packed bed.  These 



columns were able to pass over 95% of E. coli cells and human red blood cell concentrate 

(RBCC) in 30 column volumes, while maintaining a pressure drop significantly lower than 

that of a packed bed.  The dynamic binding capacity of the chromatographic resin entrapped 

in the PIM packed column for bovine serum albumin (BSA) was essentially the same as that 

observed with the same volume of resin in a packed bed.  Additionally, the binding of prion 

was characterized to PIM constructs containing an affinity ligand for PrP
Sc

, in saline, RBCC, 

and human IgG solutions.  The General Rate (GR) model of chromatography was used to 

analyze experiments indicating that the breakthrough and elution behaviors of the PIM 

column are predictable, and very similar to those of a normal packed bed.  These results 

indicate that PIM constructs can be designed to process viscous mobile phases containing 

particulates while retaining the desirable binding characteristics of the embedded 

chromatographic resin. The PIM systems could find uses in adsorption separation processes 

from complex feed streams such as whole blood, cell culture, and food processing and could 

offer a process alternative to expanded beds. 
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CHAPTER 1 

Introduction and Overview 

 

 

1.1. Introduction 

The capture of therapeutic proteins and pathogenic contaminants from feed streams 

containing large particulates, such as cell culture and whole blood, has been a growing 

concern for industries involved in biologically derived therapeutics.  Several methods, both 

chromatographic and non chromatographic, have been investigated to address this issue.  The 

work in this dissertation investigates a novel approach of combining chromatographic resins 

with nonwoven membrane materials to be used for the separation of biological-based 

products and contaminants from feed streams containing large particulates.  These new 

constructs have shown promise for improving the economics of protein purification 

processes as well as clearing infectious pathogens from whole blood products.    

1.2. Overview 

This study investigates the flow and binding characteristics of a novel particle-

impregnated nonwoven membrane media for the capture of proteins from feed streams 

containing large particulates.  These materials integrate the high binding capacities of 

chromatographic resins with the ability of the increased interstitial pore diameters of 

membranes, which allow for the passage of large particles. 
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Chapter 2 provides a review of the scientific literature on methods currently being 

investigated for the capture and purification of therapeutic proteins from feed streams 

containing whole cells and cellular debris.  Chapter 2 also reviews the scientific literature on 

the current threat of the transmission of transmissible spongiform encephalopathy (TSE) 

agents through whole blood products and the efforts that are being implemented to help 

reduce these risks.     

 A novel approach which incorporates chromatographic resins in to nonwoven 

membranes is introduced in Chapter 3.  These new particle-impregnated membrane (PIM) 

constructs are extensively characterized in the flow and binding properties.  A general rate 

chromatography (GR) model is also employed to characterize the chromatographic 

performance of columns packed with these materials and compared to a similar column 

packed only with resin materials. Appendix 1, found at the end of Chapter 3, describes the 

GR model used in characterizing the binding of bovine serum albumin to columns packed 

with PIM and chromatographic resin. 

 Chapter 4 describes an application of PIM constructs fabricated with an affinity resin 

for the removal of a normal prion protein PrP
c
, which is used as a model target for the 

infectious (i.e. TSE) prion protein, PrP
Sc

 from red blood cell concentrate (RBCC).  The 

binding of PrP
c
 to these affinity PIM materials was characterized in equilibrium and the GR 

model of chromatography was used to fit the dynamic adsorption behavior.  The results of 

this modeling were then used to predict the breakthrough behavior of spiked PrP
c
 in red 

blood cell concentrate and human immunoglobulin G.  Appendix 2, found at the end of 

Chapter 4, describes the GR model used in characterizing the binding of PrP
c
 to columns 
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packed with the affinity resin and PIM materials as well as a non-porous GR model used to 

characterize binding to the non-woven membrane. 

 Chapter 5 reviews the conclusions from the previous chapters and makes suggestions 

for future work.   

 Appendix 3 describes the development of a novel ELISA method for the detection of 

normal prion protein (PrP
c
) in saline and human plasma solutions.  This method of detection 

provides quantitative data on the breakthrough behavior of PrP
c
 from which the GR model 

can be used to characterize mass transport and binding properties.    

Appendix 4 describes the formulation of an aqueous polymeric solution with 

rheological properties similar to that of RBCC.  The aqueous polymeric solution can be used 

as a RBCC-analog fluid for the physical characterization of columns packed with PIM 

materials.   
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CHAPTER 2 

Chromatographic Separations from Feed Streams Containing 

Large Particulates 
 

 

2.1 Introduction 

 

Production of biologically-derived protein products is one of the most rapidly expanding 

sectors in the global economy 
1
.  During the past decade advancements in recombinant DNA 

technologies along with substantial improvements in cell culture techniques have made it 

possible for the industrial scale production of essentially any protein.  The industry is divided 

into two main areas: (a) the production of low value protein products, such as commercial 

enzymes, in which the costs of the raw materials govern the cost of the final product, and (b) 

the production of high value protein products, such as antibody-based therapeutics, in which 

the demands on high purity (i.e. <99.9%) of protein pharmaceuticals dominate the cost of the 

final product. 

Industrial titers of antibody-based pharmaceuticals are now approaching the order of 10 

g/L 
2, 3

.  These high titers, coupled with industrial bioreactor volumes on the order of 10,000 

L, have put a large strain on the subsequent recovery and purification of the desired product 

causing the downstream process to become the bottleneck in the manufacturing process.  The 

majority of pharmaceutical proteins exhibit a limited range of stability and therefore the 

length of time and conditions to which they are exposed during processing (e.g. pH, 

temperature, ionic strength, protease activity, etc.) need to be strongly considered.  
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Additionally, there is stringent control on the safety and purity of biologically-derived 

pharmaceuticals that are to be used for human treatments.  To satisfy these requirements, a 

typical downstream recovery and purification process will involve a sequence of several unit 

operations which includes the removal of whole cells and cellular debris, primary product 

capture, purification, polishing, pathogen/contaminant removal, and formulation.  These 

processes are usually run in batch or semi-batch mode requiring large hold-up volumes, long 

processing times, and can account for approximately 50-80% of the production costs of 

biologically produced materials 
2, 4, 5

.  Although the majority of these processes have been 

used extensively in industry, the design and scale-up of these operations still rely heavily on 

heuristics as the complexities and variations in feed stream composition hinder the accuracy 

and efficacy of mathematical modeling.   

Figure 1 shows a standard flow diagram that displays the different processes involved in 

the downstream capture and purification of a protein product as well as typical unit 

operations employed for each step.  The number and variety of required unit operations can 

vary widely depending on the expression system used and desired final form of the protein 

product.  For most proteins, this typically requires 10 or more different unit operations.  The 

addition of each unit operation, even if operating optimally, decreases the yield of the desired 

product and increases capital and operating costs.  Additional residence times also allow for 

increased exposure of the protein product to adverse conditions such as endogenous protease 

activity as well as fluctuations in temperature and pH which decreases product yield and 

activity.  



 6 

 

Figure 2.1:  Typical downstream purification scheme with representative unit operations 

utilized at each step.  Process conditions are determined by the expression system and 

constraints of the product. 
 

 

2.2 Process Integration  

In order to improve the overall economics of downstream possessing, the 

biopharmaceutical industry has begun to focus on process integration by merging two or 

more separation schemes into one, thus reducing process times, cost of goods, and capital 

investments 
2, 6-9

.  Much of this focus has been on combining the solid-liquid separation (i.e. 

cell harvest) with primary product capture in order to bypass the centrifugation and/or 

filtration steps for cell separation.  The bulk of industrial scale capture and purification steps 

for biological molecules are carried out in fixed-bed chromatographic columns 
7, 10, 11

.  Even 

though fixed-bed column operations exhibit high material and operational costs, are difficult 

to pack and to scale up, and run on a batch mode, they are widely used in industry because of 

their excellent separation resolution capabilities.  Ideally, fixed-bed columns would be 

integrated with the cell harvest as an initial product capture step; however, the small 

interstitial hydraulic radii of fixed-bed columns can preclude separations from feed streams 

containing large biomass particles, such as mammalian cells. Several alternatives that bypass 

the fundamental limitations in handling whole cells and cellular debris have been reported.  
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These can be broadly separated into two categories: namely (1) extraction methods including 

aqueous two-phase separation (ATPS) or affinity precipitation, and (2) adsorption methods 

including membrane chromatography, monolith chromatography, and expanded bed 

chromatography (EBA). 

Non-chromatographic approaches (i.e. extraction) have been of particular interest 

because of the potential reduction in materials and operating costs 
12

. Protein extraction and 

purification in ATPS, which allows for capture of a protein directly from cell harvest by 

exploiting selective partitioning of proteins into two (or more) phases formed by polymer, 

salt, and/or surfactant additives, has been extensively investigated over the past few decades 

4, 13-15
.  Traditionally, these systems were created with the addition of two polymers, such as 

polyethylene-glycol and dextran, or a polymer/salt, such as polyethylene glycol and 

potassium phosphate, that fractionate into two immiscible aqueous phases.  Partitioning of 

the desired protein into one of the two phases is governed by the physicochemical 

characteristics and composition of the materials employed as well as the operating 

conditions.  The partitioning can be further enhanced by covalently linking an affinity ligand 

to the polymer 
16

.  These systems can be readily optimized if information on the phase 

behavior of a particular protein/polymer system is known.  However, this data is typically not 

available and needs to be experimentally determined prior to application. ATPS can also be 

performed creating micelles formed from various surfactants.  Under certain operating 

conditions, the system can form micelle rich and micelle poor regions, which are immiscible.  

This technique is advantageous when exploiting the differences in protein hydrophobicity, 

such as in separation of cellular proteins from membrane proteins.   
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Protein purification by affinity precipitation has gained interest over the last decade with 

the advancement of new materials to aid in its efficacy 
16, 17

.  It is based on the simple 

concept of selectively altering the solubility characteristics to cause the precipitation of a 

desired product or the respective contaminant(s) 
17, 18

.  Protein purification by precipitation 

has been in use for over 20 years.  One of the most recognizable schemes using precipitation 

is the Cohn process for the fractionation of human plasma 
19

.  However, precipitation alone 

lacks specificity.  Affinity methods have been developed which attach an affinity ligand to a 

polymer support, similar to the method used for affinity ATPS, except that now the polymer-

ligand-protein complex is selectively and reversibly precipitated by external factors such as 

pH or temperature.  

Both of these unit operations are attractive because of their low cost of goods, relative 

ease of scalability, continuous operation, and high capacities 
4, 17

. However, their utilization 

in large scale operation have been hindered by the complexities governing phase partitioning 

behavior of molecules such as surface charge, conformation, aggregate formation, and other 

factors which can be extremely sensitive to variations in feed stock compositions 
20

.  

Macroporous gel monolith columns have been successfully employed for separations of 

several biomolecules such as proteins, antibodies, toxins, and plasmid DNA from non-

clarified fermentation broths 
21-26

.  Classical techniques in polymer synthesis allow for 

controlled pore size, and subsequently pore-size distribution, yielding monolithic materials 

which can pass feed streams containing large particulates 
27, 28

.  However, large pore sizes in 

macroporous monoliths often are obtained at the price of a significantly reduced binding 

surface area and subsequently much lower binding capacities compared to their fixed-bed 
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counterparts.  In addition, current technology for monolith manufacturing limits the monolith 

dimensions to relatively small sizes. 

Adsorptive membrane chromatography, which has been extensively reviewed 
29-32

, has 

also shown promise for use in the primary capture of proteins.  Membrane materials are well 

known for their large interstitial porosities and low pressure drops.  There have been several 

examples of adsorptive membranes being used for the capture of protein targets from cell 

culture supernatants 
33-36

.  However, the low binding capacity of these materials compared to 

chromatographic resins make them more immediately applicable to contaminant removal 

steps from relatively pure product streams as opposed to product capture from more complex 

solutions.  

In the early 1990’s expanded bed adsorption (EBA) was introduced to combine liquid-

solid separation and capture processes by fluidizing the chromatographic bed, thus allowing 

for capture of a product from a non-clarified feed stream at near quantitative recoveries 
37-39

.  

The fluidization of a chromatographic bed results in significantly larger inter-particle 

separations that allow passage of larger particles.  There have been numerous applications of 

EBA capture of various proteins 
40

, monoclonal antibodies 
41-43

, and more recently neural 

stem cells 
44

.  The reduction of mammalian and microbial cell counts with EBA can be 

competitive with centrifugation and micro-filtration 
45, 46

 and EBA can also reduce host cell 

DNA and other contaminants 
47, 48

.  However, the fluidization stability of the expanded bed, 

and subsequently the separation efficacy, has been shown to be strongly dependent on several 

operating parameters such as pH, ionic strength, flow rate, and viscosity 
40

.  One of the major 

factors that affect fluidization stability in EBA separations is the adsorption of cells and 
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cellular debris to the chromatographic support causing the particles to aggregate and disrupt 

the flow distribution 
49, 50

.  Several studies have looked at the physical characterization of the 

biomass feed (particle size, surface charge) and the homogenization conditions of the cell 

harvest in order to optimize the properties of the chromatographic materials and operating 

conditions to improve the fluidization stability of the EAB systems 
51-53

.  An additional step 

is also required in EBA as the elution of bound proteins is typically carried out in fixed-bed 

mode to deliver a more concentrated product stream 
37

.  This step can require significant 

downtime and buffer consumption for the packing and, more importantly, can lead to 

problems associated with the re-fluidization of the bed back into an operational condition.  

Elution for EBA processes in expanded bed mode has also been reported 
54

 and requires 

significantly larger elution volumes, ~2-4 times that of the fixed-bed, resulting in a more 

dilute product stream and increased operational costs. The complexities faced in optimization 

and the operational instabilities associated with EBA have limited its commercial application.            

Of all the process integration methods reviewed and in light of the disadvantages 

discussed above, EBA operations have shown the most promise in handling the primary 

recovery of protein products from feed streams containing whole cells and cellular debris.  

EBA is amenable to most existing protein purification processes as it can utilize 

chromatographic media which has been previously defined and validated for a process, and 

requires little or no additional equipment for operation.  These are significant advantages for 

industries looking to implement process integration while minimizing the number of 

processes and chemistries that require additional validation procedures.   
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The work discussed in this dissertation sought to address the limitations of EBA by 

incorporating a support matrix for the resin resulting in a construct similar to a permanently 

expanded bed, thereby enhancing fluidization stability without sacrificing the inherent 

benefits of EBA operations.  These constructs would maintain the large interstitial pore 

diameter needed to pass whole cells and cellular debris, have a fluidization stability which 

was independent of variations in feed stream conditions, retain the high binding capacity of 

the resin, would require little or no additional equipment to add to a pre-existing purification 

process, and be constructed in part or entirely from equipment and materials which have 

already been defined and validated.  These constructs could find applications in process 

integration as well as any separation process from a feed stream which contains large 

particles, such as removal of pathogen contaminants from whole blood. 

 

2.3 Pathogen Clearance from Whole Blood and Blood Products 

As mentioned in the previous section, one area of separations which suffers from 

limitations in feed streams containing large particulates is the removal of trace pathogenic 

contaminants from whole blood and blood components.  In these types of separations the red 

blood cells, platelets, and other coagulation factors are the product and it is very important to 

ensure that the clearance process has little or no adverse effect on the physical integrity and 

activity of these components.  The goal of these separations, as opposed to protein capture 

discussed in the previous section, is to selectively remove all detectable pathogen 



 12 

contamination while minimizing the non-specific interactions of other species in order to 

maintain the safety of the blood supply. 

2.3.1 Safety of the Blood Supply 

 According to the 2007 National Blood Collection and Utilization Survey Report 
55

, 

there are ~ 9.5 million people donating over 16 million units of whole blood in the United 

States each year.  This blood is typically fractionated into multiple components including red 

blood cell concentrate (RBCC), plasma, platelets, and cryo-precipitated antihemophilic 

factor.  Close to 5 million patients receive ~30 million units of the fractionated blood 

components each year.  Another 2-3 million units of fractionated plasma are pooled and 

commercially processed to remove and concentrate therapeutic products such as albumin, 

immune globulins (e.g. IgG), and clotting factors (e.g. Factor VIII, von Willebrand).  Due to 

the large number of donors, there is an inherently high risk of pathogen transmission through 

transfusion of the blood products or the products derived from them.   Several methods are 

employed to reduce the risk of pathogen transmission with blood products which include (a) 

source selection, (b) screening of donor blood, (c) inactivation, and (d) removal.   

 The first two methods aim to safeguard the introduction of pathogenic infectivity to 

the national blood supply.  Deferral methods screen a candidate’s history and prevent blood 

donations from anyone who has used illegal intravenous drugs, been involved in prostitution, 

tested positive for hepatitis past their 11
th

 birthday, received clotting factor concentrates, 

having risk factors or a familial link to Creutzfeldt-Jakob disease (CJD) or its variant vCJD, 

or resided in Europe for more than three months from 1980-1996, to name a few.  In 
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addition, each time a blood donation is received it is tested for known pathogens including 

hepatitis B (HBV), hepatitis C (HCV), human immunodeficiency virus (HIV), syphilis, and 

the West Nile virus (WNV). 

 The Food and Drug Administration (FDA) and other regulatory agencies require viral 

clearance methods in order to reduce the risk of contamination from products derived from 

human or animal sources 
56, 57

.  These methods must be validated under current Good 

Manufacturing Practices (cGMP) and demonstrate the ability to remove at least 99.99% (4 

log10 removal) of a spiked model virus.  Viral clearance can be achieved through removal 

and/or inactivation.  Viral particles are often removed by filtration when there is an 

exploitable difference in size of the virus and product 
58-60

.  However, removal methods 

based on filtration cannot be effectively implemented in feed streams containing large 

particles as fouling of the membrane becomes an issue.     

 Inactivation methods include the addition of heat, chemicals (i.e. solvents or 

surfactants), pH adjustments, or irradiation in order to denature surface proteins on enveloped 

viruses and/or destroy the encoded DNA/RNA 
61-63

.  These methods have been very effective 

in the clearance of pertinent viral contaminants such as HCV, HBV, and HIV 
61

.  However, 

inactivation methods are not always amenable to systems containing products that are labile, 

such as whole blood and RBCC, in which the method of inactivation adversely affects 

product quality.  There are other pathogens, such as smaller non-enveloped viruses (i.e. 

human parvovirus B19), that are highly resistant to inactivation methods, difficult to remove 

by filtration due to their extremely small size (~ 20 nm in diameter), and therefore require 

targeted adsorptive removal methods 
63-66

.  A growing concern over the past decade has been 
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the blood transfusion of such a pathogen, transmissible spongiform encephalopathy (TSE), 

which is also known to be highly resistant to almost all known methods of inactivation. 

2.3.2 Characteristics of Transmissible Spongiform Encephalopathy (TSE) 

 

 Transmissible spongiform encephalopathies (TSEs) are diseases that affect the brains 

and nervous systems of animals.   They may present as sporadic, infectious, or genetic 

disorders.  TSEs are strongly associated with the modification (i.e. misfolding) of the normal 

prion protein (PrP
c
) to an infectious form, PrP

Sc
 
67

, although the mechanism for the disease is 

still unknown 
68-70

.  The most common TSE disorders are Creutzfeldt-Jakob disease (CJD) in 

humans, bovine spongiform encephalopathy (BSE) in cattle (also known as mad cow 

disease), chronic wasting disease (CWD) in elk and deer, and scrapie in sheep.  TSEs have a 

wide variety in incubation periods from years to decades and are a result of the accumulation 

of fibril and amyloid protein aggregates in the brain.  These aggregates cause the formation 

of small holes in the brain tissue resulting in a sponge-like appearance (i.e. spongiform) 
67, 71

.  

TSE illnesses typically present with symptoms of dementia, emotional abnormalities, loss of 

physical coordination, and blurred vision.  The clinical disease state can persist for years, but 

is invariably fatal.   

 According to Brown 
71

, the majority of TSE infectivity in diseased specimens is 

confined within the central nervous system with ~10
4
–10

6
 LD50 per gram of tissue.  There is 

also infectivity, although considerably less (~10
1
-10

2
 LD50/g), in the reticuloendothelial 

system (i.e. part of the immune system contained within the lymph nodes, spleen, liver, etc.).  
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The levels of TSE infectivity in the blood are the lowest (~10
0
-10

1
 LD50/mL) and can remain 

below the limit of detection for a significant portion of the incubation period.  

 The risk of transmission of TSE diseases became a focal point during the BSE 

epidemic in United Kingdom in the 1980’s & 1990’s.  In 1996, there was the discovery of a 

new variant form of CJD (vCJD) affecting a much younger population which was suspected 

to be transmitted to humans from BSE infected cattle 
72

.  There have been ~200 documented 

cases of vCJD worldwide 
73

.  Of those, there are 4 known cases of vCJD transmission 

through a blood transfusion from individuals who later died of the disease 
74-76

.  Due to the 

relatively long incubation periods of TSEs, infected individuals can remain asymptomatic 

and donate blood for several years prior to being diagnosed with the clinical disease.  It was 

also observed that the incubation periods in the transfusion cases were 5-8 years, about half 

the incubation period observed for primary oral infections from BSE (~10-15 years) 
71

.  

Overall it has been demonstrated that there is a ~40% transfusion success rate through blood 

and its components from several mammalian models confirming that TSEs are correlated to 

the infectivity in the blood 
77

.  It has also been shown that transmission is more efficient 

within same species (i.e. human to human blood transfusion) and can reduce the incubation 

time in the new hosts 
78

. 

2.3.3 Managing Transmission Risks of TSE 

  Reducing the risk of TSE transmission is more difficult than in the case of viruses. 

There have been several studies conducted to identify a rapid and quantitative pre-mortem 

assay for the detection of TSE infectivity 
79-84

 although to date there are none that are readily 



 16 

available.  The majority of these tests are based on the detection of the abnormal prion 

protein PrP
Sc

 in whole blood or plasma.  Concentrations of PrP
Sc

 in blood/plasma are very 

low, on the order of fg/mL, and need to be selectively detected amongst normal prion protein 

PrP
c
 that is at an excess of 1:1,000,00 

80
.  Additionally, there is a significant amount of 

background that is generated by the cellular and protein components in the blood.  In spite of 

these obstacles several groups have developed assays that show promise of soon being 

available for the pre clinical diagnosis of TSE infectivity 
79, 80

.  

 Prion proteins are remarkably robust and can withstand most of the employed 

inactivation methods used in industry such as heat (wet or dry), chemical addition, and 

irradiation 
67, 71

.  This leaves only source selection and removal as applicable methods for 

reducing risks associated with TSE during blood transfusions and from blood-derived 

products.  As mentioned earlier, guidelines are in place preventing blood donations from 

anyone having risk factors or family links to vCJD, or those who have spent time in areas 

where there has been a BSE epidemic. These practices can prevent the introduction of 

infected blood from potentially harmful candidates but cannot ensure the safety from infected 

persons who are typically asymptomatic in the pre-clinical stages of the disease. Therefore, 

incorporating a step that has been validated to remove TSE infectivity is the most promising 

way to avoid the risk of TSE transmission from blood-derived products and blood 

transfusions.    

 Through several studies of BSE, scrapie, and vCJD it has been shown that the highest 

level of TSE infectivity in the blood is associated with the white blood cells (leukocytes) 
85, 

86
.  In 1999, the UK started requiring the removal of white blood cells as it was believed that 
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this would also remove the TSE infectivity.  However, Gregori et al. showed that the 

leukoreduction of scrapie infected hamster whole blood removed only ~42% of the total 

infectivity 
87

.  The majority of the remaining infectivity was presumed to be associated with 

the plasma fraction. 

 In the past few years there have been studies that examined the fortuitous reduction in 

TSE infectivity in several unit operations during the purification of various protein products 

88-91
.  These studies have shown that some unit operations can exhibit up to 4 logs of TSE 

reduction which is a significant contribution to the overall clearance of TSE infectivity.  

However, these unit operations are not dedicated pathogen clearance processes and therefore 

cannot be solely relied on to clear TSE infectivity.   

 Recently there have been two reported methods that employ the use of affinity 

ligands for the removal of both exogenous and endogenous TSE infectivity.  One study used 

a prototype of a leukoreduction filter with an enhanced ability to capture PrP
Sc

 
92, 93

.  These 

filters were able to remove over 4 logs (i.e. 99.99%) of exogenous (i.e. brain spiked) TSE 

infectivity from whole blood and also remove the level of endogenous TSE infectivity below 

the limit of detection.  Another study identified six affinity ligands that bind to PrP
Sc

 through 

the screening of a large solid-phase combinatorial chemical library on a resin-based 

chromatographic support 
78

.  Each of the ligands was challenged with exogenous TSE 

infectivity in RBCC and four of the six were able to demonstrate more than 4 logs of 

reduction in the starting material. It was also shown that adsorption was not due to non-

specific interactions with the resin through negative controls.  One of these ligands was 

further studied in the reduction of endogenous TSE infectivity in scrapie-infected hamster 
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blood 
73

.  This ligand was able to clear all endogenous TSE infectivity below the limit of 

detection, which was 0.2 ID/mL.   

 The need for dedicated pathogen clearance steps to ensure the safety of the national 

blood supply and prevent the transmission of pathogenic activity through blood transfusion 

and blood-derived products is clear.  The difficulty in the clearance of some of the more 

troublesome pathogens like TSE, as well as need to address the limitations of doing so in the 

presence of whole blood and RBCC, has motivated the work (discussed later in this 

dissertation) with the incorporation of affinity chromatographic resins in a construct which 

would allow for the targeted removal of TSE from whole blood and RBCC.    
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CHAPTER 3 

A Novel Hybrid Particle-Nonwoven Membrane Medium for 

Separations in Feed Streams Containing Large Particles  

 

3.1. Introduction 

The biopharmaceutical industry has begun to focus on process integration in order to 

improve economics by merging two or more separation schemes into one, thus reducing 

process times, cost of goods, and capital investments 1-5.  Much of this focus has been on 

combining the cell harvest and product capture steps in order to bypass the centrifugation 

and/or filtration steps for cell separation.  This requires a process which is able to capture 

a target protein from a feed stream which contains large particulate matter, such as whole 

cells and cellular debris. 

The approach being considered here is to impregnate chromatographic resin particles 

into an inert nonwoven fiber membrane support which has an interstitial pore size large 

enough to pass biomass particulates, but small enough to prevent the chromatographic 

resin particles from being dislodged from the membrane.  The particle-impregnated 

membrane (PIM) constructs offer the advantages of having an increased interstitial 

porosity to allow for large particles to flow through the column and excellent flow 

distribution without the difficulties associated with packing resin in chromatographic 

columns.  At the same time, the porous chromatographic resin particles provide sufficient 
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surface area for adsorption of high titer products or low concentration contaminants 

present in the feed stream.   

This paper presents the results of a study aimed at characterizing the flow and binding 

properties of columns packed with stacked layers of PIMs.  The flow permeability of the 

membrane column and its average porosity are compared to the corresponding values for 

packed beds.  It is shown that whole E. coli cells and red blood cells are able to pass 

through the packed column quite easily without plugging after processing many column 

volumes of feed, and that the dynamic binding capacity of the resin in the PIMs is 

essentially the same as that of the resin in a packed bed.  Finally, the General Rate 

Theory of chromatography (GR) is used to fit breakthrough curve data for BSA 

adsorption to the PIM beds to allow a comparison between the magnitudes of the various 

transport and binding steps in a PIM column to those of in a packed bed column.  By 

varying the resin particle size, the nonwoven porosity and pore size, it is possible to 

design PIM devices for many applications.  It is evident from these results that PIM beds 

have significant potential for use in adsorption processes for proteins and other molecules 

from complex or highly viscous fluid streams containing whole cells, cell debris, and 

other particulates.  

3.2. Material & Methods 

3.2.1. Hybrid Particle-Impregnated Membrane (PIM) Fabrication 

Hydroxylated (poly) methacrylate-based resin (Tosoh Bioscience, Montgomeryville, 

USA) with a nominal pore size of 1000 Å and a particle diameter of approximately 65-90 
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µm was dried to a moisture content of less than 2.0 wt% in a tumble dryer.  This resin has 

a free amino group on the surface intended for ligand coupling in affinity separations; 

however, it can also function as a weak anion-exchanger in non-specific adsorption.  For 

these studies a plasma-treated polypropylene nonwoven membrane with an average fiber 

diameter of 20 µm, nominal pore diameter of 15 µm, base weight of 40g/m2, and 

interstitial porosity of !b " 0.75 was provided by MacoPharma (Tourcoing, France).   

 

Figure 3.1:  Fabrication of the PIM materials by calendering.  Nonwoven membrane is 
fed (right to left) on a moving belt and passes under a particle spreader where a uniform 
resin layer is distributed.  An additional layer of nonwoven membrane is placed on top 
and then fed to a calendering roll where physical melt contacts are formed between the 
two nonwoven membrane layers entrapping the dry resin.  The edges of the membrane 
are sealed to prevent resin loss and subsequently stored on a process roll.   

 

PIM materials were fabricated by a simple calendering process, shown in Figure 3.1, 

at the Nonwoven Cooperative Research Center at North Carolina State University 

(Raleigh, USA).  Dried resin particles were loaded to a hopper and distributed to a 
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moving conveyor belt by means of a vibrating plate.  A layer of nonwoven membrane 

was passed underneath the plate, where dried resin particles were continuously dispensed 

to a desired mass loading (g of resin/area of nonwoven).  An additional layer of 

nonwoven membrane was then placed on top of the particle layer and fed to a calendering 

machine, in which heat and pressure formed physical melt-contacts between the two 

layers of nonwoven membrane effectively entrapping a uniform layer of resin.  A 

gamma-radiation weight scanner was used to monitor the particle mass loading 

distribution on the membrane prior to collection on a process roll. 

3.2.2. Column Packing 

PIM materials were cut into discs using an arch punch (McMaster-Carr, Aurora, 

USA) and packed into 1.1 cm or 2.2 cm adjustable volume Vantage-L columns 

(Millipore, Billerica, USA).  The bed height of the column was fixed at a constant ratio of 

0.055 cm per layer of PIM.  The ratio of the column height to the number of PIM layers 

was chosen such that there was no visible head space in the column after swelling of the 

resin contained in the PIM.  In aqueous solvents the chromatographic resin swells from a 

dry specific volume of 1.6 mL/g to a settled resin slurry specific volume of ~ 5-6 

mL/gram of dry resin.  The columns were packed with dry PIM materials in a fixed 

volume of column and swollen in place with 10 mM phosphate buffered saline (Sigma, 

Saint Louis, USA) with 10 mM sodium chloride (Fisher, Fairlawn, USA), pH 7.4 (PBS). 

The quality of packing was observed by using an inverted optical microscope 

(Olympus CKX41, Center Valley, USA).  The particles in the PIM were first fixed in 

place by removing the PBS from the pre-packed column and then introducing an acrylic 
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monomer solution (LR White resin, Electron Microscopy Sciences, Hatfield, USA) 

containing Sudan black dye (Sigma, Saint Louis, USA) and polymerizing at 60°C for 22-

24 hours.  The polymerized bed was removed from the column, cut axially into thin 

strips, and imaged on the optical microscope. 

3.2.3. Pulse Analysis to Determine Interstitial Porosity 

More than 20 sample columns (2.2 cm diameter) containing anywhere between 30-85 

layers of PIM were packed at column lengths determined by the constant ratio of 0.055 

cm per layer of PIM.  For each layer of PIM there are two layers of nonwoven 

membrane.  Columns containing nonwoven membrane only were packed using 3 layers 

of membrane for every 1 layer of PIM; 2 layers of membrane representing the membrane 

found in each layer of PIM, as well as an additional layer in lieu of the resin layer of the 

PIM.  A column was packed with 288 layers of nonwoven membrane only (comparable 

to a column packed with 96 layers of PIM) at a column length of 5.25 cm.  Pulse 

experiments were carried out at room temperature (22°C) on a Waters 616 LC system 

with a  200 µl sample loop, Waters 2487 UV detector (Waters Corporation, Milford, 

USA), and a Optilab DSP Interferometric Refractometer detector (Wyatt, Santa Barbara, 

USA).  These experiments were performed under non-binding conditions using acetone 

as a tracer to determine the total column porosity, !t, and a high molecular weight 

polyethylene oxide (PEO) was used as a tracer to determine the interstitial bed porosity, 

!b.  Injections of 200 µL aqueous acetone 0.5 % (v/v) (Fisher, Fairlawn, USA) in high 

purity reverse osmosis (RO) water were made to each sample column at 9 different flow 
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rates between 0.5 and 4.5 ml/min corresponding to superficial velocities of 0.002 to 0.020 

cm/s.  Polyethylene oxide with an average molecular weight of 8 MDa (Sigma, Saint 

Louis, USA) was dissolved at 1 wt % in acetonitrile (Fisher, Fairlawn, USA).  Carbon 

dioxide was then bubbled through the solution for 60 minutes while stirring in order to 

precipitate trace calcium ions.  The solution was then centrifuged in a Centra CL2 

centrifuge with a 236-Aerocarrier swing-bucket rotor (Thermo Scientific, Wilford, USA) 

for 30 minutes at 1950 x g to remove the insoluble fumed silica and precipitated calcium 

carbonate contaminants.  The clarified solution was dried in a hood for 2 days and then 

dissolved at 500 ppm in RO water.  Steady shear rheological measurements were 

performed on this solution using an AR-G2 concentric cylinder rheometer (TA 

Instruments, New Castle, USA) to verify that the viscosity was similar to that of water, 

1.0 cP (data not shown).  Injections of this solution 500 ppm PEO solution were made to 

a column containing 60 layers of PIM at 5 different flow rates between 0.5 and 2.0 

ml/min corresponding to superficial velocities of 0.002 to 0.008 cm/s.  Each column was 

tested in triplicate and the extra-column volumes were accounted for by performing the 

same analysis with the column off-line.   

3.2.4. Flow Characterization 

 Pressure drops along the length of a 1.1 cm diameter column packed with 72 layers of 

PIM at a column length of 3.96 cm were measured, in duplicate, at 7 different flow rates 

between 5.0 and 20.0 ml/min of PBS corresponding to superficial velocities of 0.088 to 

0.425 cm/s.  Pressures at the column inlet and outlet were measured using digital pressure 

gauges with an accuracy of ± 0.02 bar (Ashcroft Inc, Stratford, USA).  Similar 
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measurements were made with a column packed with 216 layers of the nonwoven 

membrane at a column length of 3.96 cm, and a column packed with the same amount of 

chromatographic resin as in the 72 PIM column at a column length of 1.90 cm. 

Contributions to the pressure drop from the column, frit, and tubing were accounted for 

by performing the same measurements with an unpacked column.  

3.2.5. Whole Cell Feed Streams 

E. coli cells NovaBlueTM (Novagen, La Jolla, USA) were cultivated in shaker flasks 

at 37°C in Luria-Bertani media (Fisher, Fairlawn, USA) to a final optical density of 0.80 

at 600 nm.  This corresponded to a stationary growth phase cell density of ~1.2 x 109 

cells/mL, which was determined by colony counts on LB-agar (Fisher, Fairlawn, USA) 

plates containing serial dilutions of the cell culture incubated at 37°C overnight.  An 

injection equivalent to 30 column volumes of the whole cell broth was then immediately 

loaded to 3 different 2.2 cm diameter columns packed with 3 layers of PIM at a column 

length of 0.17 cm, which were previously equilibrated in PBS at a linear flow velocity of 

0.015 cm/s at room temperature (22°C) on a Waters 616 LC system with a 20 mL sample 

loop and Waters 2487 UV detector (Waters Corporation, Milford, USA).  The optical 

density of the effluent stream was continuously monitored at absorbance at 600 nm.  The 

percentage of cells which passed through each of the columns was estimated by 

performing a mass balance through the analysis of the effluent peak area and the peak 

area of a similar injection with the column off-line. 

Human red blood cell concentrate (RBCC) with a hematocrit of 60 % was provided 

by the American Red Cross (Washington D.C., USA).  Donor whole blood was processed 
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to remove the plasma and white blood cell fractions after which the remaining red blood 

cell fraction was suspended in ADSOL buffer (111 mM dextrose, 2 mM adenine, 41.2 

mM mannitol, 154 mM sodium chloride).  RBCC samples used in these experiments 

were less than 48 hours old from the time of donor collection.  Samples were stored at 

4°C until use, at which time they were allowed to equilibrate to room temperature prior to 

being fed to the column.  RBCC was mixed well in the donor bag after which it was 

passed through 4.7 cm diameter column packed with 3 layers of PIM, which was 

previously equilibrated in ADSOL buffer, at a linear flow velocity of 0.014 cm/s for ~15 

column volumes at room temperature (22°C).  Several fractions from the effluent stream 

were collected and analyzed for total cell count and percent of hemolysis.   Red blood 

cells from each fraction were counted in triplicate using a Brightline Hemacytometer 

(Hausser Scientific, Horsham, USA) and compared to the cell count of the starting 

material.  The percent of hemolysis was determined by spinning each sample at 18,300 x 

g in a 5417R microcentrifuge with rotor F45-30-11 (Eppendorf, New York, USA) for 10 

minutes to separate the red blood cell and plasma/ADSOL fractions.  The absorbance of 

the supernatant (i.e. plasma/ADSOL fraction) was read in 300 µL wells at 415 nm using a 

µQuant microplate spectrophotometer (BioTek, Winooski, USA) and compared to a 

standard for 100% red blood cell hemolysis.  

3.2.6. Equilibrium Adsorption Isotherms 

Bovine serum albumin (BSA, Sigma, St. Louis, USA) dynamic and static binding 

isotherms were determined for the PIM materials, nonwoven membrane alone, and the 
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chromatographic resin particles alone.  A 2.2 cm column containing 60 layers of PIM at a 

column length of 3.3 cm was equilibrated in PBS (pH 7.4) and challenged with 11 

different BSA concentrations ranging from 0.1 to 10 mg/ml in PBS at a flow rate of 10 

ml/min (0.04 cm/s) on a BIOLOGIC LP chromatography system with a fixed 280/254 nm 

wavelength detector (BioRad, Hercules, USA).  Effluent BSA concentrations were 

measured using UV absorbance at 280 nm.  Protein solutions were loaded until the 

binding capacity of the column was saturated at which time the column was washed with 

PBS until the effluent concentration fell back to a baseline value.  Bound BSA protein 

was eluted with 1 M NaCl after which the column was washed with PBS, regenerated 

with 0.2 % (v/v) acetic acid (Fisher, Fairlawn, USA), and re-equilibrated in PBS.  

Binding studies were also performed on a column packed with 1.85 grams of dry resin, a 

resin mass equivalent to that found in 60 layers of PIM, was swollen and packed a 

column length of 2.3 cm as well as a column packed with 180 layers of nonwoven 

membrane alone packed at a column length of 3.3 cm.   

Static isotherms were determined for the chromatographic resin in batch mode by 

challenging 100 µg (dry weight) of resin with 5 ml samples of PBS buffer with 9 

different BSA concentrations, 0.5 mg/ml to 15 mg/ml, for 3 hours at room temperature 

(22°C) with mixing.  The resin was then settled and the supernatant analyzed by 

absorbance at 280 nm.  Similar was analyses were done with 2 cm2 swatches of non-

woven membrane in batch binding.  



 37 

3.3. Results & Discussion 

3.3.1. Column Packing  

The packing of the PIM materials presents a unique situation in which dry materials 

are swollen in a fixed column volume where only the chromatographic resin, 

approximately 50 wt % of the dry material, is swelling.  From the swelling ratio it is 

known that the chromatographic resin impregnated between the layers of non-woven 

membrane can expand 3-4 times its dry specific volume (~1.6 mL/g) during equilibration 

with PBS.  Swelling of the bed is done at very low fluid velocities (~0.002 cm/s) and 

therefore hydrodynamic forces are not a factor in ensuring uniform column packing.  It 

has been shown that packing heterogeneity can drastically affect separation efficiencies 

and lead to under-utilization of chromatographic materials 6, 7.  Since external forces are 

not used to control the quality of the packing, the PIM materials rely on the uniformity of 

the dry resin layer entrapped between the layers of non-woven membrane to maintain a 

homogeneous packing.  The uniformity of the chromatographic resin layer is an 

important parameter which is closely monitored and controlled during the fabrication of 

the PIM materials.  However, the uniformity of this layer can be perturbed during the 

cutting, packing, and swelling of these materials.  An example scanning electron 

microscope (SEM) image of a dry layer of PIM displaying the entrapped resin is shown 

in Figure 3.2(a).  Analysis of these images and weight scanning data confirmed that there 

was even distribution of the resin during the fabrication of the PIM materials. 

Polymerization of a packed bed allowed for visualization of the quality of packing after 
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the resin particles were swollen, shown in Figure 3.2(b).  The images generated provided 

qualitative evidence that the resin was swelling uniformly in both the radial and axial 

position of the column indicating that the PIM materials maintained their physical 

integrity during the cutting, packing, and swelling processes. 

 

 
 

Figure 3.2:  (a) Scanning electron microscopy of PIM materials after fabrication.  (b) 
Inverted microscopy of polymerized swollen bed.  The dark areas are the non-woven 
membrane and the lighter areas are the resin layers. 
 

3.3.2. Moment Analysis  

The interstitial porosity, !b, of the column and particle porosity, "p, were measured by 

first absolute moment analysis using pulse experiments 8.  Small injections of a non-

binding void volume marker, acetone, were made to more than 20 columns containing 

30-85 layers of PIM, corresponding to bed length to column diameter (L/D) ratios of 

0.75-2.125.  A plot of the measured first absolute moments, under non-binding 

conditions, vs. the superficial residence time (L/u0) of each packing condition can be seen 

in Figure 3.3.   
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Figure 3.3:  First moments of pulse injections of acetone to columns packed with 30-85 
layers of PIM and pulse injections of PEO to a column packed with 60 layers of PIM.   
 

The total porosity, !t, of the column can be related to the absolute first moment, µ1, of 

a pulse injection from a non-binding solute that has access to all the pores of the 

chromatographic resin by the expression, 

 

          (3.1) 
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Here, the total porosity includes contributions from the interstitial bed porosity (!b) 

and the intraparticle porosity ("p), 

 

           (3.2) 

 

where !p is the volume fraction of resin particles in the PIM.  The resin volume fraction 

can be determined from the constraint that the volume fractions of the nonwoven fibers, 

the resin and the voids must sum to unity, 

 

          (3.3) 

 

where !f is the volume fraction of the nonwoven fiber.  The volume fraction of the 

nonwoven fibers was estimated from the base weight (BW) of the membrane, total 

membrane area (A),  the polypropylene density (#poly) of 0.9 g/cm3 9, and the total column 

volume (Vcolumn) 

 

          (3.4) 

 

 Each of the data sets in Figure 3.3 were fit to Equation (3.1) using linear regression, 

yielding R2 > 0.99.  Columns packed with PIM displayed a very reproducible total 
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porosity value of !t = 0.80 ± 0.01, regardless of the number of layers packed or column-

to-column packing variability.  This is a very promising result given the difficulty of 

achieving column-to-column reproducibility in the packing of resin columns 7 and, more 

importantly, that it was obtained from a dry packed column which was swollen in place.  

The measured interstitial porosity, !b,nonwoven = 0.78 ±0.01, of the packed columns packed 

with nonwoven membrane only was found to be similar to the value estimated, !b,nonwoven 

! 0.76, from the known volume fraction of the membrane fibers, !f, and the total column 

volume.  

To determine the interstitial porosity of the PIM column requires a void volume 

marker that is excluded from the pores of the resin.  The 1000 Å nominal pore size of the 

chromatographic resin allows inclusion of solutes with molecular weights up to 5 MDa. 

In this study a PEO molecular weight marker of 8 MDa was used to measure the 

interstitial porosity.  The PEO was first treated to remove trace fumed silica and calcium 

ion contaminants.  From the first moment plot in Figure 3.3 the interstitial porosity for 

the PIM packed columns was determined to be !b = 0.48 ± 0.01 which is 25-60 % higher 

than the interstitial bed porosities of similar resin materials for well-packed columns of !b 

= 0.30-0.40 10, 11. 

3.3.3. Flow Characterization 

Pressure drop measurements were made along columns packed with PIM, resin alone, 

and non-woven membrane alone.  The measured superficial velocity u0 of the PBS 

mobile phase as a function of the pressure drop, normalized by the column length and 
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mobile phase viscosity, for each of these of these packing materials is displayed in Figure 

3.4.  

 
Figure 3.4:  Pressure drop-flow rate data for columns packed with non-woven membrane 
("), PIM materials (#), and resin ($).  Permeability coefficients were determined 
through linear regression of the data for the nonwoven (—), PIM (··), and resin (--) 
materials.   

 

At low Reynolds numbers, the pressure drop in packed columns follows Darcy’s Law 

12,  

 

           (3.5) 
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Each data set was fit to Equation (3.5) using linear regression to determine the 

permeability coefficient, $, for each packing material.  All of the fits yielded an R2 > 0.99 

and displayed less than a 5 % variation in the permeability coefficient values, listed in 

Table 3.1, obtained from the duplicate runs of each packing material.   

Table 3.1:  Interstitial bed porosities, !b, and permeability coefficients measured for a 
column packed with PIM and nonwoven membrane.   
 
 

Material Interstitial Porosity [ !b ] $ [ cm2 ] 

Nonwoven membrane 0.75 (2.9 ± 0.11) x 10-7 

PIM 0.48 (2.1 ± 0.04) x 10-8 

Resin 0.32 (8.3 ± 0.36) x 10-9 

 
 

The measured permeability coefficient of the PIM column was nearly 2.5 times greater 

than that of the resin packed column, and the non-woven membrane column permeability 

coefficient was an order of magnitude higher than both of the PIM and resin packed 

columns.  This indicates that the resin in PIM columns is providing the majority of the 

resistance to the flow.  This is expected as the volume fraction of the swollen resin in the 

PIM columns, !p ! 0.35 as determined from the first moment analysis, is approximately 2 

times that of the non-woven membrane fibers, !f ! 0.17 .  From Equation (3.5) it can be 

seen that, for a given mobile phase velocity and pressure drop, PIM columns have a 

significant advantage over the resin packed columns in handling higher viscosity feed 
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streams, such at cell culture supernatants and blood plasma.  Additionally, with pressure 

drops of only one-half to one-third of their packed bed counter parts PIMS are an 

attractive alternative to increase the throughput of chromatographic applications in 

normal, low particle concentration feeds.   

3.3.4. Ability to Pass Whole Cells 

Preliminary results were obtained from two different cell suspensions, E. coli and 

RBCC, which were fed to columns packed with PIM materials to demonstrate the ability 

of these constructs to pass whole cells.  E. coli cells, which have a rod-like morphology 

with an approximate diameter of 0.8 µm and length of 2 µm 13, were grown to a 

stationary growth phase and then immediately fed to a PIM packed column.  The 

resulting breakthrough curves, showing the E. coli cell concentration as a function of the 

effluent volume (normalized to the column volume), can be seen in Figure 3.5 for a feed 

volume equal to 30 times the column volume.  The area under each breakthrough curve 

was compared to a standard area for a similar injection made with the column offline in 

order to determine the amount of cells that passed through the column. Analysis of the 

effluent streams from the three different 30 column volume injections of the E. coli 

suspension showed that 90 ± 15 % of the cells were able to pass through the PIM bed. It 

is suspected that the small amount of E. coli cell retention in the column was caused by 

adsorption of the cells to the resin, which has been previously reported in the literature 

with other ion-exchange resins14, 15.  These preliminary results suggest that PIM materials 

may have applications in the affinity primary capture of proteins directly from 
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fermentation and/or a homogenization step to reduce operational and capital investment 

costs. 

 
 

Figure 3.5:  Breakthrough from three different 30 column injections of whole cell E. coli 
fermentation to a PIM packed column at a linear flow velocity of 0.014 cm/s. 
 

Human red blood cells, which have disk-shaped morphology with an average 

diameter of 6-8 µm 16, were used as provided (i.e. RBCC) by the American Red Cross.  A 

curve of the RBCC concentration as well as the % hemolysis as a function of the effluent 

volume (normalized by the column volume) from an injection equivalent to ~15 column 

volumes can be seen in Figure 3.6.  The area under this curve was used to determine the 

total number of cells which permeated through the column, which was compared to the 
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number of cells loaded to the column.  The analysis showed that over 96 % of the RBCC 

permeated the column while maintaining low cell hemolysis.   

 

Figure 3.6:  Breakthrough (solid symbol) and resulting hemolysis (open symbol) of 
RBCC fed to a PIM packed column at a linear flow velocity of 0.014 cm/s.    

 

The European Council has issued guidelines requiring hemolysis to be less than 0.8 % 

of the red cell mass 17 during leukofiltration and transfusion.  There are currently no 

written guidelines available in the United States; however a generally accepted 

leukofiltration hemolysis threshold of 1.0 % of red cell mass is employed 18.  Figure 3.6 

also shows the initial RBCC material had a hemolysis value of 0.17 % which did not 

exceed 0.22 % after passing through the column.  The negligible change in the hemolysis 
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indicates that passage through the PIM column inflicts little or no damage to the red 

blood cells.  Additionally, these levels are well below the hemolysis thresholds of 0.8-1.0 

% in order to be used for transfusion purposes.  These results demonstrate the potential of 

PIM materials to be used in blood safety applications. PIM materials containing 

chromatographic resin with a proprietary affinity ligand 19, 20 are currently being used for 

the capture of prion protein associated with Transmissible Spongiform Encephalopathy 

(TSE) from RBCC.  This technology is marketed for safeguarding blood transfusions and 

is commercially available in the United Kingdom (Prion P-CAPT Filter®, MacoPharma, 

France). 

3.3.5. Equilibrium and Dynamic Binding of BSA 

Dynamic binding capacities of BSA were compared between the PIM materials, 

chromatographic resin alone, and nonwoven membrane alone through breakthrough 

experiments.  The chromatographic resin bed contained an approximate 25 % higher 

resin mass than the mass of resin in the 60 layer PIM column in an attempt to keep the 

column volumes similar.  However, after packing, the total column volume was still 

~30% smaller than the PIM column due to the lack of nonwoven membrane.  To ensure 

that the change in residence time between the two columns did not affect the binding 

capacity, breakthrough experiments were performed at 5.0, 10.0, and 20.0 ml/min at 2 

different concentrations (0.5 and 1.0 mg/mL) of BSA for both the PIM and resin packed 

columns.  An example curve from a 1.0 mg/mL load at 20 ml/min displaying the 

concentration of the BSA, normalized to the initial feed concentration, at the effluent of 

the column during breakthrough, wash, and elution for both the PIM and resin columns is 
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shown in Figure 3.7.  The total amount of bound BSA in each of these runs is shown in 

Table 3.2.  For each load concentration there was less than a 10 % variation in the 

amount of BSA bound between the three different flow rates investigated for both the 

PIM and resin only columns.  From this result, the effect of the decreased residence time 

on BSA binding for the resin only column was neglected.  

 

Figure 3.7:  Example breakthrough, wash, and elution curves of a 1 mg/mL BSA load at 
20 mL/min to resin only and PIM packed columns. 

 

Also of interest in Figure 3.7 is the shape of the BSA elution curves.  The resin 

column was able to achieve a slightly higher concentration in the elution of the BSA, 
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which could be attributed to the fact that it had a higher resin mass than that of the PIM 

column.  However, the sharpness and relative tailing of the BSA elution peaks from the 

PIM columns were almost identical to those observed from the resin packed column.  

This could also be a significant advantage over EBA processes where it is typically 

required to pack the bed prior to protein elution, resulting in increased process times and 

operational costs. 

Table 3.2:  Effect of flow rate on the dynamic binding capacities for columns packed with 
PIM and resin. 
 

 Bound BSA 
 [ mg / g-resin ] 

Flow Rate PIM Resin 
[ mL / min ] 1 mg / mL 0.5 mg / mL 1 mg / mL 0.5 mg / mL 

     
5 45.6 36.4 46.2 27.8 
10 41.9 36.2 40.0 30.8 
20 41.9 36.1 39.1 31.3 
     

Average 43.1 36.2 41.8 30.0 
% Deviation 5.0 0.5 9.2 6.4 

 
 

The results of the dynamic BSA capacities for the PIM and chromatographic resin are 

compared to the equilibrium binding capacity for the resin alone in Figure 3.8.  The 

binding isotherms were fit using a bi-Langmuir equation 

 

        (3.6) 
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where Q
* is the total concentration of bound BSA in the solid phase, Q

*
max,i is the 

maximum binding capacity of binding site type ‘i’, and Kd,i is the equilibrium 

dissociation constant of binding site ‘i’. The bi-Langmuir model is predicated on the 

existence of two independent binding sites, one that is high-energy and one that is low 

energy.  This distinction is significant in more complex protein adsorption processes 

where there is more than one contribution to the binding which can arise, for example, 

from non-homogeneous ligand density in multi-point binding 21 or combined specific and 

non-specific interactions 22.   

 

Figure 3.8:  Dynamic BSA binding capacity of the chromatographic resin and PIM 
materials (closed symbol) and equilibrium binding capacity of the chromatographic resin 
only in static mode (open symbol).  Lines represent the non-linear regression fit of the bi-
Langmuir model to the dynamic resin (··), dynamic PIM (--) , and static resin (%).  
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 Equilibrium isotherm parameters Qmax,i and Kd,i were fit for each isotherm condition 

to the bi-Langmuir equation using non-linear regression software in Origin (OriginLab, 

Northhampton, USA), with fits displaying R2 > 0.99 and the results listed in Table 3.3.  

There was less than an 8 % variation in the maximum binding capacities of the PIM 

materials and the chromatographic resins alone in both the static and dynamic cases.  

Static and dynamic binding experiments performed using only the nonwoven membrane 

showed that it bound less than 0.25 mg BSA/g-membrane, significantly lower than the 

binding capacity of the resin. As a result, the observed binding of BSA to the PIM 

materials was primarily due to the entrapped chromatographic resin, demonstrating that 

the presence of the nonwoven membrane support does not significantly interfere with the 

binding capacity of the resin. 

Table 3.3:  Bi-Langmuir parameters from non-linear regression of BSA binding 
isotherms in both dynamic and static modes for the resin and PIM materials. 
 

Qmax,1 Qmax,2 Kd,1 Kd,2 
Material 

[ mg / g-resin ] [ M ] 

PIM (dynamic) 52.7 ± 2.9 28.3 ± 1.3 (3.0 ± 0.7) x 10-5 (3.8 ± 2.2) x 10-7 

Resin (dynamic) 54.8 ± 2.7 25.0 ± 3.3 (3.1 ± 0.6) x 10-5 (4.2 ± 2.2) x 10-7 

Resin (static) 47.1 ± 2.7 29.3 ± 1.7 (2.6 ± 0.2) x 10-5 (3.1 ± 1.1) x 10-7 

 

 There were two distinct observed binding sites for BSA; type I, defined by a low 

binding energy (i.e. larger equilibrium dissociation constant Kd,1 ! 2.9 x 10-5 M) and, type 

II, defined by a high binding energy (i.e. smaller Kd,2 ! 3.7 x 10-7 M) .  The lower energy 

binding site, type I, comprised the majority (~65 %) of the total binding capacity.  It has 
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been estimated that a monolayer of protein corresponds to a surface concentration of  

approximately 2-3 mg/m2 23.  The chromatographic resin used in this study has a surface 

area of ~ 30 m2/g 24.  The measured total binding capacities for PIM and resin were ~80 

mg BSA/g, signifying that the binding of BSA to the resin roughly corresponds to 

approximately one monolayer of protein on the pore surface.  

The general rate (GR) model of chromatography (described in detail in Appendix I) 

was used to compare the breakthrough behavior of BSA under dynamic binding 

conditions in PIM columns and chromatographic resin packed columns for three different 

flow rates and two different initial load concentrations.  The GR model 25, 26 is a complete 

chromatography model that takes into account all mass transfer and intrinsic rate 

parameters of the solute particles including axial dispersion in the bulk phase, film mass 

transfer to the sold phase, diffusion in the pores of the solid phase, and rates of adsorption 

and desorption at the surface of the solid phase.  Breakthrough curves of BSA fed at two 

different concentrations and three different flow rates are shown for PIM, Figure 3.9 and 

resin packed columns, Figure 3.10.  For each condition, the GR model was fit to the data 

using only the bi-Langmuir association rate constants, ka,1 and ka,2, as fitting parameters.  

The association rate constants are intrinsic properties and therefore independent of fluid 

velocity or concentration.  The mass transfer parameters of the model, namely film mass 

transfer coefficient and axial dispersion coefficient, were determined using correlations 

from literature (described in Appendix I). 
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Figure 3.9:  Experimental (symbols) vs. the GR model fit (lines) breakthrough curves at 
flow rates of 5.0, 10.0, and 20.0 ml/min from a PIM column with initial BSA 
concentrations of (a) 0.5 mg/ml, (b) 1.0 mg/ml.  
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Figure 3.10:  Experimental (symbols) vs. the GR model fit (lines) breakthrough curves at 
flow rates of 5.0, 10.0, and 20.0 ml/min from a resin only packed column with initial 
BSA concentrations of (a) 0.5 mg/ml and (b) 1.0 mg/ml.  
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The GR model fit to the data for each condition achieved an R2 &0.99, shown as the 

solid line curves in Figures 3.9 & 3.10.  The fitted values of ka,1 and ka,2 obtained for all 

six conditions for each packing type were then compared using an ANOVA test software 

package in Excel which determined that there was no significant difference in the 

association rate constant values, shown in Table 3.4,  fitted from the PIM and resin 

columns.  These results further indicate that there is essentially no difference in the 

dynamic adsorption of BSA to the chromatographic resin in the PIM column or in the 

packed resin column.  

Table 3.4:  Bi-Langmuir association rate constants from the GR model fit to the 
breakthrough data from PIM and resin packed columns. 
 
 

ka,1 ka,2 
Material 

[ m3 / mol · s ] 

PIM 0.25 ± 0.09 40.6 ± 5.3 

Resin 0.19 ± 0.05 44.4 ± 3.6 

 

3.4. Conclusions 

This paper characterizes the flow and transport properties of a novel separation 

medium composed of a particle-impregnated nonwoven membrane (PIM).  PIM materials 

exhibit capacities similar to those of a chromatographic resin bed but with bed porosities 

that are higher and allow passage of cells and cell debris.  The packing of PIM materials 

is significantly easier than their packed-bed counterparts, and they can achieve 

reproducible column-to-column packing homogeneity by simply swelling the column in-
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place.  Pressure drops across PIM columns are approximately one-third those of a 

packed-bed, and have interstitial porosities that are 25-60% greater than typical packed-

beds.  They are able to pass between 90-95% of E. coli and human red blood cells in 30 

column volumes with no increase in measured pressure drops.  The chromatographic 

resin, in both PIM and resin only packed columns, maintained an equivalent dynamic 

binding capacity which was similar to its static equilibrium binding capacity.  

Additionally the GR model demonstrated that the dynamic adsorption of BSA in a PIM 

column was similar to that of the packed-bed.  It is also worth noting that the work 

presented here was performed with one resin type and one membrane type.  There are a 

multitude of resin and membrane material combinations which allow for the control of 

particle size, pore size, functionality, hydrophobicity, etc. making it possible to develop 

optimized PIM constructs for various applications.  PIM materials exhibit the necessary 

properties to handle mobile phases containing large particles and show promise to be 

utilized in myriad of separations from complex feed streams such as cell culture, whole 

blood, and food processing applications.  

3.5. Nomenclature 

 
A surface area of nonwoven membrane 

Bi Biot number (kfRp/(!pDp)) 

BW base weight of nonwoven membrane  

C mobile phase concentration 

C0 feed concentration 
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cb dimensionless bulk concentration (C/C0) 

Cp pore phase concentration 

cp dimensionless pore concentration (Cp/C0)  

Db axial dispersion coefficient 

Dm molecular diffusion coefficient 

Da
a Damkolher number for adsorption (LkaC0/u) 

Da
d Damkolher number for desorption (Lkd/u) 

Kd dissociation constant 

ka association rate constant 

kd dissociation rate constant 

kf film mass transfer coefficient  

L column length 

P pressure 

p parameter in Gunn correlation 

Pe Peclet number (uL/Db) 

Q
* solid phase concentration  

q dimensionless solid phase concentration (Q/C0) 

Q
*

max adsorption saturation binding capacity  

q
*

max dimensionless adsorption saturation capacity (Q*
max/C0) 

R radial coordinate 

r dimensionless radial coordinate (R/Rp) 
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Re Reynolds number (2Rp#u!b/µ) 

Rp particle radius 

Sc Schmidt umber (µ/#Dm) 

Sh Sherwood number (2kfRp/Dm) 

St Stanton number (3kfL/(Rpu)) 

t time 

u interstitial velocity (u0/!b) 

u0 superficial column velocity 

V volume of column 

Z axial coordinate 

z dimensionless axial coordinate (Z/L) 

Greek letters 

"1 first root of the zero-order Bessel function 

!p volume fraction of resin particles  

!b interstitial volume fraction 

!f volume fraction of membrane fiber 

"p intra particle porosity 

!t total porosity 

% dimensionless constant (St/(3Bi)) 

$ permeability coefficient  

µ mobile phase viscosity  
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µ1 first absolute moment of peak  

# mobile phase density 

#poly polypropylene density 

& dimensionless time (tu/L) 

&b column tortuosity 

' dimensionless constant ((1-!b)St/!b) 

Subscripts 

1,2 type I binding sites, type II binding sites 

max saturation capacity 

Superscripts 

• equilibrium value 
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Appendix I:  General Rate Model of Chromatography for Porous 

Media 
 

A.1.1  General Rate (GR) Model Description 

 
The GR model is comprised of the governing equations for solute mass balance in the 

mobile (bulk) phase and pore (solid) phase, respectively, in dimensionless form (all terms 

defined in nomenclature section), 

 

       (A.1.1) 

     (A.1.2) 

The bi-Langmuir isotherm was used to describe the equilibrium binding behavior of 

the protein to the chromatographic resin.  From this the adsorption rate equations were 

proposed based on two autonomous binding sites, 

 

          (A.1.3) 

      (A.1.4) 

      (A.1.5) 
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with initial conditions, 

         (A.1.6) 

           (A.1.7) 

           (A.1.8) 

           (A.1.9) 

                    (A.1.10) 

 

Danckwerts 1 boundary conditions were used at the column inlet and outlet, 

                 (A.1.11) 

                  (A.1.12) 

Boundary conditions in the pore phase included zero flux at the particle center as well 

as convective diffusion at the particle surface, 

                  (A.1.13) 

                           (A.1.14) 

The mathematical complexity of the GR model, owing to the consideration of all 

mass transfer events, precludes a closed-form analytical solution and therefore numerical 

methods are required. A Matlab code was written which incorporated the finite element 

and orthogonal collocation methods to solve the GR model equations, described earlier 2.  
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Mass transfer parameters and equilibrium adsorption isotherm data were measured or 

estimated from correlations described below.  Intrinsic adsorption rate constants were 

determined by fitting the breakthrough curve data to the GR model using the built in 

lsqcurvefit tool in Matlab. 

 

A.1.2  Mass Transfer Parameters 

The film mass transfer coefficient, kf, was estimated using the correlation of Wakao et 

al. 3 

                 (A.1.15) 

 

The axial dispersion coefficient was estimated using the widely accepted Gunn 

correlation 4 

 

             (A.1.16) 

 

where 

 

Pore diffusivity is related to molecular diffusion through the hindrance parameter, Kp, 

and tortuosity, &p,  
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                                                   (A.1.17) 

                     

The hindrance parameter is estimated from the correlation 5, 

 

              (A.1.18)      

 

where (m is the ratio of the diameter of the diffusion molecule to the diameter of the pore 

of the resin, and (m ' 0.4.  The tortuosity for the resin was estimated using the correlation 

6,    

 

                   (A.1.19) 
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Chapter 4 

Characterization of Binding of Normal Prion Protein to  

Particle Impregnated Materials  

 

4.1. Introduction 

Reducing the risk associated with the transmission of pathogenic activity during blood 

transfusion and through the use of blood-derived therapeutics is an important concern for 

maintaining the safety of the national blood supply.  One particular risk that has gained 

interest in the last decade has been spread of transmissible spongiform encephalopathy (TSE) 

infectivity through blood products.  TSE diseases are fatal neurodegenerative diseases 

including bovine spongiform encephalopathy (BSE, also known as mad cow disease), scrapie 

in sheep, and Creutzfeldt-Jakob disease (CJD) in humans.  The concern over transfusion of 

TSE through blood originated with the BSE epidemic in the UK during the 1990’s.  In 1996 a 

new variant form of CJD was identified, called vCJD, which was suspected to be caused 

from the consumption of BSE infected meat products1.  Since the late 1990’s, there have 

been over 200 documented cases of vCJD worldwide2, including 4 known cases that were 

caused by transmission of vCJD through blood transfusions from individuals who later died 

of the disease3-5.   More recently there has been a documented case of vCJD transmission to a 

hemophiliac patient receiving factor VIII derived from pooled plasma including a donor that 



 72 

developed the disease6.  These cases confirm that TSE can be transmitted through blood 

transfusions and use of plasma-derived products.  

Current methodologies employed to reduce risks associated with the introduction and 

transmission of pathogen infectivity in the blood supply include the screening of source 

materials as well as the implementation of pathogen inactivation and/or pathogen removal 

processes.  Screening of TSE in blood is very difficult as the disease marker, the infectious 

prion protein PrPSc, is in extremely low concentrations (i.e. fg/mL) in the pre-clinical stages 

of the disease7-10.  In addition, TSEs are resistant to most employed methods of inactivation 

such as heat, low pH, and surfactant addition11-13 which would also be harmful to the red 

blood cells and plasma proteins.  

Removal methods appear to be the most practical choice in assuring that blood and 

blood-derived products are free of TSE infectivity.  Several studies have looked at the 

removal of TSE infectivity during the fractionation of human plasma products14-16.  These 

studies revealed a significant capacity for the fortuitous reduction in spiked PrPSc infectivity 

through the employed unit operations in the purification stream.  However, it is not certain if 

these processes would be able to clear endogenous TSE infectivity, which is at a significantly 

lower concentration, nor is there an understanding on how variations in processing conditions 

would affect the clearance capacities.  For the purpose of removing TSE infectivity it is 

better to have a dedicated unit operation that has been validated for a given process.  

Removal of TSE by nanofiltration has shown promise in protein purification processes17-19, 

but is not applicable with separations in whole blood as the red blood cells clog the pores of 

the filtration media.  Adsorption by affinity methods has recently been shown to be an 
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effective method for the removal of PrPSc from whole blood and blood-derived products2, 20-

22.  This more targeted approach is advantageous as it allows for the selective removal of the 

PrPSc without negatively affecting the red blood cells, platelets, or coagulation factors.    

An important parameter in TSE clearance studies is the source used for the spiking 

material23 as very little is known about the physicochemical characterization of TSE in either 

the blood or organs of an infected animal.  Although regulatory agencies have issued 

guidelines for the manufactures of plasma-derived proteins to mitigate the risks associated 

with TSE24, 25, little guidance has been provided on the choice and preparation of spike 

materials to be used for clearance studies.  The majority of TSE clearance studies employ 

spiking materials derived from infected brain tissue, usually a scrapie-infected hamster brain 

homogenate, because they provide high titers of PrPSc which allow for the demonstration of 

large reductions of infectivity.  However, these source materials also contain a large amount 

of protein and lipid contaminants and it is unclear if TSE infectivity from brain-derived 

sources will partition in a similar manner to the TSE infectivity that is found in whole blood.  

Some studies have used endogenous TSE infectivity by pooling blood from scrapie-infected 

hamsters, which is a better representation of the blood-derived activity that would need to be 

removed during the processing of plasma derived products and blood transfusion.  The 

concentration of endogenous TSE infectivity is very low and usually below the detectable 

limit of western blots without a pre-concentration step.  Therefore, the clearance of 

infectivity for blood-derived source materials is usually detected through animal models by 

endpoint titration.  This method of analysis is the best measure for the reduction in 

infectivity, but is very costly and can require several years to complete.  The reduction of 
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brain-derived spikes can also be measured using animal models, but is typically detected by 

endpoint titration with Western Blot (WB) analysis.  A study of the clearance of PrPSc in the 

fractionation of plasma was able to show a good correlation between the results obtained 

from the WB and infectivity studies 26.  These methods of detection allow for estimation of 

the extent (i.e. log removal) of PrPSc clearance by comparing the concentrations of the initial 

and final infectivity, but provide little assistance in the characterization of the mechanism of 

clearance.     

Characterization of the transport and binding properties of PrPSc to affinity materials is an 

important tool to aid in the design and optimization of operations/devices intended to achieve 

a desired separation.  One major obstacle in the characterization of PrPSc adsorption, as 

mentioned earlier, is that little is known about the physicochemical state of prion in the blood 

and brain, although both PrPc and PrPSc suspected to be in an aggregated state in the brain.  

PrPc is a glycosylphosphatidylinositol (GPI) anchored protein with some strongly 

hydrophobic domains and lots of opportunities to associate with other proteins, especially in 

brain homogenates and micellar suspensions.   The mechanism for the aggregation of PrPc 

into PrPSc is unknown, but is thought to arise from formation of smaller prefibrillar oligomers 

(i.e. protobibrils)27, all of which lead to a highly dispersed range of aggregate sizes.  Ma et 

al.28 characterized the aggregate size distribution of PrPSc from hamster brain homogenate 

using dynamic light scattering and were able to show very large aggregate sizes with 

hydrodynamic radii of 300-600 nm and a size dependence on pH and ionic strength, shown in 

Figure 4.1.   
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Figure 4.1:  Intensity-averaged hydrodynamic radii of PrPSc aggregates as over a wide range 
of pH and ionic strengths as measured by dynamic-light scattering, taken from Ma et al.28.   
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It has been shown that efficacy of PrPSc reduction can be dependent on the source 

material selected29.  PrPSc aggregation is suspected to be species dependent27, and that it can 

occur to different extents within different tissues of the infected animal.  Therefore, to 

properly design a TSE removal process it is important to know the properties of the spike 

material in order to properly characterize the clearance mechanism.   

In this study, a normal (i.e. non-infectious) prion protein, PrPc, is used as a model for 

PrPSc.   This paper evaluates the transport and binding capacity of normal prion protein, PrPc, 

from a hamster brain homogenate (HaBH) to a hybrid particle-nonwoven membrane medium 

(a particle-impregnated membrane or PIM) composed from a polymeric chromatographic 

resin, containing an affinity ligand for PrPSc, which is entrapped between layers of a 

nonwoven polypropylene membrane.  Dynamic binding capacities of PrPc in a saline solution 

were determined for columns packed with PIM materials, affinity resin only, and the 

nonwoven membrane only.  Quantitative detection of PrPc was possible through a novel 

ELISA method, which can be analyzed on the order of hours.  The general rate (GR) model 

of chromatography was used to evaluate the PrPc breakthrough from columns packed with 

each of the materials and subsequently used to predict PrPc binding behavior from HaBH 

spikes to human red blood cell concentrate (RBCC) and human IgG solutions.  The GR 

model was able to match the breakthrough data well for all three packing materials, and 

predict the breakthrough of PrPc from both RBCC and human IgG spiked with HABH.  
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4.2. Material & Methods 

4.2.1. Hybrid Particle-Impregnated Membrane (PIM) Fabrication 

 Chromatographic resin L13A containing an affinity ligand for PrPSc, identified by 

Gregori et al.2, 20, was dried to a moisture content of less than 2.0 wt. % in a tumble dryer. 

Plasma-treated polypropylene nonwoven membrane with an average fiber diameter of 20 

µm, nominal pore diameter of 15 µm, base weight of 40g/m2, and interstitial porosity of !b " 

0.75 was provided by MacoPharma (Tourcoing, France).  The L13A resins and nonwoven 

membrane were incorporated into PIM materials by a calendering process described earlier in 

Chapter 3. 

4.2.2. PrPc source material 

Normal hamster brain homogenate (HaBH) at concentration of 10.0 wt. % in PBS pH 7.4 

was obtained form Dr. Robert Rohwer’s Laboratory (Molecular Neurovirology Laboratory, 

Veterans Affairs Medical Center, Baltimore, USA) and stored at -80°C.  HaBH was thawed 

day of use and incubated with a 1:10 dilution of 5.0 wt. % N-Lauroylsarcosine sodium salt 

(sarkosyl, Sigma, St. Louis, USA) at 4°C for 30 minutes with agitation.  The mixture was 

then centrifuged at 21,000 x g in a 5417R microcentrifuge with rotor model F45-30-11 

(Eppendorf, New York, USA) to pellet the insoluble fractions.  The supernatant, 10 wt. % 

HaBH with 0.5 wt. % sarkosyl, has a PrPc concentration of 1.68 µg/mL (Carbonell 

Laboratories, data not shown).  The total protein concentration of the HaBH solution was 

determined to be ~65 mg/mL by measuring the UV absorbance of several serial dilutions 

comparing to a standard curve of bovine serum albumin (BSA) (Sigma, St. Louis, USA).  In 
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addition, HaBH solutions have an opaque appearance, which is suspected to be caused by the 

light scattering of aggregates in the solution.  A 5-mL solution of 1.0 wt. % HaBH in PBS 

was passed through a 0.22 µm polyvinylidene fluoride membrane (PVDF) (Fisher, Fairlawn, 

USA) to determine an upper limit of the aggregation size.  All of the HaBH was able to pass 

through the filter suggesting that the aggregates are less than 220 nm.    

4.2.3. Detection of PrPc by Immunoblot  

Samples were run on 12% Bis-Tris NuPage SDS-PAGE gels in MES running buffer 

under reduced conditions with the addition of NuPage LDS sample buffer plus 5 % w/v 2-

mercaptoethanol and heating at 90°C for 10 minutes (Invitrogen, Carlsbad, USA).  The gels 

were either stained with coomassie blue or transferred to a 0.45 µm polyvinylidene difluoride 

(PVDF) membrane in an electroblot-chamber (BioRad, Hercules, USA).  Membranes were 

then incubated with mouse monoclonal antibody 3F4 (Signet, Dedham, USA) detection 

antibody, followed by an alkaline phoshatase conjugated goat anti-mouse secondary antibody 

(KPL, Gaithersburg, USA), and then prepared for chemiluminescence with the Western 

Breeze Kit (Invitrogen, Carlsbad, USA).  Membranes were exposed to CL-Xposure film 

(Thermo Scientific, USA) and developed in a Konica SRX-101A Medical Film Processor 

(Tokyo, Japan). 

4.2.4. Detection of PrPc by ELISA 

Samples were analyzed for the presence of PrPc using a double-antibody sandwich 

enzyme linked immunosorbant assay (ELISA) in a 96-well format using C8 Maxisorb plates 

(Nunc, Rochester, USA), described in detail in Appendix III.  Briefly, the assay consisted of 
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a mouse monoclonal antibody, SAF-32 (Cayman Chemicals, Ann Arbor, USA), which was 

used as the primary capture antibody.  Biotinylated mouse monoclonal antibody 3F4 (Signet, 

Dedham, USA) was used as the detection antibody followed by streptavidin-linked 

horseradish peroxidase (SA-HRP, Fitzgerald Industries, Concord, USA), and finally 

quantified through colorimetric analysis of tetramethyl benzidine (TMB) substrate (Neogen, 

Lansing, USA) with  absorbance at 650nm.  Standard curves were created with serial 

dilutions of the starting material, and samples diluted to be in the linear range of detection.   

4.2.5. Dynamic Binding of Normal Prion Protein (PrPc) in Buffer 

PIM materials were cut into 10 layer stacks with a diameter of 1.5 cm using an arch 

punch (McMaster-Carr, Aurora, USA) and packed into Econo-Pac columns (BioRad, 

Hercules, USA) to a bed height of 0.55 cm.  The columns were packed with dry PIM 

materials in a fixed volume of column and swollen in place with phosphate buffered saline 

(PBS), pH 7.4 (Invitrogen, Carlsbad, USA).  L13A resins were swollen in 20% (v/v) aqueous 

methanol, and then buffer exchanged into phosphate buffered saline, pH 7.4.  The resin was 

then transferred in a 0.5 mL settled resin slurry to a PISKI column (Prometic, UK) and 

packed to a bed height of 1.0 cm.  Nonwoven membranes were cut into 40 layer stacks with a 

diameter of 0.8 cm and packed into a PISKI column to a bed height of 1.0 cm.  The columns 

were wet by passing 20 column volumes (CVs) of PBS, pH 7.4. 

Dynamic-equilibrium binding studies were performed with several concentrations 

ranging from 0.2-2.0 wt. % HaBH which were prepared by diluting the 10 wt. % HaBH stock 

solution with PBS, pH 7.4.  These solutions were loaded by gravity driven flow to columns 

of PIM, nonwoven, and L13A resin respectively, which had already been pre-equilibrated in 
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PBS, at room temperature (22°C).  A total of 32 fractions were collected in 20-second 

increments for each column, which were then assayed for the presence of PrPc using the 

ELISA described earlier. 

The dynamic adsorption studies were performed in columns attached to an automated 

chromatography system. A 5.0 cm long by 0.4 cm diameter PEEK column (Applied 

Research, Eatontown, USA) was packed with dry L13A resin.  PIM materials were cut into 

10 layer stacks and packed into 2.2 cm adjustable volume Vantage-L columns (Millipore, 

Billerica, USA) at a bed height of 0.55 cm.  Nonwoven materials were cut into 30 layer 

stacks and packed into 1.1 cm adjustable volume Vantage-L columns (Millipore, Billerica, 

USA) to a bed height of 0.55 cm.  Each of these columns was equilibrated in PBS using a 

Waters 616 LC system with 2, 10, and 20 mL sample loops, a Waters 2487 UV detector 

(HPLC, Waters Corporation, Milford, USA), and each run was carried out at room 

temperature (22°C).  A 10 mL injection of 1.0 wt. % HaBH was loaded to the column packed 

with L13A resin at a flow rate of 0.2 mL/min, and fractions were collected in 1-minute 

intervals.  A 10 mL injection of 1.0 wt. % HaBH was also made to the nonwoven packed 

column at a flow rate of 1.0 mL/min with fractions being collected at 30-second intervals.  

Finally, an injection of 20 mL of 1.0 wt. % HaBH was made to the column packed with PIM 

at a flow rate of 1.0 mL/min with fractions collected at 1-minute intervals and assayed for 

PrPc.  Each of the conditions above were repeated with an injection of 1 wt. % HaBH 

containing 7.5 wt. % human plasma (American Red Cross, Washington D.C., USA) in PBS.      
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4.2.6. PrPc Clearance from Red Blood Cell Concentrate (RBCC) 

Human red blood cell concentrate (RBCC) with a hematocrit of ~60 % was provided by 

the American Red Cross (Washington D.C., USA).  Donor whole blood was processed to 

remove the plasma and white blood cell fractions after which the remaining red blood cell 

fraction was suspended in ADSOL buffer (111 mM dextrose, 2 mM adenine, 41.2 mM 

mannitol, 154 mM sodium chloride).  RBCC samples were stored at 4°C until use, at which 

time they were allowed to equilibrate to room temperature prior to being fed to the column.  

HaBH was spiked to a final concentration of 0.05 wt. % into the RBCC.  Briefly, 30 mL of 

RBCC were removed from a well-mixed donor bag using an 18-gauge needle and then 

centrifuged at 1700 x g for 10 minutes in a Centra CL2 centrifuge with a 236-Aerocarrier 

swing-bucket rotor (Thermo Scientific, Wilford, USA), causing the RBCC to separate a layer 

of Adsol buffer on the top.  The 10 wt. % HaBH was spiked into the Adsol layer, preventing 

the direct contact between the red blood cells and the highly concentrated HaBH, and then 

mixed by inversion and stored at 4°C until use. 

 PIM materials were cut into 10 layer stacks with a diameter of 1.5 cm and packed into 

Econo-Pac columns (BioRad, Hercules, USA) to a bed height of 0.55 cm.  Columns were 

packed with dry PIM materials in a fixed volume of column and swollen in place with 

phosphate buffered saline (PBS), pH 7.4 (Invitrogen, Carlsbad, USA).  A 30-mL load of 

RBCC spiked with 0.05 wt. % HaBH was loaded to 8 columns in series at a flow rate of ~2.5 

mL/min using a Dynamax peristaltic pump (Ranin, Emeryville, USA).  The effluent from 

each column was then loaded to the next until the RBCC had passed through all of the 
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columns.  Each column was then washed with 20 CVs of PBS.  The resin from each column 

was collected by carefully removing the PIM bed from each column and washing with PBS 

in a large 50-mL conical tube with vortexing.  The resin was then collected after settling to 

the bottom of the conical tube.  Bound PrPc was eluted from the resin by incubation with 

NuPage LDS sample buffer (Invitrogen, Carlsbad, USA) plus 5 % w/v 2-mercaptoethanol 

(Sigma, St. Louis, USA) at 90°C for 10 minutes.  The samples were then centrifuged briefly 

and the supernatant analyzed for the presence of PrPc by the immunoblot method described 

earlier.   

4.2.7. PrPc Clearance from IgG 

 HaBH was spiked to a final concentration of 0.1 wt. % in a stock solution containing 5 

mg/mL of human IgG (Equitech Bio Inc, Kerrville, USA).  PEEK columns (5.0 cm long by 

0.4 cm diameter) were packed with dry L13A resin and equilibrated in PBS at a flow rate of 

0.02 mL/min.  A 10 mL injection of the hIgG/HaBH solution was then loaded to one column 

at a flow rate of 0.2 mL/min with PBS as the running buffer and fractions were collected at 

1-minute intervals and assayed for the presence of PrPc using ELISA.  Total protein was 

monitored by UV absorbance at 280 nm. 

4.3. Results & Discussion 

4.3.1. Detection of PrPc by ELISA 

A novel ELISA method for the detection of PrPc was developed to measure the 

concentration in the breakthrough fractions from columns loaded with HaBH in PBS and 7.5 

wt. % human plasma.  Figure 4.2 shows the averages of the standard curves run from 10 
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different assays, run on different days, in PBS and 6 different assays run in 7.5 wt. % human 

plasma.   

In the case of the human plasma, standard curves were generated for both the plasma-

only and with each PrPc concentration having a total concentration of 7.5 wt. % human 

plasma.  The absorbance value for the 7.5 wt. % plasma, as measured by the plasma-only 

standard curve, was subtracted from the total absorbance of the PrPc/plasma value to obtain 

the standard curve shown in Figure 4.2.  The corrected standard curve for PrPc in 7.5 wt. % 

plasma matches very well to the PrPc standard curve in PBS. The primary antibody had a 

shelf life of ~1 month after solubilization, and there was an observed variation in the slope of 

the standard curve during the 1 month period.  However, a standard curve was produced for 

every run with an R2 
! 0.98, and the overall fit as seen in Figure 4.2 is very good with a 

linear detection limit of ~0.06-3.40 ng/mL in both PBS and human plasma. 
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Figure 4.2:  Standard curve of PrPc from HaBH as measured by ELISA averaged from 10 
measurements (taken on different days) in PBS and 6 measurements in 7.5 wt. % human 
plasma.   

 

4.3.2. Equilibrium and Dynamic Binding of PrPc 

Dynamic-equilibrium binding capacities of PrPc in saline were measured for the L13A 

resin, PIM materials, and the nonwoven membrane by analysis of the breakthrough 

experiments.  These columns were fed with several HaBH solutions until the binding 

capacity of the column was reached (i.e. Cin = Cout).   
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Figure 4.3:  Example breakthrough curves from duplicate PIM packed columns loaded by 
gravity driven flow with 2.0 wt. % HaBH in PBS (PrPc [=] 336 ng/mL) pH 7.4 at room 
temperature (22°C). 

 

Figure 4.3 shows an example PrPc breakthrough curve from a PIM packed column with a 

load of 2.0 wt. % HaBH in PBS as measured by ELISA (all curves run for L13A, PIM, and 

nonwoven columns are in Appendix V).  The amount of PrPc bound was determined for each 

material type through the calculation of the area above the breakthrough curves from several 

different load concentrations of HaBH ranging from 0.2 – 2.0 wt%, which corresponds to 

PrPc concentrations of 6.7 – 336 ng/mL, in PBS pH 7.4 at room temperature (~22°C).  Figure 
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4.4 shows a dynamic binding capacity isotherm of the bound PrPc per material as a function 

of the feed concentration for all three materials.     

 

Figure 4.4:  Dynamic binding capacity (symbols) of PrPc of PIM, L13A resin, and nonwoven 
membrane packed columns at room temperature (22°C).  Curves represent the non-linear 
regression fit of the Langmuir model to the L13A resin (#) , PIM (-·-),  and nonwoven (--). 

 

The dynamic PrPc capacity data for the L13A, PIM, and nonwoven membrane were 

compared by fits of the data to the Langmuir equation, 

 

                (4.1) 
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where Q* is the total concentration of bound PrPc in the solid phase, Q*
max is the maximum 

binding capacity of the material, C is the concentration of PrPc, and Kd is the equilibrium 

dissociation constant.  Equilibrium isotherm parameters Q
*

max and Kd were fit for each 

isotherm condition to the bi-Langmuir equation using non-linear regression software in 

Origin (OriginLab, Northhampton, USA), with fits displaying R2 > 0.95 and the results listed 

in Table 4.1.    

 

Table 4.1:  Langmuir parameters from non-linear regression of PrPc binding isotherms in 
dynamic modes for the resin and PIM materials. 
 

Material 
Qmax 

[ µg / g-material] 

Kd 

[M ] 

PIM 3.27 ± 0.3 ( 3.5 ± 0.9 ) x 10-9 

L13A resin 3.21 ± 0.5 ( 6.2 ± 1.8 ) x 10-9 

Nonwoven Membrane 2.58 ± 0.1 ( 3.5 ± 0.3 ) x 10-9 

 

 There was not a significant difference (i.e. < 2.0 %) in the dynamic binding capacity of 

the L13A and PIM materials.  The dynamic binding capacity of the nonwoven membrane 

was ~20 % lower than the L13A and PIM materials, but still high due to non-specific binding 

interactions, as the nonwoven polypropylene membrane materials do not contain a ligand 

(affinity or otherwise) on the surface of the fibers.  The strength of binding, as indicated by 

the equilibrium dissociation constant, Kd, was stronger than what would be expected for ion 
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exchange (i.e. 10-3-10-5 M) , which is consistent with binding through hydrophobic 

interactions.   

 As mentioned in the section 4.2.2, the concentration of total protein and PrPc in the 10 wt. 

% HaBH was measured to be 65 mg/mL and 1.68 µg/mL, respectively.  This yields an 

approximate PrPc concentration to total protein concentration ratio of ~ 1:38,500 in HaBH.  

The observed maximum dynamic binding capacities of the PIM and resin columns for PrPc 

were low, given that the L13A resin has a significant amount of internal surface area for 

protein binding.  However, the observed binding capacities of PrPc are reasonable given that 

the concentration of PrPc in the feed material is orders of magnitude lower than the total 

protein concentration, which can lead to competitive binding.  This was investigated by 

measuring the ratio of bound PrPc to total bound protein from injections of 1 wt. % HaBH in 

PBS to columns packed with L13A resins, PIM, and nonwoven materials.  The amount of 

total protein bound was estimated by integrating the area above the breakthrough curves of 

the total protein, measured by UV absorbance, and PrPc, measured by ELISA, for all three 

packing materials shown in Figure 4.5 (a)-(c). 
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Figure 4.5:  Breakthrough of PrPc as measured by ELISA (symbols) and total protein as 
measured by UV absorbance at 280 nm (line) from an injection of 1 wt. % HaBH in PBS to 
columns packed with  (a) L13A resin, (b) PIM, and (c) nonwoven membrane.  
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 The ratio of bound PrPc to bound total protein, shown in Figure 4.6, was compared to the 

concentration ratio of PrPc to total protein in the HaBH feed solution.  For all three packing 

materials there was a ~two-fold enrichment of the PrPc due to adsorption, indicating this is 

only a slight selectivity of PrPc from the other proteins in HaBH.  As mentioned earlier, the 

HaBH is suspected to be a solution of polydispersed aggregates as supported by the 

literature, and evidenced by its opaque appearance.  If the PrPc protein is aggregated with 

several other HaBH proteins, which is very likely in brain homogenate, it is possible that the 
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binding of the PrPc-aggregate would not lead to an overall enrichment of the PrPc.  This was 

investigated by measuring the total protein bound to each material from the load of 1 wt. % 

HaBH.  These results are listed in Table 4.2.  It is evident that the proteins bound to the resin 

adsorb to a much greater degree than the PrPc. 

 

 

Figure 4.6:  Ratio of bound PrPc to bound total protein injections of 1 wt. % HaBH in PBS to 
columns packed with L13A resin, PIM, nonwoven membrane compared to the ratio of free 
concentration of PrPc to total protein in solution in the feed. 
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Table 4.2:  Total protein binding capacities from a 1 wt. % injection of HaBH to columns 
packed with L13A resin, PIM, and nonwoven membrane materials.  
 

Material 
Total Protein Binding Capacity 

[ mg / g-material ] 

L13A resin 24.54 

PIM 23.89 

Nonwoven membrane 26.44 

 
 
 It has been estimated that a monolayer of protein corresponds to a surface concentration 

of approximately 2-3 mg/m2 30.  This estimation was obtained from low molecular weight 

proteins which have a monolayer thickness on the order of 20-30 Å.  A monolayer of a much 

larger species, such as a 100 nm aggregate, the surface density would be ~ 50 times greater.  

Additionally, a aggregate approaching a 100 nm diameter would be excluded from the 

internal pores of the L13A resin, drastically reducing the surface area available for binding.  

The external surface areas of the L13A resin and nonwoven membrane were estimated from 

the surface area to volume ratios of a sphere, Equation (4.2), and cylindrical fiber, Equation 

(4.3);  

                   (4.2) 

 

                   (4.3) 
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with a using a resin particle diameter of 65 mm and a swelling ratio of 3.1 g/cm3, and a 

nonwoven polypropylene density of 0.9 g/cm3 31 and an average fiber diameter of 20 µm.  

These produced approximate external binding surface areas for the L13A resin and 

nonwoven fibers of 0.28 m2/g and 0.22 m2/g, respectively.  Using an approximate aggregate 

size of 100 nm and monolayer density of 100 mg/m2 (i.e. 50 times that of a 20 Å monolayer) 

the binding capacities for the L13A resins and nonwoven membranes would be ~28 mg/g, 

and ~22 mg/g, respectively, which are very close to the observed values. 

  The phenomena of aggregate size and pore exclusion were further investigated using a 

chromatographic model for a porous and non-porous medium to describe the observed 

breakthrough behavior, described below. 

4.3.3.  Modeling 

 The general rate (GR) model of chromatography (described in Appendix I of Chapter 3) 

was used to compare the breakthrough behavior of PrPc in L13A resin, PIM, and nonwoven 

columns.  The GR model32, 33 is a complete chromatography model that takes into account all 

mass transfer and intrinsic rate parameters of the solute particles including axial dispersion in 

the bulk phase, film mass transfer to the sold phase, diffusion in the pores of the solid phase 

(in the case of resins), and rates of adsorption and desorption at the surface of the solid phase.  

The GR model derived for a non-porous medium (described in Appendix II of this chapter) is 

a simpler version of the one described in Appendix I as there is no longer a pore phase 

governing equation given the observation that the PrPc is apparently not entering the pores of 

the resin.  Formulation of the GR model for the PIM column is more complex as there is now 
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mass transfer to two distinct solid phases (resin and nonwoven fabric), each with different 

surface area to volume ratios (i.e. spherical and cylindrical) and different binding capacities.  

This was addressed through a volume-weighted averaging of the values for the binding 

capacity, film mass transfer coefficient, and axial dispersion coefficient for each phase.  In 

the characterization of the PIM materials in Chapter 3, which contained the same resin 

without the affinity ligand, it was shown that the volume fraction of the resin and nonwoven 

fabric were 0.35 and 0.17, respectively.  From these volume fractions it can be estimated that 

the resin comprised ~ 67 % of the total binding volume in the PIM column and therefore the 

correlations for mass transfer parameters based on spherical porous-geometries had the 

largest contribution to the overall value.  All of the mass transfer correlations, described in 

Appendix II of this chapter, used in the GR modeling of the PIM materials were estimated by 

a volume-weighted average between the resin and membrane materials (i.e. 67 % from resin, 

33 % from the nonwoven fiber).      

The columns used in the breakthrough analysis for the PIM and nonwoven membrane 

materials (Vantage-L columns, Millipore, Billerica, USA) presented an adverse ratio of the 

external-column volume (e.g. tubing, frits, dead volume, etc.) to column volume on the order 

of 1:2.  This extra-column volume can significantly contribute to the overall dispersion in the 

column and needs to be accounted for in order to give an accurate description of the transport 

and binding inside of the column.  The dispersion caused by the extra-column volume (i.e. 

system-dispersion) was determined using a method described by Boi et al.34.  Briefly, 

injections of an aqueous acetone solution (0.5 wt. %) were made to unpacked columns with a 

zero dead-volume between the top and bottom frits.  The resulting concentration profile was 
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then fit to the solution of the design equation of a plug flow reactor (PFR) and continuously 

stirred tank reactor (CSTR) in series with no reaction, 

 

             (4.4) 

 

where the residence times of the plug flow and continuous stirred tank reactors, tPFR and 

tCSTR, are treated as fitting parameters.  Figure 4.7 shows a plot of experimental data from an 

injection made to an empty column with zero dead-volume between the top and bottom frits, 

and the fit to Equation 4.4 with an R2
!0.99.   Equation (4.3) along with the fitted parameters, 

Table 4.3, for each column was then used as the input to the GR model in order to account 

for the system-dispersion of the extra-column volume. 
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Figure 4.7:  Experimentally measured system-dispersion caused by extra column volume 
(symbols) and the modeled system-dispersion curve using the PFR-CSTR model, Equation 
(4.4), for the nonwoven membrane. 
 
Table 4.3:  Values for parameters tPFR and tCSTR from the fit of Equation (4.4) to the measured 
system dispersion caused by the tubing and extra-column volumes from the columns used for 
the L13A resin, PIM, and nonwoven fabrics. 
 
    

Material 
tCSTR 

[ min ] 

tPFR 

[ min ] 

PIM 1.27 1.03 

L13A resin 0.12 0.30 

Nonwoven Membrane 1.32 1.50 
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 As discussed earlier, it is suspected that the PrPc from the HaBH used in this study is in 

an aggregated form with a diameter that approaches the nominal size of the pores of the 

resin, 100 nm.  This was investigated by using the GR model, both porous and non-porous, to 

predict the observed breakthrough behavior.  Initially, the porous GR model was used with 

estimates for the mass transfer parameters based on two extremes; (i) zero aggregation where 

all the PrPc is treated as a monomeric protein, and (ii) a spherical PrPc aggregate diameter 

equivalent to the nominal pore size of the resin (e.g. 100 nm).  The GR model predictions 

from the first case yielded a very poor fit to the breakthrough data suggesting that the PrPc 

was excluded, to some extent, from the pores of the resin.  However, it was observed that by 

increasing the diameter of the adsorbed species while decreasing the accessible pore volume, 

as would be the case for a larger PrPc aggregate, produced a significantly better fit to the 

observed data.  An example of these results can be seen in Figure 4.8 using PrPc aggregate 

diameters ranging from 10-100 nm and resin pore-volume fractions from 0.70 to 0.05 

matched to an observed PrPc breakthrough from a 1 wt. % HaBH injection to a L13A resin 

column.  These results suggest that the PrPc is in an aggregated which is excluded, to some 

degree, from the pores of the resin.   
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Figure 4.8:  Experimental data from a 1 wt. % HaBH injection in PBS to a L13A resin 
column at 22°C and the GR model predictions using mass transfer parameters determined for 
PrPc aggregates of 10, 50, and 100 nm. 
 

 

  The non-porous GR model using mass transfer parameters based on a 100 nm PrPc 

aggregate matched the observed breakthrough data well suggesting that PrPc was being 

excluded from the pores of the resin.  The non-porous GR model was then used to fit the 

breakthrough data observed from HaBH injections made to columns packed with L13A resin, 

PIM, and nonwoven fabrics discussed below.    
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 Table 4.4 shows all of the geometrical, mass transfer, and isotherm parameters used for 

the solutions of the non-porous GR model of a 1 wt. % HaBH injection to columns packed 

with L13A resins, PIM, and nonwoven membrane materials.  Figures 4.9(a)-(c) show PrPc 

breakthrough curves from an injection of 1 wt. % HaBH in PBS, pH 7.4, into columns 

containing L13A resin only, PIM materials, and nonwoven fabric only.  Figures 4.9(a)-(c) 

also show breakthrough curves from injections of a 1 wt. % HaBH spiked in 7.5 wt. % 

human plasma, which will be discussed in a later section.  For each run, the GR model was 

fit to the data using the Langmuir association rate constants, ka, as the only remaining fitting 

parameter.  The dissociation rate constant, kd, was then determined through the Langmuir 

equilibrium dissociation constant 

                    (4.5) 

The GR model fit to the data for each condition achieved an R2 !0.98, shown as the solid line 

curves in Figures 4.9(a)-(c).   
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Table 4.4:  Parameters used in the GR model for columns packed with L13A resin, PIM, and 
nonwoven membrane materials.   

Value 
Parameter Definition 

L13A PIM Nonwoven 

L Column length [=] m 0.05 0.011 0.011 

Rc Column radius [=] m 0.002 0.011 0.0055 

C0 Inlet Concentration [=]mol/m3 4.72 x 10-6  

MW PrPc Molecular Weight [=]g/mol 35,500  

! Mobile phase density [=]kg/m3 1000  

µ Mobile phase viscosity [=]Pa·s 1 x 10-3 

u0 Superficial velocity [=]m/s 2.6 x 10-4  4.4 x 10-5  9.2 x 10-5 

"b Interstitial volume fraction 0.28 0.43 0.78 

"f Fiber volume fraction n/a 0.17 0.22 

Dm 
Molecular diffusion coefficient     

[=] m2/s 
2.16 x 10-12 

Db 
Axial dispersion coefficient         

[=] m2/s 
1.49 x 10-7  1.22 x 10-8 5.2 x 10-6 

kf 
Film mass transfer coefficient      

[=] m/s 
5.56 x 10-7 8.79 x 10-7 5.8 x 10-6 

Q
*

max Maximum binding capacity          
[=] mol/m3 

1.46 x 10-5 2.98 x 10-5 6.00 x 10-6 

Kd 
Equilibrium dissociation constant 

[=] mol/m3 
4.42 x 10-6 5.2 x 10-6 2.46 x 10-6 

ka 
Adsorption rate constant                

[=] m3/(mol·s) 
! " ! " 4.73 x 103 

kd Desorption rate constant [=] 1/s ! " ! " 1.17 x 10-2 
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Figure 4.9:  PrPc breakthrough of 1.0 wt. % HaBH in PBS (closed symbols) and 7.5 wt. % 
human plasma (open symbols) at room temperature (22°C) from (a) L13A packed column, 
(b) PIM packed column, and (c) nonwoven packed column.  PrPc concentration was 
monitored by ELISA. 
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 In the L13A resin and PIM cases, the ka values tended toward infinity indicating that 

there was a local equilibrium between the surface concentration, cs, and surface bound PrPc, 

q.  In the nonwoven case there was an optimum ka of ~ 4.73 x 103 m3 mol-1 s-1, which was 

independent of mesh size of the model or initial guess.  Due to the fact that the columns used 

to pack each material type were of different dimensions, the flow rates were adjusted to keep 

the superficial linear velocities and residence times for the three systems close to each other.  

Additionally, the weight of packing material was different in each column.  This explains 

why, even though we know the binding is similar in the L13A and PIM columns, there is 
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such a notable difference in the breakthrough time for a similar load of 1 wt. % HaBH.  The 

GR model accounts for the differences in column aspect ratios, residence times, and packing 

materials. It is also worth noting that the mass transfer and isotherm parameters used for the 

solution to the GR model are first-order approximations.  The low binding capacity observed 

in this study together with the results from the porous GR model suggest that the brain 

derived PrPc is in an aggregated state, although the actual size and or distribution of 

aggregate diameters is unknown and therefore the mass transfer and binding properties are 

effectively an averaged value over the sample.  This further stresses the importance for the 

characterization of the source spiking material to be used for such studies.  However, even 

with first-order approximations the GR model fit the observed breakthrough data well for all 

three packing materials. 

4.3.4. Effect of Plasma on PrPc Binding 

The effect of plasma on the binding capacity of the L13A resin, PIM, and nonwoven 

membrane materials was also investigated.  During the fractionation of whole blood there is 

typically a residual fraction, ~ 7.5 wt %, of plasma left in the RBCC fraction.  In addition, 

there are several therapeutic proteins that are derived from human plasma, which contains a 

total protein concentration of ~ 73 mg/mL35, such as albumin, immunoglobulins, and blood 

clotting factors.  This high concentration of protein has been shown to decrease the binding 

performance in affinity-based separations through non-specific binding interactions with the 

ligand36.  Breakthrough experiments were conducted using an injection of 1 wt. % HaBH 

containing 7.5 wt. % human plasma to investigate the effect of plasma on the binding of PrPc 

to the different packing materials.  Figures 4.9(a)-(c) show overlapping breakthrough curves 
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from similar columns loaded with 1 wt. % HaBH with and without 7.5 wt. % human plasma.  

The binding capacity of the L13A resin and the PIM columns for PrPc is relatively 

unchanged in the presence of the plasma; however, the binding capacity of the nonwoven 

membrane only column was drastically reduced.  The GR model was used to attempt to 

predict the earlier breakthrough in the nonwoven column in the presence of human plasma.  

In this case the mass transfer parameters and dissociation rate constant were kept at the 

values used for the PrPc in PBS, and the maximum binding capacity and association rate 

constant were adjusted to fit the data.  A good fit to the data, R2 !0.99, was achieved with a 

maximum binding capacity, Qmax, of 1.55 µg/g-resin and an association rate constant, ka, 

value of 1.69 x 103 mol m-3 s-1, which was decrease of 40% and 65%, respectively, compared 

to the PBS case.  These results suggest that the PrPc binding to the nonwoven membrane is 

through non-specific interactions and that PrPc binding is significantly reduced in the 

presence of competing plasma-proteins. 

In addition, the total protein binding capacity of L13A resins to plasma alone was 

investigated with breakthrough analysis used to describe the total protein binding of HaBH 

described in section 4.3.2.  At a load concentration of 7.5 wt. % plasma in PBS, the L13A 

resin was able to bind ~ 14.3 mg/g-resin of total protein.  This is only a fraction of the 

observed binding capacity observed for the 1 wt. % HaBH which explains why the addition 

of 7.5 wt. % plasma does not affect the observed breakthrough in the L13A and PIM column 

under these conditions.    
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4.3.5. Predictive PrPc Clearance from RBCC 

Using the isotherm and kinetic parameter values determined for the PIM columns and 

assuming the red blood cells do not interfere with the binding, the GR model was used to 

predict the clearance of PrPc spiked into human RBCC.  A 30-mL load of RBCC containing 

0.05 wt. % (~ 8.5 ng/mL PrPc) was fed to a series of columns totaling 80 layers of PIM at a 

flow rate of ~2.5 mL/min.  In this experiment the ELISA method could not be used to detect 

PrPc at the effluent of the column due to the presence of red blood cells.  The PrPc bound in 

each column was eluted followed by an immunoblot analysis to detect the presence of bound 

PrPc in each of the columns.  This method, however, does not elute all of the bound PrPc 

from the materials in the column and therefore can only provide a qualitative analysis of the 

binding which can be compared to the GR model prediction.   

Figures 4.10(a)-(b) show the GR model prediction for the bound PrPc concentration 

profile, normalized against the maximum binding capacity, as a function of the axial position 

in the series of 8 columns as well as the expected breakthrough of PrPc as a function of time.  

These calculations can be compared, at least qualitatively, to the commassie-blue stained gel 

and immunoblot film of eluted protein from each column, shown in Figures 4.11 and 4.12, 

respectively.   
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Figure 4.10:  (a) Predicted bound PrPc concentration profile through 8 columns in series and 
(b) Predicted breakthrough concentration normalized against the inlet concentration as a 
function of time as calculated by the GR model, for a 30-mL load of RBCC spiked with 0.05 
wt. % HaBH at a flow rate of 2.5 mL/min.  Each column contained 10 layers of PIM. 
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Figure 4.11: SDS-PAGE gel under reduced conditions with a molecular weight marker in 
lane 1, 0.5 wt. % HaBH in lanes 2 and 3, 0.25 wt. % HaBH in lanes 4 and 5, 0.10 wt. % 
HaBH in lanes 6 and 7, and 0.05 wt. % HaBH in lanes 8 and 9.  Each following lane 
represents the eluted protein from each column (in duplicate) in succession from I-VIII. 
 
 
 
 
 

 

Figure 4.12:  Immunoblot X-ray films of the gels run in Figure 4.11 (lane descriptions remain 
the same). 
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Figure 4.11 clearly shows that there was a significant amount of protein eluted from each 

of the columns.  Figure 4.12 also shows the presence of PrPc in each of the columns.  The 

first 4 columns appear to have a similar intensity (i.e. bound PrPc) followed by a trend of 

decreasing intensity in columns 5-8. The GR model in Figure 4.10(a) predicts a similar trend 

and, although it does not exactly predict the saturation behavior of the first four columns, it 

matches the decrease in bound material over the last 4 columns.  The light bands in the final 

column, compared to the darker and more uniform densities of the first 4 columns, suggest 

that binding capacity of the final column was not saturated.  However, it is still possible that 

PrPc was present in the flow-through and without a method of detecting the PrPc in the 

effluent of the stream it is not possible to match the predicted breakthrough in Figure 4.10(b).  

Again, the model prediction is a first order approximation as the PrPc materials are not fully 

characterized and the assumption has been made that the RBCC does not affect the 

adsorption of PrPc on the resin.  However, in this case the model generally predicts the 

observed bound PrPc profile in the PIM column and approximates the PrPc breakthrough 

from RBCC, demonstrating the usefulness of using models to design devices for the 

clearance of PrPc from streams containing red blood cells. 

4.3.6. Predictive PrPc Clearance from hIgG  

Immunoglobulins are very important antibodies which are used in the treatment of 

autoimmune and inflammatory diseases37.  The most common of these are the 

immunoglobulin G (IgG) isotypes.  Human plasma is used as a source material for IgG as it 

is found at concentrations of 4-16 mg/mL.  As mentioned in the introduction, TSE clearance 

methods for plasma derived proteins typically utilize nanofiltration.  However, it is unclear 
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how well the nanofiltration reduces endogenous (i.e. blood-born) activity.  The L13A resins 

used in this study could be used in lieu of or in addition to the nanofiltration steps currently 

used for TSE clearance. 

The GR isotherm and kinetic parameter values determined for the L13A columns were 

used to predict the clearance of a PrPc from a HaBH spike to a hIgG, assuming again that the 

hIgG does not interfere with the binding.  A spike of 0.1 wt. % HaBH in 5 mg/mL hIgG, as 

well as an injection of only 5 mg/mL hIgG, were made to L13A packed columns at a flow 

rate of 0.2 mL/min.  The hIgG was known to have a slight interference (i.e. false postivie) 

with the PrPc ELISA.  Fractions collected from the hIgG-only injection were also run on a 

PrPc ELISA, and then the background absorbance values were subtracted from the 

corresponding fractions from the PrPc/hIgG run.   The measured breakthrough of total protein 

was monitored by absorbance at 280nm and PrPc, corrected for hIgG interference, are shown 

in Figure 4.13.     

Also shown in Figure 4.13 is the breakthrough curve predicted by the GR model, which 

matched very well to the observed PrPc breakthrough.  Recall that the parameters used for 

this prediction were obtained from an earlier run in PBS, and the accurate prediction 

confirms the assumption that hIgG does not interfere with PrPc binding to L13A resins.  In 

addition, elution of the total bound protein from the injection of 5 mg/mL hIgG only revealed 

that L13A resin bound less than 1 % of the total load.  These results suggest that the L13A 

resins could have application for the removal of PrPSc in the production of plasma-derived 

hIgG.  Additionally, these results confirm the applicability of the GR model to be used for 
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the accurate prediction of PrPc breakthrough in columns packed with L13A resins and could 

be utilized for the evaluation and validation of PrPc and PrPSc clearance studies 

 

 

Figure 4.13:  Measured PrPc breakthrough, by ELISA, of 0.1 wt. % HaBH in 5 mg/mL hIgG 
(symbols), total protein concentration measured by UV absorbance at 280 nm, and predicted 
breakthrough from the non-porous GR model. 

 

4.4. Conclusions 

This paper characterizes the binding and breakthrough behavior of PrPc from a hybrid 

particle-nonwoven membrane (PIM) impregnated with affinity resins.  An ELISA method 

was developed which allowed for the quantitative detection of PrPc in PBS and human 
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plasma with a limit of detection ~0.03 ng/mL.  Dynamic binding studies showed that 

columns packed with PIM materials had the same PrPc binding capacity as columns packed 

with L13A affinity resin alone.  It was also shown that the presence of 7.5 wt. % human 

plasma had no effect on the PrPc binding capacity in the PIM and L13A resin columns, 

suggesting that the binding of PrPc to the L13A resins was through specific interactions.  The 

nonwoven membrane also bound a significant amount of PrPc.   However, in the presence of 

7.5 wt. % human plasma the binding capacity was reduced by ~ 40%, suggesting that protein 

adsorption to the nonwoven membrane was through non-specific interactions.  The GR 

model of chromatography was able to fit the breakthrough behavior of PrPc for the columns 

packed with L13A resin, PIM, and nonwoven membrane materials.  The GR model was able 

to predict the binding behavior of PrPc spiked into a red blood cell concentrate (RBCC) 

loaded to a column packed with PIM materials, as well as accurately predict the 

breakthrough of PrPc spiked into a hIgG solution loaded to a column packed with L13A 

resins.  These results suggest that PIM materials can be used for the clearance of PrPc from 

solutions containing large particulates.  It has also been shown that the GR model can 

accurately predict the binding behavior of PrPc to the L13A resin, PIM and, nonwoven 

materials and could be utilized as an important tool  in the design, evaluation, and validation 

of TSE clearance studies.     
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4.5. Nomenclature 

 
Bi Biot number (kfRp/("pDp))  

C mobile phase concentration 

Cin input concentration to GR model 

C0 feed concentration 

cb dimensionless bulk concentration (C/C0) 

Cp pore phase concentration 

cp dimensionless pore concentration (Cp/C0) 

cs  dimensionless surface concentration (Cs/C0) 

Db axial dispersion coefficient 

Dm molecular diffusion coefficient 

Da
a Damkolher number for adsorption (LkaC0/u) 

Da
d Damkolher number for desorption (Lkd/u) 

Kd dissociation constant 

ka association rate constant 

kd dissociation rate constant 

kf film mass transfer coefficient  

L column length 

p parameter in Gunn correlation 

Pe Peclet number (uL/Db) 

Q
* solid phase concentration  
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q dimensionless solid phase concentration (Q/C0) 

Q
*

max adsorption saturation binding capacity  

q
*

max dimensionless adsorption saturation capacity (Q*
max/C0) 

R radial coordinate 

r dimensionless radial coordinate (R/Rp) 

Re Reynolds number (2Rp!u"b/µ) 

Rp particle radius 

Sc Schmidt umber (µ/$Dm) 

Sh Sherwood number (2kfRp/Dm) 

Str Stanton number (3kfL/(Rpu)) for resins 

Stf Stanton number (2kfL/(Rpu)) for fibers 

t time 

u interstitial velocity (u0/"b) 

u0 superficial column velocity 

V volume of column 

Z axial coordinate 

z dimensionless axial coordinate (Z/L) 

Greek letters 

 

#1 first root of the zero-order Bessel function 

"p volume fraction of resin particles  

"b interstitial volume fraction 
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"f volume fraction of membrane fiber 

#p intra particle porosity 

"t total porosity  

$ dimensionless constant (Str/(3Bi)) 

µ mobile phase viscosity  

µ1 first absolute moment of peak  

! mobile phase density 

% dimensionless time (tu/L) 

%b column tortuosity 

& dimensionless constant ((1-"b)Str/"b) 

Subscripts 

max saturation capacity 
 
Superscripts 

* equilibrium value 
 
 



 119 

4.6. References  

1. Will, R.; Ironside, J.; Zeidler, M.; Cousens, S.; Estibeiro, K.; Alperovitch, A.; Poser, 
S.; Pocchiari, M.; Hofman, A.; Smith, P., A new variant of Creutzfeldt-Jakob disease in the 
UK. Lancet 1996, 347, (9006), 921. 

2. Gregori, L.; Gurgel, P. V.; Lathrop, J. T.; Edwardson, P.; Lambert, B. C.; Carbonell, 
R. G.; Burton, S. J.; Hammond, D. J.; Rohwer, R. G., Reduction in infectivity of endogenous 
transmissible spongiform encephalopathies present in blood by adsorption to selective 
affinity resins. Lancet 2006, 368, (9554), 2226-2230. 

3. Llewelyn, C. A.; Hewitt, P. E.; Knight, R. S. G.; Amar, K.; Cousens, S.; Mackenzie, 
J.; Will, R. G., Possible transmission of variant Creutzfeldt-Jakob disease by blood 
transfusion. Lancet 2004, 363, (9407), 417-421. 

4. Peden, A. H.; Head, M. W.; Ritchie, D. L.; Bell, J. E.; Ironside, J. W., Preclinical 
vCJD after blood transfusion in a PRNP codon 129 heterozygous patient. Lancet 2004, 364, 
(9433), 527-529. 

5. Wroe, S. J.; Pal, S.; Siddique, D.; Hyare, H.; Macfarlane, R.; Joiner, S.; Linehan, J. 
M.; Brandner, S.; Wadsworth, J. D. F.; Hewitt, P.; Collinge, J., Clinical presentation and pre-
mortem diagnosis of variant Creutzfeldt-Jakob disease associated with blood transfusion: a 
case report. Lancet 2006, 368, (9552), 2061-2067. 

6. Guardian, Haemophiliac caught CJD from plasma donor. In 2009. 

7. Barletta, J. M.; Edelman, D. C.; Highsmith, W. E.; Constantine, N. T., Detection of 
ultra-low levels of pathologic prion protein in scrapie infected hamster brain homogenates 
using real-time immuno-PCR. Journal Of Virological Methods 2005, 127, (2), 154-164. 

8. Bieschke, J.; Giese, A.; Schulz-Schaeffer, W.; Zerr, I.; Poser, S.; Eigen, M.; 
Kretzschmar, H., Ultrasensitive detection of pathological prion protein aggregates by dual-
color scanning for intensely fluorescent targets. Proceedings Of The National Academy Of 

Sciences Of The United States Of America 2000, 97, (10), 5468-5473. 

9. Gregori, L.; Gray, B. N.; Rose, E.; Spinner, D. S.; Kascsak, R. J.; Rohwer, R. G., A 
sensitive and quantitative assay for normal PrP in plasma. Journal Of Virological Methods 

2008, 149, (2), 251-259. 

10. Yang, W. C.; Yeung, E. S.; Schmerr, M. J., Detection of prion protein using a 
capillary electrophoresis-based competitive immunoassay with laser-induced fluorescence 
detection and cyclodextrin-aided separation. Electrophoresis 2005, 26, (9), 1751-1759. 



 120 

11. Brown, P., Creutzfeldt-Jakob disease: reflections on the risk from blood product 
therapy. Haemophilia 2007, 13, (Suppl. 5), 33. 

12. Prusiner, S., Prion diseases and the BSE crisis. Science 1997, 278, (5336), 245. 

13. Taylor, D. M., Inactivation of transmissible degenerative encephalopathy agents: A 
review. Veterinary Journal 2000, 159, (1), 10-17. 

14. Foster, P. R.; Welch, A. G.; McLean, C.; Griffin, B. D.; Hardy, J. C.; Bartley, A.; 
MacDonald, S.; Bailey, A. C., Studies on the Removal of Abnormal Prion Protein by 
Processes Used in the Manufacture of Human Plasma Products. Vox Sanguinis 2000, 78, (2), 
86-95. 

15. Gregori, L.; Maring, J. A.; MacAuley, G.; Dunston, B.; Rentsch, M.; Kempf, C.; 
Rohwer, R. G., Partitioning of TSE infectivity during ethanol fractionation of human plasma. 
Biologicals 2004, 32, (1), 1-10. 

16. Lee, D. C.; Stenland, C. J.; Miller, J. L. C.; Cai, K.; Ford, E. K.; Gilligan, K. J.; 
Hartwell, R. C.; Terry, J. C.; Rubenstein, R.; Fournel, M.; Petteway, S. R., A direct 
relationship between the partitioning of the pathogenic prion protein and transmissible 
spongiform encephalopathy infectivity during the purification of plasma proteins. 
Transfusion 2001, 41, (4), 449-455. 

17. Foster, P. R., Removal of TSE agents from blood products. Vox Sanguinis 2004, 87, 
7-10. 

18. Tateishi, J.; Kitamoto, T.; Mohri, S.; Satoh, S.; Sato, T.; Shepherd, A.; Macnaughton, 
M. R., Scrapie removal using Planova((R)) virus removal filters. Biologicals 2001, 29, (1), 
17-25. 

19. Van Holten, R. W.; Autenrieth, S.; Boose, J. A.; Hsieh, W. T.; Dolan, S., Removal of 
prion challenge from an immune globulin preparation by use of a size-exclusion filter. 
Transfusion 2002, 42, (8), 999-1004. 

20. Gregori, L.; Lambert, B. C.; Gurgel, P. V.; Gheorghiu, L.; Edwardson, P.; Lathrop, J. 
T.; MacAuley, C.; Carbonell, R. G.; Burton, S. J.; Hammond, D.; Rohwer, R. G., Reduction 
of transmissible spongiform encephalopathy infectivity from human red blood cells with 
prion protein affinity ligands. Transfusion 2006, 46, (7), 1152-1161. 

21. Sowemimo-Coker, S.; Kascsak, R.; Kim, A.; Andrade, F.; Pesci, S.; Kascsak, R.; 
Meeker, C.; Carp, R.; Brown, P., Removal of exogenous (spiked) and endogenous prion 
infectivity from red cells with a new prototype of leukoreduction filter. Transfusion 2005, 45, 
(12), 1839-1844. 



 121 

22. Sowemimo-Coker, S. O.; Pesci, S.; Andrade, F.; Kim, A.; Kascsak, R. B.; Kascsak, 
R. J.; Meeker, C.; Carp, R., Pall leukotrap affinity prion-reduction filter removes exogenous 
infectious prions and endogenous infectivity from red cell concentrates. Vox Sanguinis 2006, 
90, (4), 265-275. 

23. Foster, P. R., Selection of spiking materials for studies on the clearance of agents of 
transmissible spongiform encephalopathy during plasma fractionation. Biologicals 2008, 36, 
(2), 142-143. 

24. CPMP, CPMP Positoin statement on Creutzfeldt-Jakob disease and plasma-derived 
and urine-derived medicinal prodcuts. In London: European Medicines Agency: 2004; Vol. 
EMEA/H/CPMP/BWP/2879/02/rev.1. 

25. CPMP, Guidelines on the investigation of manufacturing processes for plasma-
derived medicinal products with regard to vCJD risk. In London: Europoean Medicines 
Agency: 2004; Vol. EMEA/CPMP/BWP/CPMP/5136/03. 

26. Lee, D. C.; Stenland, C. J.; Hartwell, R. C.; Ford, E. K.; Cai, K.; Miller, J. L. C.; 
Gilligan, K. J.; Rubenstein, R.; Fournel, M.; Petteway, S. R., Monitoring plasma processing 
steps with a sensitive Western blot assay for the detection of the prion protein. Journal Of 

Virological Methods 2000, 84, (1), 77-89. 

27. Caughey, B.; Lansbury, P. T., Protofibrils, pores, fibrils, and neurodegeneration: 
Separating the responsible protein aggregates from the innocent bystanders. Annual Review 

Of Neuroscience 2003, 26, 267-298. 

28. Ma, X.; Benson, C. H.; McKenzie, D.; Aiken, J. M.; Pedersen, J. A., Adsorption of 
pathogenic prion protein to quartz sand. Environmental Science & Technology 2007, 41, (7), 
2324-2330. 

29. Vey, M.; Baron, H.; Weimer, T.; Groner, A., Purity of spiking agent affects 
partitioning of prions in plasma protein purification. Biologicals 2002, 30, (3), 187-196. 

30. Hunter, J. R.; Kilpatrick, P. K.; Carbonell, R. G., Lysozyme Adsorption At The Air-
Water-Interface. Journal Of Colloid And Interface Science 1990, 137, (2), 462-482. 

31. Brandrup, J.; Immergut, E. H.; Grulke, E. A., Polymer Handbook. Fourth ed.; John 
Wiley & Sons, Inc.: Hoboken, 1999; Vol. 1. 

32. Gu, T., Mathematical modeling and scale-up of liquid chromatography. Springer: 
New York, 1995; p xiii, 123 p. 

33. Guiochon, G.; Felinger, A.; Shirazi, D. G.; Katti, A. M., Fundamentals of Preparative 

and Nonlinear Chromatography. 2nd ed.; Academic Press: New York, 2006. 



 122 

34. Boi, C.; Dimartino, S.; Sarti, G. C., Modelling and simulation of affinity membrane 
adsorption. Journal Of Chromatography A 2007, 1162, (1), 24-33. 

35. Vanslyke, D. D.; Hiller, A.; Phillips, R. A.; Hamilton, P. B.; Dole, V. P.; Archibald, 
R. M.; Eder, H. A., The Estimation Of Plasma Protein Concentration From Plasma Specific 
Gravity. Journal Of Biological Chemistry 1950, 183, (1), 331-347. 

36. Heldt, C. L.; Gurgel, P. V.; Jaykus, L. A.; Carbonell, R. G., Identification of trimeric 
peptides that bind porcine parvovirus from mixtures containing human blood plasma. 
Biotechnology Progress 2008, 24, (3), 554-560. 

37. Kazatchkine, M. D.; Kaveri, S. V., Advances in immunology: Immunomodulation of 
autoimmune and inflammatory diseases with intravenous immune globulin. New England 

Journal Of Medicine 2001, 345, (10), 747-755. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 123 

APPENDIX 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 124 

Appendix II:  General Rate Model of Chromatography for Non-
porous Media 

 

A.2.1  General Rate (GR) Model Description  

 
The non-porous GR model is comprised of the governing equation for solute mass 

balance in the mobile (bulk) phase in dimensionless form (all terms defined in nomenclature 

section), 

 

                      (A.2.1)
 

 

The Langmuir isotherm was used to describe the equilibrium binding behavior of the 

protein to the chromatographic resin.  From this the adsorption rate equation was proposed, 

 

                            (A.2.2) 

 

with initial conditions, 

               (A.2.3) 

                 (A.2.4) 

                 (A.2.5) 

 

Danckwerts 1 boundary conditions were used at the column inlet and outlet, 
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              (A.2.6) 

               (A.2.7) 

 

The mathematical complexity of the GR model, owing to the consideration of all mass 

transfer events, precludes a closed-form analytical solution and therefore numerical methods 

are required. A Matlab code was written which incorporated the finite element and 

orthogonal collocation methods to solve the GR model equations, described earlier 2.  Mass 

transfer parameters and equilibrium adsorption isotherm data were measured or estimated 

from correlations described below.  Intrinsic adsorption rate constants were determined by 

fitting the breakthrough curve data to the GR model using the built in lsqcurvefit tool in 

Matlab. 

 

A.2.2  Mass Transfer Parameters  

The molecular diffusion coefficient was estimated using the Stokes-Einstein relationship,  

             (A.2.8) 

 

The film mass transfer coefficient, kf, for the case of the resin was estimated using the 

correlation of Wakao et al. 3 
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             (A.2.9) 

 

and in the case of the nonwoven membrane by 4 

 

             (A.2.10) 

 

The axial dispersion coefficient was estimated using the widely accepted Gunn 

correlation 5 

 

        (A.2.11) 

 

where for resins, 

 

and for fibers,  
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CHAPTER 5 

Conclusions and Future Work 
 

 

5.1. Conclusions 

 

The work in this dissertation characterizes the flow and transport properties of a novel 

separation medium composed of a particle-impregnated nonwoven membrane (PIM).  

Columns packed with PIM materials exhibited adsorption capacities similar to those of a 

chromatographic resin bed with increased interstitial bed porosities and interstitial pore 

diameters which allowed for the passage of whole cells.  The packing of PIM materials was 

shown to be significantly easier than their packed-bed counterparts, achieving reproducible 

column-to-column packing homogeneity by simply swelling the column in-place.  Pressure 

drops across PIM columns were significantly lower, approximately one-third, of those of a 

packed-bed.  Measured interstitial porosities of PIM columns were 25-60% greater than 

typical packed-beds.  Columns packed with PIM were able to pass between 90-95% of E. 

coli and human red blood cells in 30 column volumes with no increase in measured pressure 

drops.  The chromatographic resin, in both PIM and resin only packed columns, maintained 

an equivalent dynamic binding capacity which was similar to its static equilibrium binding 

capacity.  The adsorption behavior in columns packed with PIM and resin was characterized 

by using a general rate model of chromatography, which demonstrated that the dynamic 

adsorption of BSA in a PIM column was similar to that of the packed-bed.  PIM materials 

exhibit the necessary properties to handle mobile phases containing large particles and show 
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promise to be utilized in myriad of separations from complex feed streams such as cell 

culture, whole blood, and food processing applications.  

Work was also done to characterize the binding and breakthrough behavior of a blood 

borne pathogen, PrP
c
, from a hybrid particle-nowoven membrane (PIM) impregnated with 

affinity resins.  An ELISA method was developed which allowed for the quantitative 

detection of PrP
c
 in PBS and human plasma directly in the flow through of the columns.  

Dynamic binding studies showed that columns packed with PIM and L13A resin had the 

same binding capacity for PrP
c
.  It was also shown that presence of 7.5 wt. % human plasma 

had no effect on the PrP
c 

binding capacity in the PIM and L13A resin columns.  There was 

also PrP
c
 binding observed in columns packed with the nonwoven membrane, although the 

binding capacity was drastically reduced (~40%) in the presence of 7.5 wt. % human plasma 

suggesting that protein adsorption to the nonwoven membrane was through non-specific 

interactions.  The GR model of chromatography was used to evaluate the breakthrough 

behavior of PrP
c 

for the columns packed with L13A resin, PIM, and nonwoven membrane 

materials, and was able to fit the breakthrough behavior in PBS.
 
 The GR model also 

successfully predicted the breakthrough of PrP
c
 from HaBH spiked into human IgG to a 

column packed with L13A resin, and also provided a good description of PrP
c
 binding to a 

PIM packed column from HaBH spiked into a red blood cell concentrate (RBCC).  The PrP
c
 

used in this study was shown to be a poly-dispersed range of molecular weights.  Further 

characterization of the starting material (i.e. dynamic light scattering) will be needed to 

obtain a better understanding the PrP
c
 aggregate size and distribution in order to improve the 

modeling results.  
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5.2. Recommendations for Future Work 

The work presented in this dissertation has provided important information on the flow 

and binding characteristics of a novel particle impregnated membrane (PIM) media and its 

application for the adsorption of TSE contaminants from whole blood products.  The major 

results from this work have suggested that the addition of a nonwoven membrane does not 

affect the binding capacity or rates of adsorption of the chromatographic resin, but allows for 

the safe passage of whole cells (e.g E. coli, RBCC).  From these observations, several 

recommendations for future investigation and application of PIM materials are discussed 

below.     

5.2.1. Investigation of Primary Capture 

The results presented in Chapter 3 suggested that PIM materials could have applications 

in the primary capture of recombinantly produced proteins.  This was based on the ability of 

columns packed with PIM to pass large amounts of E. coli cells, and that the non-specific 

adsorption capacity of BSA in saline was similar to that of a resin packed column.  The two 

aforementioned steps need to be combined to further characterize the ability of PIM materials 

to adsorb a protein target from a feed stream representative of a post-cell culture state; either 

as a whole cell culture or a homogenized cell-culture broth.  This scenario would most likely 

require a specific (i.e. affinity) type of adsorption step as the there will be an excess of host 

cell proteins which the target protein will need to be selectively adsorbed.  Since it has been 

suggested that PIM materials can be constructed from a variety of chromatographic resins 

and membranes, it would be advantageous to fabricate PIM materials employing affinity 
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resins which already have a commercial application.  The PIM materials can then be 

challenged with actual or mimics of the post-cell culture feed stream found in the particular 

process for which the chromatographic resin was designed.     

5.2.2. PIM Constructs with Electrospun Nanofibers as Impregnating Material 

The majority of the binding surface area of chromatographic resins is found within the 

pores of the resin.  This can result in severe pore-diffusion limitations for larger targets, as in 

the case of the suspected PrP
c 
aggregates, or even lead to total exclusion from the pores and a 

significant decrease in binding capacity.  Electrospun nanofibers are starting to achieve 

surface area to volume ratios similar to those of chromatographic resins, without having any 

of the pore-diffusion limitations 
1, 2

.  Additionally, several polymers can be electrospun 

which have similar chemistries to those used for the chromatographic resins, and can be 

easily modified for ligand attachment 
3-5

.  PIM can be made by electrospinning a nanofiber 

mat directly onto the melt-blown nonwoven membrane.  These surfaces of the nanofiber can 

then be modified for ion-exchange or with an affinity ligand for the improved capture of 

larger protein products and/or pathogens.    

5.2.3. Bi-modal Capture with Functionalized Nonwoven Membrane 

Current studies have shown the ability to functionalize the melt-blown nonwoven 

membrane to allow for ion-exchange or the attachment of an affinity ligand (Zheng et al., in 

preparation).  PIM materials could be fabricated using the functionalized nonwoven 

membrane with chromatographic resins for a bi-modal adsorption step.  These constructs 
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could find application in polishing stages of downstream protein purification where trace 

host-cell contaminants and pathogens are removed.  The nonwoven membrane can be 

modified to target larger contaminants such as viruses, PrP
Sc

, and DNA/RNA.  The resins 

could be modified to target smaller contaminants such as host-cell endotoxins and other 

contaminating proteins.  Required binding capacities in the polishing step are typically low as 

they are for the removal of trace contaminants.  Columns could be packed with a 

combination of bi-modal PIM materials, each produced for different targets, to obtain a 1-

column polishing step which can remove all the various contaminants found in a particular 

process. 
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Appendix III:  ELISA Method for the Detection of Normal Prion 

Protein (PrP
c
) 

 

 

A.3.1 Introduction 

The ability to accurately characterize the adsorption and breakthrough behavior of PrP
c
 

first requires the ability to quantitatively measure the concentration of PrP
c
 in solution.  The 

majority of detection methods currently used for the detection of PrP
Sc

 and PrP
c
 are based on 

and end titration using animal infectivity or immunoblot assays.  These methods of detection 

provide adequate information to estimate the extent of removal for a given separation, but do 

not provide real-time quantitative data for the characterization of the kinetics of the binding 

event.  A novel two-antibody sandwich enzyme-linked immunosorbent assay (ELISA) 

method of detection was developed for the characterization of PrPc binding to different 

packing materials discussed in Chapter 4.    

A.3.2 Materials and Methods 

ELISA plates were fabricated using a 96-well C8 Maxisorb plates (Nunc, Rochester, 

USA).  Mouse monoclonal antibody SAF-32 (Cayman Chemicals, Ann Arbor, USA) was 

used as the primary capture antibody.  SAF-32 was reconstituted to a final concentration of 

0.5 mg/mL in phosphate buffered saline (PBS), pH 7.4, and stored at 4°C for up to 1 month.  

Biotinylated mouse monoclonal antibody 3F4 (Signet, Dedham, USA) was used as the 

detection antibody.  3F4 was reconstituted in a 50 wt. % glycerol/water to a final 

concentration of 0.5 mg/mL and stored at -20°C for up to 1 year.  Streptavidin-linked 
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horseradish peroxidase (SA-HRP, Fitzgerald Industries, Concord, USA) at a concentration of 

1 mg/mL was used as purchased and stored at -20°C for up to 1 year.    

Normal hamster brain homogenate (HaBH) at concentration of 10.0% (w/v) in PBS was 

obtained form Robert Rohwer’s Laboratory (Molecular Neurovirology Laboratory, Veterans 

Affairs Medical Center, Baltimore, USA) and stored at -80°C.  HaBH was thawed day of use 

and incubated with a 1:10 dilution of 5.0 wt. % sarkosyl (Sigma, St. Louis, USA) at 4°C for 

30 minutes with agitation.  The mixture was then centrifuged at 21,000 x g in a 5417R 

microcentrifuge with rotor F45-30-11 (Eppendorf, New York, USA) to pellet the insoluble 

fractions.  The supernatant, 10 wt. % HaBH with 0.5 wt. % sarkosyl, was stored at 4°C until 

use.  HaBH solutions were only used on the day of their preparation.   

Plates were fabricated by diluting the SAF-32 primary antibody in PBS to the desired 

concentration and incubating 100 µL per well overnight at room temperature with agitation 

on an orbital shaker (IKA, Staufen, Germany).  The plates were then washed four times with 

300 µL per well of wash buffer, PBS + 0.025 % (v/v) triton x-100 (Thermo Scientific, 

Rockford, USA).  The plates were then incubated with 200 µL per well of biotin-free casein 

blocking solution (Fitzgerald Industries, Concord, USA) + 1.0 wt % bovine serum albumin at 

room temperature for two hours with agitation.  The plates were then washed three times 

with 200 µL per well of SuperBlock solution (Thermo Scientific, Rockford, USA) and then 

incubated with HaBH samples for two hours at room temperature with agitation.  Plates were 

then washed four times with 300 µL per well of wash buffer.  3F4 antibody was diluted in 

antigen buffer (biotin-free casein blocking solution + 0.025% (v/v) triton x-100) to the 
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desired concentration and incubated at 100 µL per well for one hour at room temperature 

with agitation.  Plates were washed four times with 300 µL per well of wash buffer, and then 

incubated with 100 µL per well of SA-HRP, diluted to 0.4 µg/mL in antigen buffer, for thirty 

minutes at room temperature.  The plates were then washed six times with 300 µL per well of 

wash buffer and then incubated with 100 µL per well of tetramethyl benzidine (TMB) 

substrate (Neogen, Lansing, USA) for fifteen minutes at room temperature with agitation.  

The reaction was then stopped with the addition of 50 µL per well of RedStop solution 

(Neogen, Lansing, USA).  The absorbance of each well was then read at 650 nm.    

For the studies for the optimization of antibody concentrations, standard curves were 

prepared by diluting the stock HaBH solution to 1.0, 0.1, and 0.02 wt. % in PBS.  The effect 

of human plasma was also investigated by preparing standard curves of 1.0, 0.5, and 0.05 wt. 

% HaBH in a total 25.0, 10.0, 7.5, 5.0, 2.5 wt. % human plasma (American Red Cross, 

Washington D.C., USA) and in PBS alone.  In addition, a standard curve of plasma only was 

produced at concentrations of 25.0, 10.0, 7.5, 5.0, 2.5 wt. % in PBS.  All samples described 

above were diluted 1:50 in antigen buffer prior to analysis.  The effect of human 

immunoglobulin G (hIgG) was also investigated by preparing standard curves of 5.0, 4.0, 

3.0, 2.0, 1.0, 0.5, 0.25, and 0.1 mg/mL hIgG in PBS (Equitech Bio Inc, Kerrville, USA)  

Samples prepared for these standard curves were diluted 1:10 in antigen buffer prior to 

analysis.   
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A.3.3 Results and Discussion 

The effect of concentration for the capture, SAF-32, and detection, 3F4, antibodies were 

investigated to achieve an optimized linear response range for hamster brain homogenate 

(HaBH) concentrations between 0.02 – 1.0 wt. % in PBS.  ELISA plates containing SAF-32 

concentrations of 0.1, 0.25, 0.5, 0.75, 1.0, and 4.0 µg/mL were prepared for incubation with 

the three different HaBH concentrations.  3F4 detection antibody was also investigated at 

concentrations of 0.5, and 0.1 µg/mL.  SA-HRP was used at a constant concentration of 0.4 

µg/mL, as per the manufacturer’s recommendation.  

 The initial study using SAF-32 concentrations of 0.1, 1.0, and 4.0 µg/mL resulted in 

either a too low of an absorbance signal with the 0.1 µg/mL, or and oversaturated absorbance 

with the 1.0 and 4.0 µg/mL for both concentrations of 3F4.  A secondary study looked at 

SAF-32 concentrations of 0.25, 0.50, and 0.75 µg/mL.  The standard curves for each 

condition with a 3F4 concentration of 0.1 and 0.5 µg/mL can be seen in Figures A.3.1 and 

A.3.2, respectively. 

 The optimal combination of SAF-32 and 3F4 antibody concentration was determined on 

the basis of determining the largest slope which fits the data well (i.e. R
2
>0.99), values for 

each fit are shown in Table A.3.1.  For both concentrations of 3F4 investigated the optimal 

concentration of the SAF-32 was 0.5 µg/mL, with the highest slope observed with a 3F4 

concentration of µg/mL.  These were then used for a further evaluation of standard curves 

generated in PBS, human plasma, and human immunoglobulin (hIgG).   
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Table A.3.1:  Slopes and R
2
 values for the fits of HaBH standard curves under the different 

SAF32 and 3F4 antibody concentrations investigated. 

 

3F4 [ µg/mL ] 
SAF 32 

0.1 0.5 

[ µg/mL ] R
2
 Slope R

2
 Slope 

0.75 0.980 0.74 0.912 1.1 

0.50 0.999 0.17 0.999 0.52 

0.25 0.999 0.02 0.999 0.11 
  
 

 

 

Figure A.3.1:  Standard curve generated from a 3F4 concentration of 0.1 µg/mL with HaBH 

concentrations of 1.0, 0.1, and 0.05 wt. %.   
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 Figure A.3.2:  Standard curve generated from a 3F4 concentration of 0.5 µg/mL with HaBH 

concentrations of 1.0, 0.1, and 0.05 wt. %.   

 

 The interference (i.e. background) of human plasma with the PrP
c
 ELISA was determined 

by creating a standard curve of the plasma only, as well as a plasma + PrP
c
 for plasma 

concentrations ranging from 2.5 to 25 wt. % in PBS.  The results of the plasma only standard 

curve can be seen in Figure A.3.3.  The absorbance values determined for each of these 

concentrations were subtracted from the plasma + PrP
c
 curves.  The results of the corrected 

PrP
c
 standard curve are shown in Figure A.3.4.  These results show that the human plasma, 

under these conditions, has little interference with the PrP
c
 ELISA and does not affect the 

range of linear detection of PrP
c
.    
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Figure A.3.3:  Standard curve generated from serial dilutions of plasma-only in PBS.   

 



 142 

 

Figure A.3.4:  Standard curve generated from HaBH concentrations of 1.0, 0.5, and 0.05 wt. 

% in human plasma concentrations ranging from 2.5 – 25.0 wt. % in PBS minus the 

background absorbance from the plasma, as determined in Figure A.3.3.    

 

The interference of hIgG was also investigated by preparing a standard curve of hIgG in PBS 

ranging from 0.01 to 5 mg/mL.  These results from this standard curve can be seen in Figure 

A.3.5.  In this study, a standard curve of the PrP
c
 + hIgG was not generated.  It was 

concluded from the human plasma results that the background absorbance from the hIgG-

only could be subtracted from samples analyzed which contained PrP
c
 + hIgG.  
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Figure A.3.5:  Standard curve generated from serial dilutions hIgG-only in PBS.   

 

A.3.4  Conclusions 

This study characterized a novel ELISA method for the quantitative detection of PrP
c
 in 

solution.  Investigation into the concentration effects of the primary and secondary antibodies 

used in this ELISA displayed and optimum linear detection range of 0.06 – 3.4 ng/mL PrP
c
 at 

SAF32 and 3F4 concentrations of 0.5 µg/mL.  This study also showed that the presence of 

human plasma up to a concentration of 25 wt. % and hIgG concentrations up to 5 mg/mL 

have little interference on the linear detection range of PrP
c
.    
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Appendix IV:  Formulation of a RBCC Fluid Analog 
 
 

A.4.1 Introduction 

The work discussed in Chapters 3 of this dissertation characterizes the flow and binding 

behavior of columns packed with particle-impregnated membrane (PIM) materials.  PIM 

materials were developed to be used for adsorption processes which occur in feed streams 

containing large particulates, such as whole cell and cellular debris.  Feed streams containing 

large particulate matter, like cell culture media and red blood cell concentrate (RBCC), tend 

to have viscosities which are shear rate dependent (i.e. non-Newtonian).  However, the flow 

characterization (i.e. pressure drop, permeability, etc.) were performed in saline solution with 

a Newtonian viscosity.  To properly characterize the flow behavior of PIM materials for the 

desired applications covered in this dissertation would require a large stock of a cell culture 

harvest and RBCC.  This would prove to be a challenge as the cell culture properties can vary 

significantly from lot to lot, and the availability of RBCC was very limited.  Additionally, 

there are significant health and safety concerns when handling and processing whole blood 

and RBCC.  

In order to circumvent these issues, several attempts were made to formulate an non-

Newtonian analog fluid to be used as a standard to compare flow behavior of columns 

packed with PIM, resin, and nonwoven membrane.  Human red blood cell concentrate was 

used as the fluid to mimic as there was a developing commercial application of the PIM 

materials dealing with separations in RBCC.    Initial attempts looked at using a Newtonian 
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fluid with a viscosity equal to that of the RBCC at a given shear stress.  However, it is 

difficult to accurately estimate the shear stress in structurally complex media like PIM.  

Therefore, several different formulations of aqueous polymer solutions were investigated in 

order to match the shear thinning behavior of RBCC thereby eliminating the need to estimate 

the shear stress in the PIM materials. 

 Several studies have looked at different aqueous polymer solutions to be used as a 

rheological analog for whole blood1-5.  These studies have been able to match the rheological 

behavior of whole blood from human and pig sources with various formulations using 

glycerin, xanthan gum, poly(ethylene oxide), and fumed silica.  These formulations were 

used as a starting point in this study of identifying a RBCC-analog fluid to be used for the 

flow characterization of columns packed with PIM, resin, and nonwoven materials.     

A.4.2 Materials and Methods 

 Human red blood cell concentrate (RBCC) with a hematocrit of ~60 % was obtained 

from the American Red Cross (Rockville, USA).  Donor whole blood was processed to 

remove the plasma and white blood cell fractions after which the remaining red blood cell 

fraction was suspended in ADSOL buffer (111 mM dextrose, 2 mM adenine, 41.2 mM 

mannitol, 154 mM sodium chloride).  RBCC was stored at 4°C until use, at which time they 

were allowed to equilibrate to room temperature prior to being analyzed.  RBCC viscosities 

were measured at 22oC over a range of shear rates using a steady shear concentric cylinder 

stress-controlled rheometer (TA instrument ARG-2, Delaware).  
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All the aqueous polymeric solutions were made with chemicals obtained from Sigma-

Aldrich (St. Louis, USA) unless otherwise noted.  Aqueous solutions of 

carboxymethylcellulose (CMC) were prepared in 1.0, 2.0, and 3.0 wt%.  Solutions were 

mixed at room temperature for 2 hours.  Aqueous solutions of 3350 molecular weight 

polyethylene glycol (ex. PEG-3350) were prepared at 20.0, 30.0, 40.0, and 50.0 wt% by 

mixing at room temperature overnight.  Likewise, aqueous solutions of PEG-4600 at 15.0, 

21.0, and 50.0 wt% and PEG-8000 at 15.0, 22.5, and 40.0 wt% were also prepared.  

Polyethylene oxide (PEO) at molecular weights of 300,000 and 600,000 (PEO-300k and 

PEO-600k, respectively) had been washed (dissolved in acetonitrile, bubbled with CO2, 

centrifuged, and supernatant filtered through a Q2 filter) to remove inorganic materials.  

Aqueous solutions of 3.0 wt% PEO-300k, 2.5 & 1.25 wt% PEO-600k, and 1.0 wt% PEO-

1000k were prepared by mixing overnight at room temperature.      

Additionally, mixtures of PEO-300k, PEO-1000k, and fumed silica (A200, Degussa, 

Parsippany, USA) were prepared.  All of these solutions were made by dissolving both of the 

PEO polymers in water with mixing overnight, then adding fumed silica with mixing until 

dissolved, and finally finishing with high-shear mixing at 4000-5000 rpm for 5 minutes.  

Several of these solutions were prepared by varying the three parameters of total PEO wt%, 

ratio of PEO-300k to PEO-1000k, and fumed silica wt%.  Solution viscosities were measured 

at 22oC over a range of shear rates using a steady shear concentric cylinder stress-controlled 

rheometer (TA instrument ARG-2, Delaware).  

Formulations of aqueous glycerin/xanthan gum (Gly-X) solutions were based from the 

literature which used a similar system to match porcine blood 1.  Solutions were prepared by 
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varying the weight percent of Glycerin from 0.0 to 60.0 wt. % and xanthan gum, 0 to 500 

PPM, in deionized water.  Xanthan gum was added slowly to the deionized water and 

allowed to mix overnight.  The glycerin was then slowly added to the aqueous xanthan gum 

solution and mixed for another 2-3 hours. Solution viscosities were measured at 22oC over a 

range of shear rates using a stress-controlled rheometer (TA instrument ARG-2, Delaware) 

with concentric cylinder geometry. 

Solutions which best matched the RBCC viscosities were then passed through P-CaptTM 

device (Macopharma, Tourcoing, France) and the mass flow rates measured in 10 g 

increments. These results were compared to the measured mass flow rates of RBCC through 

similar devices.   

A.4.3 Results and Discussion 

Figure A.4.1 shows the measured viscosity as a function of shear rate for RBCC samples 

from 7 different donors.  There is an approximate 4 fold variation in the measured viscosities 

towards the lower end of the shear rate range.  The degree (slope) of the shear thinning 

appears to be similar for all samples, and the variation in the measured viscosity values tends 

to collapse at higher shear rates.  It is expected that there will be sample-to-sample variation 

in the composition (i.e. hematocrit, protein, lipid, etc.) of RBCC solutions, all of which can 

affect the rheology of the sample.  From these results we can now search for a RBCC-analog 

formulation which will fall within the observed variation of the viscosity profiles.        
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Figure A4.1:  Measured viscosities of RBCC samples under steady shear in a concentric 
cylinder geometry at 22oC.  The red vertical lines denote the range of valid data as dictated 
by the instrument thresholds. 
 

Figure A.4.2 shows the results of the viscosity as a function of shear rate for the CMC 

solutions 6.  This polymer solution is known to display shear thinning behavior.  However, 

the concentrations needed to match the zero-shear viscosity (i.e. initial viscosity, marked by 

the red line towards the left of the data) of the RBCC are dilute enough to behave as 

Newtonian fluids.  The highest concentration of 3.0 wt % shows some signs of shear thinning 

at higher shear rates, but not nearly enough to match the RBCC.    

 
 
 

     


















81LH05785 Male A+ 
81LH05783 Male Unknown
81LH05786 Female A+
81LH06392 Female O+

81LH05788 Female A+
81LH06258 Female Unknown 
81LH06257 Male A- 
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1.0 wt % CMC
2.0 wt % CMC
3.0 wt % CMC
81LH06258 Female Unknown RBCC
81LH06257 Male A- RBCC  

 
Figure A.4.2:  Measured viscosities of 1.0, 2.0, and 3.0 wt % aqueous solutions of CMC 
compared to previously measured viscosity data from RBCC samples.  Measurements were 
made at 22oC.  The red vertical lines denote the range of valid data as dictated by the 
instrument thresholds. 
 

Aqueous solutions of high molecular weight polyethylene glycol (PEG) are also 

known to display shear thinning behavior 7.  Figure A.4.3 shows several results obtained 

from PEG-3350, PEG-4600, and PEG-8000 aqueous solutions.  At higher concentrations 

these molecular weights may have displayed shear thinning behavior, but the concentrations 

needed to match the zero-shear viscosity were too dilute and therefore behaved as Newtonian 

fluids.  

 



 150 

 

      




















20.0 wt % PEG-3350
30.0 wt % PEG-3350
40.0 wt % PEG-3350
50.0 wt % PEG-3350

15.0 wt % PEG-4600
21.0 wt % PEG-4600
50.0 wt % PEG-4600
15.0 wt % PEG-8000

22.5 wt % PEG-8000
40.0 wt % PEG-8000
81LH06258 Female Unknown RBCC
81LH06257 Male A-  

 
Figure A.4.3:  Measured viscosities for various wt % PEG-3350 (blue), PEG-4600 (green), 
and PEG-8000 (purple) aqueous polymer solutions compared to previously measured 
viscosity data from 81LH06258 and 81LH06257 RBCC samples.  Measurements were made 
at 22oC.  The red vertical lines denote the range of valid data as dictated by the instrument 
thresholds. 

 

Both the CMC and PEG aqueous solutions behave as Newtonian fluids in the 

concentration ranges investigated.  However, they were all able to span the range of viscosity 

values observed for the RBCC and may come in handy for future studies if the shear rate in a 

given filter device can be accurately estimated.   

Polyethylene oxide (PEO) is the same polymer as PEG, but ethylene oxide is a 

preferred monomer base unit when polymerizing in the 100,000+ molecular weight range.  
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Figure A.4.4 shows results from high molecular weight PEO-300k, PEO-600k, and PEO-

1000k aqueous solutions.  The 3.0 wt % PEO-300k solution matched the zero-shear viscosity 

of the RBCC well, but did not display any shear thinning behavior over the shear rates 

investigated. The 1.25 wt % PEO-600k solution also matched the zero-shear viscosity of the 

RBCC and displayed some shear thinning behavior, but towards the end of the shear rate 

range investigated.  The 1.0 wt % PEO-1000k solution displayed the largest degree of shear 

thinning, but occurred too late in the shear rate regime. 

 

     





















3.0 wt % PEO-300K
1.25 wt % PEO-600K
2.5 wt % PEO-600K
1.0 wt % PEO-1000k
81LH06258 Female Unknown RBCC
81LH06257 Male A- RBCC  

 
Figure A.4.4:  Measured viscosities for various wt % PEO-300k (blue), PEO-600k (green), 
and PEO-1000k (purple) aqueous polymer solutions compared to previously measured 
viscosity data from 81LH06258 and 81LH06257 RBCC samples.  Measurements were made 
at 22oC.  The red vertical lines denote the range of valid data as dictated by the instrument 
thresholds. 
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Aqueous PEO solutions which are poly-dispersed in molecular weight (i.e. mixtures 

of PEO-300k and PEO-1000k) can display shear thinning behavior at lower shear rates 

compared to mono-dispersed molecular weight solutions 8.  The addition of particles, such as 

fumed silica, to the PEO solutions can also cause shear thinning behavior to occur at lower 

shear rates 9.  Figure A.4.5 shows results from mixtures of the PEO-300k, PEO-1000k, and 

fumed silica.  The 50/50 mixture of the PEO-300k and PEO-1000k displayed a higher degree 

of shear thinning than either of the polymers alone, but it was not nearly enough to match the 

profile of the RBCC.  Addition of fumed silica to this solution slightly increased the shear 

thinning, but also decreased the overall viscosity of the solution.  Increasing the total PEO to 

1.68 wt. %, keeping the ratio of 300k to 1000k the same, drastically increased the degree of 

shear thinning; however, the overall viscosity profile was shifted several times higher than 

the values for the RBCC.  Attempting to interpolate between these results, a solution of 1.2 

wt % (same ratio of 300k to 1000k) was made.  We can see that the zero-shear viscosity 

matched well with the RBCC, but the degree of shear thinning was not sufficient to match 

the RBCC curve.    
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1.0 wt % PEO-300k/1000k 50/50 
1.0 wt % PEO-300k/1000k 50/50 + 1.8 wt % Fumed Silica (A200)
1.68 wt % PEO-300k/1000k 50/50 + 3.0 wt % Fumed Silica (A200)
1.2 wt % PEO-300k/1000k 50/50 + 2.2 wt % Fumed Silica (A200)
81LH06258 Female Unknown RBCC
81LH06257 Male A- RBCC  

 
Figure A.4.5:  Measured viscosities for 50/50 mixtures of PEO-300k and PEO-1000k; 1.0 wt 
% (blue), 1.0 wt % plus 180 wt % (with respect to PEO) fumed silica (green), 1.68 wt % plus 
180 wt % (with respect to PEO) fumed silica (brown), and 1.2 wt % plus 180 wt % (with 
respect to PEO) fumed silica (purple) aqueous polymer solutions compared to previously 
measured viscosity data from 81LH06258 and 81LH06257 RBCC samples.  Measurements 
were made at 22oC.  The red vertical lines denote the range of valid data as dictated by the 
instrument thresholds. 

 

There are now three solution parameters consisting of the total PEO wt %, the ratio of 

the PEO-300k and PEO-1000k, and finally the total fumed silica wt. %.  The ideal solution 

needs to match the zero-shear viscosity of the RBCC while maintaining a similar shear 

thinning profile.  Although the fumed silica has some effect, the total solution viscosity is 
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dominated by the total weight percent of the PEO.  The shear thinning behavior is affected by 

the ratio of PEO-300k to PEO-1000k as well as the concentration of the fumed silica.  The 

solutions in Figure A.4.5 explore the influence of the total wt % of the PEO while keeping 

the ratio of the two molecular weights, and amount of fumed silica (which is added as a 

percentage of the total PEO wt %, in this case 180 %) similar. 

Figure A.4.6 shows results from solutions where the amount of fumed silica was 

increased to 250% with respect to PEO wt %, keeping the ratio of PEO-300k to PEO-1000k 

at 50/50.  Three different total PEO wt % solutions were made to span, and ideally match, the 

RBCC profile.  Increasing the total weight percent slightly increased the degree of shear 

thinning of the polymer solution.  The 1.0 and 1.2 wt % solutions matched the shear thinning 

profile of the RBCC very well, but are at much higher total viscosity values.  The 0.8 wt % 

solution did not match the shear thinning profile of the RBCC but did crossover a small range 

of viscosity values.     
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0.8 wt % PEO-300k/1000k 50/50 + 2.0 wt % Fumed Silica (A200)
1.0 wt % PEO-300k/1000k 50/50 + 2.5 wt % Fumed Silica (A200)
1.2 wt % PEO-300k/1000k 50/50 + 3.0 wt % Fumed Silica (A200)
81LH06258 Female Unknown RBCC
81LH06257 Male A- RBCC  

 
Figure A.4.6:  Measured viscosities for a 50/50 mixtures of PEO-300k and PEO-1000k; 0.8 
wt % + 250 wt % (with respect to PEO) fumed silica (blue), 1.0 wt % plus 250 wt % (with 
respect to PEO) fumed silica (green), 1.2 wt % plus 250 wt % (with respect to PEO) fumed 
silica (brown) aqueous polymer solutions compared to previously measured viscosity data 
from 81LH06258 and 81LH06257 RBCC samples.  Measurements were made at 22oC.  The 
red vertical lines denote the range of valid data as dictated by the instrument thresholds. 
 

It is known that PEO interacts/binds to the surface of fumed silica 10, which may be 

enhancing the degree of shear thinning.  It is suspected that the PEO-300k is binding to the 

surface of the fumed silica to more of an extent than the PEO-1000k because it has fewer 

steric hindrances and faster diffusion due to the lower molecular.  It is believed that the PEO-

1000k dominates the total solution viscosity while the interactions between the PEO-300k 

and fumed silica dominate the degree of shear thinning.  From this, the ratio of PEO-300k to 
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PEO-1000k was increased to determine if the addition of more PEO-300k to the system 

would cause more of a shear thinning effect.       

 

Figure A.4.7 shows results from solutions where the ratio of PEO-300k to PEO-

1000k were varied, as well as the total PEO wt % and percentage of fumed silica.  These 

formulations resulted from attempts to interpolate a 3-parameter problem, and therefore may 

not be as straightforward to understand.  The 0.92 wt % solution was an attempt to go 

between the 0.8 and 1.0 wt % solutions in Figure A.4.6, while at the same time increasing the 

amount of PEO-300k to increase the degree of shear thinning.  The degree of shear thinning 

did increase, although not enough to match the profile of the RBCC.  Two additional 

solutions were made, as an extension of the previously mentioned solution, by increasing the 

total weight percent and ratio of PEO-300k at 180% and 250% (with respect to the PEO) of 

fumed silica.  The latter matched very well the shear thinning profile of the RBCC, but again 

possessed viscosity values several times higher than the RBCC.  The ratio of the PEO-300k 

was increased again with the former solution in an attempt to decrease the overall viscosity 

without changing the shear thinning profile.  This solution matched the RBCC profile well at 

low shear rates, but flattened out at higher shear rates. 

 
 
 
 
 
 
 
 
 



 157 

     


















0.92 wt % PEO-300k/1000k 55/45 + 2.3 wt % Fumed Silica (A200)
1.0 wt % PEO-300k/1000k 60/40 + 1.8 wt % Fumed Silica (A200)
1.0 wt % PEO-300k/1000k 60/40 + 2.5 wt % Fumed Silica (A200)
1.0 wt % PEO-300k/1000k 66/44 + 2.5 wt % Fumed Silica (A200)
81LH06258 Female Unknown RBCC
81LH06257 Male A- RBCC  

 
Figure A.4.7:  Measured viscosities for a 50/50 mixture of PEO-300k and PEO-1000k; 0.8 wt 
% + 250 wt % (with respect to PEO) fumed silica (blue), 1.0 wt % plus 250 wt % (with 
respect to PEO) fumed silica (green), 1.2 wt % plus 250 wt % (with respect to PEO) fumed 
silica (brown) aqueous polymer solutions compared to previously measured viscosity data 
from 81LH06258 and 81LH06257 RBCC samples.  Measurements were made at 22oC.  The 
red vertical lines denote the range of valid data as dictated by the instrument thresholds. 
 

After several serial dilutions of the stock RBCC-analog solution, a concentration of 

0.8 wt % 50/50 300k/1000k PEO + 2.0 wt % fumed silica was determined to be a close 

match to the RBCC viscosity profile shown in Figure A.4.8.  
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Figure A.4.8:  Measured viscosities for the four RBCC samples, stock RBCC-analog 
solution, and several dilutions of the stock RBCC-analog solution. Measurements were made 
at 22oC under steady shear with 60mm acrylic flat plate geometry.  The red lines denote the 
range of interest as dictated by the RBCC data and instrument limitations. 
 
 

Two P-CaptTM filters were loaded with 350 ml of the 0.8 wt % 50/50 300k1000k PEO 

+ 2.0 wt % fumed silica solution.  In both cases the solution filled the feed side of the filter 

bag but failed to permeate the filter stack, even with applied external pressure.  Fumed silica 

is capable of forming aggregates in solution, which could cause problems if the aggregate 

      






















81LH05858 RBCC
81LH06481 RBCC
81LH05857 RBCC
81LH06480 RBCC

1.5 wt % 50/50 300k/1000k PEO + 3.75 wt % Fumed Silica A-200
1.3 wt % 50/50 300k/1000k PEO + 3.25 wt % Fumed Silica A-200
1.0 wt % 50/50 300k/1000k PEO + 2.50 wt % Fumed Silica A-200
0.8 wt % 50/50 300k/1000k PEO + 2.00 wt % Fumed Silica A-200
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size approaches the effective pore diameter of the membrane stack.  This is one of the 

reasons that the solution is subjected to high shear mixing.  The particle size of the fumed 

silica is ~12 nm.  It is unlikely that these particles would form aggregates on the order of 12-

20 microns.  However, these smaller aggregates may interact with the membrane and resin 

particles to cause a fouling effect blocking the flow of the solution.  The PEO/fumed silica 

systems were deemed to be not applicable for fluid flow studies, which led to the 

investigation of xanthan gum/glycerin solutions.  

For the sake of simplicity, aqueous solutions of xanthan gum without glycerin were 

prepared to see if this polymer alone could match the shear thinning behavior of the RBCC 

samples. 

Aqueous xanthan gum solutions display a shear thinning behavior (Figure A.4.9) that 

match very well to the upper range of the RBCC viscosity profiles, but does not fit well to 

the entire range of observed RBCC viscosity profiles. 

 

 

 

 

 

 

 

 

 



 160 

0.01 0.1 1 10 100 1000 10000
1E-3

0.01

0.1

 50PPM
 100PPM
 150PPM
 200PPM
 300PPM
 350PPM
 400PPM
 450PPM
 500PPM
 81LH06258
 81LH06481

Vi
sc

os
ity

 [c
P]

Shear Rate [1/s]

Aqueous Xanthan Gum Solutions

 
 
Figure A.4.9:  Measured viscosities of 9 different aqueous xanthan gum samples under 
steady shear in a concentric cylinder geometry at 22oC.  These are plotted against 
representative RBCC samples (lowest and highest degree of shear thinning) displaying the 
range shear thinning between the RBCC and xanthan gum solutions.    

 

Glycerin was added to the aqueous xanthan gum solutions up to maximum 

formulation of 60 wt%.  Each formulation with glycerin was tested with several for several 

xanthan gum concentrations.  Formulations were made in duplicate and each formulation was 

tested several times over a period of 1-3 weeks.  These measurements were very 

reproducible, exhibiting negligible sensitivity between duplicate formulations or extent of 

storage time.   From these experiments (data not shown), glycerin at a concentration of 40 

wt% was determined to be the best formulation to match the RBCC rheology.  Figure A.4.10 
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shows the viscosity profiles for 40 wt% aqueous glycerin solutions with 5 different 

concentrations of xanthan gum compared to the upper and lower range of those observed for 

RBCC.  
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Figure A.4.10:  Measured viscosities for 40 wt% aqueous glycerin solutions with 200, 225, 
250, 300, and 350 PPM xanthan gum.  Measurements were made at 22oC under steady shear 
with concentric cylinder geometry.  These are plotted against representative RBCC samples 
(lowest and highest degree of shear thinning) displaying the range shear thinning between the 
RBCC and xanthan gum solutions. 
 

These curves were matched with all of the available viscosity data from RBCC 

samples.  From this comparison, the formulation of 40 wt% glycerin + 300 PPM xanthan 
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gum + 0.5 NaCl was selected as the model analog solution to replicate RBCC flow behavior 

in the P-Capt Devices.  Figure A.4.10 shows this formulation compared to the RBCC 

viscosity data.  There is a large variation (~4 fold) in the observed viscosity profiles for the 7 

RBCC samples.  The 40 wt% glycerin + 300 PPM xanthan gum + 0.5 NaCl analog solution 

fits very well in the middle of this variation of the RBCC samples.     
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Figure A.4.11:  Measured viscosities for 7 different RBCC samples compared with the 40 
wt% glycerin + 300 PPM xanthan gum + 0.5 wt% NaCl analog fluid.  Measurements were 
made at 22oC under steady shear with concentric cylinder and flat plate geometries. 
 
 

This formulation was loaded onto 8 P-CaptTM devices and the mass flow rate 

measured.  There were also 4 additional P-CaptTM devices that were tested with RBCC 
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samples as a basis of comparison.  Samples from each blood bag as well as intermittent Gly-

X stock samples were collected and used for rheological testing.  Tables A.4.1 & A.4.2 

display the results from the observed mass flow rates from the RBCC and Gly-X analog 

solutions. 

 
Table A.4.1:  Measured mass flow rates for RBCC through 8-layered P-Capt devices.  Flow 
rates were determined by measuring the mass gained by the collection bag in increments of 
10 seconds until the feed bag was empty.  Measurements were made at room temperature, 
~22oC. 
 

  
  
  
  









 
 

 
 

Table A.4.2:  Measured mass flow rates for 40 wt% glycerin + 300 PPM xanthan gum + 0.5 
wt% NaCl through 8-layered P-Capt devices.  Flow rates were determined by measuring the 
mass gained by the collection bag in increments of 10 seconds until the feed bag was empty.  
Bag #3 was omitted due to visible kinks in the tubing.  Measurements were made at room 
temperature, ~22oC. 
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The flow rates of the Gly-X analog fluid were significantly higher than those 

observed for the RBCC samples, although both samples displayed a relatively low deviation 

of ~10%.  Figure A.4.12 shows the viscosity profiles for both the RBCC and Gly-X analog 

solution.  The observed RBCC viscosities were towards the higher range of those observed 

previously (Figure A.4.11).  For this study the Gly-X analog has a slightly lower viscosity 

than the RBCC fluid.  However, this lower viscosity may not account for the large 

discrepancy in the observed flow between the RBCC and Gly-X analog samples.  It is 

believed that there is another contribution, in addition to the viscous forces, which hinders 

the flow of the RBCC through the P-Capt devices.  The interstitial pore size of the P-Capt 

device is on the order of the size of a red blood cell.  This steric hindrance, which is not 

present with the Gly-X polymeric solution, may impede the flow of the RBCC samples to the 

extent that could account for the observed differences in the flow rates. 
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Figure A.4.12:  Measured viscosities for 7 different RBCC samples compared with the 40 
wt% glycerin + 300 PPM xanthan gum + 0.5 wt% NaCl analog fluid.  Measurements were 
made at 22oC under steady shear with concentric cylinder and flat plate geometries. 
 

From this observation, it may appear to more advantageous to have a polymeric 

solution containing particles similar in size to the red blood cells.  This was the case with the 

previous analog fluid study of the PEO with fumed silica particles.  This polymer-particle 

system did not, however, flow through the P-Capt devices presumably due to aggregate size 

of the fumed silica particles, which were too large to pass through the filter.  For the purposes 

of a standardized-test fluid, a polymeric-particle system may be too problematic. 
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A.4.4  Conclusions 

In this study several aqueous polymer and polymer/particle formulations were 

investigated in an attempt to identify a RBCC analog fluid.  Several high molecular weight 

polymers were able to show a shear thinning regime, but at a concentration which was too 

high to match the bulk viscosity of RBCC.  Addition of fumed silica particles to a high 

molecular weight PEO solution aided in inducing a shear thinning behavior at a much lower 

molecular weight, but also prevented the solution from being able to pass through the PIM 

materials.   

Finally a glycerin/xanthan gum (Gly-X) solution was investigated which was able to 

match the entire range of RBCC shear thinning viscosity profiles.  The Gly-X analog 

solutions were easy to prepare, very stable, and display a low variation in observed flow rates 

through the P-Capt devices.  However, the observed flow rates for the Gly-X solution were 

significantly higher than those observed for the RBCC in the P-Capt devices.  These 

solutions may also require an addition of a colloidal particle to represent the red blood cells 

in order to match the flow behavior thorugh PIM materials, but as was seen in the case of 

fumed silica the addition of particles can clog the pores of the PIM.  Further investigation 

will be needed to determine an appropriate colloidal material which can be doped into the 

Gly-X solution to replicate the behavior of the red blood cells.       
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Appendix V:  Breakthrough Curves Used to Determine Dynamic-

Equilibrium PrP
c
 Binding Isotherm  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.5.1:  Breakthrough curves from HaBH injections to L13A packed columns 

described in Chapter 4.   
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Figure A.5.2:  Breakthrough curves from HaBH injections to PIM packed columns described 

in Chapter 4.   
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Figure A.5.3:  Breakthrough curves from HaBH injections to nonwoven packed columns 

described in Chapter 4.   
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