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Abstract

Insufficient supply and pathogen safety concerns regarding plasma-

derived therapeutic proteins, such as fibrinogen and immunoglobulins, have been

the impetus for the development of genetic engineering techniques and

separations methods for the economical and safe production of these proteins.

This study  is concerned with the isolation of these important therapeutics from

complex media.  Immunoaffinity chromatography has been an important method

in the isolation of these products, typically being implemented as the final

cleanup step yielding an extremely pure, homogenous final product.  However,

the use of immunoaffinity chromatography in large-scale purification processes

have been precluded due to high capital costs and the inherent lability of

immunosorbents. Peptide-based affinity sorbents are being developed in order to

surmount the inherent limitations posed by  monoclonal antibodies  that are used

as ligands in immunosorbents.

The objective of this research was to quantitatively assess the impact of

affinity ligand orientation, local density and transport phenomena on peptide-

based affnity sorbent performance.  The peptides under study herein can form

high-affinity complexes with protein targets, thus these ligands are one of the

newest technologies arising from combinatorial chemistry with applications to the

difficult problem of purifying high-molecular weight proteins from complex



mixtures. Two types of  structural motifs which are common to small peptide

affinity ligands derived from combinatorial chemistry are studied here: a linear

peptide which is comprised of  the affinity recognition sequence in its entirety and

a chain structure which displays multiple branches of  the recognition sequence

emanating from a central lysinic core structure.  Two recognition sequences are

studied here which bind plasma proteins.  One peptide recognition sequence

forms a high affinity complex with fibrinogen. Another peptide recognition

sequence binds the Fc region of immunoglobulins. Immunglobulins  are plasma

proteins  which range in molecular weight  from 155 to 900-kDa and are valuable

for therapeutic uses for imparting passive immunity.

This study seeks to identify factors analogous to those manifested in

immunosorbent performance that may also be  important in the optimal design of

peptide-based affinity sorbents. In general, previous research with the design of

immunosorbents have found that immunosorbent  performance, i.e., target-

binding efficiency or activity, is substantially dependent upon several factors

which include effects associated with ligand orientation, and local density as

related to steric incumbrance of target binding sites, and transport phenomena as

related to under utilization of intra matrix volume.  In summary, this study asks

the questions: (1) What factors regarding ligand orientation, local ligand density,

and intraparticle transport phenomena, are important in the optimal design of

peptide affinity sorbents?;  and (2) Are these effects analogous to those

manifested in immunosorbent performance?

This study seeks  to investigate the  use  of  techniques used to mitigate

the effects associated with these negative factors upon immunosorbent

performance in order to elucidate the nature of these same effects upon peptide-

based affinity sorbents. For example, oriented ligand immobilization can be

facilitated through selective coupling chemistries and the premasking of ligand

binding domains prior to immobilization. In addition, the manipulation of local

ligand density using novel spatially controlled matrix activation and ligand



immobilization methods can be  assessed and implemented for the  optimization

of  the performance and design of peptide-based affinity sorbents.  This study

has found that enhanced transport phenomena into the matrix interior volume

can be achieved by using low solids content cellulose matrices having a low

extent of crosslinking. This study demonstrates the effective  use of these  large-

particle diameter, low-solids content  cellulose hydrogel matrices in

immunoaffinity, peptide-based affinity and ion exchange chromatography

applications for  the separation of high-molecular weight  therapeutic proteins.
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Chapter One: Overview of Strategies for Optimization of Affinity Sorbents

This thesis studies several different affinity matrices for selectively

purifying proteins from complex mixtures that are useful for either laboratory or

large-scale processes.  In this study, the problem application has been divided

into the  two  most effective classes of affinity adsorbents: immunoaffinity and

peptide-affinity adsorbents (For the benefit of the neophyte to affinity adsorption

processing, a brief review of affinity adsorption chromatography is presented in

chapter two.).  Common to both of the applications of these affinity ligands is the

support matrix to which either monoclonal antibodies or synthetic peptide ligands

are covalently immobilized.  These ligands render the matrix specific for the

adsorption of a given target protein to be captured from a complex mixture.

Thus, a good portion of the research presented here is dedicated to development

of the support matrix that would be suitable to the covalent immobilization of

either monoclonal antibodies or peptide affinity ligands.  The major goal of the

matrix development was to assure that transport effects would not mask the local

molecular effects associated with the binding of the target molecule to the ligand

once the target protein was in close proximity to the ligand.  The next effort was

then to compare the localized, molecular effects of immobilization on monoclonal

antibodies versus 100-fold smaller peptide affinity ligands on the selected matrix

where transport effects would not be prominent.

Chapter three presents a detailed study of the synthesis and chemical

activation of a large bead, low solids content cellulose support for use in the

covalent immobilization of affinity ligands.  Ion exchange derivatization is also

presented to demonstrate another example of  chemical activation using spatial

engineering of the gel exterior versus interior of the matrix. The cellulose support

is comprised of large diameter beads having an average diameter of 500 µm.

The cellulose supports studied have a low solids content of 2.0 – 6.0 wt. %. Due

to their low-solids content and sparse structural density, these cellulose hydrogel

beads offer low diffusional resistance, which can sterically encumber diffusing
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protein targets.  Therefore, these cellulose hydrogel supports allow for an

increased intraparticle diffusional transport of large proteins into the interior of the

support. Increased accessibility of the interior of the supports can typically result

in an increase in binding capacity.  Additionally, these cellulose hydrogel beads

afford optimal pressure-flow properties during high processing throughput, which

is imparted by their characteristic large-particle diameter and low-solids content.

The understanding gained using these cellulose supports is also applicable to

other chromatographic supports made from materials, such as agarose, dextran

and synthetic polymers, where transport effects have been minimized due to

managed porosity or permeability through low solids content. Relative to other

commercially available matrices, the transport of proteins to interior sites within

the support appeared to be most rapid for the cellulose beads.

Once the target protein can be rapidly delivered to the site of adsorption

within the matrix, the next level of phenomena evaluation is at the ligand level.  If

the target molecule is delivered to the immobilized ligand at a rate which exceeds

the rate of complexation of the target with the ligand, then the kinetics and

efficiency of the complexation will be discernable.  It is important to note that

each individual ligand, whether it be an antibody or a synthetic peptide, will

possess constitutive attributes which effect the activity of the ligand once it is

immobilized.  We here focus on the effect of the spatial manipulation of sites

used to immobilize any particular ligand.  For example, monoclonal antibodies,

which bind complex proteins, typically show very low activity once covalently

immobilized to hydrogel supports.  Chapter four presents a study of the low

solids content, large particle diameter cellulose matrices utilizing a gradient

activation method for use in immunoaffinity applications. Various coupling

techniques, in addition to the gradient activation method, are employed in the

immobilization of the antibodies in order to discern the effects associated with

local spatial and volume-averaged antibody density within the support.  It is

shown here that immunosorbents prepared using the gradient activation method

in conjunction with a two-step coupling technique contained a more uniform
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spatial distribution of immobilized antibodies and were significantly more active

relative to those supports made using conventional bulk activation and coupling

methods that contained locally high antibody densities near the bead edge.

We here hypothesize that performance phenomena arising from methods

developed for the preparation of immunosorbents should parallel those that

employed in the preparation of peptide affinity supports.  It is important to note

that antibodies and peptides differ in molecular size by at least two orders of

magnitude but that each ligand class is governed by phenomena associated with

ligand symmetry or dis-symmetry. Two affinity peptide ligands are studied herein,

a protein A mimetic (PAM) ligand, which binds immunogloblin G, and a fibrinogen

affinity peptide (FAP), which binds both native and recombinant human

fibrinogen. The effects of ligand architecture on binding efficiency are also

studied. Affinity ligands are generally comprised of regions essential to binding

their target and other regions, which are nonessential to binding their target.

Analogously, antibodies have Fab domains, which are involved in binding their

protein target, and a nonbinding Fc region, which can be immobilized onto a solid

support. Similarly to antibodies, peptide affinity ligands generally require that their

N-terminus amino acid of the peptide recognition sequence, which binds the

protein target, be free and accessible in order to form the required binding

interactions.

In order to increase binding capacity, the structural form of affinity peptide

ligands can be further modified to allow for branching of multiple peptide

recognition sequences from a core structure.  Spacer arm structures may also be

incorporated into the immobilization of peptide ligands in order to increase

binding capacity by increasing accessibility and lessening the potential for steric

hindrance. These spacer arm structures may be incorporated as separate linker

structures or by  crosslinking the ligand with itself  to act as its own spacer arm.

Various coupling techniques, in addition to the gradient activation method, are

employed in the immobilization of the peptide ligands in order to discern the
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effects associated with local spatial and volume-averaged peptide density within

the support. Chapter five presents a study of the low solids content, large particle

diameter cellulose matrices utilizing a gradient activation method for use in

peptide-based affinity applications.  In addition, oriented and non-oriented or

random coupling chemistries, are evaluated with regards to affinity sorbent

binding efficiency.  Carbodiimide-mediated coupling chemistry enhanced binding

efficiency due  to crosslinking  and covalent support attachment of the peptide

ligand through the nonbinding C-terminal glycine residues of the recognition

sequence.  Additionally, the optimal affinity peptide sorbents were obtained

using the gradient activation method in conjunction with a two-step ligand

coupling procedure in conjunction with an oriented carbodiimide-mediated

coupling chemistry.  It is shown here that these peptide affinity sorbents were

deemed to contain a more uniform spatial distribution of immobilized peptide

ligand within the support particle.  Furthermore, these affinity sorbents were

considerably more active relative to those affinity sorbents made employing the

gradient activation method in conjunction with the conventional bulk ligand

coupling technique that contained locally high peptide densities near the bead

edge.

Collectively, the studies presented in chapters three through five show that

performance problems with immunoaffinity and peptide affinity sorbents are

parallel phenomena. These effects stem from problems with ligand presentation

as well as the local density of the covalently immobilized ligands.  However, the

coupled nature of affinity target transport to the ligand and the activity of the

immobilized ligand can mask the causes which are actually rate limiting and that

result in poor immunoaffinity and affinity sorbent performance.  Importantly, the

low solids content cellulose support used in this study helped to uncouple the

transport limitations so that local ligand immobilization effects are more easily

recognized and quantified.
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Introduction

Highly selective affinity-based separations have greatly evolved over the

past two decades to improve characteristics related to target specificity, dynamic

adsorptive capacity, and chemical robustness of the affinity matrix.  These

separation matrices are used as screening devices for molecular interactions as

well as for the purification of complex mixtures at the analytical, preparative, and

large scale.  Affinity adsorptive phases can be synthesized by the attachment of

structures, called ligands, to immiscible polymeric fluids, solvated gels, and

porous solids. These ligands are selected for affinity properties for a soluble or

colloidal target species. Advances in technology have been associated with the

synthetic and biosynthetic design of affinity ligands and matrices. These

advances  have been made through a better understanding of phenomena

associated with the transport of the target species to the ligand and the nature of

molecular interactions between target and ligand.  Specialized processing

equipment for large and small scale applications have also improved affinity

separations (Narayanan et al., 1994).

Matrix Materials and Processing Geometries

Separations achieved by the selective capture of a target from a fluid

phase by an affinity ligand confined to another adsorptive phase are most often

done in aqueous systems. Therefore, the  adsorptive phase for a hydrophilic

target species is often a hydrophilic material.  More hydrophobic targets require

matrices which offer a more hydrophobic environment. In some cases, the

adsorptive phase can be a separate fluid phase or soluble component having

affinity ligands which will capture and concentrate the target species from

complex aqueous mixtures.

Mattiasson et al. (1996) demonstrated that heterobifunctional ligands

could be used for  selective isolation of proteins by affinity precipitation.
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Heterobifunctional ligands can bind the target  and are also covalently coupled to

a polymer which can be used to induce precipitation of a target-ligand complex.

Alternatively, multiple but identical binding sites can be occupied on the target by

homobifunctional ligands.  The resulting crosslinked network between targets

can be precipitated.  Polymers used for affinity precipitation applications include

chitosan, alginate, polyethyleneimine, and Eudragit S-100, which is a copolymer

of methyl methacrylate and methacrylic acid. By manipulating such parameters

as the pH or temperature, the polymer-ligand-target complex can be reversibly

rendered soluble and insoluble. Lactate dehydrogenase and alcohol

dehydrogenase have been precipitated using Cibracron Blue 3GA coupled with

Eudragit� S-100.

 A significant advance in the field of bioseparations is the coupling of

affinity ligands to aqueous two-phase systems of water-soluble polymers (Matulis

et al., 1996).  Affinity partitioning is the selective extraction of  target proteins

from crude mixtures using affinity ligands immobilized onto either of two

incompatible, water-soluble polymer phases.  Mattiasson et al. (1996) used

triazine dyes coupled to immiscible polymer fluids to purify proteins by affinity

partitioning. Reactive triazine dyes have been widely exploited using this

separation technique. In comparison to classical chromatographic systems,

affinity equilibrium is attained more rapidly in aqueous two-phase partitioning. In

addition, high-affinity binding capacities and protein recoveries have been

achieved.  Alternatively to two-phase aqueous polymer partitioning, McCreath

and Chase (1996) immobilized human immunoglobulin G onto  perflourocarbon

emulsions for the selective adsorption of Staphylococcus aureus cells containing

membrane-bound Protein A. These liquid emulsion droplets were comprised of a

perfluorocarbon oil that was crosslinked with poly(vinyl alcohol).

Most of the applications for affinity based separations are developed for

chromatographic processing of aqueous systems.  Thus, the ligand is

immobilized on a porous bed of solids packed in a column through which liquid
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can be pumped.  Most of the matrices are made of hydrogels composed of

cellulose, agarose, and dextran.  A chief advantage of hydrogel matrices is the

combination of an easily derivatized, hydrophilic environment that provides

molecular accessibility that can be extended to 10 6  Daltons.  Other semi- and

synthetic polymeric matrices, such as copolymers of vinyldimethyl azlactone and

methylene-bis-acrylamide, can also provide similar intraparticle transport

features. Coleman et al. (1990)  immobilized protein A at high-density onto

azlactone-functionalized polymeric matrices.  These affinity matrices

demonstrated high-throughput capacity combined with low operating pressures.

As an alternative to the use of pellicular  matrices or matrices comprised of

reduced bead particle diameter,  Rodriguez  et al. (1991, 1995) and Liapis et al.

(1993) described the mechanism of perfusion chromatography in which

intraparticle mass transfer resistance is reduced by increasing the particle

permeablity. Velander et al. (1993) optimized the molecular accessibility and

mechanical stability of uncrosslinked cellulose adsorbents by using large-

diameter  beads ( > 0.3 mm) which operate at low pressures even at high flow

rates. These hydrogel matrices had solids contents of only 3% or less and were

shown to provide fast intraparticle transport, apparently through a mixed mode of

both diffusion and convection. Larsson et al. (1997) demonstrated the use of

superporous agarose matrices. The agarose beads contained a typical internal

porous network in addition to larger pores.  These larger pores constituted a

significant portion of the bead, up to 1/3 to 1/10 of the bead particle diameter.

Mass transfer characteristics were improved since  the larger pores allowed a

considerable fraction of the bulk chromatographic flow to penetrate and flow

through  the individual bead particles. Affinity matrices were prepared using

these  superporous agarose beads  containing immobilized NAD+ analogue for

the isolation of bovine lactate dehydrogenase and protein A for the isolation of

rabbit immunoglobulin G.  These affinity matrices operated under much higher

processing flowrates compared to conventional homogeneous bead columns.

The protein A and NAD+  analogue matrices had  processing throughputs  5 and

3 times higher, respectively, in comparison to  processing throughputs
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demonstrated by conventional affinity matrices. Thus, a significant improvement

to affinity technology is the design of matrices having greater intraparticle

accessibility and transport of the target species.

Advances in transport phenomena needed for target contacting with the

affinity adsorbent have resulted in matrix designs having large or small

particulate as well as membrane geometries. Smaller media particles having

mean diameters of about 0.1 mm or less yield a greater surface area to volume

for improved target mixture contacting, but higher pressure drops when operated

in a packed bed mode. Thus, specialized affinity separations using high pressure

liquid chromatography have been developed for small and large scale. However,

these media require preclarification of the feed stream before chromatographic

processing to prevent column fouling.  Alternatively, small diameter particles

having a higher density than water can be fluidized to achieve both filtration and

affinity adsorption in a single step using expanded bed chromatography.

Expanded bed adsorption chromatography has been developed to provide a

single stage unit operation for the isolation of target proteins from crude mixtures

such as milk, hybridoma cell culture fluid, and fermentation broth.  For example,

humanized IgG4 antibody was isolated from myeloma cell culture fluid by

expanded bed adsorption using recombinant protein A immobilized onto

Pharmacia StreamlineTM media.

Planar membranes are often used for affinity separations in analytical

assays but some cross-flow, stacked sheet geometries have been developed for

large-scale applications. Large-scale affinity membranes used for large-scale

applications can be also cast in tubular, hollow fibers. One example of planar

membranes was made of a gel formed from two dispersed liquid phases. The

chief advantages of affinity membrane systems are the low pressure operation

and fast intraparticle transport due to short diffusion distances found in thin

membranes. Thus, the kinetics of ligand-target interactions can become rate

limiting to affinity separations using thin membranes.  Etzel showed that
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limitations in membrane performance can arise due to variations in porosity and

thickness which can result in diffuse breakthrough loading profiles. The  stacking

of planar membranes can sharpen affinity breakthrough profiles at higher loading

flowrates.

Affinity Ligand Selection and Design

Affinity ligands have evolved from antibodies, enzymatic substrates,

cofactors, nucleic acids, coenzymes, hormones,  lectins, effectors, and inhibitors

to a great diversity of small, low molecular weight peptides, polypeptides, and

other organic structures. These newer classes of ligands can be made using

biosynthetic and wholly synthetic methods.  Common to all selection strategies is

the need to begin with a diversity of structures from which to discover candidate

affinity ligands (Glaser et al., 1997). The chance discovery of a ligand with

desirable properties has been enhanced through the use of phage display

(McCoy et al., 1996) and synthetic combinatorial libraries which contain many

orders of randomized structural permutations (Ellman et al., 1997; Hogan et al.,

1996). The structural permutations within a library rely on the polymeric assembly

of bi- or multifunctional monomeric molecules into compounds which are typically

greater than 10 3  Daltons in molecular  weight.  In the case of biosynthetic

libraries, the assembled structures are necessarily polypeptides and  the

subunits are amino acids.  In the case of wholly synthetic structures,  a variety of

bi- and multifunctional organic subunits that provide high selectivity and yield

reactions have  been sequentially assembled using soluble or solid-phase linked

chemistries. For example, various perturbations of difunctional molecules having

reactive oxazoline chemistry have been used to create assembled combinatorial

chemical libraries having  10 3   or more structures. In addition, some wholly

synthetic libraries have used amino acids and novel branched chain peptide

linkages as core structural platforms.
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In 1985, Smith demonstrated the use of phage technology to display

candidate polypeptide ligands from a bacterial virus particle which also contains

the DNA encoding the polypeptide sequence. The polypeptide is displayed from

the virus particle surface in a manner that also enables affinity interactions with a

targeted species. Thus, candidate ligands can be screened by the specific

adsorption of phage to target species which have been immobilized to either a

microtiter assay plate or to a chromatographic matrix. Nonspecifically adsorbed

material is then washed away and the specifically adsorbed phage particles are

eluted. The eluted phage particles are cultured using microbiological plate-

streaking techniques.  Candidate phages from the first affinity screening are

passed through a second affinity screening and reculturing.  Phages obtained

from the twice affinity and culture selection processes are subjected to DNA

sequencing.  The DNA sequence of the displayed polypeptide is readily

determined because of specific endonuclease restriction sites engineered into

the phage genome. The polypeptide ligand DNA sequence then is readily used to

create ligands in mass quantity through recombinant fermentation technology.

About 10 8  polypeptides can be created within a single phage display library

where about 101  to 102 candidate ligands typically result after a sequence of two

affinity and culture screenings.  Thus, the  chief advantage of the biosynthetic,

phage  display libraries are the large number of library members and facile

screening due to the coupled nature of the encoding DNA and displayed

polypeptide ligand of the phage particle.  The chief disadvantage is the inherent

limitation to structures which are polypeptides. However, as a further

improvement of phage library technology, Ladner et al. (1996) demonstrated that

the use of random permutations about a core polypeptide ligand sequence can

greatly enhance the affinity of initial ligand candidates.  The chemical robustness

of polypeptides is typically limited to moderate pH,  and aqueous environments.

Examples of the use of phage-display libraries in the development of

affinity ligands are found throughout the recent literature.  Ladner et al. (1996)
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generated a series of libraries comprised of  variants of the first Kunitz domain of

human lipoprotein-associated coagulation inhibitor (tissue-factor pathway

inhibitor-I).  A typical human Kunitz domain was chosen as the parental protein

since immunogenicity would be minimal due to its human origin.  In addition, the

chosen human Kunitz domain also lacks glycosylation which would facilitate the

use of phage-display technology. The  library was screened against human

plasmin, which is a serine protease that participates in the fibrinolytic process.

This study synthesized  a protease inhibitor exhibiting a high affinity and

specificity for plasmin.  Small (~58 amino acid residues), stable Kunitz domains,

which lack glycosylation, and containing nearly human sequences were selected

and determined to have high-affinity and specificity towards plasmin. The same

phage-display library and screening methodology has been used to select for

high-affinity and high-specificity ligands for human plasma kallikrein and human

thrombin.  Markland et al. (1993) demonstrated that certain constraints may be

imposed upon primary and tertiary structures to increase specificity relative to

more simple linear peptide ligands directed towards the same target. For

example, a phage-display library was constructed that displayed an 18 amino

acid residue peptide containing two fixed cysteine residues  to allow disulfide

bond formation. In addition, several variable residue positions between and

adjacent the two cysteine residues were included in the peptide sequence. This

library was screened against streptavidin and an anti-β-endorphin monoclonal

antibody.  The screening yielded phage displaying disulfide-constrained

microproteins. The selected phage clones required a disulfide bond  for the high-

affinity binding to both target proteins.   Other core peptide motifs have resulted

in phage-display libraries displaying  protease inhibitory domains derived from

wild-type bovine pancreatic trypsin inhibitor.  In one case,  Ladner  et al. (1992)

selected for a ligand which was an  inhibitor of human neutrophil elastase that

had a  3.6 million-fold higher affinity than that for the parental protein and was

reported to exceed the highest affinity cited for any human neutrophil elastase

inhibitor by 50-fold.
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Wholly synthetic combinatorial libraries typically use robotic assembly of

structures. The robotic equipment used to generate orders of structural

permutations essentially consist of a minaturized chemical factory.  These

multifunction automated work stations perform sequences of sample mixing,

thermostatic reactions,  volume reduction, and purification of the reaction

masses. The identity of individual reaction masses are catalogued.  Identification

of the newly created chemical structures are deduced from automated

combinations of liquid chromatography and mass spectrometry. Libraries having

10 3 to 10 4  distinct members have been synthesized and characterized in  this

way. The screening of wholly synthetic libraries is laborious due to the need to

putatively identify ligand-target complexes and to subsequently test the ligand

structure in an immobilized state.  In summary, a chief disadvantage of these

libraries is the many order fewer library members that can be generated using

the current robotic methods.  Another disadvantage is cumbersome information

acquisition and management associated with both the characterization of the

ligand structure and target affinity.  Unlike phage display, the primary molecular

structure is not encoded and coupled to the wholly synthetic ligand as enabled by

DNA of the phage particle.  However, the diversity of chemically robust structures

that can be produced from wholly synthetic molecules is an important advantage.

In addition, rational design models can greatly decrease the number of

permutations necessary from the initial discovery of ligands having lower affinity

to the design of high affinity ligand candidates based upon the initially

discovered, ligand structural motifs. If combined with rapid and sophisticated

assay screening methods, combinatorial chemistry methodologies provide an

efficient process for the development of novel drug leads and affinity ligands.

Future improvements in the efficiency of screening combinatorial ligands will

likely be made using automated chemical sensor technology.

Affinity peptide ligands can be made using solid-phase chemistry.

Houghten et al. (1991) showed that the solid phase-linked  chemistries have

advantages of separation/wash cycling between reaction sequences as well as
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being able to provide information about the base structure of the candidate

ligands. Independent studies by Pingali et al. (1996) and Fassina et al. (1996)

have demonstrated the use of affinity peptide ligands generated from solid-phase

peptide synthesis.  Pingali  et al. (1996) produced an affinity peptide that bound

human fibrinogen and a peptide of chromochrome c containing heme that

captured human serum albumin (HSA). The anti-fibrinogen tetrapeptide was

made using standard FMOC [N-fluorenylmethoxycarbonyl] chemistry. The affinity

matrix made from this peptide was highly specific as purified fibrinogen was

obtained directly from crude human plasma. Frontal analysis determined that the

dynamic binding capacity of the anti-fibrinogen column was 10.2 mg

fibrinogen/ml gel. Similarly, by frontal analysis,  an HSA-affinity peptide column

was found to have a dynamic binding capacity of 19 mg HSA/ml gel.  Fassina et

al. (1997) used a core motif consisting of a small branched chain peptide to

discover a protein A mimetic affinity ligand. This peptide recognized the Fc

fragment of immunoglobulin G from rabbit, goat, sheep, and mouse. This affinity

peptide provided a one-step isolation method for highly purified immunoglobulin

G directly from crude sera.  Frontal analysis determined that the dynamic binding

capacity was 2 mg rabbit immunoglobulin/ml gel. This affinity peptide also

exhibited stability towards sanitization reagents such as 0.1 M sodium hydroxide

and ethanol.  Both of the above mentioned studies show that peptide-based

affinity columns derived from standard solid-phase peptide synthesis can provide

a viable alternative to the use of immunoaffinity chromatography.

Molecular modeling is used to deduce likely interactions between the

target and affinity ligand, and is frequently used as a  basis for  further rational

design of both biosynthetic and wholly synthetic combinatorial libraries (Chaiken

et al., 1996; Kuntz et al., 1996).  Once certain nominal affinity motifs have been

identified from initial ligand screening, rational design has been used to enhance

affinity by creating permutations which build upon structural motifs having lower

affinity for the target species. In addition, recent studies have been conducted

which attempt to develop “peptidomimetic” structural compounds, such as
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aminimides,  which have core structures similar to that of peptides, but with

improved characteristics (Zurer, 1995).   Aminimides are much more chemically

stable, have enhanced solubility characteristics, and are resistant to enzymatic

degradation. Ringe et al. (1995)  formulated a method for structure-based design

involving aminimides in which complete binding surfaces of the targets are

mapped.  Combinatorial chemistry is then used to identify and improve structural

specifications in lead candidates targeted at the corresponding binding sites.

Ringe et al. (1995)  developed a peptidomimetic aminide  inhibitor of porcine

pancreatic elastase based upon crystal structures of an aminimide analogue.

Affinity dyes are another class of wholly synthetic affinity ligands which are

not derived from combinatorial libraries (Lowe et al., 1986, 1992).  Reactive

synthetic textile dyes are resistant to chemical and biological degradation and

can bind selectively and reversibly to a wide range of enzymes and proteins.

These ligands evolved from ligands which were first classified as enzyme

cofactor mimetics.  Many of these cofactor mimetics were members of reactive

dyes used for staining textiles and paper. Since the mid-1950’s, these reactive

textile dyes have been used in the affinity purification of proteins. The use of

commercial textile dyes as ligands in the  large-scale processing of diagnostic,

therapeutic, and genetically engineered proteins is documented throughout the

literature.  Since that time, many perturbations of original dye ligand structures,

such as reactive Cibacron Blue, have been synthesized. These new structure-

function motifs are no longer considered a simple cofactor mimetic relationship,

as was recognized between nicotinamide and Cibacron Blue. Cibracron Blue

F3G-A, the most thoroughly studied dye-ligand, binds with a variety of proteins

such as adenine coenzyme dependent oxidreductases, phosphokinases,

hydrolases, transferases, nucleases, polymerases, synthetases, lyases,

decarboxylases, in addition to glycolytic enzymes, and plasma proteins.   Lowe et

al. (1986, 1992) has shown that the triazine dye structure to bind clefts of

proteins which have no known cofactor binding domains, but have much more

subtle, yet specific interactions with triazine dye derivatives.   Molecular modeling
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has also  improved the rational affinity design of triazine derivatives through the

addition of various chemical moieties to the core triazine structure.  Lowe

demonstrated the use of computer-aided molecular modeling and design in the

development of structurally modified biomimetic dyes based on Cibracron Blue

F3G-A and  Procion Blue MX-R.  A dye ligand was engineered specifically for the

capture of horse liver alcohol dehydrogenase.

There are several advantages to the purification of pharmaceutical

products using synthetic affinity ligands (Baumbach et al., 1992). A major

advantage is that they are not derived from biological sources.  Therefore, they

impart less of a product contamination risk.  Hence, regulatory issues concerning

the presence of unknown contamination and infectious agents in the final product

are circumvented. Other major advantages of these ligands include: lower

manufacturing cost;  they can be readily immobilized under a wide variety of

coupling chemistries to an extensive range of commercially available supports;

they can be modified to enhance specificity or  stability; they are more stable and

less susceptible towards denaturation. In addition, ligands derived from

combinatorial libraries may contain a diversity of novel molecular structures such

as organically derived or non-natural amino acid residues, such as L-amino acids

(D-optical isomers).  Well-characterized, affinity ligands may ultimately dictate

decreased final product costs associated with less expensive process costs (i.e.,

more robust affinity-matrices, and less expensive ligands), and higher throughput

due to a decrease in number of required chromatographic steps (i.e., decreased

buffer usage).  Affinity separation of pathogens may be better enabled by the

increased accessibility of small ligands to subtle, yet conserved domains of

viruses.

Installation of Affinity Ligands

The covalent installation of the affinity ligand into a chromatographic or

membrane-based matrix can profoundly effect the ligand-target binding
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efficiency. Matrix coupling chemistries usually covalently attach ligands through

highly reactive groups such as α-amino groups. Common activation methods for

polysaccharide matrices are cyanogen bromide, divinylsulfone, epoxy, organic

sulphonyl chlorides, carbonyl diimidazole, and N-Hydroxy Succinimide.

Polyacrylamide matrices are commonly activated by using glutaraldehyde or

hydrazine. Isothiocyanate and γ-glycidoxypropylsilane activation methods are

commonly used for silica-based matrices (Langer et al., 1991; Hermanson et al.,

1992).

Ligands which contain amino acids can be coupled through the ε-amino

group of lysine, carboxyl groups of aspartate and glutamate, and the phenolic

group of tyrosine.  Chemistries which randomly couple these residues also result

in random orientation and spacing of the immobilized ligand. Some of the most

thorough studies of ligand coupling chemistries have been done with proteins,

especially antibodies. For example, Velander et al. (1991) demonstrated that

antibodies used as affinity ligands exhibit best performance characteristics when

the binding conformation of the antibody is protected during covalent coupling to

the adsorbent phase. A  conformationally related effect is the orientation of the

immobilized ligand. The use of oriented immobilization methods for antibodies is

also applicable to synthetic and biosynthetic affinity ligands that have asymmetric

structure due to the presence of both target binding and nonbinding domains.

The non-binding domain is best used for covalent coupling. Coupling of ligands

to the support matrix through reactive moieties present within the binding domain

can be detrimental from both  orientation and nonnative conformational effects

acting upon the ligand. However, masking or shielding of the binding domain

prior to immobilization can be employed to circumvent these effects. Velander et

al. (1991) used synthetic antigens comprised  of water-soluble adducts of poly(2-

methyloxazoline) polymers and a synthetic peptide epitope for the masking of

monoclonal antibody   during immobilization.  The mask was then removed from

the immobilized antibody.  A loss of as much as 50% of the theoretical binding

capacity of an immobilized antibody was attributed to orientation effects based
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upon anti-Fc and anti-Fab probing of immunosorbents made using  masked and

unmasked  antibodies.

Activated matrices which preferentially couple through specific functional

groups on ligands can aid in the site-directed, oriented immobilization of affinity

ligands. For example,  Domen et al. (1990) developed several activated matrices

in which each couple antibodies through different functional groups. Iodoacetyl

groups on SulfoLink � gel are designed to couple through sulfyhdryl groups

found predominately in the hinge region of antibodies.  CarboLink� activated

gels couple through aldehyde groups.  The aldehyde groups on antibodies can

be formed by the oxidation of carbohydrate found primarily in the Fc region of

antibodies. The site-directed method of coupling for a bivalent antibody through

the oxidized carbohydrate groups using hydrazide chemistry resulted in the

theoretical maximum of two antigen molecules for every antibody immobilized.

However, Velander and Orthner (1991) found some antibodies immobilized onto

matrices using hydrazide chemistry, which couple through the carbohydrate

groups, produced no significant differences in immunosorbent antigen binding

efficiency in comparison to immunosorbents prepared using random coupling

chemistries such as cyanogen bromide.  These antibodies were found to have

carbohydrate in the binding domain.

The covalent attachment of the ligand through spacer arms becomes

necessary when the nonbinding domain of the ligand does not offer sufficient

molecular spacing between the molecular structure of the adsorbent and the

binding domain to enable unencumbered target binding. The use of spacer arms

are well documented throughout the literature. For example, Cuatrecasas  (1975)

demonstrated  that  extension of the  ligand from the matrix through a

hydrocarbon spacer arm can considerably increase ligand-target binding

efficiency.   Cuatrecasas (1975) prepared specific Staphylococcal nuclease

affinity matrices by immobilizing the competitive inhibitor, pdTp-aminophenyl,

using spacer arms of varying length onto agarose and polyacrylamide matrices.
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Affinity matrices prepared with the ligand attached directly to  cyanogen-bromide

activated Sepharose� yielded a binding capacity of  2 mg nuclease/ml of gel.

Whereas,  affinity matrices prepared using  a ligand attached to the support

through a  3,3’-diaminodipropylamine  spacer  arm yielded a binding capacity of

10 mg nuclease/ml of gel.  In addition to ligand proximity to the support surface,

the proximal spatial positioning of adjacent  ligands within  the  support

influences binding efficiency as well.

 A high local ligand density can also encumber target binding between

proximally immobilized ligands. Velander et al. (1994) also demonstrated that

antibodies immobilized with a low, local density gave as much as 50% of

theoretical capacity based on a 2:1 target:antibody, molar stoichiometry. Thus,

the majority of activity loss with associated with the installation of antibodies into

matrices can be attributed to local density and orientation effects.  As mentioned

above, intramatrix transport phenomena can also effect affinity sorbent

performance, particularly for large target molecules. Thus, ligands are best

installed into domains with rapid target accessibility. However, orientation, spacer

arm, and local spatial ligand density effects must be evaluated at any location

within the adsorptive matrix as part of the affinity sorbent optimization process.

Future Developments

The diversity of new wholly-synthetic  affinity ligands will be synthesized

by microfluidic devices which will essentially be “micro-chemical factories on a

chip.”  Engineering affinity matrices for optimum performance will also include

evaluating different immobilization environments  to enhance  ligand-target

interactions.   Since many different target binding environments may need to be

screened for a given ligand, miniaturized matrices installed on sensors will likely

replace the inefficient batch and chromatographic analysis of optimal

immobilization environments. Older pharmaceutical processes, such as blood
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plasma fractionation, will eventually be supplanted by affinity separation

processes.
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Abstract 

  This report presents an evaluation of the design of low-solids content, 

large-particle diameter beaded cellulose supports for column-mode protein 

purification.    The study presented here optimizes the molecular accessibility  of 

the cellulose support  to  high molecular weight proteins relative to the 

mechanical stability  of the support at high operating linear velocities by the 

manipulation of bead particle diameter and solids content.  A novel epoxide-

gradient activation method (epoxy-GAM) is developed for creating a gradient of 

support activation for support crosslinking and affinity ligand installation in the 

preparation of DEAE hydrogel matrices.    These cellulose hydrogel supports 

were evaluated with regards to  structure,  dynamic and static binding capacity, 

pressure-flow stability, chemical stability and intraparticle transport phenomena.  

The utility of the low-solids content, large-particle diameter DEAE hydrogel 

matrices was demonstrated in a column-mode protein purification using  albumin 

and fibrinogen mixtures. 
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Introduction

 The objective of this study is to optimize hydrogel matrices for large-scale 

protein purification by developing matrices which enhance ion exchange 

performance by exploiting the relative rates of mass transfer and sorption 

kinetics.   This study  presents  the optimization of a hydrogel matrix design for 

large-scale protein purification.  In particular, this study provides  for an 

enhancement of ion exchange media performance by exploiting the relative rates 

of mass transfer and sorption kinetics.  A model system for the optimization of 

DEAE-hydrogel matrices was studied using low-solids content cellulose matrices 

with large-particle diameters (500 – 700 μm) (Kaster et al., 1994).  This previous 

study developed an adsorptive media which provided low operating pressure 

gradients at high flow rates using a high L/D column mode operating format.  

This adsorptive media also provided for rapid transport of the target to the 

adsorptive sites and a more kinetically uniform site architecture to minmize 

produce loss.  High L/D column operating formats in conjunction with the higher 

processing flow rates attainable due to minimal pressure gradients permit the 

manipulation of the adsorption number characteristics in order for the optimal 

design of chromatographic processes. 

 Whitley et al. (1993) developed a methodology for the design and scale-up 

of chromatographic adsorptive processes based on dimensionless group 

analysis.  This methodology  enables the scale-up of chromatographic processes 

based on the dimensionless ratios of these rates.  The insufficient utilization of 

DEAE ligands may indicate that intraparticle transport and adsorption kinetics are 

not well characterized or optimized for most commercially available DEAE 

supports.  The absence of significant intraparticle transport of proteins at process 

scale velocities in commercially available ion exchange matrices leads to the 

identification of void-flow convection as the rate-limiting mass-transfer step.  

Therefore,  the most important dimensionless group for sorptive processes is the 

adsorption number, N+i. The  adsorption number is defined as the ratio of the 

sorption kinetic rates to the rate of convection.  Analysis of the  process variables 
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in terms of the adsorption number indicate that column length (L) and linear 

velocity (u0) are important in scaling up a chromatographic process.  Numerical 

simulation demonstrate that for adsorption numbers greater than ten, the system 

can be considered as being in a state of equilibrium.  Under these equilibrium 

conditions, the sorption kinetics are not rate-limiting and there should be 

negligible product loss due to inefficient adsorption or peak broadening.  

Therefore, efficient chromatographic processes should have high adsorption 

numbers, i.e., long column length and low linear velocity, for the adsorption step.  

The adsorption number has been shown experimentally to be the primary design 

variable that can be used to enhance process scale chromatographic 

separations.  The design of hydrogel matrices for ion exchange chromatography 

of proteins frequently uses small bead particle diameters that have a short path 

length for diffusional transport of target proteins.  High pressure drops, low flow 

rates, and low L/D column dimensions usually accompany this design emphasis.  

Therefore, there is little opportunity for the manipulation of the adsorption number 

when implementing process scale-up.  Large-diameter bead particles ( ~ 600 

μm) engineered to have minimal intraparticle transport limitations provide the 

flexibility of long column length and low linear velocity, and therefore an optimal 

adsorption number. 

Materials and Methods 

Materials and chemical reagents 

 Bovine serum albumin (BSA), Dimethylacetamide (DMAC) 

Epichlorohydrin, ethanol were purchased from Sigma Chemical Co. (St. Louis, 

MO). Column chromatography was conducted using C10 columns (column 

dimensions: 15 × 1 cm) from Pharmacia Biotech (Piscataway, NJ) and a 

Masterflex peristaltic fluid pump.  Chromatographic separations were monitored 

using  a Rainin data acquisition system with an inline Knauer Spectrophotometer. 

Human fibrinogen was kindly provided by the American Red Cross (Rockville, 



 32 

MD, USA). All other reagents were purchased at the finest grade available from 

Sigma Chemical Co. ( St. Louis, MO).   

Preparation of cellulose stock solutions 

A. Activation of cellulose 

 Dry cellulose was weighed and added to 8 – 10 volumes of water.  The 

cellulose was allowed to swell for 5 – 10 minutes.  The cellulose solution was 

then mixed vigorously for 1 – 2 hours using a paddle stirring apparatus at 100 – 

200 rpm. The cellulose suspension  was then vacuum-filtered to a dry cake using 

a 10 –20 μm nylon filter.  The cellulose cake was then transferred to a beaker 

and 6 – 8 volumes of dimethylacetamide (DMAC) was then added.  The resulting 

cellulose suspension was then stirred vigorously for 30 – 60 minutes using a 

paddle stirring apparatus at  100 – 200 rpm.    The cellulose suspension was 

then repeatedly filtered to a dry cake and redissolved in DMAC two additional 

times.  The final cellulose cake was then transferred to a beaker for subsequent 

dissolution.  Alternatively,  the cellulose can be weighed and added to 8 – 10 

volumes of DMAC and allowed to swell for 1 – 2 weeks at room temperature.   

The cellulose suspension can then be  vacuum-filtered to a dry cake using a 10 –

20 μm nylon filter.  This additional procedure also will result  in a cellulose cake 

ready for dissolution. 

B. Preparation of DMAC/LiCl2 solution 

 A volume of DMAC was measured according to the batch record and 

transferred into a long-necked flask set in a heating mantle.  The DMAC solution 

was stirred vigorously at 200 – 300 rpm.  Lithium chloride was measured 

according to the batch record and added to the DMAC solution.  The DMAC/LiCl2
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solution  was heated to 80 °C.  The temperature was maintained using a 

Thermowatch temperature controller.  The lithium chloride was carefully rinsed 

from the insides of the flask using a glass pipet. 

B. Dissolution of cellulose 

The hot DMAC/LiCl2 solution (80 °C; 6 – 8 volumes) was added to the 

cellulose cake in a clean beaker.  The solution was then stirred with a spatula 

until the mixture became uniform.  The cellulose solution was then stirred (200 – 

300 rpm) at 80 °C for 2 – 4 hrs.  The cellulose solution was then covered with 

aluminim foil and allowed to cool to room temperature for at least 18 hrs.  The 

viscosity of the solution was measured according to standard procedures using a 

Brookfield viscometer. 

Beading cellulose solutions 

A. System setup 

The bete fog nozzle components were assembled according to the 

manufacturers specifications and batch record (fluid cap FC4, air cap 1003). The 

cellulose beading system comprised of a nitrogen source  fed into the cellulose 

solution reservior, which was then subsequently fed into a fluid/air cap as 

diagrammed in Figure 1.  The gasket was placed between the fluid cap and 

housing.  If required, the cellulose solution wass diluted to the appropriate 

working dilution.  The appropriate amount of cellulose solution was added to the 

stainless-steel pressure tank.  The vessel was sealed and locked and the teflon 

inlet was connected to the nitrogen source.  Teflon-lined tygon tubing is used 

throughout the entire beading system.  The teflon outlet of the pressure 

tank/cellulose reservior was connected to the flow valve in-line with the fog 

nozzle.  The appropriate amount of ethanol/water (80:20) solution was prepared: 

approximately 3 CV of the volume of cellulose solution.  This solution was 



 34 

degassed for 5 – 10 minutes.  The beading solution was poured into the glass 

“beading tower” vessel.  The fog nozzle was clamped in place above the 

ethanol/water beading solution. 

B. Priming the system   

All of the system connections were tightened and checked, i.e., nitrogen 

connection to the cellulose solution tank, cellulose tank to  flow valve,  flow valve 

to fog nozzle, fog nozzle to valve to air pressure tank.  The clamped fog nozzle 

was initially placed over a graduated cylinder to collect the “priming fluid.”  The 

cellulose tank was pressurized to 4 – 10 psi.  The low valve was opened to allow 

a stream of cellulose solution to flow through the system to remove air bubbles.  

The air valve to the fog nozzle was opened and set at 0.3 – 1.0.  The flow from 

the fog nozzle was manipulated to obtain the characteristic spray pattern. 

C. Beading the cellulose solution 

The outlet flow nozzle was placed  over the ethanol/water beading solution 

and cellulose beads were collected.  The beading solution was stirred slowly 

using a 1 – 2 inch magnetic stir bar.  The flow and pressure of the air tank was 

adjusted to obtain the desired bead particle diameter.  The air pressure was set 

at approximately 0.3 – 0.5 psi and the nitrogen tank pressure was adjusted to 5 – 

10 psi, depending upon the concentration and viscosity of the cellulose stock 

solution.  Beading was continued until the cellulose solution tank was emptied.  

The beads were then stirred for an additional  1 – 2 hrs after beading.  The 

stirring was stopped and the beads were allowed to settle for 3 – 5 min.  The 

ethanol/water mixture was then decanted from the settled beads.  The beads 

were then transferred onto a 120 mesh screen pan and rinsed well with water.  

The washed beads were then transferred to a bucket containing approximately 

10 CV of water.  The bucket was covered and stirred vigorously for 18 hrs at 

room temperature (25 °C).  The beads were then subjected to fluidization. 
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Sorting cellulose beads by fluidization 

A. Fluidization column assembly 

 The fluidization column was assembled as shown in Figure 3.  The 

reservoir was filled with water (20 l).  The appropriate tubing was connected to 

the fluid and recycle ports.   A Masterflex peristaltic pump (model 7018-52 pump 

head and #6485 – 18  tubing) was used. The top and bottom of the column were 

fitted  with nylon mesh screens (SpectraMesh, 47 mm, 100 μm).  Prior to use, 

water was pumped into the bottom inlet port of the fluidization column at 500 

ml/min to purge any air present within the tubing lines and screen assembly.  The 

column was then filled one-half full with water.  The lines and column seals were 

then checked for leakage, tightening the assembly bolts if necessary.  Up to 25 

% CV of bead bed volume was poured into the top of the fluidization column  ( ~ 

750 ml bed volume in a 7.5 × 75 cm column).  The beads were then washed 

down from the top 10 cm of the top of the column.   The top retainer plate  

assembly holding the top screen  was put  into  place and bolted down evenly 

around the top of the column. The recycle tubing outlet was connected to the 

collection net and aligned with the recycle funnel port on the top of the wash 

water reservoir. 

B. Expanded bed fluidization 

 The following procedure was implemented in the expanded bed 

fluidization of 5 – 6 wt. % beads as illustrated in Figure 4.  The flow rates should 

be changed when using beads of greater or lesser solids content.  The column 

was filled with water at a low pump speed ( 200 – 300 ml/min).  The flow was 

then stopped and the beads were then allowed to settle for 10 – 15 min.  The 

bead bed height was measured.  The bed was then expanded at 500 ml/min (11 

– 12 cm/min) with the top outlet port closed and the side port open and 
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connected to the collection net column.  The expanded bed was allowed to 

equilibrate for 30 min.  The volume amount of collected fines was measured and 

then removed from the net column to avoid high backpressure.  The bead bed 

was expanded to 55 – 60 cm by increasing the flowrate to approximately 800 

ml/min (18 cm/min).  Equilibriate expanded bed with the side port collection open 

for 1 – 2 hr.  Periodically  The rate of small bead diameter and debris 

accumulation was periodically monitored.  The backpressure buildup was also 

monitored through the collection net.  The beads that were collected were 

examined by light microscopy to determine the diameter being removed at the 

flowrate used in the bed expansion.  The beads with the target diameter were 

collected with the appropriate flow rate for bed expansion.  The flowrate was 

increased to 1,800 – 2,000 ml/min (40 – 45 cm/min).  The flowrate through the 

top recycle port was adjusted until approximately equal flow was obtained  from 

the top outlet port, which connects to the  reservoir,  and into the side port, which 

connects to the collection vessel.  Beads were collected while both top and side 

ports were open. 

Crosslinking cellulose beads using the gradient activation method  (GAM) 

A. Preparing the beads 

 After the beads were fractionated, the beads were transferred to 

exchanging columns.  An XK 30 (500 ml) or heavy-duty Pyrex column  (7.5 cm  

internal diameter fitted with 100 μm filters and neoprene stoppers and retainer 

plates at each end) were used as  exchanging columns.  The beads were 

allowed to settle and the resulting bead bed heights were measured.  The bead 

beads were then washed using ascending flow configuration with 3 – 5 bead bed 

CV of water at 1 CV/10.  The bead beds were then washed with 3 CV of 100 % 

ethanol using an ascending flow configuration at 1 CV/10 min.  Black viton or 

fluran tubing was used for all ethanol, epichlorohydrin and DEAE reagents.  The 

beads were then crosslinked using epichlorohydrin.   
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B. Crosslinking 

Three bead bed CV of 50 (v/v) % epichlorohydrin in ethanol were freshly 

prepared.  The beads were equilibriated with the 50 (v/v) % 

epichlorohydrin/ethanol solution using an ascending flow configuration at 1 CV/ 

10 min using black viton or fluran tubing.  After the appropriate volume of the 

epichlorohydrin solution was loaded, the pump was stopped and the system was 

closed off.  The system was allowed to incubate at room temperature for 30 min. 

saturated with the 50 (v/v) % epichlorohydrin/ethanol solution.  To drain the 

support of interstitial solution after incubation, the flow was reversed through the 

column.  The column was then disassembled, the support-cake was removed 

and transferred into a round-bottom reaction flask using one bead bed volume of 

1 M NaOH containing 0.5 (w/v) % sodium borohydride (NaBH4).  The reaction 

vessel was immersed in a water bath covering at least ¼ of its height to dissipate 

heat.  The mixture was vigorously stirred using a paddle stirring apparatus.  The 

pH of the reaction mixture was maintained by the addition of  1 M NaOH 

containing 0.5 (w/v) % NaBH4 using an automatic  pH controller and monitor.  

This mixture was stirred (100 – 200 rpm) for 18 – 24 hr at room temperature with 

the addition of 1 M NaOH containing 0.5 (w/v) % NaBH4 at 10 ml/min.  The pH of 

the reaction mixture was maintained above pH 12.5.  The pH was shown to 

stabilize at approximately 12.7 – 12.8.  After completion of the reaction step, the 

beads were transferred to the exchanging column and washed in a descending 

flow configuration with 3 – 5 CV of water at  1 CV/10 min.  The beads were then 

washed in the same manner with 3 – 5 CV each of 100 % ethanol, and then 

water at 1 CV/10 min. The flow was then reversed and the support was drained 

of entrained interstitial solution.  The exchanging column was disassembled and 

the support was transferred to a reaction vessel containing 1 CV of 1 M NaOH 

containing 0.5 (w/v) % sodium borohydride.  The reaction mixture was vigorously 

stirred with a paddle-stirring apparatus (100 – 200 rpm) and the pH of the mixture 

was monitored.   The initial pH was approximately pH 13.0 – 13.4.   The pH was 
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permitted to decrease below 13.0. The temperature was monitored by the 

Thermowatch temperature controller.  The temperature of the mixture was slowly 

increased to 60 °C.  The mixture was gently stirred for 18 – 24 hrs and the 

temperature was maintained at  60 °C.  The pH was maintained at approximately 

pH 13.0 by the addition of 3 M NaOH/0.5 (w/v) % sodium borohydride.  The 

reaction was allowed to proceed overnight.  The pH of the reaction was then 

monitored.  If the pH was stable  within pH 12.6 – 12.8, the reaction was 

terminated. However, if the pH was below pH 12.5, the pH was adjusted to within 

pH 12.7 – 12.8 by the addition of 3 M NaOH/0.5 (w/v) % sodium borohydride and 

monitored for an additional one hour.  After the time allotted for the reaction 

process was completed, the beads were transferred to the exchanging column 

and washed thoroughly with 3 – 5 CV of water using a descending flow 

configuration at 1 CV/10 min.  The pH of the column effluent was monitored until 

the pH was less than pH 10.0.  The column was drained to just above the bead 

bed. The exchange column was disassembled and the beads were transferred to 

a storage container.  The beads were stored in 0.02 (w/v) % sodium azide. 

Derivatization of crosslinked cellulose beads 

A. Derivatization 

 One column bed volume of cellulose support was placed in a graduated 

cylinder and allowed to settle for 10 –15 min. Crosslinked cellulose support (~ 

750 ml) was transferred  to a reaction flask (4 l).  The beads were allowed to 

settle and excess water was decanted from the support. DEAE solution (3 M) 

was filtered through a 5 μm membrane filter cartridge.   Three CV of 3 N NaOH 

was prepared. One bed volume of 3 M DEAE was added to the flask and gently 

mixed.  The mixture was then stirred slowly (50 – 100 rpm) for 30 min at room 

temperature (~ 23 °C).   The stirring speed was increased to 250 – 300 rpm.  A 

Masterflex peristaltic pump was used to add the three CV of 3 N NaOH at 1 

ml/min per 100 ml bead support.  The mixture was then stirred at 200 – 300 rpm 
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for 16 hrs at room temperature.  The reaction flask was covered with aluminum 

foil.  After completion of the reaction, the pH was recorded.  The beads were 

transferred to an exchanging column and washed thoroughly with five  CV of 

water at 1 CV/10 min.  The pH of the effluent was periodically monitored.  When 

the pH of the effluent was below pH 10, the beads were then equilibrated with 

two CV of 1.5 M ethanolamine using ascending flow.  At the end of the 

equilibration step, the flow was stopped and the beads were incubated in the 

ethanolamine solution for 4 hrs at room temperature.  The beads were then 

washed with 5 – 8 CV of water at 1 CV/10 min using descending flow. When the 

pH of the effluent was below pH 9, the column was drained to the top of the bead 

bed.  The beads were then transferred to a storage contained containing 0.02 

(w/v) % sodium azide and refrigerated at 4 °C.

Determining the diameter size of cellulose beads 

 The average diameter of a batch of beaded support was determined by 

light microscopy with a video camera system attached. A sample of beads was 

placed onto a glass depression slide and viewed under a light microscope.  

Diameter measurements were obtained using a measuring scale attached to  the 

video monitor screen.  An average bead particle diameter and standard deviation 

was obtained from measuring 20 beads from ten different microscopic view 

fields.  The percent solids content of each batch of beaded support were 

determined in the following manner: (1)  For each sample of beads to be 

measured,  three 1.5 ml microcentrifuge tubes were labeled and tared to four 

decimal places. (2) A lab tissue was placed onto a stack of ten paper towels.  (3)   

Beads (5 – 10 ml) were pipetted onto onto the tissue and spread evenly with a 

tissue.  The interstitial fluid was allowed to adsorbed by the paper towels for 15 – 

30 seconds. (4)  Blotted beads (1 – 1.5 ml) were transferred into microcentrifuge 

tubes using a spatula.    (5) The microcentrifuge tubes were weighed and the 

gross weight recorded.  (6)  The  samples were then freeze-dried overnight using 

a lyophilizer.  (7)  The tubes containing the samples were then weighed and the 
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gross dry weight recorded.  (8)  The percent solids content was then determined 

by dividing the net dry weight by the net wet weight, where  the net dry weight is 

calculated by subtracting the tared weight from the gross dry weight and the net 

wet weight is calculated by subtracting the tared weight from the gross wet 

weight.  

Column titration of derivatized beads 

 Beaded support (10 ml) was transferred into a column (14 – 15 cm bed 

height in a 0.6 × 20 cm column).  The support was equilibrated with 1 M 

NaCl/100 mM NaOH (pH 12.2 – 12.5) (40 – 50 ml) at 2 ml/min.  The eluent was 

collected with a 100 ml graduated cylinder.  The amount of buffer collected and 

the column bed height was recorded.  10 mM HCl was then pumped through the 

column at 2 ml/min, then through a pH electrode flow cell.  The pH change was 

monitored either manually, a recorder or with a digital time-lapse 

camera/computer system.   The eluent was collected with a graduated cylinder.  

At the end of the run (pH ~ 1.8 – 2.0), the amount of 10 mM HCl used and the 

column bed height  was recorded. To establish a titration curve,  pH was plotted 

against 10 mM HCl, where the volume of HCl titrated at pH 6.0 represents the 

equivalence capacity for the beaded support per ml or μeq/ml. 

Determination of chemical stability 

A. Base stability 

Support stability under high basic conditions was determined with 1 M NaOH. 

The support was equilibrated with 1 M NaOH (3 – 5 CV) at 2 ml/min. The initial 

column bed height was measured.  The support was then incubated in the 

column for 16 – 24 hrs at room temperature (25 °C).  The support was then 

titrated again according to the procedure in the preceding section.  The final 

column bed height was then recorded. 



 41 

B. Acid stability 

Support stability under high acidic conditions was determined with 100 mM 

HCl. The support was equilibrated with 100 mM HCl (3 – 5 CV) at 2 ml/min. The 

initial column bed height was measured.  The support was then incubated in the 

column for 16 – 24 hrs at room temperature (25 °C).  The support was then 

titrated again according to the procedure in the preceding section.  The final 

column bed height was then recorded. 

C. Salt stability 

Support stability under high salt conditions was determined using a 170 –190 

ml (column bed height: 85 – 95 cm) column with 4 M NaCl.  The initial column 

bed height was measured before washing the column with 4 M NaCl (2 CV) at 2 

ml/min. The  column bed height was then recorded.  The column was then  

washed with binding buffer (3 – 5 CV) at 2 ml/min.  The final column bed height 

was then recorded. 

Pressure stability studies 

 Pressure studies were performed in 1.6 × 100 cm borosilicate columns 

configured with 100 μm screens.  No screens were used in the top plunger.  An 

approximate  one cm headspace was maintained.  All tubing connections were 

drilled to 1/8 inch  and fitted with 1/8 × 1/16 (I. D.) PTFE tubing.  The column (bed 

height: 90 – 95 cm) was equilibrated with 50 mM Tris-Base, pH 8.3 (3 – 5 CV) at 

10 cm/min.  The pressure gauge was configured at the top of the column using a 

three-way valve.  The pressure gauge reading (PSI) was recorded at zero flow.  

The initial reading is approximately 1.5 – 0.0 PSI depending on the level the 

pressure  gauge is located with respect to the column.   The linear velocity was 

initially started at 5 cm/min and the column was then allowed to equilibrate for 
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one min.  The pressure gauge reading was then recorded.  Pressure gauge 

readings were recorded for linear velocities of 10, 15 and 20 cm/min.  The 

column bed heights were   monitored and  recorded for each flowrate.  The linear 

velocity   was then decreased to zero in increments of  5 cm/min while column 

bed height and pressure gauge readings were recorded. Pressure stability was 

also evaluated at higher linear velocities. The linear velocity was initially started 

at 5 cm/min and the column was then allowed to equilibrate for one min.  The 

pressure gauge reading was then recorded.  Pressure gauge readings were 

recorded for flowrates of 10, 15, 20, 25, 30, 35 and 40 cm/min or until the 

pressure gauge read 20 PSI.  The column bed heights were monitored and 

recorded for each linear velocity.  The linear velocity was then decreased to zero 

in increments of  5 cm/min while column bed height and pressure gauge readings 

were recorded.  Final column bed heights were measured and the % volume 

compression was determined.  CL-DEAE (2, 6 and 10 wt.%) cellulose and 

uncrosslinked DEAE cellulose supports, FF-Sepharose and DE-52 media were 

evaluated for pressure stability. 

Transport studies 

 Transport studies were conducted in 100 × 1.6 cm borosilicate columns 

configured with 100 μm screens in the bottom plunger.  The top plunger did not 

contain screen.  A one cm headspace was maintained during column operation. 

All tubing connections were drilled to 1/8 inch and fitted with 1/8 × 1/16 (I. D.) 

PTFE tubing.  A slurry of support (180 – 190 ml) was degassed under vacuum for 

5 – 10 min with gentle stirring.  The slurry was then packed into a column to bed 

height of 90 – 95 cm.  The column was then washed with 50 mM Tris-Base, pH 

7.0 (5 – 6 CV) at 10 cm/min.  Three types of cellulose supports (uncrosslinked, 

crosslinked, and crosslinked (CL) and DEAE derivatized) and different solids 

content (2, 6 and 10 wt. %)  were evaluated.  Four molecular weight standard 

proteins were used in this study: dextran blue (Mr > 2,000,000-kDa) (2 mg/ml), 

fibrinogen (Mr 340-kDa) (5 mg/ml), bovine serum albumin (BSA) (Mr 60-kDa) and 
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tryptophan (Mr 204 Da) (2 mg/ml).  Three linear velocities (1.25, 5 and 10 

cm/min) were examined in duplicate.  The buffer delivery system consisted of a 

peristaltic pump (Masterflex 7018-52)  with #14 tubing connected to a three-way 

valve at the top of the column through which standards were injected using a 1 

ml syringe.  To inject the standards,  the column flow was stopped and 1 ml of 

standard was injected directly into the line connected to the column. The pump 

and data acquisition software were started simultaneously.  The column effluent 

was monitored using a Knauer UV detector at 280 nm.  Retention volumes  and 

the peak width at half the peak height were averaged for each duplicate 

experiment and expressed as the fraction of the total column volume. 

Environmental scanning electron microscopy  

 The morphology of the cellulose supports was examined by using an 

Electroscan  environmental scanning electron microscope (ESEM) using 

standard operating procedures. 

Static binding capacity studies 

 Static binding capacities were determined for  CL-DEAE cellulose 

supports, FF-Sepharose and Whatman DE-52 media.  Bovine serum albumin 

(BSA) and human fibrinogen (hFib) stock solutions were prepared in 

concentrations  ranging from 0.5 – 50 mg/ml in 50 mM Tris-Base/0.15 M NaCl, 

pH 8.3.  The absorbance at 280 nm was measured and recorded for each initial 

protein solution.  Triplicate tubes (5 ml) were prepared for each protein solution. 

Supports were prepared by washing and equilibrating the supports with 39 mM 

Tris-phosphate, pH 8.6. Triplicate samples (1 ml) of  support  were transferred 

into the test tubes (5 ml) containing binding buffer (1 ml).  The supports were 

allowed to settle and then the interstitial solution was withdrawn with a pasteur 

pipet.  Samples containing DE-52 media and FF-Sepharose were subjected to 

centrifugation at 2,000 – 3,000 × g for 5 min to settle the support.  Protein 
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solutions (2 ml)  were transferred to each triplicate set of support samples.  The 

supports were allowed to incubate on a rotator for 18 – 24 hrs at room 

temperature (25 °C).  After the incubation step, the sample tubes were 

centrifuged at 2,000 – 3,000 × g for 5 min to settle the supports.  Samples of 

supernatant (1.5 ml) were removed and the absorbance at 280 nm was 

measured and recorded.  The concentration of BSA was determined using an 

extinction coefficient of 0.667 ml/mg. The concentration of hFib was determined 

using an extinction coefficient of 1.67 ml/mg. Equilibrium isotherms were 

prepared for each support. 

Dynamic binding capacity studies

Dynamic binding capacities were determined for  CL-DEAE cellulose 

supports, FF-Sepharose and Whatman DE-5 media.  Running buffer (50 mM 

Tris-HCl, pH 8.3) (2 – 4 l), BSA (1 mg/ml) solution (1 – 2 l),  1 M NaCl (1 l) and 4 

M NaCl (1 l) was prepared for each study. The supports were equilibrated with 

binding buffer and degassed under vacuum. A one meter column was packed 

with support to  column length of 85 – 95 cm (170 – 190 ml).  The column was 

equilibrated with binding buffer (3 – 5 CV) at 5 cm/min.  The protein solution was 

loaded onto the column until breakthrough (BT) (10 – 50 %) occurred.  After the 

desired BT occurred,  the column was then washed with binding buffer (1 – 2 CV) 

until a stable baseline was obtained.  The bound protein was eluted with 1 M 

NaCl  at 5 cm/min until a stable baseline was attained (up to 2 CV).   The 

columns were cleaned with 4 M NaCl (2 CV), binding buffer (1 CV), 0.5 M NaOH 

(1 CV) and finally, binding buffer (5 – 6 CV) at 5 cm/min.  Material balances and 

dynamic binding capacities were calculated for each experiment. 

Fibrinogen/albumin adsorption studies 

 Adsorption studies were performed using 2 wt.% CL-DEAE cellulose 

supports in the separation of a binary model system comprising human 
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fibrinogen (hFib) and bovine serum albumin (denoted as either BSA or ALB) 

mixtures.  Cellulose support was packed into either a 20 × 5.0 cm or 100 × 1.6 

cm borosilicate glass column.  The columns were conditioned with 4 M NaCl (2 

CV), 0.5 M NaOH (1 CV) at 5 cm/min.  The columns were then equilibrated with 

39 mM Tris-phosphate, pH 8.6 (10 CV).  Sepharose Fast Flow (FF) was  packed 

into a 20 × 5.0 cm column and conditioned as previously described.    The buffer 

delivery system for all case studies consisted of a peristaltic pump (Masterflex 

7018-52) with #14 tubing connected to a three-way valve connected to the top of 

the column in addition to a pressure gauge.  The absorbance at 280 nm of the 

column effluent was monitored using a Knauer UV inline spectrophotometric 

detector.  Binary model systems comprised hFib (1 mg/ml)  and ALB (at 1, 5 or 

10 mg/ml), which correspond to hFib/ALB ratios of 1:1, 1:5 and 1:10.  For each 

chromatographic experiment, flowthrough (FT), wash, 1 M NaCl elution and 4 M 

NaCl elution fractions were collected separately and pooled.  The volumes and 

absorbance at 280 nm were measured for each fraction.  Material balances and 

binding capacities were determined for each column experiment.  Regeneration 

of the columns consisted of washing with 4 M NaCl (2 CV), Tris-phosphate buffer 

(1 CV), 0.5 M NaOH (1 CV) at 5 cm/min.  The columns were equilibrated with 

binding buffer (8 – 10 CV) at 5 cm/min. 

SDS-PAGE analysis 

SDS-PAGE analysis was performed using the procedure of Laemmli 

(1970). SDS-PAGE analysis was conducted using a Pharmacia PhastSystem™

PhastGel™ Unit with 4 – 15 % gradient gels following the manufacturers 

instructions (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) and 

polyacrylamide gradient gels from Novex (San Diego, CA. Gradient gels (8 – 16 

% and 4 – 12 %) were used for reduced and nonreduced conditions, 

respectively.  Tris-glycine buffer (20 mM Tris/0.1 % SDS/200 mM glycine, pH 7.2) 

was used as the running buffer.  Prestained molecular weight markers were used 

for the molecular weight determination of proteins  (BioRad Laboratories). 
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Samples (1 μl) were loaded and electrophoresed until the 7.0-kDa molecular 

weight marker reached the end of the gel.   Silver-stained SDS-PAGE was used 

to examine the proteins in the chromatographic fractions. 
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Results 

Preparation and characterization of cellulose supports 

The preparation and characterization of the cellulose supports comprised 

several methods to produce DEAE and Q-derivatized and epoxy-activated 

support ready for affinity ligand coupling. The methods in the preparation and 

characterization of the cellulose supports involved optimal beading solution 

characteristics and  apparatus, expanded bed fluidization for the fractionation of 

bead particles,  crosslinking and derivatization procedures, an assessment of the 

dynamic and static binding capacity, imaging by light and environmental 

scanning electron microscopy and an evaluation of   the transport phenomena 

characteristics and chemical stability. As shown in Figure 2, synthesis of the 

beaded cellulose supports were a function of % cellulose by volume,   solution 

viscosity and wt. % solids. After beading and solidification of the support 

particles, expanded bed fluidization was effectively demonstrated to further assist 

in obtaining a pool of beaded cellulose support particles with a uniform particle 

diameter, solids content and shape. As shown in Figure 5, expanded bed 

fluidization can be used to  efficiently separate columns of beaded support  into 

low solids content (2 – 3 wt. %), medium solids content  (5 – 6 wt. %) and high 

solids content (9 – 10 wt. %)  fractions.  Flow velocity during fluidization can be 

manipulated to obtain cellulose bead particles of a specified particle diameter 

range as demonstrated in Figure 6. For example, a sample of unfluidized 10 wt. 

% cellulose bead particles, which comprise a broad range of particle diameter 

sizes, is shown in Figure 7. In comparison, Figure 8 shows a homogeneous 

sample of fluidized 10 wt. % cellulose support particles with uniform bead particle 

characteristics.  In addition, Figure 9 showing the 3.5 wt. % cellulose beaded 

cellulose support demonstrates the uniformity in the physical characteristics of 

the final product attainable.  After the support samples were fractionated 

according to solids content, particle diameter and shape characteristics and then  

examined, the supports were then activated with epichlorohydrin  and either 
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DEAE or Q-derivatized and crosslinked.   The cellulose supports were effectively 

activated and crosslinked using epichlorohydrin as shown in Figure 10.  Briefly, 

as shown in Figure 10, the support was initially saturated with the 

epichlorohdrin/ethanol mixture prior to activation.    The interstitial solution was 

withdrawn and the support was allowed to proceed with the activation step under 

highly alkaline conditions at 60 °C as shown in Figure 11. Figure 12 shows  3.5 

wt. % cellulose support, which was  activated with epichlorohydrin, prepared for 

ligand immobilization. Figure 13  shows  3.5 wt. % cellulose support crosslinked 

and derivatized with DEAE. Figure 14 shows  2 wt. % cellulose support 

crosslinked and derivatized with DEAE. Environmental scanning electron 

microscopy (ESEM) imaging was used to examine the structural characteristics 

of various cellulose supports as shown in Figures 15 – 20.  Figures 15 and 16 

show  ESEM images of a 43 wt. % amorphous cellulose support under 240 × and 

1,300 × magnification, respectively.  Figure 17 shows an ESEM image of a 3.5 

wt. % cellulose support at 355 × magnification.  3.5 wt. % cellulose supports were 

also subjected to electron beam excavation in order to evaluate  the hydrogel, 

fluid-like properties as shown in Figures 18 – 20.  The cellulose affinity supports 

were then evaluated for their performance characteristics. 

Chemical stability of cellulose supports 

The results of the titration studies of 2, 3.5, 6 and 10 wt. % DEAE 

cellulose, FF-Sepharose  and Whatman DE-52 cellulose supports are shown in 

Figure 21. For the 10 wt. % CL-DEAE cellulose support, the equivalence is 

attained at approximately pH 10 with 79 μeq HCl/ml. The 10 wt. % CL-DEAE 

cellulose support demonstrated a dynamic BSA binding capacity of 10 – 12 

mg/ml.  Similarly, for the 6 wt. % CL-DEAE cellulose support, the equivalence is 

attained at approximately pH 10 with 79 μeq HCl/ml. The 6 wt. % CL-DEAE 

cellulose support demonstrated a dynamic BSA binding capacity of 10 – 15 

mg/ml. For the 2 wt. % CL-DEAE cellulose support, the equivalence is attained at 

approximately pH 10 with 59 μeq HCl/ml. The 2 wt. % CL-DEAE cellulose 
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support demonstrated a dynamic BSA binding capacity of 15 – 20 mg/ml. For the 

FF-Sepharose support, the equivalence is attained at approximately pH 9.5 with 

116 μeq HCl/ml. The FF-Sepharose support demonstrated a dynamic BSA 

binding capacity of 10 – 15 mg/ml. For the Whatman DE-52 support, the 

equivalence is attained at approximately pH 9 with 116 μeq HCl/ml. The FF-

Sepharose support demonstrated a dynamic BSA binding capacity of 10 – 15 

mg/ml. For the 3.5 wt. % CL-DEAE cellulose support, the equivalence is attained 

at approximately pH 10 with 65 μeq HCl/ml. The 3.5 wt.% CL-DEAE cellulose 

support demonstrated a dynamic BSA binding capacity of 15 – 20 mg/ml. 

A comparison of titrations for single and triple DEAE-derivatizations of  2 

wt. % CL-DEAE cellulose supports is shown in  Figure 22.  For the single DEAE-

derivatization, the equivalence is attained at  approximately pH 10 with 61 μeq 

HCl/ml. For the triple DEAE-derivatization, the equivalence is attained at  

approximately pH 10 with 119 μeq HCl/ml.  The effects of additional crosslinking 

on 2, 6 and 10 wt. % CL-DEAE cellulose supports are shown in the  titrations in 

Figures 23 – 25.  

The effects of various chemical treatments on the pressure-flow 

characteristics of 3.5 wt. % CL-DEAE  cellulose supports are shown in Figure 26.  

Exposure of the support to 4 M NaCl in multiple cleaning cycles yielded column 

backpressures of  approximately 3.1 – 3.6 PSI. Exposure of the support to 15 

mM sodium phosphate in multiple cleaning cycles yielded column backpressures 

of  approximately 2.4 – 2.8 PSI. Exposure of the support to 0.5 M NaOH in 

multiple cleaning cycles yielded a relatively steady column backpressure of  

approximately 1.5 PSI. 
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Pressure stability studies 

Light microscopy of the low-solids content, large-particle diameter 

cellulose, DEAE FF-Sepharose, Whatman DE-52 supports under study here are 

shown in Figures 27 – 30. These figures illustrate the differences in close 

packing arrangements of the bead particles which can contribute to high column 

operating backpressures.  For example, as shown in Figure 27,  the  large 

uniform interstitial spaces between the bead particles of the 3.5 wt. % cellulose 

supports allow for low column backpressures at high operating flowrates.  In 

comparison, as shown in Figure 28, the wide range in bead particle sizes 

characteristic of the FF-sepharose support induces high column backpressures 

at increased flowrates due to very tight packing of the smaller sized bead 

particles. Similarly, the Whatman DE-52 supports also have a characteristic wide 

range in particle sizes and including  irregular shapes, such as rods, which can 

form tight packing arrangements among the support particles, thereby 

contributing to high column operating backpressures at increased flowrates 

(Figure 29).   As shown in Figure 30, 3.5 wt. % cellulose supports that have been 

subjected to crosslinking retain their uniform packing arrangment.  

Results of the pressure stability studies for CL-DEAE cellulose supports, 

and including  uncrosslinked  native cellulose supports, CL-DEAE cellulose 

supports, FF-Sepharose and DE-52 media are shown in Figures 31 and 32.  

Figure 31 illustrates a comparison of CL-DEAE cellulose supports (2, 6 and 10 

wt.%) where pressure drop (ΔP, PSI/cm) is plotted against linear velocity 

(cm/min).  All three of the cellulose support types were packed into  90 × 1.6 cm 

columns.  The columns were equilibrated with 50 mM Tris-Base, pH 8.3 (5 CV) at 

10 cm/min.  Bed compression at 20 cm/min was < 1 % for all of the support 

types.  At the maximum linear velocity of 40 cm/min, bed compression was < 1 % 

for the 10 wt. % cellulose supports (ΔP = 20 PSI/cm), ~1.2 % for the 6 wt. % 

cellulose supports (ΔP = 15 PSI/cm) and ~ 3 % for the 2 wt. % cellulose supports 

(ΔP = 12 PSI/cm).  Conventional supports, such as FF-Sepharose and DE-52 
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cellulose supports, exhibited a much lower threshold of linear velocity for much 

more significant pressure drops and bed compression. 

 Figure 32 illustrates a comparison of the pressure stability of CL-DEAE  

and uncrosslinked native cellulose supports  with FF-Sepharose and DE-52 

media, where pressure drop (ΔP, PSI/cm) is plotted against linear velocity 

(cm/min).  CL-DEAE cellulose supports were packed into a 90 cm length column, 

whereas to achieve comparable linear velocities, FF-Sepharose and DE-52 

media supports were packed into 15 cm length columns.  “Crushing velocities,” 

i.e., dramatic increases in column operating backpressures, for FF-Sepharose 

and DE-52 were approximately 20 and 10 cm/min, respectively.  With a linear 

velocity of 10 cm/min, FF-Sepharose and DE-52 media demonstrated pressure 

drops of 0.8 PSI/cm and 1.8 PSI/cm, respectively.  In comparison, the native and 

CL-DEAE cellulose supports exhibited much higher linear velocity thresholds for 

significant bed compression.  Even at higher linear velocities of 60 cm/min, the 2, 

6 and 10 wt. % CL-DEAE cellulose supports remained functional with pressure 

drops of less than about 0.3 PSI/cm with negligible bed compression allowing for 

increased processing throughput. Uncrosslinked native cellulose supports began 

to crush at linear velocities greater than 20 cm/min (ΔP = 0.3 PSI/cm). 

Transport studies 

 The transport characteristics of native, crosslinked, and  crosslinked and 

DEAE-derivatized  2 – 3.5, 6 and 10 wt. % cellulose supports were evaluated.  

Results of the pulse-flow transport studies with the cellulose supports are 

presented in Tables 1 – 9 and Figures 33 – 35.  Figures 33 – 35 illustrate size-

exclusion chromatograms characteristic of the low-solids content, large-particle 

diameter cellulose supports.  Table 1 presents the pulse-flow transport 

characteristics for native 2 wt. % cellulose supports.   The experimentally 

determined characteristic performance values for the transport studies are 

reported as the number of column volumes (CV) required for the emergence of 
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the pulse peak (PC) and the width of the pulse peak (PW). Standard deviation 

error values are reported as 0.00 for values less than 0.01. With a linear velocity 

of 1.25 cm/min,   tryptophan demonstrated a  PC of 1.10 ± 0.00 and a PW of 0.28 

± 0.01.  At a linear velocity of 5 cm/min, tryptophan exhibited a PC of 0.76 ± 0.11 

and a PW of 0.40 ± 0.07.  At the maximum linear velocity of 10 cm/min, 

tryptophan exhibited a PC of 1.02 ± 0.02 and a PW of 0.55 ± 0.10.  With a linear 

velocity of 1.25 cm/min,   BSA demonstrated a  PC of 1.00 ± 0.04 and a PW of 

0.56 ± 0.02.  At a linear velocity of 5 cm/min, BSA exhibited a PC of 0.65 ± 0.00 

and a PW of 0.67 ± 0.02.  At the maximum linear velocity of 10 cm/min, BSA 

exhibited a PC of 0.52 ± 0.03 and a PW of 0.21 ± 0.00. With a linear velocity of 

1.25 cm/min,  fibrinogen demonstrated a  PC of 0.63 ± 0.05 and a PW of 0.75 ±

0.07.  At a linear velocity of 5 cm/min, fibrinogen exhibited a PC of 0.38 ± 0.01 

and a PW of 0.14 ± 0.01.  At the maximum linear velocity of 10 cm/min, 

fibrinogen exhibited a PC of 0.38 ± 0.00 and a PW of 0.12 ± 0.00. With a linear 

velocity of 1.25 cm/min,  blue dextran demonstrated a  PC of 0.45 ± 0.05 and a 

PW of 0.11 ± 0.01.  At a linear velocity of 5 cm/min, blue dextran exhibited a PC 

of 0.37 ± 0.00 and a PW of 0.08 ± 0.00.  At the maximum linear velocity of 10 

cm/min, blue dextran exhibited a PC of 0.48 ± 0.06 and a PW of 0.08 ± 0.03. 

Table 2 presents the pulse-flow transport characteristics for crosslinked 2 

wt. % cellulose supports. With a linear velocity of 1.25 cm/min,   tryptophan 

demonstrated a  PC of 1.17 ± 0.00 and a PW of 0.37 ± 0.01.  At a linear velocity 

of 5 cm/min, tryptophan exhibited a PC of 1.02 ± 0.00 and a PW of 0.43 ± 0.00.

At the maximum linear velocity of 10 cm/min, tryptophan exhibited a PC of 1.00 ±

0.01 and a PW of 0.52 ± 0.02.  With a linear velocity of 1.25 cm/min,   BSA 

demonstrated a  PC of 0.96 ± 0.01 and a PW of 0.54 ± 0.01.  At a linear velocity 

of 5 cm/min, BSA exhibited a PC of 0.60 ± 0.01 and a PW of 0.54 ± 0.05.  At the 

maximum linear velocity of 10 cm/min, BSA exhibited a PC of 0.54 ± 0.00 and a 

PW of 0.35 ± 0.03. With a linear velocity of 1.25 cm/min,  fibrinogen 

demonstrated a  PC of 0.48 ± 0.00 and a PW of 0.20 ± 0.01.  At a linear velocity 
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of 5 cm/min, fibrinogen exhibited a PC of 0.43 ± 0.00 and a PW of 0.10 ± 0.00.

At the maximum linear velocity of 10 cm/min, fibrinogen exhibited a PC of 0.45 ±

0.00 and a PW of 0.11 ± 0.03. With a linear velocity of 1.25 cm/min,  blue dextran 

demonstrated a  PC of 0.45 ± 0.00 and a PW of 0.09 ± 0.01.  At a linear velocity 

of 5 cm/min, blue dextran exhibited a PC of 0.40 ± 0.00 and a PW of 0.08 ± 0.00.

At the maximum linear velocity of 10 cm/min, blue dextran exhibited a PC of 0.40 

± 0.00 and a PW of 0.40 ± 0.06. 

Table 3 presents the pulse-flow transport characteristics for crosslinked 

and DEAE-derivatized  2 wt. % cellulose supports. With a linear velocity of 1.25 

cm/min,   tryptophan demonstrated a  PC of 1.21 ± 0.09 and a PW of 0.35 ± 0.05.  

At a linear velocity of 5 cm/min, tryptophan exhibited a PC of 0.98 ± 0.00 and a 

PW of 0.37 ± 0.02.  At the maximum linear velocity of 10 cm/min, tryptophan 

exhibited a PC of 1.02 ± 0.02 and a PW of 0.55 ± 0.10.  With a linear velocity of 

1.25 cm/min,   BSA demonstrated a  PC of 0.96 ± 0.16 and a PW of 0.53 ± 0.04.

At a linear velocity of 5 cm/min, BSA exhibited a PC of 0.45 ± 0.00 and a PW of 

0.35 ± 0.02.  At the maximum linear velocity of 10 cm/min, BSA exhibited a PC of 

0.52 ± 0.03 and a PW of 0.21 ± 0.00. With a linear velocity of 1.25 cm/min,  

fibrinogen demonstrated a  PC of 0.43 ± 0.01 and a PW of 0.10 ± 0.00.  At a 

linear velocity of 5 cm/min, fibrinogen exhibited a PC of 0.38 ± 0.01 and a PW of 

0.07 ± 0.01.  At the maximum linear velocity of 10 cm/min, fibrinogen exhibited a 

PC of 0.44 ± 0.02 and a PW of 0.10 ± 0.01. With a linear velocity of 1.25 cm/min,  

blue dextran demonstrated a  PC of 0.45 ± 0.00 and a PW of 0.10 ± 0.00.  At a 

linear velocity of 5 cm/min, blue dextran exhibited a PC of 0.40 ± 0.00 and a PW 

of 0.10 ± 0.00.  At the maximum linear velocity of 10 cm/min, blue dextran 

exhibited a PC of 0.44 ± 0.00 and a PW of 0.10 ± 0.00. 

Table 4 presents the pulse-flow transport characteristics for native   6 wt. 

% cellulose supports. With a linear velocity of 1.25 cm/min,   tryptophan 

demonstrated a  PC of 1.10 ± 0.00 and a PW of 0.30 ± 0.00.  At a linear velocity 



 54 

of 5 cm/min, tryptophan exhibited a PC of 1.01 ± 0.00 and a PW of 0.35 ± 0.00.

At the maximum linear velocity of 10 cm/min, tryptophan exhibited a PC of 1.16 ±

0.01 and a PW of 0.48 ± 0.02.  With a linear velocity of 1.25 cm/min,   BSA 

demonstrated a  PC of 0.86 ± 0.00 and a PW of 1.05 ± 0.00.  At a linear velocity 

of 5 cm/min, BSA exhibited a PC of 0.50 ± 0.00 and a PW of 0.24 ± 0.01.  At the 

maximum linear velocity of 10 cm/min, BSA exhibited a PC of 0.52 ± 0.02 and a 

PW of 0.18 ± 0.01. With a linear velocity of 1.25 cm/min, fibrinogen demonstrated 

a  PC of 0.47 ± 0.01 and a PW of 0.10 ± 0.01.  At a linear velocity of 5 cm/min, 

fibrinogen exhibited a PC of 0.43 ± 0.02 and a PW of 0.08 ± 0.00.  At the 

maximum linear velocity of 10 cm/min, fibrinogen exhibited a PC of 0.48 ± 0.02 

and a PW of 0.10 ± 0.01. With a linear velocity of 1.25 cm/min,  blue dextran 

demonstrated a  PC of 0.45 ± 0.00 and a PW of 0.10 ± 0.00.  At a linear velocity 

of 5 cm/min, blue dextran exhibited a PC of 0.53 ± 0.00 and a PW of 0.06 ± 0.01.

At the maximum linear velocity of 10 cm/min, blue dextran exhibited a PC of 0.48 

± 0.01 and a PW of 0.07 ± 0.02. 

Table 5 presents the pulse-flow transport characteristics for crosslinked 6 

wt. % cellulose supports. With a linear velocity of 1.25 cm/min,   tryptophan 

demonstrated a  PC of 1.12 ± 0.02 and a PW of 0.43 ± 0.03.  At a linear velocity 

of 5 cm/min, tryptophan exhibited a PC of 1.00 ± 0.00 and a PW of 0.53 ± 0.00.

At the maximum linear velocity of 10 cm/min, tryptophan exhibited a PC of 1.11 ±

0.02 and a PW of 0.69 ± 0.01.  With a linear velocity of 1.25 cm/min,   BSA 

demonstrated a  PC of 0.57 ± 0.00 and a PW of 0.48 ± 0.00.  At a linear velocity 

of 5 cm/min, BSA exhibited a PC of 0.41 ± 0.00 and a PW of 0.19 ± 0.01.  At the 

maximum linear velocity of 10 cm/min, BSA exhibited a PC of 0.46 ± 0.01 and a 

PW of 0.18 ± 0.00. With a linear velocity of 1.25 cm/min, fibrinogen demonstrated 

a  PC of 0.44 ± 0.00 and a PW of 0.18 ± 0.00.  At a linear velocity of 5 cm/min, 

fibrinogen exhibited a PC of 0.40 ± 0.02 and a PW of 0.12 ± 0.00.  At the 

maximum linear velocity of 10 cm/min, fibrinogen exhibited a PC of 0.41 ± 0.00 
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and a PW of 0.15 ± 0.01. With a linear velocity of 1.25 cm/min,  blue dextran 

demonstrated a  PC of 0.43 ± 0.00 and a PW of 0.17 ± 0.01.  At a linear velocity 

of 5 cm/min, blue dextran exhibited a PC of 0.41 ± 0.00 and a PW of 0.12 ± 0.00.

At the maximum linear velocity of 10 cm/min, blue dextran exhibited a PC of 0.45 

± 0.00 and a PW of 0.16 ± 0.00. 

Table 6 presents the pulse-flow transport characteristics for crosslinked 

and DEAE-derivatized 6 wt. % cellulose supports. With a linear velocity of 1.25 

cm/min,   tryptophan demonstrated a  PC of 1.27 ± 0.00 and a PW of 0.55 ± 0.00.  

At a linear velocity of 5 cm/min, tryptophan exhibited a PC of 0.93 ± 0.00 and a 

PW of 0.55 ± 0.01.  At the maximum linear velocity of 10 cm/min, tryptophan 

exhibited a PC of 0.88 ± 0.01 and a PW of 0.71 ± 0.07.  With a linear velocity of 

1.25 cm/min,   BSA demonstrated a  PC of 0.43 ± 0.00 and a PW of 0.20 ± 0.00.

At a linear velocity of 5 cm/min, BSA exhibited a PC of 0.41 ± 0.02 and a PW of 

0.12 ± 0.01.  At the maximum linear velocity of 10 cm/min, BSA exhibited a PC of 

0.36 ± 0.02 and a PW of 0.11 ± 0.00. With a linear velocity of 1.25 cm/min, 

fibrinogen demonstrated a  PC of 0.39 ± 0.01 and a PW of 0.10 ± 0.00.  At a 

linear velocity of 5 cm/min, fibrinogen exhibited a PC of 0.36 ± 0.00 and a PW of 

0.11 ± 0.01.  At the maximum linear velocity of 10 cm/min, fibrinogen exhibited a 

PC of 0.38 ± 0.00 and a PW of 0.15 ± 0.13. With a linear velocity of 1.25 cm/min,  

blue dextran demonstrated a  PC of 0.42 ± 0.00 and a PW of 0.10 ± 0.01.  At a 

linear velocity of 5 cm/min, blue dextran exhibited a PC of 0.39 ± 0.00 and a PW 

of 0.04 ± 0.00.  At the maximum linear velocity of 10 cm/min, blue dextran 

exhibited a PC of 0.39 ± 0.00 and a PW of 0.10 ± 0.00. 

Table 7 presents the pulse-flow transport characteristics for native 10 wt. 

% cellulose supports. With a linear velocity of 1.25 cm/min,   tryptophan 

demonstrated a  PC of 1.11 ± 0.13 and a PW of 0.47 ± 0.00.  At a linear velocity 

of 5 cm/min, tryptophan exhibited a PC of 0.95 ± 0.15 and a PW of 0.60 ± 0.05.

At the maximum linear velocity of 10 cm/min, tryptophan exhibited a PC of 0.96 ±
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0.07 and a PW of 0.74 ± 0.07.  With a linear velocity of 1.25 cm/min,   BSA 

demonstrated a  PC of 0.46 ± 0.00 and a PW of 0.17 ± 0.00.  At a linear velocity 

of 5 cm/min, BSA exhibited a PC of 0.40 ± 0.00 and a PW of 0.22 ± 0.02.  At the 

maximum linear velocity of 10 cm/min, BSA exhibited a PC of 0.46 ± 0.02 and a 

PW of 0.24 ± 0.06. With a linear velocity of 1.25 cm/min, fibrinogen demonstrated 

a  PC of 0.40 ± 0.00 and a PW of 0.15 ± 0.00.  At a linear velocity of 5 cm/min, 

fibrinogen exhibited a PC of 0.35 ± 0.01 and a PW of 0.19 ± 0.01.  At the 

maximum linear velocity of 10 cm/min, fibrinogen exhibited a PC of 0.39 ± 0.01 

and a PW of 0.20 ± 0.02. With a linear velocity of 1.25 cm/min,  blue dextran 

demonstrated a  PC of 0.45 ± 0.07 and a PW of 0.18 ± 0.06.  At a linear velocity 

of 5 cm/min, blue dextran exhibited a PC of 0.41 ± 0.03 and a PW of 0.14 ± 0.04.

At the maximum linear velocity of 10 cm/min, blue dextran exhibited a PC of 0.41 

± 0.03 and a PW of 0.22 ± 0.12. 

Table 8 presents the pulse-flow transport characteristics for crosslinked 10 

wt. % cellulose supports. With a linear velocity of 1.25 cm/min,   tryptophan 

demonstrated a  PC of 1.16 ± 0.05 and a PW of 0.32 ± 0.05.  At a linear velocity 

of 5 cm/min, tryptophan exhibited a PC of 0.98 ± 0.00 and a PW of 0.37 ± 0.02.

At the maximum linear velocity of 10 cm/min, tryptophan exhibited a PC of 1.02 ±

0.02 and a PW of 0.55 ± 0.10.  With a linear velocity of 1.25 cm/min,   BSA 

demonstrated a  PC of 0.43 ± 0.00 and a PW of 0.12 ± 0.00.  At a linear velocity 

of 5 cm/min, BSA exhibited a PC of 0.45 ± 0.00 and a PW of 0.35 ± 0.02.  At the 

maximum linear velocity of 10 cm/min, BSA exhibited a PC of 0.52 ± 0.03 and a 

PW of 0.21 ± 0.00. With a linear velocity of 1.25 cm/min, fibrinogen demonstrated 

a  PC of 0.41 ± 0.01 and a PW of 0.08 ± 0.00.  At a linear velocity of 5 cm/min, 

fibrinogen exhibited a PC of 0.38 ± 0.01 and a PW of 0.07 ± 0.01.  At the 

maximum linear velocity of 10 cm/min, fibrinogen exhibited a PC of 0.44 ± 0.02 

and a PW of 0.10 ± 0.01. With a linear velocity of 1.25 cm/min,  blue dextran 

demonstrated a  PC of 0.40 ± 0.00 and a PW of 0.07 ± 0.00.  At a linear velocity 
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of 5 cm/min, blue dextran exhibited a PC of 0.36 ± 0.00 and a PW of 0.06 ± 0.00.

At the maximum linear velocity of 10 cm/min, blue dextran exhibited a PC of 0.38 

± 0.03 and a PW of 0.07 ± 0.01. 

Table 9 presents the pulse-flow transport characteristics for crosslinked 

and DEAE-derivatized 10 wt. % cellulose supports. With a linear velocity of 1.25 

cm/min,   tryptophan demonstrated a  PC of 1.25 ± 0.02 and a PW of 0.43 ± 0.03.  

At a linear velocity of 5 cm/min, tryptophan exhibited a PC of 1.03 ± 0.00 and a 

PW of 0.61 ± 0.01.  At the maximum linear velocity of 10 cm/min, tryptophan 

exhibited a PC of 1.03 ± 0.01 and a PW of 0.70 ± 0.00.  With a linear velocity of 

1.25 cm/min,   BSA demonstrated a  PC of 0.46 ± 0.00 and a PW of 0.06 ± 0.01.

At a linear velocity of 5 cm/min, BSA exhibited a PC of 0.42 ± 0.02 and a PW of 

0.04 ± 0.01.  At the maximum linear velocity of 10 cm/min, BSA exhibited a PC of 

0.44 ± 0.02 and a PW of 0.04 ± 0.00. With a linear velocity of 1.25 cm/min, 

fibrinogen demonstrated a  PC of 0.45 ± 0.00 and a PW of 0.05 ± 0.00.  At a 

linear velocity of 5 cm/min, fibrinogen exhibited a PC of 0.40 ± 0.00 and a PW of 

0.05 ± 0.00.  At the maximum linear velocity of 10 cm/min, fibrinogen exhibited a 

PC of 0.37 ± 0.07 and a PW of 0.03 ± 0.00. With a linear velocity of 1.25 cm/min,  

blue dextran demonstrated a  PC of 0.42 ± 0.01 and a PW of 0.06 ± 0.00.  At a 

linear velocity of 5 cm/min, blue dextran exhibited a PC of 0.38 ± 0.00 and a PW 

of 0.06 ± 0.00.  At the maximum linear velocity of 10 cm/min, blue dextran 

exhibited a PC of 0.42 ± 0.00 and a PW of 0.05 ± 0.06. 

Static binding capacity studies 

 Results of the static binding capacity studies are shown in Figures 38 – 

39.   Equilibrium isotherms for the  static binding of BSA to 2 wt. % CL-DEAE 

cellulose, Whatman DE-52 cellulose and FF-Sepharose supports are shown in 

Figure 36 using 39 mM Tris-phosphate, pH 8.6. Equilibrium isotherms for the 

static binding of BSA to 2, 6 and 10 wt. % CL-DEAE cellulose supports are 
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shown in Figure 37 using 50 mM Tris-Base, pH 8.3. Equilibrium isotherms for the 

static binding of hFib to 2 wt. % CL-DEAE cellulose, Whatman DE-52 and FF-

Sepharose supports are shown in Figure 38 using 50 mM Tris-Base/0.15 M 

NaCl, pH 8.3. Equilibrium isotherms for the static binding of BSA to 3.5 wt. % CL-

Q cellulose  and FF-Sepharose supports are shown in Figure 39 using 15 mM 

sodium phosphate, pH 7.8.  

Dynamic binding capacity studies

 Table 10 presents the results of the dynamic binding capacity studies  for 

the  2 wt. % CL-DEAE cellulose supports using 50 mM Tris-Base buffer (pH 8.6) 

containing varying concentrations of NaCl (0, 20, 35, 50 and 100 mM NaCl).  

With 100 mM NaCl, the % breakthrough (BT) values were 23 % and 43 %.  The 

buffer conductivity was 10.9 mψ. The dynamic binding capacities were 3.0 mg/ml  

and 4.5 mg/ml. The % loss in the feed fractions were 12.0 % and 9.1 %. The % 

loss in the wash fractions (CV/wash) were 44.0 % and 34.5 % (12 CV).  The % 

yield elute  values were 23.0 % and 65.5 %.  With 50 mM NaCl, the % BT values 

were 33 % and 25 %.  The buffer conductivity was 5.7 mψ. The dynamic binding 

capacities were 15.0 mg/ml  and 14.5 mg/ml. The % loss in the feed fractions 

were 3.1 % and 3.3 %. The % loss in the wash fractions (CV/wash) were 7.62 % 

and 6.7 % (3 CV).  The % yield elute  values were 80.0 % and 84.0 %. With 35 

mM NaCl, the % breakthrough (BT) was 24 %.  The buffer conductivity was 4.6 

mψ. The dynamic binding capacity was 15.5 mg/ml. The % loss in the feed 

fraction was 3.0 %. The % loss in the wash fraction (CV/wash) was 1.5 %  (2 

CV).  The % yield elute value was 95.0 %. With 20 mM NaCl, the % BT values 

were 23 % and 23 %.  The buffer conductivity was 2.8 mψ. The dynamic binding 

capacities were 9.0 mg/ml  and 8.5 mg/ml. The % loss in the feed fractions were 

8.5 % and 9.1 %. The % loss in the wash fractions (CV/wash) were 1.10 % and 

1.25 % (2 CV).  The % yield elute  values were 94.0 % and 87.5 %. With 0 mM 

NaCl, the % BT values were 25 % and 30 %.  The buffer conductivity was 0.9 

mψ. The dynamic binding capacities were 1.5 mg/ml  and 2.0 mg/ml. The % loss 
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in the feed fractions were 2.2 % and 8.0 %. The % loss in the wash fractions 

(CV/wash) were 5.5 % and 5.0 % (2 CV).  The % yield elute  values were 83.0 % 

and 81.0 %. 

Table 11  presents the results of the dynamic binding capacity studies  for 

the  2 wt. % CL-DEAE cellulose supports using 15 mM sodium phosphate  buffer 

(pH 7.8) containing varying concentrations of NaCl (0, 20, 50 and 100 mM NaCl).  

With 100 mM NaCl, the % BT values were 20.5 % and 28.0 %.  The buffer 

conductivity was 10.4 mψ. The dynamic binding capacities were 1.7 mg/ml  and 

1.7 mg/ml. The % loss in the feed fractions were 6.4 % and 7.0 %. The % loss in 

the wash fractions (CV/wash) were 45 % and 60 % (12 CV).  The % yield elute 

values were 42 % and 41 %. With 50 mM NaCl, the % BT was 23 %.  The buffer 

conductivity was 6.0 mψ. The dynamic binding capacity was 9.6 mg/ml. The % 

loss in the feed fraction was 4.33 %. The % loss in the wash fraction (CV/wash) 

was 78 % (5 CV).  The % yield elute was 78 %. With 20 mM NaCl, the % BT 

values were 23 % and 23 %.  The buffer conductivity was 4.5 mψ. The dynamic 

binding capacities were 18.0 mg/ml  and 17.1 mg/ml. The % loss in the feed 

fractions were 4.0 % and 3.5 %. The % loss in the wash fractions (CV/wash) 

were 5 % and 7 % (2 CV).  The % yield elute values were 88 % and 71 %. With 

wihout NaCl present, the % BT was 17 %.  The buffer conductivity was 3.0 mψ.

The dynamic binding capacity was 23 mg/ml. The % loss in the feed fraction was 

2.0 %. The % loss in the wash fraction (CV/wash) was 1.3 % (2 CV).  The % 

yield elute was 95 %. 

Table 12  presents the results of the dynamic binding capacity studies  for 

DEAE FF-Sepharose supports using 15 mM sodium phosphate  buffer (pH 7.8) 

containing varying concentrations of NaCl (0, 20, 50 and 100 mM NaCl).  With 

100 mM NaCl, the % BT was 23.6 %.  The buffer conductivity was 9.4 mψ. The 

dynamic binding capacity was 5.0 mg/ml. The % loss in the feed fraction was 8.0 

%. The % loss in the wash fraction (CV/wash) was 45 % (15 CV).  The % yield 

elute was 56 %. With 50 mM NaCl, the % BT was 20 %.  The buffer conductivity 
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was 6.1 mψ. The dynamic binding capacity was 14.5 mg/ml. The % loss in the 

feed fraction was 9.4 %. The % loss in the wash fraction (CV/wash) was 24 % 

(20 CV).  The % yield elute was 58 %. With 20 mM NaCl, the % BT was 47 %.  

The buffer conductivity was 4.2 mψ. The dynamic binding capacity was 27.0 

mg/ml. The % loss in the feed fraction was 11.0 %. The % loss in the wash 

fraction (CV/wash) was 17 % (15 CV).  The % yield elute was 65 %. Without  

NaCl present, the % BT was 20 %.  The buffer conductivity was 2.0  mψ. The 

dynamic binding capacity was 35.5 mg/ml. The % loss in the feed fraction was 

6.0 %. The % loss in the wash fraction (CV/wash) was 19 % (8 CV).  The % yield 

elute was 75 %. 

Table 13  presents the results of the dynamic binding capacity studies  for 

2.0 wt. % CL-DEAE cellulose  supports using  sodium phosphate  buffer (pH 7.8) 

containing varying concentrations of NaCl (0, and 20 mM NaCl).  Using 40 mM 

sodium phosphate with 20 mM NaCl, the % BT was 27.0 %.  The buffer 

conductivity was 6.9 mψ. The dynamic binding capacity was 5.0 mg/ml. The % 

loss in the feed fraction was 4.0 %. The % loss in the wash fraction (CV/wash) 

was 18.0 %.   The % yield elute was 89 %. Using 40 mM sodium phosphate 

without NaCl present, the % BT was 23.7 %.  The buffer conductivity was 5.7 

mψ. The dynamic binding capacity was 7.5 mg/ml. The % loss in the feed fraction 

was 6.0 %. The % loss in the wash fraction (CV/wash) was 26.0 %.   The % yield 

elute was 71 %. Using 25 mM sodium phosphate without NaCl present, the % BT 

was 24.0 %.  The buffer conductivity was 3.3 mψ. The dynamic binding capacity 

was 16.0 mg/ml. The % loss in the feed fraction was 3.0 %. The % loss in the 

wash fraction (CV/wash) was 8.0 %.   The % yield elute was 80 %. Using 15 mM 

sodium phosphate without NaCl present, the % BT was 17.0 %.  The buffer 

conductivity was 3.0 mψ. The dynamic binding capacity was 23.0 mg/ml. The % 

loss in the feed fraction was 2.0 %. The % loss in the wash fraction (CV/wash) 

was 1.3 %.   The % yield elute was 95 %. 
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Table 14  presents the results of the dynamic binding capacity studies  for 

3.5 wt. % CL-DEAE cellulose  supports using  50 mM Tris-Base buffer (pH 8.6) 

containing varying concentrations of NaCl (0, 35 and 50 mM NaCl).  With 50 mM 

NaCl, the % BT was 20 %.  The buffer conductivity was 6.2 mψ. The dynamic 

binding capacity was 24.0 mg/ml. The % loss in the feed fraction was 2.2 %. The 

% loss in the wash fraction (CV/wash) was 6.0 % (2 – 3 CV).   The % yield elute 

was 91 %. With 35 mM NaCl, the % BT was 20 %.  The buffer conductivity was 

4.4 mψ. The dynamic binding capacity was 16.9 mg/ml. The % loss in the feed 

fraction was 8.0 %. The % loss in the wash fraction (CV/wash) was < 1.0 % (1 – 

2 CV).   The % yield elute was 92 %. With no NaCl present, the % BT was 44 %.  

The buffer conductivity was 1.1 mψ. The dynamic binding capacity was only 2.2 

mg/ml. The % loss in the feed fraction was 20.0 %. The % loss in the wash 

fraction (CV/wash) was 5.0 % (1 – 2 CV).   The % yield elute was 75 %. 

Table 15  presents the results of the dynamic binding capacity studies  for 

3.5 wt. % CL-DEAE cellulose  supports using  15 mM sodium phosphate buffer 

(pH 7.8) containing varying concentrations of NaCl (0 and 50 mM NaCl).  With 50 

mM NaCl, the % BT was 22 %.  The buffer conductivity was 6.2 mψ. The 

dynamic binding capacity was 11.5 mg/ml. The % loss in the feed fraction was 

6.0 %. The % loss in the wash fraction (CV/wash) was 8.5 % (3 – 4 CV).   The % 

yield elute was 85 %. With no NaCl present, the % BT was 23 %.  The buffer 

conductivity was 2.1 mψ. The dynamic binding capacity was 21.3 mg/ml. The % 

loss in the feed fraction was 5.0 %. The % loss in the wash fraction (CV/wash) 

was < 1.0 % (1 – 2 CV).   The % yield elute was 95 %. 

Table 16  presents the results of the dynamic binding capacity studies  for 

DEAE FF-Sepharose supports using  15 mM sodium phosphate buffer (pH 7.8) 

containing varying concentrations of NaCl (0, 20, 50  and 100 mM NaCl).  With 

100 mM NaCl, the % BT was 23.6 %.  The buffer conductivity was 9.4 mψ. The 

dynamic binding capacity was 5.0 mg/ml. The % loss in the feed fraction was 8.0 

%. The % loss in the wash fraction (CV/wash) was 45 % (15 CV).   The % yield 
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elute was 56 %. With 50 mM NaCl, the % BT was 20 %.  The buffer conductivity 

was 6.1 mψ. The dynamic binding capacity was 14.5 mg/ml. The % loss in the 

feed fraction was 9.4 %. The % loss in the wash fraction (CV/wash) was 24 % 

(20 CV).   The % yield elute was 58 %. With 20 mM NaCl, the % BT was 47 %.  

The buffer conductivity was 4.2 mψ. The dynamic binding capacity was 27.0 

mg/ml. The % loss in the feed fraction was 11.0 %. The % loss in the wash 

fraction (CV/wash) was 17 % (15 CV).   The % yield elute was 65 %. With no 

NaCl present, the % BT was 20 %.  The buffer conductivity was 2.0 mψ. The 

dynamic binding capacity was 35.5 mg/ml. The % loss in the feed fraction was 

6.0 %. The % loss in the wash fraction (CV/wash) was 19 % (10 CV).   The % 

yield elute was 74 %. 

Table 17 presents the results of the dynamic binding capacity studies  for 

3.5 wt. % CL-DEAE cellulose supports, DEAE FF-Sepharose supports, 3.5 wt. % 

CL-Q cellulose supports and Q FF-Sepharose supports using  15 mM sodium 

phosphate buffer (pH 7.8). The buffer conductivity was 2.1 mψ. BSA (1 mg/ml) 

was loaded at linear velocity of 10 cm/min. For the 3.5 wt. % CL-DEAE cellulose 

supports (column dimensions: 90 × 1.6 cm I.D.) the % BT was 23.0 %. The 

column backpressure was 2 – 3 PSI. The dynamic binding capacity was 21.3 

mg/ml. The % loss in the feed fraction was 5.0 %. The % loss in the wash 

fraction (CV/wash) was < 1.0 % (1 – 2  CV).   The % yield elute was 95 %. For 

the DEAE FF-Sepharose supports (column dimensions: 15 × 2.5 cm I.D.) the % 

BT was 20.0 %. The column backpressure was 20 – 25 PSI. The dynamic 

binding capacity was 35.5 mg/ml. The % loss in the feed fraction was 6.0 %. The 

% loss in the wash fraction (CV/wash) was 19.0 % (8 – 10  CV).   The % yield 

elute was 75 %. For the 3.5 wt. % CL-Q cellulose supports (column dimensions: 

90 × 1.6 cm I.D.) the % BT was 20.0 %. The column backpressure was 2 – 3 

PSI. The dynamic binding capacity was 30.5 mg/ml. The % loss in the feed 

fraction was 1.0 %. The % loss in the wash fraction (CV/wash) was 2.0 % (1 – 2  

CV).   The % yield elute was 96 %. For the Q FF-Sepharose supports (column 

dimensions: 15 × 2.5 cm I.D.) the % BT was 21.0 %. The column backpressure 
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was 20 – 25 PSI. The dynamic binding capacity was 45.5 mg/ml. The % loss in 

the feed fraction was 2.0 %. The % loss in the wash fraction (CV/wash) was 10.0 

% (20 – 25  CV).   The % yield elute was 88 %. 

Table 18 presents the results of the dynamic binding capacity studies  for 

2.0, 3.5, 6.0 and 10.0 wt. % Q cellulose supports, and Q FF-Sepharose supports, 

using  40 mM Tris phosphate buffer (pH 8.6).  Column dimensions for the Q 

cellulose supports were 90 × 1.6 cm I.D. The column backpressure range  was 2 

– 3 PSI. Column dimensions for the Q FF-Sepharose supports were 15 × 2.5 cm 

I.D. The column backpressure range  for the FF-Sepharose supports was 20 – 

25 PSI. BSA (1 mg/ml) was loaded at linear velocity of 10 cm/min. For the 2.0  

wt. % Q cellulose supports, the % BT was 31 %.  The buffer conductivity was 4.2 

mψ. The dynamic binding capacity was 10.4 mg/ml. The % loss in the feed 

fraction was 7.0 %. The % loss in the wash fraction (CV/wash) was 3.0 % (1 – 2  

CV).   The % yield elute was 88 %. For the 3.5  wt. % Q cellulose supports, the % 

BT was 20 %.  The buffer conductivity was 4.3 mψ. The dynamic binding 

capacity was 17.6 mg/ml. The % loss in the feed fraction was 3.5 %. The % loss 

in the wash fraction (CV/wash) was 2.0 % (1 – 2  CV).   The % yield elute was 92 

%. For the 6.0  wt. % Q cellulose supports, the % BT was 17 %.  The buffer 

conductivity was 4.2 mψ. The dynamic binding capacity was 16.8 mg/ml. The % 

loss in the feed fraction was 5.0 %. The % loss in the wash fraction (CV/wash) 

was 2.0 % (1 – 2  CV).   The % yield elute was 91 %. For the 10.0  wt. % Q 

cellulose supports, the % BT was 13 %.  The buffer conductivity was 4.3 mψ. The 

dynamic binding capacity was 16.5 mg/ml. The % loss in the feed fraction was 

3.5 %. The % loss in the wash fraction (CV/wash) was 5.0 % (1 – 2  CV).   The % 

yield elute was 88 %.  For the Q FF-Sepharose supports, the % BT was 42 %.  

The buffer conductivity was 4.2 mψ. The dynamic binding capacity was 21.4 

mg/ml. The % loss in the feed fraction was 5.0 %. The % loss in the wash 

fraction (CV/wash) was 20.0 % (> 6 CV).   The % yield elute was 60 %. 
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Table 19 presents the results of the dynamic binding capacity studies  for 

2.0, 3.5, 6.0 and 10.0 wt. % Q cellulose supports, and Q FF-Sepharose supports, 

using  50 mM Tris-Base buffer (pH 7.8).  Column dimensions for the Q cellulose 

supports were 90 × 1.6 cm I.D. The column backpressure range was 2 – 3 PSI. 

Column dimensions for the Q FF-Sepharose supports were 15 × 2.5 cm I.D. The 

column backpressure range  for the Q FF-Sepharose supports was 20 – 25 PSI. 

BSA (1 mg/ml) was loaded at linear velocity of 10 cm/min. For the 2.0  wt. % Q 

cellulose supports, the % BT was 21 %.  The buffer conductivity was 1.0 mψ. The 

dynamic binding capacity was 10.8 mg/ml. The % loss in the feed fraction was 

6.5 %. The % loss in the wash fraction (CV/wash) was 8.5 % (2 –  3 CV).   The % 

yield elute was 73 %. For the 3.5  wt. % Q cellulose supports, the % BT was 50 

%.  The buffer conductivity was 1.0 mψ. The dynamic binding capacity was 3.9 

mg/ml. The % loss in the feed fraction was 25.0 %. The % loss in the wash 

fraction (CV/wash) was 5.0 % (1 –  2 CV).   The % yield elute was 68 %. For the 

6.0  wt. % Q cellulose supports, the % BT was 58 %.  The buffer conductivity was 

1.1 mψ. The dynamic binding capacity was 1 – 2 mg/ml. The % loss in the feed 

fraction was 16.0 %. The % loss in the wash fraction (CV/wash) was 13.0 % (1 –  

2 CV).   The % yield elute was 70 %. For the 10.0  wt. % Q cellulose supports, 

the % BT was 32 %.  The buffer conductivity was 1.0 mψ. The dynamic binding 

capacity was 1 – 2  mg/ml. The % loss in the feed fraction was 4.0 %. The % loss 

in the wash fraction (CV/wash) was 5.0 % (1 –  2 CV).   The % yield elute was 87 

%. For the Q FF-Sepharose  supports, the % BT was 53%.  The buffer 

conductivity was 1.0 mψ. The dynamic binding capacity was 20.0 mg/ml. The % 

loss in the feed fraction was 3.2 %. The % loss in the wash fraction (CV/wash) 

was 16.5 % (1 –  2 CV).   The % yield elute was 80 %. 

Table 20 presents the results of the dynamic binding capacity studies  for 

3.5 wt. % Q cellulose and Q FF-Sepharose supports, using  15 mM sodium 

phosphate buffer (pH 7.8).  Column dimensions for the Q cellulose supports were 

90 × 1.6 cm I.D. The column backpressure range was 2 – 3 PSI. Column 

dimensions for the Q FF-Sepharose supports were 15 × 2.5 cm I.D. The column 
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backpressure range  for the Q FF-Sepharose supports was 20 – 25 PSI. BSA (1 

mg/ml) was loaded at linear velocity of 10 cm/min. For the 3.5  wt. % Q cellulose 

supports, the % BT was 20 %.  The buffer conductivity was 2.1 mψ. The dynamic 

binding capacity was 30.5  mg/ml. The % loss in the feed fraction was 1.0  %. 

The % loss in the wash fraction (CV/wash) was 2.0 % (2 –  3 CV).   The % yield 

elute was 96 %. For the Q FF-Sepharose supports, the % BT was 21 %.  The 

buffer conductivity was 2.1 mψ. The dynamic binding capacity was 45.5 mg/ml. 

The % loss in the feed fraction was 2.0  %. The % loss in the wash fraction 

(CV/wash) was 10.0 % (25 CV).   The % yield elute was 88 %. 

Table 21 presents the results of the dynamic binding capacity studies  for 

2.0, 6.0 and 10.0 wt. % Q cellulose supports, and Q FF-Sepharose supports, 

using  50 mM Tris-Base buffer (pH 7.8) containing 100 mM NaCl.  Column 

dimensions for the Q cellulose supports were 90 × 1.6 cm I.D. The column 

backpressure range was 2 – 3 PSI. Column dimensions for the Q FF-Sepharose 

supports were 15 × 2.5 cm I.D. The column backpressure range  for the Q FF-

Sepharose supports was 20 – 25 PSI. BSA (1 mg/ml) was loaded at  a linear 

velocity of 10 cm/min. For the 2.0  wt. % Q cellulose supports, the % BT was 24 

%.  The buffer conductivity was 9.7  mψ. The dynamic binding capacity was 5.2 

mg/ml. The % loss in the feed fraction was 5.0 %. The % loss in the wash 

fraction (CV/wash) was 16.0  % (3 –  4 CV).   The % yield elute was 73 %. For 

the 6.0  wt. % Q cellulose supports, the % BT was 23 %.  The buffer conductivity 

was 9.7  mψ. The dynamic binding capacity was 6.8 mg/ml. The % loss in the 

feed fraction was 6.5 %. The % loss in the wash fraction (CV/wash) was 27.0  % 

(> 6 CV).   The % yield elute was 68 %. For the 10.0  wt. % Q cellulose supports, 

the % BT was 23 %.  The buffer conductivity was 9.8  mψ. The dynamic binding 

capacity was 11.6 mg/ml. The % loss in the feed fraction was 8.5 %. The % loss 

in the wash fraction (CV/wash) was 5.5  % (2 –  3 CV).   The % yield elute was 

92 %. For the Q FF-Sepharose supports, the % BT was 48 %.  The buffer 

conductivity was 9.7  mψ. The dynamic binding capacity was 27.8 mg/ml. The % 
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loss in the feed fraction was 3.5 %. The % loss in the wash fraction (CV/wash) 

was 16.5  % (3 –  4 CV).   The % yield elute was 80 %. 

Figure 40 illustrates the effect of column length on dynamic binding 

capacity for 2 wt. % CL-DEAE cellulose supports.  The dynamic binding 

capacities of   2 wt. % CL-DEAE cellulose supports  were determined for BSA (1 

mg/ml) with various column lengths at a constant linear velocity of 10 cm/min 

using 15 mM sodium phosphate, pH 7.8. The buffer conductivity was 2.1 mψ.

The internal column diameter was 1.6 cm.    The % BT was approximately 20 % 

for each chromatography experiment.   At L = 20 cm, the dynamic binding 

capacity was 4.3 mg/ml.  The column backpressure was 0.8 PSI. The total 

amount of BSA captured was 172 mg, giving an 86 % yield. At L = 40 cm, the 

dynamic binding capacity was 9.6 mg/ml.  The column backpressure was 1.1  

PSI. The total amount of BSA captured was 768 mg, giving an 88 % yield. At L = 

60 cm, the dynamic binding capacity was 14.7 mg/ml.  The column backpressure 

was 1.6 PSI. The total amount of BSA captured was 1,764 mg, giving a 92 % 

yield. At L = 90 cm, the dynamic binding capacity was 23 mg/ml.  The column 

backpressure was 2.4 PSI. The total amount of BSA captured was 4,140 mg, 

giving an 95 % yield. 

Figure 41 illustrates the effect of column length on dynamic binding 

capacity for 3.5 wt. % CL-DEAE cellulose supports where dynamic binding 

capacity (DBC) is plotted against the adsorption number (NR).  The dynamic 

binding capacities of 3.5 wt. % CL-DEAE cellulose supports were determined for 

BSA (1 mg/ml) with various column lengths at linear velocities of 1, 2, 5 and 10 

cm/min using 15 mM sodium phosphate, pH 7.8. The buffer conductivity was 2.1 

mψ.  The internal column diameter was 1.6 cm. The  % BT was 20 – 25 % for 

each chromatographic experiment.  After washing the column to baseline, with 1 

– 2 CV of binding buffer, the bound protein was eluted with 1 M NaCl.  Columns 

were conditioned with 4 M NaCl (2 CV), binding buffer (1 CV), 0.5 M NaOH (1 

CV) and then binding buffer (6 CV) again at 10 cm/min.  the shorter column 
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exhibited a wide range of dynamic binding capacities of  1 – 21 mg/ml with 

adsorption numbers  of 1 – 10.  The longer column exhibited a much narrower 

range of dynamic binding capacities of   22 – 30 mg/ml with adsorption numbers 

of between 10 – 50.  

Figure 42 shows the dynamic binding capacities (DBC)  of 2.0 and 3.5 wt. 

% CL-DEAE cellulose supports at varying buffer conductivities (ionic strengths). 

The DBC of BSA (1 mg/ml) for 2 wt. % and 3.5 wt. % CL-DEAE cellulose 

supports (90 × 1.5 cm column dimensions: 90 × 1.5 cm I.D.) were determined at 

a linear velocity of 10 cm/min.  Operating backpressures ranged from 2 – 3 PSI 

for all of the columns  and all of the supports washed to a baseline within 2 – 3 

CV following loading (except for the 3.5 wt. % CL-DEAE cellulose support using 

50 mM Tris/50 mM NaCl).  Two binding buffer systems were studied: (a)  15 mM 

sodium phosphate, pH 7.8 (monobasic + dibasic); 2 wt. % CL-DEAE (0, 20, 50 

and 100 mM NaCl), 3.5 wt. % CL-DEAE (0, 50 and 100 mM NaCl); and (b)  50 

mM Tris-HCl, pH 8.6; 2 wt. % CL-DEAE (0, 20, 50 and 100 mM NaCl), 3.5 wt. % 

CL-DEAE (0, 20, 35 and 50 mM NaCl). When loaded and washed using 50 mM 

NaCl, the 3.5 wt. % cellulose support would not wash below the 20 % BT level 

(the BSA just slowly desorbed in a trail for 10 – 20 CV).  However, when loaded 

in 50 mM NaCl and washed in Tris buffer with no NaCl present, the 3.5 wt. % 

cellulose support washed to baseline in 2 –3 CV and an accurate DBC could be 

obtained.  The DBC with 100 mM NaCl could not be determined accurately on 

the 3.5 wt. % cellulose support due to minimal binding and extensive trailing.  

 The effects of column length on the DBC of 3.5 wt. % CL-DEAE cellulose 

supports are shown in Figure 43. BSA (1 mg/ml) was loaded onto 9 × 5 cm  I.D. 

and 90 × 1.6 cm  I.D. column beds (180 ml) in 15 mM sodium phosphate pH 7.8 

buffer  to 20 – 25 % BT.  After washing the column to  baseline with 1 – 2  CV of 

binding buffer, the bound protein was eluted with 1 M NaCl.  Column beds were 

conditioned with 4 M NaCl (2 CV), binding buffer (1 CV), 0.5 M NaOH (1 CV) and 

binding buffer (6 CV)  at  a linear velocity of 10 cm/min.  With an L/D ratio of 56, 
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the longer column (90 × 1.6 cm I.D.) demonstrated a DBC range of 30 – 22 

mg/ml for linear velocities of 2 – 10 cm/min, respectively. In comparison, with an 

L/D ratio of 1.8, the shorter column (9 × 5 cm I.D.) demonstrated a DBC range of 

21 – 1 mg/ml for linear velocities of 1 – 10 cm/min, respectively.  

Typical chromatograms from the dynamic binding capacity studies with 

2.0, 6.0  and 10.0 wt. % CL-DEAE cellulose  and DEAE FF-Sepharose supports 

are shown in Figure 44 – 46.  In Figure 44, BSA (1 mg/ml) was loaded onto  2.0, 

6.0  and 10.0 wt. % CL-DEAE cellulose columns at  a linear velocity of 10 cm/min 

to an approximate 20 % BT using  standard procedures where the binding buffer 

was 39 mM Tris-phosphate, pH 8.6.  In Figure 45,  typical breakthrough curves 

are shown  for comparison of 3.5 wt % CL-DEAE cellulose and DEAE FF-

Sepharose supports. In addition,  typical breakthrough curves are shown  in 

Figure 46 for comparison of 3.5 wt % CL-DEAE cellulose and DEAE FF-

Sepharose supports. 

Application of chromatographic cellulose supports: Fibrinogen/albumin 

adsorption studies 

Initial chromatographic adsorption studies were performed with BSA and 

hFib separately to ascertain the optimal conditions for efficient adsorption using 

the 2 wt. % CL-DEAE cellulose supports.    As shown in Table 22, dynamic 

binding studies were conducted with 2, 6 and 10 wt. % CL-DEAE cellulose 

supports using three buffer systems: (1)  39 mM tris-phosphate, pH 8.6, (2)  50 

mM tris-base, pH 8.3 and (3) 50 mM tris-base/100 mM NaCl, pH 8.3.  All 

chromatographic experiments were performed at room temperature (25 °C).

Using the 2 wt. % CL-DEAE cellulose supports for BSA loadings at a linear 

velocity of 10 cm/min, the dynamic binding capacities were 15 – 20 mg/ml with 

the tris-phosphate buffer, 4 – 5 mg/ml with the tris-base buffer and 4 – 5 mg/ml 

with the tris-base/NaCl buffer.  Using the 6 wt. % CL-DEAE cellulose supports for 

BSA loadings at a linear velocity of 10 cm/min, the dynamic binding capacities 
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were 8 – 10 mg/ml with the tris-phosphate buffer, 1 – 2 mg/ml with the tris-base 

buffer and 10 – 15 mg/ml with the tris-base/NaCl buffer.  Using the 10 wt. % CL-

DEAE cellulose supports for BSA loadings at a linear velocity of 10 cm/min, the 

dynamic binding capacities were 4 – 6 mg/ml with the tris-phosphate buffer, < 0.5  

mg/ml with the tris-base buffer and 10 – 12 mg/ml with the tris-base/NaCl buffer. 

Using the 2 wt. % CL-DEAE cellulose supports for hFib loadings at a linear 

velocity of 10 cm/min, the dynamic binding capacity was 0.4 – 0.6 mg/ml with the 

tris-phosphate buffer.  Dynamic binding capacities were not determined (ND) for  

the tris-base and  tris-base/NaCl buffers.  For both  6 and 10 wt. % CL-DEAE 

cellulose supports for hFib loadings at a linear velocity of 10 cm/min, the dynamic 

binding capacitities were < 0.2 mg/ml with the tris-phosphate buffer.  Dynamic 

binding capacities were not determined for  the tris-base and  tris-base/NaCl 

buffers.  Using the 2 wt. % CL-DEAE cellulose supports for hFib loadings at a 

linear velocity of 0.5 cm/min, the dynamic binding capacity was 2.7  –  3.1 mg/ml 

with the tris-phosphate buffer.  Dynamic binding capacities were not determined  

for  the tris-base and  tris-base/NaCl buffers.  Dynamic binding capacities for 

hFib were not determined under these same operating conditions for the 6 and 

10 wt. % CL-DEAE cellulose supports. 

 Chromatographic adsorption studies were performed using the 2 wt. % 

CL-DEAE cellulose supports in the evaluation of the  binary model system 

comprising hFib (FIB) and BSA  (ALB) using  39 mM tris-phosphate, pH 8.6 as 

the binding buffer.  The use of DEAE FF-Sepharose as a reference support was 

also evaluated in these adsorption studies.  In Figure 47, with the use of DEAE 

FF-Sepharose supports with a corresponding low L/D ratio, most of the hFib and 

BSA captured eluted together with 1 M NaCl.  Both hfib and BSA were loaded in 

a 1:1 ratio (1 mg/ml) at a linear velocity of 1.7 cm/min onto a 15 × 5 cm I.D.

column with a 300 ml bed volume.  The pressure drop was approximately 2.7 

PSI. The column residence time was 9 min.  In Figure 48, with the use of 2 wt. % 

CL-DEAE cellulose supports with a corresponding low L/D ratio, most of the hFib 

and BSA captured eluted together with 1 M NaCl.  Both hfib (1,000 ml: ~3.5 CV) 
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and BSA were loaded in a 1:1 ratio (1 mg/ml) at a linear velocity of 1.7 cm/min 

onto a 15 × 5 cm I.D.  column with a 300 ml bed volume.  The pressure drop was 

< 0.2 PSI.  The column residence time was 9 min.  In Figure 49, with the use of 2 

wt. % CL-DEAE cellulose supports with a corresponding  high L/D ratio, most of 

the hFib and BSA captured eluted together with 1 M NaCl.  Both hfib (1,000 ml: 5 

CV) and BSA were loaded in a 1:1 ratio (1 mg/ml) at a slower linear velocity of 

0.5 cm/min onto a 90 × 1.6 cm I.D. column with a 180 bed volume. The column 

residence time was 180 min.  With the use of 2 wt. % CL-DEAE cellulose 

supports with a corresponding   high L/D ratio, greater than 75 % of the hFib 

passed through the column with negligible adsorption, whereas  most of the BSA 

was captured and eluted with 1 M NaCl.  Both hfib (1,000 ml: 5 CV) and BSA 

were loaded in a 1:1 ratio (1 mg/ml) at a higher linear velocity of 10 cm/min onto 

a 90 × 1.6 cm I.D. column with a 180 bed volume. The column residence time 

was 9 min.  With the use of the 2 wt. % CL-DEAE cellulose supports, the 90 × 1.6 

cm I.D. column with a 180 ml bed volume was reloaded with the flowthrough 

fraction (~650 ml) from the previous chromatography experiment containing 

predominately hFib at 0.5 cm/min. The column residence time was 180 min. Most 

of the hFib and BSA captured eluted together with the 1 M NaCl elution fraction.  

Using a higher BSA to hFib ratio (5:1) with the use of 2 wt. % CL-DEAE cellulose 

supports,   a 3.1-fold purification of hFib was attained.  A 90 × 1.6 cm I.D.

column with a bed volume of 180 ml was loaded with hFib (1 CV: 1 mg/ml) and 

BSA (5 mg/ml) at 10 cm/min.  The majority of the hFib passed through the 

column with negligible adsorption, whereas most of the BSA was captured by the 

column and eluted with 0.5 M NaCl. Similarly, using a higher BSA to hFib ratio 

(10:1) with the use of 2 wt. % CL-DEAE cellulose supports,  a 3.7-fold purification 

of hFib was attained.  A 90 × 1.6 cm I.D. column with a 180 ml bed volume was 

loaded with hFib (1 CV: 1 mg/ml) and BSA (5 mg/ml) at 10 cm/min.  The majority 

of the hFib passed through the column with negligible adsorption, whereas most 

of the BSA was captured by the column and eluted with 0.5 M NaCl.  Analysis of 

the 1:5 and 1:10 hFib: BSA chromatography experiments by SDS-PAGE are 

shown in Figure 50.  In comparison, hFib was captured in a pure system as 
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shown in the chromatograms in Figures 51 and 52 for loadings at linear velocities 

of 0.5 and 10 cm/min, respectively. 

 A comparison of dynamic binding capacities of BSA and hFib for CL-

DEAE cellulose, FF-Sepharose and Whatman DE-52 supports is presented in 

Table 23.  Under high linear velocities (10 cm/min), the 2 wt. % CL-DEAE 

cellulose supports demonstrated  dynamic binding capacities of  15 – 20 mg/ml 

and 0.4 – 0.6 mg/ml for BSA and hFib, respectively, with a corresponding 

pressure drop of approximately 3 PSI.  Under low linear velocities (0.5 cm/min), 

the 2 wt. % CL-DEAE cellulose supports demonstrated a dynamic binding 

capacity of 15 – 20 mg/ml for hFib.  Under high linear velocities (7 cm/min), the 

DEAE FF-Sepharose supports demonstrated   dynamic binding capacities of  10 

– 12 mg/ml and 2.2 – 2.7 mg/ml for BSA and hFib, respectively, with a 

corresponding pressure drop of approximately 20 PSI.  Under low linear 

velocities (0.5 cm/min), the DEAE FF-Sepharose supports demonstrated a 

dynamic binding capacity of 2.4 – 3.0 mg/ml for hFib. Under high linear velocities 

(2 cm/min), the Whatman DE-52 supports demonstrated   a dynamic binding 

capacity of  10 – 15 mg/ml for BSA with a corresponding pressure drop of 

approximately 20 PSI.  Under low linear velocities (0.5 cm/min), the Whatman 

DE-52 supports demonstrated a dynamic binding capacity of 3.2 – 3.9 mg/ml for 

hFib.  Dynamic binding capacities for hFib were determined using Whatman DE-

52 supports operating under high linear velocities.   

 Results for the affinity purification by speed using the BSA and hFib binary 

model system are presented in Tables 24 and 25.  Chromatographic experiments 

were performed using various linear velocities (U0), BSA:hFib feed ratios  and 

column lengths (L) to study the effects of these parameters on product purity and 

support selectivity to achieve an optimal separation. As shown in Table 24, using 

the 2 wt. % CL-DEAE cellulose support as the base case scenario with a low 

linear velocity  (0.5 cm/min), no effective separation was achieved.  The 

BSA:hFib feed ratio for this case was 1:1 with a loading of 5 CV.  The column 
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length was 90 cm (L/U0 = 180).   hFib comprised 5 % of the FT with a 100 % 

purity, yielding a purification factor (PF) of 1.  100 % of the BSA fed to the column 

was bound and eluted with a purity of 51 % (PF = 1).  Using the 2 wt. % CL-

DEAE cellulose support  with a higher linear velocity  (10 cm/min), a relatively 

good separation was achieved.  The BSA:hFib feed ratio for this case was 1:1 

with a loading of 5 CV.  The column length was 90 cm (L/U0 = 9).   hFib 

comprised 85 % of the FT with an 80 % purity, yielding a purification factor (PF) 

of 1.6.  80 % of the BSA fed to the column was bound and eluted with a purity of 

84 % (PF = 1.7).  Using the 2 wt. % CL-DEAE cellulose support  with a lower 

linear velocity  (1.6 cm/min), a relatively good separation was achieved.  The 

BSA:hFib feed ratio for this case was 1:1 with a loading of 3.5 CV.  The column 

length was 15 cm (L/U0 = 9).   hFib comprised 30 % of the FT with an 100 % 

purity, yielding a purification factor (PF) of 2.0.  100 % of the BSA fed to the 

column was bound and eluted with a purity of 60 % (PF = 1.2).  Using the 2 wt. % 

CL-DEAE cellulose support  with a high linear velocity  (10 cm/min), a relatively 

good separation was achieved.  The BSA:hFib feed ratio for this case was 1:1 

with a loading of 1 CV.  The column length was 90 cm (L/U0 = 9).   hFib 

comprised 45 % of the FT with a 62 % purity, yielding a purification factor (PF) of 

3.1.  95 % of the BSA fed to the column was bound and eluted with a purity of 93 

% (PF = 1.2). Using the 2 wt. % CL-DEAE cellulose support  with a high linear 

velocity  (10 cm/min), a relatively good separation was achieved.  The BSA:hFib 

feed ratio for this case was 1:1 with a loading of 1 CV.  The column length was 

90 cm (L/U0 = 9).   hFib comprised 55 % of the FT with a  37 % purity (PF = 3.7).  

90 % of the BSA fed to the column was bound and eluted with a purity of 95 % 

(PF = 1.1) (Table 24B).  Additional results in comparison to the use of DEAE FF-

Sepharose are shown in Table 25. Using the DEAE FF-Sepharose support  with 

a lower linear velocity  (1.6 cm/min), no effective separation was achieved.  The 

BSA:hFib feed ratio for this case was 1:1 with a loading of 5 CV.  The column 

length was 15 cm (L/U0 = 9).   hFib comprised 2 % of the FT (PF = 1).  100 % of 

the BSA fed to the column was bound and eluted with a purity of 62 % (PF = 1).  

For the base case scenario for DEAE FF-Sepharose with a higher linear velocity  
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(2.0 cm/min), no effective separation was achieved.  The BSA:hFib feed ratio for 

this case was 1:1 with a loading of 3 CV.  The column length was 18 cm (L/U0 = 

9).   hFib  comprised 0 % of the FT (PF = 1).  100 % of the BSA fed to the column 

was bound and eluted with a purity of 50 % (PF = 1).with the maximum  linear 

velocity  (7.0 cm/min) used with the DEAE FF-Sepharose supports, no effective 

separation was achieved.  The BSA:hFib feed ratio for this case was 1:1 with a 

loading of 3 CV.  The column length was 15 cm (L/U0 = 2).   hFib  comprised 0 % 

of the FT (PF = 1).  100 % of the BSA fed to the column was bound and eluted 

with a purity of 50 % (PF = 1). 

 Results for the affinity purification by speed using the BSA and hFib binary 

model system are presented in Tables 26 – 29.  As shown in Table 26 for DEAE 

FF-Sepharose supports, hFib and BSA were each present in  a 1:1 ratio (100 % 

purity) in the feed (U0 = 1.7 cm/min, L = 25 cm, L/U0 = 9 min). The FT and wash 

fractions each consisted of 2 % and 0 % of the hFib and BSA loaded, 

respectively.   The elution contained 98 % of the hFib and 100 % of the BSA 

loaded with corresponding purities of 49 % and 51 % for the hFib and BSA 

present, respectively.  As shown in Table 27 for 2 wt. % CL-DEAE cellulose 

supports, hFib and BSA were each present in  a 1:1 ratio (100 % purity) in the 

feed (U0 = 1.6 cm/min, L = 25 cm, L/U0 = 9 min). The FT and wash fractions each 

consisted of 30 % and 0 % of the hFib and BSA loaded, respectively.   The 

elution contained 70 % of the hFib and 100 % of the BSA loaded with 

corresponding purities of 40 % and 60 % for the hFib and BSA present, 

respectively.  As shown in Table 28 for 2 wt. % CL-DEAE cellulose supports, 

hFib and BSA were each present in  a 1:1 ratio (100 % purity) in the feed (U0 = 

0.5 cm/min, L = 90 cm, L/U0 = 180 min). The FT and wash fractions each 

consisted of 5 % and 0 % of the hFib and BSA loaded, respectively.   The elution 

contained 95 % of the hFib and 100 % of the BSA loaded with corresponding 

purities of 49 % and 51 % for the hFib and BSA present, respectively.  In Table 

29, results are presented for the use 2 wt. % CL-DEAE cellulose supports with a 

series of applications in the purification process.  The first application was a high 
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linear velocity loading, followed by an second application of the first elution 

fraction using a slower linear velocity.  In the first application,  hFib and BSA 

were each present in  a 1:1 ratio (100 % purity) in the feed (U0 = 10 cm/min, L = 

90 cm, L/U0 = 9 min). The FT and wash fractions each consisted of 85 % and 79 

% of the hFib and BSA loaded, respectively.   The elution fraction contained 15 

% of the hFib and 79 % of the BSA loaded.  The FT and wash fractions were 

pooled and reapplied in the second application onto the column at a much slower 

linear velocity. In the  feed for the second application,  85 % of the hFib was 

present and loaded onto the column at a linear velocity of 0.5 cm/min (L/ U0 = 

180 min).  Eight percent of the hFib loaded was recovered in the FT and wash 

fractions and 77 % of the hFib was recovered in the final elution fraction.  The 

overall yield  for hFib for this two step process was 77 % with a purity of 79 %. 

The overall yield  for BSA for this two step process was 79 % with a purity of 84 

%.

Discussion

Preparation and characterization of cellulose supports 

 The methods developed in the study herein effectively provided  cellulose 

hydrogel supports with a relatively large-particle diameter and low-solids content  

of between 500 – 700 μm, and 2 – 10 wt. %, respectively. These cellulose 

hydrogel supports may be further derivatized to produce DEAE and QEAE ion 

exchange supports.    As shown by the evaluation using environmental scanning 

electron microscopy, the sparse outer strata of these GAM-based cellulose 

supports exhibit  visco-elastic fluid-like characteristics.  The cellulose hydrogel 

supports were determined to lack solid structure within the outer strata.  The 

combination of the fluid nature and the high charge density of the DEAE ion 

exchange derivatized outer strata make the  DEAE hydrogel’s protein binding 

characteristics dependent upon ionic strength and charge shielding capacity of 

the  column buffer.  The sparsely crosslinked outer strata permits increased 
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intraparticle penetration of high molecular weight protein targets, resulting in 

increased protein binding capacity. 

Chemical stability of cellulose supports 

 The cellulose supports were found to be robust upon exposure to standard 

chemical treatments with 4 M NaCl, sodium phosphate buffers and 0.5 N NaOH 

under dynamic conditions up to 20 cleaning cycles.  The resiliency of the 

cellulose support would provide low cost and efficient sanitization, thereby 

allowing reuse of the support.   

Pressure stability studies 

Due to the sparse structure afforded by the low-solids content and large 

interstitial void spaces due to the large-particle diameter characteristic, the 

uniform beaded cellulose supports  demonstrated low column operating 

backpressures at increased linear velocities.  

Transport studies 

 The transport studies using the cellulose supports demonstrate the 

effective intraparticle transport  of large protein molecules within the interior of 

the support particles.  The low solids content cellulose supports demonstrated 

effective intraparticle penetration by high molecular weight protein targets, such 

as dextran blue, human fibrinogen, and serum albumin. 

Static and dynamic binding capacity studies 

 As demonstrated by equilibium isotherm studies,  the 2 wt. % CL-DEAE 

cellulose supports exhibited  similar behavior in the static binding of BSA in 

comparison to the Whatman DE-52 cellulose and the Sepharose-FF supports 
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(Figure 36).  As shown in Figure 37, the 10 wt. % CL-DEAE cellulose support 

was found to demonstrate less BSA static binding in comparison to the 6 wt. % 

CL-DEAE cellulose supports and higher binding in comparison to the  2 wt. % 

cellulose supports.   The 10 wt. % cellulose supports may be more heavily 

crosslinked due to their increased solids content  relative to the  6 wt. % cellulose 

support, thereby inhibiting effective intraparticle transport of the BSA molecules.  

The 2 wt. % CL-DEAE cellulose supports apparently do not offer the density of 

adsorption sites in relation  to the higher 6 and 10 wt. % CL-DEAE cellulose 

supports, thereby exhibiting a decrease in static binding capacity.  Fibrinogen 

was found to exhibit a higher static binding using the Sepharose supports in 

comparison to the 2 wt. % CL-DEAE supports, as shown in Figure 38. 

Application of chromatographic cellulose supports: Fibrinogen/albumin 
adsorption studies

Chromatographic adsorption studies were performed using the 2 wt. % 

CL-DEAE cellulose supports in the evaluation of the binary model system 

comprising hFib and BSA. Note that at column lengths of 15 cm or more with the 

DEAE FF-Sepharose and the Whatman DE-52 supports, operating linear 

velocities of 10 cm/min or more were not feasible due to the high backpressures 

developed.   A variety of transport mechanisms may be the controlling 

mechanism by which mass transfer occurs within the cellulose supports.  

Transport mechanisms comprise film mass transfer, intraparticle mass transfer, 

convective mass transfer and adsorption kinetics.   Film mass transfer limitations 

were not found to determine the higher capacity of fibrinogen at lower linear 

velocities with the similar column residence times. Fibrinogen was found to   

exhibit slow adsorption/desorption kinetics and low ion exchange capacity with 

the CL-DEAE cellulose supports in relation to BSA. The adsorption number (N+i), 

defined as L/U0, was determined to  adequately describe the relationship 

between the adsorption rate and the convection rate.  In summary, the cellulose  

supports developed herein utilizing a gradient activation method (GAM) and 
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interior crosslinking of the supports provide low pressure drops at high flow rates 

for high L/D column mode operation, increased binding capacities with rapid 

transport of the target protein molecules to the adsorption sites, and permitting 

for a differential adsorption number, thereby allowing for a purification by speed 

mode of  column operation. 

Conclusions

 In summary, low pressure drops at high flow rates with high L/D column 

mode operation results in high binding capacity with rapid transport of target 

proteins to the  adsorption sites. These low-solids content, large-particle diameter 

cellulose support matrices have many practical advantages.  These advantages 

include affording a very low pressure drop at very high linear velocities, supports 

which can process non-clarified and  unfiltered feeds, high throughput at large-

scale capacity, robustness to low-cost  sanitization.  The manufacturing features 

of large CL-DEAE cellulose beads include continuous processing, simple 

characterization at high yields, ease of manufacturing, low raw material costs, 

and simple manufacturing for product diversity.  The utlility of these cellulose 

supports were demonstrated with a model binary system of human fibrinogen 

and serum albumin where an efficient separation by speed was effected. 
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Nomenclature & Symbols 

ALB/BSA bovine serum albumin  
BT  breakthrough 
CL  crosslinked 
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CV  column volume 
hFib  human fibrinogen 
hrs   hours 
I.D.  column internal diameter 
L  column length 
min  minutes 
N+i  adsorption number 
PC  pulse peak 
PW  pulse width 
U0  linear velocity 
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Figure 1. Beading system for cellulose solutions. 
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Figure 2. Relationships between volume % cellulose, viscosity and wt. % solids.  
Cellulose solutions and bead particles: CF11 (Whatman: degree of 
polymerization ~ 200) and T679 (Weyerhauser: degree of polymerization ~2,000) 
cellulose powder was dissolved in 8.5 (w/v) % lithium chloride in DMAC at 80 °C
and beaded according to standard procedures and specifications as described in 
the text.  (a) Viscosities were determined using a Brookfield LV viscometer and 
drum spindle. (b) % Solids-content was determined by lyophilization. (c) (---) 
indicates the experimental limits within which spherical and uniform beads may 
be made with CF11 cellulose powder alone. 
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Figure 3. Fluidized bed column setup. 



 82 

Figure 4. Expanded bed fluidization system for cellulose beads.  Deionized water 
is pumped through the system  with a peristaltic pump, ascending through the 
cellulose beads at linear flow rates from 5 to 45 cm/min depending upon the % 
solids-content specified.  As the flow rate  is increased, the water carries 
increasingly larger diameter beads into the collection net column.  After the 
fluidized bed is expanded to the point at which the target beads are at the top, 
they are collected from the side port into the collection vessel.  Column 
dimensions: 75 × 7.5 cm (L/D = 10). Effective flow rate  range: 5 – 45 cm/min. 
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Figure 5.  Expanded bed fluidization of  beaded cellulose supports in screening 
for % solids-content and particle diameter. 
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Figure 6. Expanded bed fluidization of  beaded cellulose supports:  Bead particle 
diameter and % solids-content fractions according to flow rate. 
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Figure 7. Expanded  bed fluidization of beaded cellulose particles.  Unfluidized 
10 wt. % CF11 bead particles. Bead particle diameter sizes range from 50 – 800 
µm.  Note how the smaller particles fit tightly between the target bead  particles 
(~ 500 – 700 µm). This tight packing configuration  is the cause of high 
backpressures during high linear velocities. (magnification: 50 ×). 
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Figure 8. Fluidization of beaded cellulose particles.  Expanded bed fluidization of 
10 wt. % CF11 cellulose bead particles. Bead particle diameter sizes range from 
500 – 700 µm.  Note  the lower surface area to volume ratio offered by these 
bead particles.  This uniformity in mean bead particle diameter affords high linear 
velocities with low column backpressures. (magnification: 50 ×). 
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Figure 9. 3.5 wt. % beaded cellulose support: 450 – 600 µm particle diameter. 
Note that the support is not crosslinked or derivatized. 
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Figure 10. Crosslinking of  beaded cellulose support. 10 wt. % CF11 beaded 
cellulose support  was equilibrated in 50 (v/v) % epichlorohydrin in ethanol prior 
to activation, where step 1: low temperature ( ~ 21 °C) overnight . (magnification: 
50 ×).  
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Figure 11. Crosslinking of beaded cellulose support.  Light microscopy of 
crosslinked cellulose bead particles after high temperature incubation at pH 12.8 
– 13.2 for 18 hrs at 60 °C.  Note the characteristic “halos,” this observation 
indicates a gradient of less crosslinking on the outside to more on the inside of 
the bead particle. (magnification: 50 ×). 
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Figure 12.  Epoxy-activated 3.5 wt. % cellulose support. Support was activated 
using epichlorohydrin using the GAM. Note that the support is not crosslinked at 
this stage and is ready for affinity ligand immobilization. 
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Figure 13.  3.5 wt. % CL-DEAE beaded cellulose support. 
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Figure 14.  2 wt. % CL-DEAE beaded cellulose support. 
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Figure 15.  ESEM imaging of 43 wt. % amorphous cellulose solids at 9.8 Torr 
and 0 °C. (Magnification: 240 ×)
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Figure 16. ESEM imaging of 43 wt. % amorphous cellulose solids at 9.0 Torr and 
0 °C. (Magnification: 1,300 ×)  
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Figure 17. ESEM imaging of 3.5 wt. % cellulose solids at 11.0 Torr and 0 °C. 
(Magnification: 355 ×).  
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Figure 18. ESEM imaging of 3.5 wt. % cellulose support at 9.6 Torr and 0 °C.
(Magnification: 520 ×).  Intitial burning of hole using an electron beam into the 
bead particle surface.  
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Figure 19. ESEM imaging of 3.5 wt. % beaded cellulose particles at 9.0 Torr and 
0 °C. (Magnification: 1,050 ×).  
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Figure 20.  ESEM imaging of 3.5 wt. % beaded cellulose particles.  Note 
resealing of excavated hole after 5 min at 8.9 Torr and 0 °C. (Magnification: 50 
×).  
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Figure 21. Relative titrations and dynamic binding capacities of DEAE supports.  
Cellulose support (10 ml) was equilibrated with 1 M NaCl in 100 mM NaOH and 
titrated “in-column” with 10 mM HCl at 2 ml/min.  The dynamic binding capacities 
(DBC) for bovine serum albumin were determined using optimal buffer conditions 
at (i) 10 cm/min in 90 × 1.6 cm column beds for cellulose supports and (ii) 2 
cm/min in 15 × 2.6 cm column beds for DE-52 and FF-Sepharose supports. 
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Figure 22. Titrations of 2 wt. % CL-DEAE cellulose supports. Batch 199 (single 
DEAE derivatization).  Batch 199  was DEAE-derivatized three times on 
consecutive days according to the standard procedure: 1 CV support + 1 CV 3 N 
DEAE + 3 CV 1 N NaOH (slow addition) at room temperature (25 °C) and titrated 
according to standard operating procedures. 
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Figure 23.  Titrations of 2 wt. % CL-DEAE cellulose supports. 
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Figure 24.  Titrations of 6 wt. % CL-DEAE cellulose supports. 
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Figure 25.  Titrations of 10 wt. % CL-DEAE cellulose supports. 
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Figure 26. Chemical stability studies: Chemical treatment and effect on pressure-
flow.  A 90 × 1.6 cm column bed of 3.5 wt. % CL-DEAE cellulose support was 
flow-packed with 3 CV of 15 mM sodium phosphate buffer (NAP), pH 7.8 at 10 
cm/min and conditioned with 0.5 N NaOH (1 CV) at 5 cm/min. Column 
Backpressures were measured at the end of steps a, c and d in the cleaning 
cycle. Cleaning cycles: (a) 4 M NaCl (2 CV) at 10 cm/min; (b) 15 mM NAP (2 CV) 
at 10 cm/min; (c) 0.5 N NaOH (1 CV) at 5 cm/min; and (d) 15 mM NAP (2 CV) at 
10 cm/min. 
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Figure 27.  3.5 wt. % beaded cellulose support. Magnification: × 50.  The uniform 
large interstitial spaces allow for low column backpressures at high linear 
velocities (~ 0.05 PSI/cm at 10 cm/min, see pressure stability studies section).  
Note the  low surface area to volume ratio. 
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Figure 28. DEAE FF-Sepharose support.  The wide range in bead particle 
diameter sizes and small interstitial spaces result in relatively high column 
backpressures (~ 0.9 PSI/cm at 10 cm/min, see pressure stability studies). 
(magnification: 50 ×). 
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Figure 29. Whatman DE-52  cellulose support.  The wide range of bead diameter 
sizes and small interstitial spaces result in relatively high column  backpressures 
(~ 1.3 PSI/cm at 10 cm/min, see pressure stability studies). (magnification: 50 ×). 
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Figure 30. 3.5 wt. % CL-DEAE cellulose support.  The uniformity and large 
interstitial spaces allow for low backpressures at high linear velocities (~ 0.04 
PSI/cm at 10 cm/min , see pressure stability studies). 
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Figure 31.  Pressure Drop versus linear velocity: Comparison of 2,6 and 10 wt. % 
cellulose supports. Column dimensions: 90 × 1.6 cm. Buffer: 50 mM tris-base, pH 
8.3.
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Figure 32. Pressure drop versus linear velocity: Comparison of various DEAE 
supports. Column dimensions: Cellulose supports (90 × 1.6 cm); DE-52 supports 
(15 × 1.6 cm); FF-Sepharose (15 × 1.6 cm). Buffer: 50 mM tris-base, pH 8.3. 
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Figure 33. Transport in 2, 3.5 and 6 wt. % CL-DEAE cellulose supports. Column 
dimensions: 90 × 1.6 cm (450 – 600 μm average bead particle diameter).  Buffer: 
50 mM tris/0.5 M NaCl pH 7.0.  Detection: Absorbance at 280 nm. Standard 
samples: 1 ml latex beads (0.3 mm; 1:10; hFib (FIB; 95 mg/ml); Albumin (BSA; 5 
mg/ml); Tryptophan (TRP; 2 mg/ml). 
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Figure 34. Transport in 2, 3.5  and 6.0 wt. % native cellulose supports.  Column 
dimensions: 90 × 1.6 cm; native uncrosslinked cellulose bead particles (450 – 
600 μm  average bead particle diameter).  Buffer: 50 mM tris-base/0.5 M NaCl, 
pH 7.0. Detection: Absorbance at 280 nm.  Standard samples: 1 ml Dextran Blue 
(2 mg/ml); hFib (5mg/ml); Albumin (BSA) (5 mg/ml); Tryptophan (2 mg/ml).  
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Figure 35. Transport studies in 2 wt. % cellulose supports (~600 μm average 
bead particle diameter). 
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Figure 36. Equilibrium isotherms for  static BSA binding onto 2 wt. % CL-DEAE 
cellulose, Whatman DE-52 and FF-Sepharose supports.  DEAE supports were 
equilibriated in the respective buffer and triplicate 1 ml aliquots were incubated 
with 2 ml of bovine serum albumin (BSA; 0.5 – 50 mg/ml) at room temperature (~ 
21 °C) for 24 hrs.  Concentrations of BSA in the supernatants (C*; mg/ml) were 
determined by absorption at 280 nm (extinction coefficient: 0.667 ml/mg A.U.). Q* 
(mg/ml) represents the amount of BSA bound to the supports. 
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Figure 37. Equilibrium isotherms for  static BSA binding onto CL-DEAE cellulose 
supports.  DEAE supports were equilibriated in the respective buffer and triplicate 
1 ml aliquots were incubated with 2 ml of bovine serum albumin (BSA; 0.5 – 50 
mg/ml) at room temperature (~ 21 °C) for 24 hrs.  Concentrations of BSA in the 
supernatants (C*; mg/ml) were determined by absorption at 280 nm (extinction 
coefficient: 0.667 ml/mg A.U.). Q* (mg/ml) represents the amount of BSA bound 
to the supports. 
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Figure 38.  Equilibrium isotherm for static hFib binding onto 2 wt. % CL-DEAE 
cellulose, Whatman DE-52 and FF-Sepharose supports. 
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Figure 39. Equilibrium isotherm for static BSA binding onto 3.5 wt. % CL-Q 
cellulose and Q FF-Sepharose supports.  3.5 wt. % CL-Q cellulose supports 
were equilibrated in 15 mM sodium phosphate, pH 7.8 and triplicate 1 ml aliquots 
were incubated with 2 ml of bovine serum albumin (BSA; 0.5 – 50 mg/ml) at room 
temperature (~ 21 °C) for 24 hrs.  Concentrations of BSA in the supernatants (C*; 
mg/ml) were determined by absorption at 280 nm (extinction coefficient: 0.667 
ml/mg A.U.). Q* (mg/ml) represents the amount of BSA bound to the support. 
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Figure 40. Effect of column length (L) on dynamic binding capacity (DBC): 
Increasing adsorption number to increase DBC.  The dynamic binding capacity of 
2 wt. % CL-DEAE cellulose supports were determined for BSA (1 mg/ml) at 10 
cm/min in 1.6 cm diameter columns (2 ml/cm) of various column lengths, L.  The 
binding buffer was 15 mM sodium phosphate, pH 7.8 (conductivity: 2.1 mψ).  % 
BT was ~ 20 % and BSA concentrations were determined by absorbance at 280 
nm.
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Figure 41. Adsorption number analysis: Effect of column length (L) on dynamic 
binding capacity (DBC) using 3.5 wt. % CL-DEAE cellulose supports. BSA (1 
mg/ml) was loaded onto 9 x 5 cm (0) and 90 x 1.6 cm (0) column beds (180 ml) 
in 15 mM sodium phosphate, pH 7.8 at room temperature (25 °C) to 20 - 25 % 
BT at 1, 2, 5 and 10 cm/min. After washing the column to baseline 
(absorbance 280 nm) with 1 - 2 CV of running buffer, the bound protein was 
eluted with 1 M NaCl. Column beds were reconditioned with 4 M NaCl (2 CV), 
binding buffer (1 CV), 0.5 N NaOH (1 CV) and binding buffer (6 CV) at 10 
cm/min. 
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Figure 42. Dynamic binding capacities (DBC) of 2 wt. % and 3.5 wt.  %  CL-
DEAE cellulose supports for BSA at varying conductivities (ionic strengths). The 
DBC of BSA (1 mg/ml) for 2 wt. % and 3.5 wt. % CL-DEAE cellulose supports 
(column dimensions: 90 × 1.5 cm I.D.) were determined at a linear velocity of 10 
cm/min.  Operating backpressures ranged from 2 – 3 PSI for all of the columns  
and all of the supports washed to a baseline within 2 – 3 CV following loading 
(except for the 3.5 wt. % CL-DEAE cellulose support using 50 mM tris/50 mM 
NaCl). (a)  15 mM sodium phosphate, pH 7.8 (monobasic + dibasic); 2 wt. % CL-
DEAE (0, 20, 50 and 100 mM NaCl), 3.5 wt. % CL-DEAE (0, 50 and 100 mM 
NaCl); (b)  50 mM Tris-HCl, pH 8.6; 2 wt. % CL-DEAE (0, 20, 50 and 100 mM 
NaCl), 3.5 wt. % CL-DEAE (0, 20, 35 and 50 mM NaCl). *Note: When loaded and 
washed using 50 mM NaCl, the 3.5 wt. % cellulose support would not wash 
below the 20 % BT level (the BSA just slowly desorbed in a trail for 10 – 20 CV).  
However, when loaded in 50 mM NaCl and washed in Tris buffer with no NaCl 
present, the 3.5 wt. % cellulose support washed to baseline in 2 –3 CV and an 
accurate DBC could be obtained.  The DBC with 100 mM NaCl could not be 
determined accurately on the 3.5 wt. % cellulose support due to minimal binding 
and extensive trailing.  
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Figure 43. Effect of column length (L) on the dynamic binding capacity (DBC) of 
3.5 wt. % CL-DEAE cellulose support. BSA (1 mg/ml) was loaded onto 9 x 5 cm 
(0) and 90 x 1.6 cm (C) column beds (180 ml) in 15 mM sodium phosphate, pH 
7.8 buffer at room temperature to 20 - 25 % breakthrough. After washing to 
baseline (absorbance 280 nm) with 1 - 2 CV of running buffer, the bound protein 
was eluted with 1 M NaCl. Column beds were reconditioned with 4 M NaCl (2 
CV), binding buffer (1 CV), 0.5 N NaOH (1 CV) and binding buffer (6 CV) at 10 
cm/min. 
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Figure 44. Dynamic binding of BSA onto cellulose supports under optimal binding 
conditions at 10 cm/min. BSA (1 mg/ml) was loaded onto columns of 2.0 wt. %, 
6.0 wt. % and 10 wt.% CL-DEAE cellulose supports at 10 cm/min to ~ 20 % BT 
according to standard procedures. The loading and binding buffer for all columns 
was 39 mM tris-phosphate, pH 8.6.  Protein concentrations in the pools of the FT, 
wash and 1 M NaCl elution fractions were determined by absorbance at 280 nm.  
In all cases, the recovery of BSA was greater than 90 %. 
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Figure 45.  Breakthrough loading of BSA onto 3.5 wt. % CL-DEAE cellulose and 
DEAE FF-Sepharose supports at 10 cm/min. 
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Figure 46. Breakthrough loading of BSA on 3.5 wt. % CL-Q cellulose and Q fast-
flow sepharose supports at 10 cm/min. 
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Figure 47. hFib/BSA binding study on DEAE FF-Sepharose supports. hFib: BSA; 
1:1 at 1.7 cm/min loading.  Column: 15 × 5 cm; 9 cm/min.  Pressure drop: 2.7 
PSI. Binding buffer: 39 mM tris-phosphate, pH 8.6.  BSA: ~ 1 mg/ml. hFib: ~ 1 
mg/ml.  
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Figure 48. hFib/BSA binding study on 2 wt . % CL-DEAE cellulose supports. 
hFib: BSA; 1:1 at 1.7 cm/min loading.  Column: 15 cm × 5 cm, 9 min/CV.  
Pressure drop: < 0.2 PSI. Binding buffer 39 mM tris-phosphate, pH 8.6. BSA: ~ 1 
mg/ml. hFib: ~ 1 mg/ml.  
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Figure 49. hFib/BSA binding study on 2 wt. % CL-DEAE cellulose beads. hFib: 
BSA; 1:1 at 5 cm/min loading. Column: 90 cm × 1.6 cm. Binding buffer: 39 mM 
tris-phosphate, pH 8.6. BSA: ~ 1 mg/ml. hFib: ~ 1 mg/ml.  
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Figure 50.  Analysis of 1:5 and 1:10 hFib/BSA chromatographic runs by SDS-
PAGE.  BSA standards and the eluents of the 1:5 and 1:10 hFib/BSA (FIB/ALB) 
runs on 2 wt. % CL-DEAE cellulose supports were analyzed by SDS-PAGE (4 – 
12 % gradient gel). Lanes: (a) ALB (0.2 mg/ml); (b) ALB (0.5 mg/ml); (c) 1:5 feed; 
(d) 1:5 flowthrough/wash; (e) 1:5 NaCl eluent; (f) 1:10 feed; (g) 1:10 
flowthrough/wash; (h) 1:10 NaCl eluent; (i) BSA (1 mg/ml); (j)  BSA (2 mg/ml). 
Concentrations of hFib in the mixtures were determined by ELISA.  
Concentrations of BSA in the mixtures were determined by laser densitometry of 
the BSA bands versus BSA standards (e.g., lanes a,b,i and j). Note: the 
impurities in the central portion of the gels originate from the BSA. 
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Figure 51. Dynamic binding of hFib onto 2 wt. % CL-DEAE cellulose supports 
(0.5 cm/min loading). 
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Figure 52. Dynamic binding of hFib onto 2 wt. % CL-DEAE cellulose supports (10 
cm/min wash and elution). 
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Linear
Velocities

1.25 cm/min 5 cm/min 10 cm/min

Standard PC PW PC PW PC PW

Tryptophan
(5 mg/0.5 ml)

1.1± 0.00 0.28 ± 0.01 0.76 ± 0.11 0.40 ± 0.07 1.02 ± 0.02 0.55 ± 0.10

BSA
(5 mg/0.5 ml)

1.00 ± 0.04 0.56 ± 0.02 0.65 ± 0.00 0.67 ± 0.02 0.52 ± 0.03 0.21 ± 0.00

hFib
(2 mg/0.5 ml)

0.63 ± 0.05 0.75 ± 0.07 0.38 ± 0.01 0.14 ± 0.01 0.38 ± 0.00 0.12 ± 0.00

Dextran Blue
(5 mg/0.5 ml)

0.45 ± 0.05 0.11 ± 0.01 0.37 ± 0.00 0.08 ± 0.00 0.48 ± 0.06 0.08 ± 0.03

Table 1.  Pulse-flow transport studies with 2 wt. % cellulose supports. Column
dimensions: 92 cm × 1.6 cm. Buffer: tris-base salt, pH 7.0; Linear velocities: 1.25
cm/min, 5 cm/min and 10 cm/min; Bead particle diameter: 600 ± 150 μm;
Estimated bead contacting times (d/V): d/V = 2.88 sec. (1.25 cm/min), d/V = 0.72
sec. (5 cm/min), and d/V = 0.36 sec. (10 cm/min);PC: number of column volumes
(CV) for the emergent pulse peak; PW: pulse peak  width; Molecular weight
standards: Dextran blue (Mr > 2,000,000-kDa) (2 mg/ml), Human fibrinogen
(hFib) (Mr 340-kDa) (5 mg/ml), bovine serum albumin (BSA) (Mr 60-kDa) and
tryptophan (Mr 204 Da) (2 mg/ml).
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Linear
Velocities

1.25 cm/min 5 cm/min 10 cm/min

Standard PC PW PC PW PC PW

Tryptophan
(5 mg/0.5 ml)

1.17 ± 0.00 0.37 ± 0.01 1.02 ± 0.00 0.43 ± 0.00 1.00 ± 0.01 0.52 ± 0.02

BSA
(5 mg/0.5 ml)

0.96 ± 0.01 0.54 ± 0.01 0.60 ± 0.01 0.54 ± 0.05 0.54 ± 0.00 0.35 ± 0.03

hFib
(2 mg/0.5 ml)

0.48 ± 0.00 0.20 ± 0.01 0.43 ± 0.00 0.10 ± 0.00 0.45 ± 0.00 0.11 ± 0.03

Dextran Blue
(5 mg/0.5 ml)

0.45 ± 0.00 0.09 ± 0.01 0.40 ± 0.00 0.08 ± 0.00 0.40 ± 0.00 0.40 ± 0.06

Table 2. Pulse-flow transport studies with 2 wt. % crosslinked cellulose supports.
Column dimensions: 93 cm × 1.6 cm; Buffer: tris-base salt, pH 7.0; Flow rates:
1.25 cm/min, 5 cm/min and 10 cm/min; Bead particle diameter: 600 ± 150 μm;
Estimated bead contacting times (d/V): d/V = 2.88 sec. (1.25 cm/min), d/V = 0.72
sec. (5 cm/min), and d/V = 0.36 sec. (10 cm/min); PC: number of column
volumes (CV) for the emergent pulse peak; PW: pulse peak  width; Molecular
weight standards: Dextran blue (Mr > 2,000,000-kDa) (2 mg/ml), Human
fibrinogen (hFib) (Mr 340-kDa) (5 mg/ml), bovine serum albumin (BSA) (Mr 60-
kDa) and tryptophan (Mr 204 Da) (2 mg/ml).
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Linear
Velocities

1.25 cm/min 5 cm/min 10 cm/min

Standard PC PW PC PW PC PW

Tryptophan
(5 mg/0.5 ml)

1.21 ± 0.09 0.35 ± 0.05 0.98 ± 0.00 0.37 ± 0.02 1.02 ± 0.02 0.55 ± 0.10

BSA
(5 mg/0.5 ml)

0.96 ± 0.16 0.53 ± 0.04 0.45 ± 0.00 0.35 ± 0.02 0.52 ± 0.03 0.21 ± 0.00

hFib
(2 mg/0.5 ml)

0.43 ± 0.01 0.10 ± 0.00 0.38 ± 0.01 0.07 ± 0.01 0.44 ± 0.02 0.10 ± 0.01

Dextran Blue
(5 mg/0.5 ml)

0.45 ± 0.00 0.10 ± 0.00 0.40 ± 0.00 0.10 ± 0.00 0.44 ± 0.00 0.10 ± 0.00

Table 3. Pulse-flow transport studies with 2 wt. % CL-DEAE cellulose supports.
Column dimensions: 91.5 cm × 1.6 cm; Buffer: tris-base salt, pH 7.0; Linear
velocities: 1.25 cm/min, 5 cm/min and 10 cm/min; Bead particle diameter: 600 ±
150 μm; Estimated bead contacting times (d/V): d/V = 2.88 sec. (1.25 cm/min),
d/V = 0.72 sec. (5 cm/min), and d/V = 0.36 sec. (10 cm/min); PC: number of
column volumes (CV) for the emergent pulse peak; PW: pulse peak  width;
Molecular weight standards: Dextran blue (Mr > 2,000,000-kDa) (2 mg/ml),
Human fibrinogen (hFib) (Mr 340-kDa) (5 mg/ml), bovine serum albumin (BSA)
(Mr 60-kDa) and tryptophan (Mr 204 Da) (2 mg/ml).
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Linear
Velocities

1.25 cm/min 5 cm/min 10 cm/min

Standard PC PW PC PW PC PW

Tryptophan
(5 mg/0.5 ml)

1.10 ± 0.00 0.30 ± 0.00 1.01 ± 0.00 0.35 ± 0.00 1.16 ± 0.01 0.48 ± 0.02

BSA
(5 mg/0.5 ml)

0.86 ± 0.00 1.05 ± 0.00 0.50 ± 0.00 0.24 ± 0.01 0.52 ± 0.02 0.18 ± 0.01

hFib
(2 mg/0.5 ml)

0.47 ± 0.01 0.10 ± 0.01 0.43 ± 0.02 0.08 ± 0.00 0.48 ± 0.02 0.10 ± 0.01

Dextran Blue
(5 mg/0.5 ml)

0.53 ± 0.00 0.06 ± 0.01 0.45 ± 0.00 0.08 ± 0.01 0.48 ± 0.01 0.07 ± 0.02

Table 4. Pulse-flow transport studies with 6 wt. % cellulose supports. Column
dimensions: 89 cm × 1.6 cm; Buffer: tris-base salt, pH 7.0; Linear velocities: 1.25
cm/min, 5 cm/min and 10 cm/min; Bead particle diameter: 600 ± 150 μm;
Estimated bead contacting times (d/V): d/V = 2.88 sec. (1.25 cm/min), d/V = 0.72
sec. (5 cm/min), and d/V = 0.36 sec. (10 cm/min); PC: number of column
volumes (CV) for the emergent pulse peak; PW: pulse peak  width; Molecular
weight standards: Dextran blue (Mr > 2,000,000-kDa) (2 mg/ml), Human
fibrinogen (hFib) (Mr 340-kDa) (5 mg/ml), bovine serum albumin (BSA) (Mr 60-
kDa) and tryptophan (Mr 204 Da) (2 mg/ml).
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Linear
Velocities

1.25 cm/min 5 cm/min 10 cm/min

Standard PC PW PC PW PC PW

Tryptophan
(5 mg/0.5 ml)

1.12 ± 0.02 0.43 ± 0.03 1.00 ± 0.00 0.53 ± 0.00 1.11 ± 0.02 0.69 ± 0.01

BSA
(5 mg/0.5 ml)

0.57 ± 0.00 0.48 ± 0.00 0.41 ± 0.00 0.19 ± 0.01 0.46 ± 0.01 0.18 ± 0.00

hFib
(2 mg/0.5 ml)

0.44 ± 0.00 0.18 ± 0.00 0.40 ± 0.02 0.12 ± 0.00 0.41 ± 0.00 0.15 ± 0.01

Latex
(0.5%)

0.43 ± 0.00 0.17 ± 0.01 0.41 ± 0.00 0.12 ± 0.00 0.45 ± 0.00 0.16 ± 0.00

Table 5. Pulse-flow transport studies with 6 wt. % crosslinked cellulose supports.
Column dimensions: 85 cm × 1.6 cm; Buffer: Tris-Base Salt pH 7.0; Flow rates:
1.25 cm/min, 5 cm/min and 10 cm/min; Bead particle diameter: 600 ± 150 μm;
Estimated bead contacting times (d/V): d/V = 2.88 sec. (1.25 cm/min), d/V = 0.72
sec. (5 cm/min), and d/V = 0.36 sec. (10 cm/min); PC: number of column
volumes (CV) for the emergent pulse peak; PW: pulse peak  width; Molecular
weight standards: Dextran blue (Mr > 2,000,000-kDa) (2 mg/ml), Human
fibrinogen (hFib) (Mr 340-kDa) (5 mg/ml), bovine serum albumin (BSA) (Mr 60-
kDa) and tryptophan (Mr 204 Da) (2 mg/ml).
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Linear
Velocities

1.25 cm/min 5 cm/min 10 cm/min

Standard PC PW PC PW PC PW

Tryptophan
(5 mg/0.5 ml)

1.27 ± 0.00 0.55 ± 0.00 0.93 ± 0.00 0.55 ± 0.01 0.88 ± 0.01 0.71 ± 0.07

BSA
(5 mg/0.5 ml)

0.43 ± 0.00 0.20 ± 0.00 0.41 ± 0.02 0.12 ± 0.01 0.36 ± 0.02 0.11 ± 0.00

hFib
(2 mg/0.5 ml)

0.39 ± 0.01 0.10 ± 0.00 0.36 ± 0.00 0.11 ± 0.01 0.38 ± 0.00 0.13 ± 0.00

Latex
(0.5 %)

0.42 ± 0.00 0.10 ± 0.00 0.39 ± 0.00 0.04 ± 0.00 0.39 ± 0.00 0.10 ± 0.00

Table 6. Pulse-flow transport studies with 6 wt. % CL-DEAE cellulose supports.
Column dimensions: 90.5 cm × 1.6 cm; Buffer: tris-base salt, pH 7.0; Linear
velocities: 1.25 cm/min, 5 cm/min and 10 cm/min; Bead Particle Diameter: 600 ±
150 μm; Estimated bead contacting times (d/V): d/V = 2.88 sec. (1.25 cm/min),
d/V = 0.72 sec. (5 cm/min), and d/V = 0.36 sec. (10 cm/min); PC: number of
column volumes (CV) for the emergent pulse peak; PW: pulse peak  width;
Molecular weight standards: Dextran blue (Mr > 2,000,000-kDa) (2 mg/ml),
Human fibrinogen (hFib) (Mr 340-kDa) (5 mg/ml), bovine serum albumin (BSA)
(Mr 60-kDa) and tryptophan (Mr 204 Da) (2 mg/ml).
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Linear
Velocities

1.25 cm/min 5 cm/min 10 cm/min

Standard PC PW PC PW PC PW

Tryptophan
(5 mg/0.5 ml)

1.11 ± 0.13 0.47 ± 0.05 0.95 ± 0.15 0.60 ± 0.05 0.96 ± 0.07 0.74 ± 0.07

BSA
(5 mg/0.5 ml)

0.46 ± 0.00 0.17 ± 0.00 0.40 ± 0.00 0.22 ± 0.02 0.46 ± 0.02 0.24 ± 0.06

hFib
(2 mg/0.5 ml)

0.40 ± 0.00 0.15 ± 0.00 0.35 ± 0.01 0.19 ± 0.01 0.39 ± 0.01 0.20 ± 0.02

Dextran Blue
(5 mg/0.5 ml)

0.45 ± 0.07 0.18 ± 0.06 0.41 ± 0.03 0.14 ± 0.04 0.41 ± 0.03 0.22 ± 0.12

Table 7. Pulse-flow transport studies with 10 wt. % cellulose supports. Column
dimensions: 92 cm × 1.6 cm; Buffer: tris-base salt, pH 7.0; Linear velocities: 1.25
cm/min, 5 cm/min and 10 cm/min; Bead particle diameter: 600 ± 150 μm;
Estimated bead contacting times (d/V): d/V = 2.88 sec. (1.25 cm/min), d/V = 0.72
sec. (5 cm/min), and d/V = 0.36 sec. (10 cm/min); PC: number of column
volumes (CV) for the emergent pulse peak; PW: pulse peak  width; Molecular
weight standards: Dextran blue (Mr > 2,000,000-kDa) (2 mg/ml), Human
fibrinogen (hFib) (Mr 340-kDa) (5 mg/ml), bovine serum albumin (BSA) (Mr 60-
kDa) and tryptophan (Mr 204 Da) (2 mg/ml).
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Linear
Velocities

1.25 cm/min 5 cm/min 10 cm/min

Standard PC PW PC PW PC PW

Tryptophan
(5 mg/0.5 ml)

1.16 ± 0.05 0.32 ± 0.05 0.98 ± 0.00 0.37 ± 0.02 1.02 ± 0.02 0.55 ± 0.10

BSA
(5 mg/0.5 ml)

0.43 ± 0.00 0.12 ± 0.00 0.45 ± 0.00 0.35 ± 0.02 0.52 ± 0.03 0.21 ± 0.00

hFib
(2 mg/0.5 ml)

0.41 ± 0.01 0.08 ± 0.00 0.38 ± 0.01 0.07 ± 0.01 0.44 ± 0.02 0.10 ± 0.01

Dextran Blue
(5 mg/0.5 ml)

0.40 ± 0.00 0.07 ± 0.00 0.36 ± 0.00 0.06 ± 0.00 0.38 ± 0.03 0.07 ± 0.01

Table 8. Pulse-flow transport studies with 10 wt. % crosslinked cellulose
supports. Column dimensions: 89 cm × 1.6 cm; Buffer: tris-base salt, pH 7.0;
Linear velocities: 1.25 cm/min, 5 cm/min and 10 cm/min; Bead particle diameter:
600 ± 150 μm; Estimated bead contacting times (d/V): d/V = 2.88 sec. (1.25
cm/min), d/V = 0.72 sec. (5 cm/min), and d/V = 0.36 sec. (10 cm/min); PC:
number of column volumes (CV) for the emergent pulse peak; PW: pulse peak
width; Molecular weight standards:  Dextran blue (Mr > 2,000,000-kDa) (2
mg/ml), Human fibrinogen (hFib) (Mr 340-kDa) (5 mg/ml), bovine serum albumin
(BSA) (Mr 60-kDa) and tryptophan (Mr 204 Da) (2 mg/ml).
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Linear
Velocities

1.25 cm/min 5 cm/min 10 cm/min

Standard PC PW PC PW PC PW

Tryptophan
(5 mg/0.5 ml)

1.25 ± 0.02 0.43 ± 0.03 1.03 ± 0.00 0.61 ± 0.01 1.03 ± 0.01 0.70 ± 0.00

BSA
(5 mg/0.5 ml)

0.46 ± 0.00 0.06 ± 0.01 0.42 ± 0.02 0.04 ± 0.01 0.44 ± 0.02 0.04 ± 0.00

hFib
(2 mg/0.5 ml)

0.45 ± 0.00 0.05 ± 0.00 0.40 ± 0.00 0.05 ± 0.00 0.37 ± 0.07 0.03 ± 0.00

Latex
(0.5 %)

0.42 ± 0.01 0.06 ± 0.00 0.38 ± 0.00 0.06 ± 0.00 0.42 ± 0.00 0.05 ± 0.06

Table 9. Pulse-flow transport studies with 10 wt. % CL-DEAE cellulose supports.
Column dimensions: 93 cm × 1.6 cm; Buffer: tris-base salt, pH 7.0; Linear
velocities: 1.25 cm/min, 5 cm/min and 10 cm/min; Bead particle diameter: 600 ±
150 μm; Estimated bead contacting times (d/V): d/V = 2.88 sec. (1.25 cm/min),
d/V = 0.72 sec. (5 cm/min), and d/V = 0.36 sec. (10 cm/min); PC: number of
column volumes (CV) for the emergent pulse peak; PW: pulse peak  width;
Molecular weight standards: Dextran blue (Mr > 2,000,000-kDa) (2 mg/ml),
Human fibrinogen (hFib) (Mr 340-kDa) (5 mg/ml), bovine serum albumin (BSA)
(Mr 60-kDa) and tryptophan (Mr 204 Da) (2 mg/ml).
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100 mM
NaCl

50 mM
NaCl

35 mM
NaCl

20 mM
NaCl

0 mM
NaCl

% BT 23 %
43 %

33 %
25 %

24 % 23 %
23 %

25 %
30 %

Conductivity
(mψ)

10.9 5.7 4.6 2.8 0.9

Capacity
(mg/ml)

3.0
4.5

15.0
14.5

15.5 9.0
8.5

1.5
2.0

%  Loss
Feed

12.0 %
9.1 %

3.1 %
3.3 %

3.0 % 8.5 %
9.1 %

2.2 %
8.0 %

%  Loss
Wash

(CV/Wash)

44.0 %
34.5 %
(12 CV)

7.62 %
6.70 %
(3 CV)

1.5 %
(2 CV)

1.10 %
1.25 %
(2 CV)

5.5 %
5.0 %
(2 CV)

% Yield
Elute

23.0 %
65.5 %

80.0 %
84.0 %

95.0 % 94.0 %
87.5 %

83.0 %
81.0 %

Table 10.  Dynamic BSA binding capacities of 2 wt. % CL-DEAE cellulose
support using 50 mM tris buffer, pH 8.6 with varying concentrations of NaCl.
Linear velocity: 10 cm/min. Backpressure range: 2 – 3 PSI.
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100 mM
NaCl

50 mM
NaCl

20 mM
NaCl

0 mM
NaCl

% BT 20.5 %
28.0 %

23 % 23 %
23 %

17 %

Conductivity
(mψ)

10.4 6.0 4.5 3.0

Capacity
(mg/ml)

1.7
1.7

9.6 18.0
17.1

23

%  Loss
Feed

6.4 %
7.0 %

4.33 % 4.0 %
3.5 %

2.0 %

%  Loss
Wash

(CV/Wash)

45 %
60 %

(12 CV)

20 %
(5 CV)

5 %
7 %

(2 CV)

1.3 %
(2 CV)

% Yield
Elute

42 %
41 %

78 % 88 %
71 %

95 %

Table 11.  Dynamic BSA binding capacities of 2 wt. % CL-DEAE cellulose
support using 15 mM sodium phosphate  buffer, pH 7.8 with varying
concentrations of NaCl.  Linear velocity: 10 cm/min. Backpressure range: 2 – 3
PSI.
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100 mM
NaCl

50 mM
NaCl

20 mM
NaCl

0 mM
NaCl

% BT 23.6 % 20 % 47 % 20 %

Conductivity
(mψ)

9.4 6.1 4.2 2.0

Capacity
(mg/ml)

5.0 14.5 27.0 35.5

%  Loss
Feed

8.0 % 9.4 % 11.0 % 6.0 %

%  Loss
Wash

(CV/Wash)

45 %
(15 CV)

24 %
(20 CV)

17 %
(15 CV)

19 %
(8 CV)

% Yield
Elute

56 % 58 % 65 % 75 %

Table 12.  Dynamic BSA binding capacities of DEAE FF-Sepharose  using 15
mM sodium phosphate  buffer, pH 7.8 with varying concentrations of NaCl.
Linear velocity: 10 cm/min. Backpressure range: 15 – 20 PSI.
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40 mM sodium
phosphate

20 mM
NaCl

0 mM
NaCl

25 mM
sodium

phosphate

15 mM
sodium

phosphate

% BT 27.0 % 23.7 % 24.0 % 17.0 %

Conductivity
(mψ)

6.9 5.7 3.3 3.0

Capacity
(mg/ml)

5.0 7.5 16.0 23.0

%  Loss
Feed

4.0 % 6.0 % 3.0 % 2.0 %

%  Loss
Wash

18.0  % 26.0  % 8.0 % 1.3 %

% Yield
Elute

89 % 71 % 80 % 95 %

Table 13.  Comparison of dynamic BSA binding capacities of 2 wt. % CL-DEAE
cellulose support as a function of sodium phosphate concentration.  Linear
velocity: 10 cm/min. Backpressure range: 2 – 3 PSI.
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50 mM
NaCl

35 mM
NaCl

0 mM
NaCl

% BT 20 % 20 % 44 %

Conductivity
(mψ)

6.2 4.4 1.1

Capacity
(mg/ml)

24.0 16.9 2.2

%  Loss
Feed

2.2 % 8.0 % 20.0 %

%  Loss
Wash

(CV/Wash)

6 %
(2 – 3 CV)

< 1 %
(1 – 2 CV)

5 %
(1 – 2 CV)

% Yield
Elute

91 % 92 % 75 %

Table 14.  Dynamic BSA binding capacities of 3.5 wt.% CL-DEAE cellulose
support using 50 mM tris buffer, pH 8.6 with varying concentrations of NaCl.
Linear velocities: 10 cm/min. Backpressure range: 2 – 3 PSI.
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50 mM
NaCl

0 mM
NaCl

% BT 22 % 23 %

Conductivity
(mψ)

6.2 2.1

Capacity
(mg/ml)

11.5 21.3

%  Loss
Feed

6.0 % 5.0 %

%  Loss
Wash

(CV/Wash)

8.5 %
(3 – 4 CV)

< 1 %
(1 – 2 CV)

% Yield
Elute

85 % 95 %

Table 15.  Dynamic BSA binding capacities of 3.5 wt.% CL-DEAE cellulose
supports using 15 mM sodium phosphate buffer, pH 7.8 with varying
concentrations of NaCl.  Linear velocity: 10 cm/min. Backpressure range: 2 – 3
PSI.
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100 mM
NaCl

50 mM
NaCl

20 mM
NaCl

0 mM
NaCl

% BT 23.6 % 20 % 47 % 20 %

Conductivity
(mψ)

9.4 6.1 4.2 2.0

Capacity
(mg/ml)

5.0 14.5 27.0 35.5

%  Loss
Feed

8.0 % 9.4 % 11.0 % 6.0 %

%  Loss
Wash

(CV/Wash)

45 %
(15 CV)

24 %
(20 CV)

17 %
(15 CV)

19 %
(10 CV)

% Yield
Elute

56 % 58 % 65 % 74 %

Table 16.  Dynamic BSA binding capacities of DEAE FF-Sepharose using 15 mM
sodium phosphate buffer, pH 7.8 with varying concentrations of NaCl.  Flowrate:
10 cm/min. Backpressure range: 20 – 25 PSI.
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Support
3.5 wt. %
CL-DEAE
Cellulose

DEAE FF-
Sepharose

3.5 wt. %
CL-Q

Cellulose

Q FF-
Sepharose

Column
Dimensions

(L × I.D.)
(cm)

90 × 1.6 15 × 2.5 90 × 1.6 15 × 2.5

% BT 23.0 % 20.0 % 20.0 % 21.0 %

Backpressure
(PSI)

2 – 3 20 – 25 2 – 3 20 – 25

Capacity
(mg/ml)

21.3 35.5 30.5 45.5

%  Loss Feed 5.0 % 6.0 % 1.0 % 2.0 %

%  Loss Wash
(CV/Wash)

< 1 %
(1 – 2 CV)

19 %
(8 – 10 CV)

2 %
(1 – 2 CV)

10 %
(20 – 25 CV)

% Yield Elute 95 % 75 % 96 % 88 %

Table 17. Dynamic BSA binding capacities of 3.5 wt. % CL-DEAE and 3.5 wt. %
CL-Q cellulose support compared to DEAE FF-Sepharose and Q FF-Sepharose
using 15 mM sodium phosphate buffer, pH 7.8 (Conductivity: 2.1 mψ).  BSA: 1
mg/ml. Linear velocity: 10 cm/min.
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2.0 wt. %
Q Cellulose

3.5 wt. %
Q Cellulose

6.0 wt. %
Q Cellulose

10.0 wt. %
Q Cellulose

Q FF-
Sepharose

% BT 31 % 20 % 17 % 13 % 42 %

Conductivity
(mψ)

4.2 4.3 4.2 4.3 4.2

Capacity
(mg/ml)

10.4 17.6 16.8 16.5 21.4

%  Loss
Feed

7.0 % 3.5 % 5.0 % 3.5 % 5.0 %

%  Loss
Wash

(CV/Wash)

3 %
(1 – 2  CV)

2 %
(1 – 2  CV)

2 %
(1 – 2  CV)

5 %
(1 – 2  CV)

20 %
(> 6 CV)

% Yield
Elute

88 % 92 % 91 % 88 % 60 %

Table 18. Dynamic BSA binding capacities of CL-Q cellulose supports using 40
mM tris phosphate buffer, pH 8.6.  Column Dimensions: 90 × 1.6 cm (Cellulose
supports) Backpressure range: 2 – 3 PSI; 15 × 2.5 cm  (Q FF-Sepharose
supports). Backpressure range: 20 – 25 PSI. Linear velocity: 10 cm/min.
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2.0 wt. %
Q Cellulose

3.5 wt. %
Q Cellulose

6.0 wt. %
Q Cellulose

10.0 wt. %
Q Cellulose

Q FF-
Sepharose

% BT 21 % 50 % 58 % 32 % 53 %

Conductivity
(mψ)

1.0 1.0 1.1 1.0 1.0

Capacity
(mg/ml)

10.8 3.9 1 – 2 1 – 2 20

%  Loss
Feed

6.5 % 25.0 % 16.0 % 4.0 % 3.2 %

%  Loss
Wash

(CV/Wash)

8.5 %
(2 – 3  CV)

5.0 %
(1 – 2  CV)

13.0 %
(1 – 2  CV)

5.0 %
(1 – 2  CV)

16.5 %
(1 – 2  CV)

% Yield
Elute

73 % 68 % 70 % 87 % 80 %

Table 19. Dynamic BSA binding capacities of CL-Q cellulose supports using 50
mM Tris buffer, pH 7.8.  Column Dimensions: 90 × 1.6 cm (Cellulose supports)
Backpressure range: 2 – 3 PSI; 15 × 2.5 cm  (Q FF-Sepharose supports).
Backpressure range: 20 – 25 PSI. Linear velocities: 10 cm/min.
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3.5 wt. %
Q Cellulose

Q FF-
Sepharose

% BT 20 % 21 %

Conductivity
(mψ)

2.1 2.1

Capacity
(mg/ml)

30.5 45.5

%  Loss
Feed

1 % 2 %

%  Loss
Wash

(CV/Wash)

2 %
(2 – 3  CV)

10 %
(25 CV)

% Yield
Elute

96 % 88 %

Table 20. Dynamic BSA binding capacities of CL-Q cellulose supports using 15
mM sodium phosphate buffer, pH 7.8.  Column Dimensions: 90 × 1.6 cm
(Cellulose supports). Backpressure range: 2 – 3 PSI; 15 × 2.5 cm  (Q FF-
Sepharose supports). Backpressure range: 20 – 25 PSI. Linear velocity: 10
cm/min.
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2.0 wt. %
Q Cellulose

6.0 wt. %
Q Cellulose

10.0 wt. %
Q Cellulose

Q FF-
Sepharose

% BT 24 % 23 % 23 % 48 %

Conductivity
(mψ)

9.7 9.7 9.8 9.7

Capacity
(mg/ml)

5.2 6.8 11.6 27.8

%  Loss
Feed

5.0 % 6.5 % 8.5 % 3.5 %

%  Loss
Wash

(CV/Wash)

16.0 %
(3 – 4  CV)

27.0 %
(> 6  CV)

5.5 %
(2 – 3  CV)

16.5 %
(3 – 4  CV)

% Yield
Elute

73 % 68 % 92 % 80 %

Table 21. Dynamic BSA binding capacities of CL-Q cellulose supports using 50
mM Tris buffer, pH 7.8 containing 100 mM NaCl.  Column Dimensions: 90 × 1.6
cm (Cellulose supports). Backpressure range: 2 – 3 PSI; 15 × 2.5 cm  (Q FF-
Sepharose supports). Backpressure range: 20 – 25 PSI. Linear velocity: 10
cm/min.
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Dynamic Binding Capacity
(mg/ml support)

BSA
(Linear velocity:

10 cm/min)

hFib
(Linear velocity:

10 cm/min)

hFib
(Flowrate:

0.5 cm/min)

CL-DEAE
Cellulose
Support

Tris-
Phosphate

Tris-
Base

Tris-
Base/
NaCl

Tris-
Phosphate

Tris-
Base

Tris-
Base/
NaCl

Tris-
Phosphate

Tris-
Base

Tris-
Base/
NaCl

2 wt. % 15 – 20 4 – 5 4 – 5 0.4 – 0.6 ND ND 2.7 – 3.1 ND ND

6 wt. % 8 – 10 1 – 2 10 – 15 < 0.2 ND ND ND ND ND

10 wt. % 4 – 6 < 0.5 10 – 12 < 0.2 ND ND ND ND ND

Table 22. BSA/hFib adsorption studies using CL-DEAE cellulose supports.
Dynamic binding capacities of 2, 6 and 10 wt. % CL-DEAE cellulose supports.
Binding buffers: (1) 39 mM tris-phosphate, pH 8.6, (2) 50 mM Tris-base, pH 8.3
and (3) 50 mM tris-base/100 mM NaCl, pH 8.3.  Binding experiments were
performed at room temperature (21 °C).  The range of binding capacities
represents those obtained between 20 – 50 % BT. ND: not determined.  BSA:
bovine serum albumin.  hFib: human fibrinogen.
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Dynamic Binding Capacity
(mg/ml support)

DEAE Support
(Bed Length (L)/

Particle Size (μm)) BSA
(High Linear
Velocity or

Pressure Drop)

hFib
(High Linear
Velocity or

Pressure Drop)

hFib
(Low Linear

Velocity)

2 wt. % CL-DEAE
Cellulose
(90 cm/

500 – 600 μm)

15 – 20
(10 cm/min,

 ~ 3 PSI)

0.4 – 0.6
(10 cm/min,

 ~ 3 PSI)

2.7 – 3.1
(0.5 cm/min)

DEAE
FF-Sepharose

(15 cm/
50 – 100 μm)

10 – 12
(7 cm/min,
~ 20 PSI)

2.2 – 2.7
(7 cm/min,
 ~ 20 PSI)

2.4 – 3.0
(0.5 cm/min)

Whatman DE-52
(15 cm/

< 50 μm)

10 – 15
(2 cm/min,
~20 PSI

ND 3.2 – 3.9
(0.5 cm/min)

Table 23. Comparison of dynamic BSA and hFib binding capacities for various
DEAE supports.  The binding buffer for all column chromatography experiments
was 39 mM tris-phosphate, pH 8.6. BSA and fhFib were loaded at 10 cm/min or
at the highest linear velocities attainable while maintaining column backpressures
of < 20 PSI.  Using column lengths  of 15 cm or more, an operating linear velocity
of 10 cm/min was not feasible with DEAE FF-Sepharose  and Whatman DE-52
supports due to high column backpressures. Binding experiments were
performed at room temperature (21 °C). The range of binding capacities
represents those obtained between 20 – 50 % BT. ND: not determined. BSA:
bovine serum albumin.  hFib: human fibrinogen.
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Experimental Conditions hFib BSA

Comments
BSA:hFib

Feed
Ratio

U0
(cm/
min)

L
(cm)

L/U0
(min)

% FT
(Purity)

PF % Bound
(Purity)

PF

Base case for
cellulose
supports,
Low U0

No separation

1:1
(5 CV)

0.5 90 180 5 %
(100 %)

1 100 %
(51 %)

1

Load 5 CV
High U0,
High L/D

Good
separation

1:1
(5 CV)

10 90 9 85 %
(80 %)

1.6 80 %
(84 %)

1.7

Load 5 CV
Low U0,
Low L/D

1:1
(3.5 CV)

1.6 15 9 30 %
(100 %)

2.0 100 %
(60 %)

1.2

1 CV of 20 %
hFib/80% BSA

High U0,
High L/D

Good
separation

1:1
(1 CV)

10 90 9 45 %
(62 %)

3.1 95 %
(93 %)

1.2

1 CV of 10 %
hFib/90% BSA

High U0,
High L/D

Good
separation

1:1
(1 CV)

10 90 9 55 %
(37 %)

3.7 90 %
(95 %)

1.1

Table 24.  Affinity purification by speed of BSA and hFib mixtures at high L/D and
dp/U0 ratios using   2 wt. % CL-DEAE cellulose supports.  PF: purification factor.
BSA: bovine serum albumin.  hFib: human fibrinogen.
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Experimental Conditions hFib BSA

Comments BSA:hFib
Feed Ratio

U0
(cm/
min)

L
(cm)

L/U0
(min)

% FT
(Purity)

PF % Bound
(Purity)

PF

Base case for
DEAE FF-
Sepharose

Low U0
Low L/D

No separation

1:1
(5 CV)

1.6 15 9 2 % 1 100 %
(62 %)

1

Base case for
DEAE FF-
Sepharose

Low U0
Low L/D

No separation

1:1
(3 CV)

2 18 9 0 % 1 100 %
(50 %)

1

Load at highest
possible U0

No separation
1:1

(3 CV)
7 15 2 0 % 1 100 %

(50 %)
1

Table 25.  Affinity purification by speed of BSA and hFib mixtures at high L/D and
dp/U0 ratios using   DEAE FF-Sepharose  supports. PF: purification factor. BSA:
bovine serum albumin.  hFib: human fibrinogen.
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hFib BSA

Feed 100 % 100 %

FT and Wash 2 % 0 %

Elution (Purity) 98 % (49 %) 100 % (51 %)

Table 26.  hFib and BSA yields and purities.  DEAE FF-Sepharose (Column
Length: 25 cm).  hFib/BSA loaded at 1.7 cm/min. L/U0 = 9 min.
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Fibrinogen BSA

Feed 100 % 100 %

FT and Wash 30 % 0 %

Elution (Purity) 70 % (40 %) 100 % (60 %)

Table 27.  hFib and BSA yields and purities.  2 wt. % CL-DEAE cellulose support
(Column Length: 25 cm).  HFib/BSA loaded at 1.6 cm/min. L/U0 = 9 min.



158

hFib BSA

Feed 100 % 100 %

FT and Wash 5 % 0 %

Elution (Purity) 95 % (49 %) 100 % (51 %)

Table 28.  hFib and BSA yields and purities.  2 wt. % CL-DEAE cellulose support
(Column Length: 90 cm).  HFib/BSA loaded at 0.5 cm/min. L/U0 = 180 min.
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hFib BSA

Feed #1 100 % 100 %

FT and Wash #1 85 % 21 %

Elution #1 15 % 79 %

Feed #2 85 % ND

FT and Wash #2 8 % ND

Elution #2 77 % ND

Overall Yields (Purity) 77 % (79 %) 79 % (84 %)

Table 29.  hFib and BSA yields and purities.  2 wt. % CL-DEAE cellulose support
(Column Length: 90 cm).  hFib/BSA  feed mixtures loaded at 10 cm/min, then 0.5
cm/min. L/U0 = 9 min (Feed #1). L/U0 = 180 min (Feed #2).  ND: not determined.
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Abstract

This report studies the effect of the local spatial density of monoclonal antibody

(mAb) immobilized within a low-solids content, large-particle diameter cellulose support.

A novel epoxide-gradient activation method (epoxy-GAM) for creating a gradient of

support activation was compared to classical bulk activation/bulk coupling (BA/BC)

methods using different coupling chemistries.  In addition to using epoxy-GAM, a two-

step coupling (TSC) sequence comprised of mAb permeation under slow coupling

conditions followed by conditions having fast coupling reaction kinetics was used to

further assist in the goal of distributing the mAb within the matrix.  Immunosorbents

containing volume-averaged mAb densities of 1 – 12 mg/ml of support were studied.  A

gradient of immobilized fluorescein label and fluorescein-labeled mAb was observed by

fluorescent imaging within 10 μm thick cross-sections of the epoxy-GAM supports.  The

antigen-binding efficiency (ηeff) of an immunosorbent is defined in this study as the

experimentally observed binding capacity of an antigen (mg antigen (Ag)/ml support)

divided by the maximum theoretical antigen-binding capacity based upon a 2:1, Ag:

mAb stoichiometric ratio and is expressed as a percentage. The ηeff of immunosorbents

obtained using epoxy-GAM/TSC contained a more uniform spatial distribution of

immobilized mAb and were significantly more active (ηeff  = 30 – 50 %) relative to those

immunosorbents made using epoxy-BA/BC methods that contained locally high mAb

densities that were immobilized only near the bead edge (ηeff  = 1 – 10%). In spite of the

mAb distribution occurring well within the interior of the large-particle diameter cellulose

beads, no limitation in mass transport was observed using HETP anaysis.
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Introduction

Immunoaffinity chromatography (IAC) uses covalently immobilized antibodies to

selectively adsorb their respective antigen from a complex mixture into a support matrix.

Monoclonal antibodies (mAb) are used to give the most favorably uniform and selective

sorption and elution behavior of the targeted antigen (Ag) (Velander et al., 1989;

Orthner et al., 1989).  For example, large-scale purification of trace human plasma

proteins, such as human factor VIII, use IAC (Marcel et al., 1990; Adeggio et al., 1992;

Pålsson et al., 1999).  The Ag-binding efficiency of an immunosorbent (ηeff ) can be

defined as the experimentally observed binding capacity of a target Ag (mg Ag/ml

support) divided by the maximum theoretical Ag-binding capacity based upon a 2:1, Ag:

mAb stoichiometric ratio and is expressed as a percentage. However, the ηeff of

immunosorbents, which have mAb  covalently immobilized through a random chemistry,

is significantly reduced in comparison to mAb that are not immobilized.

Immunosorbents prepared using conventional lysyl- (amine) or carboxyl-residue

reactive chemistries typically exhibit  ηeff of much less than 30%.  The typically low

values of ηeff have been primarily attributed to steric hindrance of the target Ag to the

Ag-binding site due to improper orientation and high local spatial density of the

immobilized mAb (Orthner et al., 1991; Velander et al., 1991; Subramanian et al.,

1994,1996) (see Figure 1).  Thus, while recombinant DNA and cell culture technology

have reduced costs associated with mAb production itself, methods of ligand

installation, which give higher ηeff, as well as support platforms, which afford enhanced

mass transfer characteristics and pressure-flow performance  (Kaster et al., 1993), can

significantly impact the cost effectiveness of laboratory, preparative and commercial

scale IAC.

Our prior studies found that the local mAb density more directly correlates with

ηeff than does volume-averaged mAb density (Subramanian et al., 1994).  Here we refer

to the volume-averaged mAb density (<ρ>) as the total amount of immobilized mAb on

a bulk average basis. Whereas,  the local mAb density (ρloc) refers to the local spatial

distribution of mAb within the support particle.  Pragmatically, both <ρ> and ρloc are
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expressed as mg mAb/ml support and the optimization of mAb loadings of as much as

10 mg mAb/ml support are useful for process scale IAC applications.  Furthermore,

because the spatial reactivity and porosity can be a complex and constitutive

phenomena, it is necessary to evaluate several different types of support matrices,

activation chemistries and mAb coupling methods.  For example, our previous studies

evaluated the relationship between ηeff , <ρ> and ρloc within 3M Emphaze AB1

Biosupport MediumTM, which is a 35 μm particle-diameter, cross-linked synthetic

beaded matrix having a high level of distribution of amine-reactive azlactone functional

groups arising from the matrix polymerization synthesis. The ρloc was semi-

quantitatively measured by photomicrography of cross-sections of texas red labeled-

mAb and was varied by lowering the reactivity of the matrix during the mAb permeation

process using a two-step coupling (TSC) method (see Figures 2 & 3).  Immunosorbents

having mAb that primarily occupied the outermost 10 μm thick shell of a 60 μm particle-

diameter bead gave low  a ηeff of about 20% or less for a <ρ> of about 5 – 10 mg/ml. In

this case, the ρloc of immobilized mAb is estimated to be 100 mg/ml or greater.

Conversely, supports with similar <ρ> but with lower ρloc yielded a  ηeff   of 65 % under

dynamic loading and elution conditions.  A similar relationship between  <ρ>, ρloc and

general IAC purification performance characteristics were recently obtained for a

comparison between a 100 – 200 μm particle-diameter, Fast-Flow SepharoseTM support

and  300 – 500 μm particle-diameter and more porous agarose matrices using classical

CNBr bulk activation (BA) chemistry and bulk coupling (BC) methods (Gustavsson et

al., 1996, 1997; Pålsson et al., 1999) (see Figure 4).  However, these immunosorbents

contained a <ρ> of only about 1 mg mAb/ml support  and ηeff  was not presented, thus

optimization parameters for IAC applications with higher <ρ> were not given.  Mass

transfer advantages characterized by lower height to a theoretical plate (HETP) values

were emphasized as a source of better immunosorbent performance in the more highly

porous agarose matrices.  These immunosorbents had lower values of  ρloc  as

quantified by photomicrography of cross sections of immobilized mAb probed by

fluorescently labeled protein A.
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In contrast to the above previous studies, we here specifically manipulate the

affect of ρloc on ηeff  using a  novel epoxide-gradient activation method (epoxy-GAM) for

creating a gradient of support activation for a broad range of <ρ>.   We compare the

results from immunosorbents made with epoxy-GAM to classical bulk activation/bulk

coupling (BA/BC) methods using different coupling chemistries on a low-solids content,

large-particle diameter (500 – 900 μm) cellulose support to effect changes in ρloc

(Kaster et al. 1993; Velander et al. 1994, 1999). These large-particle diameter, uncross-

linked, beaded cellulose hydrogel supports of only a solids content of 3.5 wt. % were

designed to more optimally afford high rates of intraparticle mass transfer while

maintaining mechanical stability (Kaster et al., 1993).

Materials and Methods

Materials and chemical reagents

Murine, pH dependent, anti-human protein C mAb (12A8-8861 mAb) (Mr 155-

kDa) and human protein C (hPC) (Mr 62-kDa) standard were kindly provided by the

American Red Cross (Rockville, MD).  Recombinant human protein C (rhPC) was

purified from transgenic porcine whey in our laboratory (Morcol et al , 1994).  Affinity

purified, whole-molecule goat anti-mouse, sheep anti-mouse, and goat anti-mouse

antibodies conjugated to horse radish peroxidase (HRP), 1-cyano-4-(dimethylamino)-

pyridinium tetraflouroborate (CDAP), 1,4-butanediol diglycidyl ether (Araldite RD-2

(approx. 95%); bisoxirane), 1-chloro-2,3-epoxypropane (epichlorohydrin) and

flourescein isothiocyanate (FITC) were purchased from Sigma Chemical Co. (St. Louis,

MO).  Goat anti-human protein C antisera was purchased from American Diagnostica

(Greenwich, CT).  Immulon II microtiter plates were purchased from Fisher Scientific

(Pittsburgh, PA).  JB4 histological embedding kit was purchased from Polysciences,

Inc. (Warrington, PA). O-Phenylenediamine-2HCl (OPD) reagent was purchased from

Abbott Laboratories (Chicago, IL).  Column chromatography was conducted using C10

columns (column dimensions: 15 × 1 cm) from Pharmacia Biotech (Piscataway, NJ) and

a Masterflex peristaltic fluid pump.  Chromatographic separations were monitored using
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a Rainin data acquisition system with an inline Knauer Spectrophotometer.  Large-

particle diameter (500 – 900 μm), low-solids content (3.5 wt. %) beaded cellulose

supports were made in our laboratory according to the procedures described in Kaster

et al. (1993). Water was purified and deionized to a resistance of approximately 18

Ohms using a Nanopure Barnstead water purification system.  All other reagents were

purchased at the finest grade available from Sigma Chemical Co. (St. Louis, MO).

Epoxy-activation of cellulose supports using the gradient activation method (GAM)

Cellulose support was epoxy-activated using epichlorohydrin (Matsumoto et al.,

1979; Zemanova et al., 1981). Cellulose support (10 ml) was slurry packed into a 15 ml

Pharmacia C10 chromatography column. For the washing steps, flow was performed

from the bottom of the column to the top at 2 ml/min. The support was washed with 3

column volumes (CV) each of water, then with 100 % ethanol.  The support was then

washed with a solution of 50 % (v/v) epichlorohydrin prepared in 100 % ethanol.   The

support was incubated in the epichlorohydrin/ethanol solution for 30 minutes at room

temperature (25 °C).  The flow was then reversed to drain the support of interstitial fluid

to yield a support-cake.  The support-cake was then transferred into a round-bottomed

flask.  1 M NaOH (3 CV) containing 2 mg/ml sodium borohydride was then added to the

flask.  The activation reaction was allowed to proceed for 24 hours at room temperature

(25 °C) with gentle stirring.  After the activation reaction, the support was then washed

on a sintered-glass filter-funnel with 10 CV each of water, 100 % ethanol, then water

again at 4 °C.   The activated support was then used immediately for mAb coupling.

Classical cyano-transfer bulk activation of cellulose support

Cellulose support was activated by the cyano-transfer method using 1-cyano-4-

(dimethylamino)-pyridinium tetraflouroborate (CDAP) as described in Kohn et al. (1984).

The cyano-transfer method yields cyanate ester end groups, which are highly reactive

towards primary amine groups on proteins.  Briefly, cellulose support (10 ml) was

placed on a coarse sintered-glass filter-funnel and washed with 3 CV each of water,
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acetone: water (30:70), and finally with acetone: water (60:40).  The support was

drained by mild suction and transferred to a 50 ml flask and suspended in 10 ml of

acetone: water (60:40) at 0 °C.  CDAP (750 μl of a 0.1 mg/ml stock solution prepared in

acetonitrile) was then added to the reaction flask and gently stirred for 1 minute.

Triethanolamine (TEA) (600 μl of a 0.2 M aqueous stock solution) was added dropwise.

The reaction was then allowed to proceed for another 2 – 3 minutes.  Upon completion

of the activation step, the support was then transferred into a flask containing 200 ml of

0.05 M HCl and permitted to settle for 15 minutes at 4 °C.  The activated support was

then washed extensively on a coarse sintered-glass filter-funnel with water (3 CV) at

4 °C and used immediately for mAb immobilization.

Classical bulk epoxide activation  of cellulose support using bisoxirane

Cellulose supports were activated using bisoxirane according to a modified

procedure as described in Porath et al. (1974). Cellulose support (5 – 10 ml) was

packed into a column and washed with water (3 CV) at 1 ml/min.   The flow was then

reversed to drain the support of interstitial fluid. The support was then transferred to a

round-bottom reaction flask.   The support was  suspended in a NaOH solution (3 CV)

with a final concentration of 0.6 M containing 5 mg/ml sodium borohydride.

Approximately 3 –  4 ml of bisoxirane was slowly added in a dropwise manner with

gentle stirring at room temperature (25 °C).  The activation reaction was allowed to

proceed overnight  (24 hrs) at room temperature (25 °C) with gentle stirring.  After the

activation reaction, the support was then washed on a sintered-glass filter-funnel with 3

CV each of water, 100 % ethanol, then water again at 4 °C.  The support was then used

immediately for mAb coupling.

Classical bulk epoxide activation of cellulose support using epichlorohydrin

Cellulose supports were activated  using  epichlorohydrin according to a modified

procedure described in Porath et al. (1974). Cellulose support (5 – 10 ml) was packed
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into a column and washed with water (3 CV) at 1 ml/min.   The flow was then reversed

to drain the support of interstitial fluid. The support-cake  was then transferred to a

round-bottom reaction flask.   The support was  suspended in 1 CV of a NaOH solution

with a final concentration of 1 M containing 5 mg/ml sodium borohydride.  A volume of

epichlorohydrin approximately 10 % of the column bed volume was added with stirring

at room temperature (25 °C). The activation reaction was allowed to proceed overnight

(24 hrs) at room temperature (25 °C) with gentle stirring. The support was washed on a

sintered-glass filter-funnel with 3 CV each water, 100 % ethanol, then water again at 4

°C.  The support was then used immediately for mAb coupling.

Assays

Determination of 12A8-8861 mAb by ELISA

The concentration of 12A8-8861 mAb was determined by polyclonal ELISA.

Anti-mouse IgG (whole molecule;1:200 dilution; 5 μg/ml) prepared in 0.1 M NaHCO3,

pH 9.6 was added to Immunlon II microtiter plates (100 μl/well) and incubated overnight

(24 hrs) at 4 °C. Wells were washed three times with 12.5 mM Tris-HCl/50 mM

NaCl/0.05% (w/v) Tween 20, pH 7.2 (TBST).  Residual reactive sites were blocked with

TBST containing 0.1 (w/v) % BSA (TBST-BSA) and incubated at room temperature (25

°C) for 20 minutes. Wells were then washed three times with TBST.  Dilutions of the

12A8-8861 mAb standard and unknown samples were prepared in TBST-BSA, added

in triplicate (100 μl/well) and incubated for 20 minutes at 37 °C.  Wells were then

washed three times with TBST.  Horse-radish peroxidase-conjugated, goat anti-mouse

IgG (1: 1,000 dilution) was then added to the wells (100 μl/well) and incubated for 20

minutes at 37 °C. Wells were then washed three times with TBST.  The bound

chromophore complex was detected and developed   with OPD substrate.  The

absorbance of each well was read at 490 nm using an EL-308 Bio-Tek microplate

reader.
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Determination of rhPC by ELISA

The concentration of rhPC was determined by polyclonal ELISA.  Rabbit anti-

human protein C IgG (whole molecule; 1:200 dilution; 5 μg/ml) prepared in 0.1 M

NaHCO3, pH 9.6 was added to Immunlon II microtiter plates (100 μl/well) and incubated

overnight (24 hrs) at 4 °C. Wells were washed three times with 12.5 mM Tris-HCl/50

mM NaCl/0.05% (w/v) Tween 20, pH 7.2 (TBST).  Residual reactive sites were blocked

with TBST containing 0.1 (w/v) % BSA (TBST-BSA) and incubated at room temperature

(25 °C) for 20 minutes. Wells were then washed three times with TBST.  Dilutions of

the hPC standard and unknown samples were prepared in TBST-BSA, added in

triplicate (100 μl/well) and then incubated for 20 minutes at 37 °C.  Wells were then

washed three times with TBST.  Goat anti-hPC IgG was added to each well

(100 μl/well) and incubated for 20 minutes at 37 °C. Wells were then washed three

times with TBST.  Horseradish peroxidase-conjugated, sheep anti-goat IgG (1: 1,000

dilution) was added to the wells (100 μl/well) and incubated for 20 minutes at 37 °C.

Wells were then washed three times with TBST.  The bound chromophore complex was

detected and developed with OPD substrate.  The absorbance of each well was read at

490 nm using an EL-308 Bio-Tek microplate reader.

Isolation of rhPC from transgenic swine milk

Recombinant human protein C (rhPC)  used in these studies was purified from

transgenic swine milk in our laboratory using the method described in Morcol et al.

(1994). The isolation of rhPC from transgenic swine milk was performed using DEAE

anion exchange chromatography and immunoaffinity chromatography.  Clarified milk

was diluted in a 1:1 volume ratio of milk to  100 mM Tris-HCl/200 mM EDTA, pH 8.5.

The clarified milk/EDTA solution was diluted with two parts volume of deionized water at

4 °C and loaded onto  a DEAE Sepharose FF (Pharmacia, Uppsala, Sweden) column

at 1 ml/min.  The column was washed with TBS (25 mM Tris-HCl/50 mM NaCl/0.02 (v/v)

% sodium azide, pH 2) until a steady baseline absorbance reading at 280 nm was
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attained.  The column bound rhPC was then eluted from the DEAE column using TBS-

0.25 M NaCl (25 mM Tris-HCl/50 mM NaCl/0.02 (v/v) % sodium azide, pH 2 containing

0.25 M NaCl).  The elution fraction containing rhPC was then applied onto a 12A8-8861

mAb immunoaffinity column at 1 ml/min. The 12A8-8861 mAb immunoaffinity column

was then washed with TBS-0.25 M NaCl at 1 ml/min. The elution of bound rhPC was

performed by washing the column with 0.1 M Na2CO3/0.15 M NaCl/0.02 (v/v) % sodium

azide, pH 10.  The elution fraction was immediately neutralized with the addition of 2 M

Tris-Base, pH 8.5.  After each isolation, the immunoaffinity column was regenerated by

washing the column with 2 M NaSCN and 4 M NaCl at 1 ml/min.  The DEAE column

was washed with 1 M NaCl to remove bound residual milk proteins. All chromatographic

isolation fractions were subjected to rhPC determination by ELISA.

Classical one-step bulk coupling procedure

Activated cellulose support (0.5 – 1 ml)  prepared for each of the case studies as

described above  was allowed to react with  12A8-8861 mAb (1 – 20 mg/ml) at a

constant pH 9.5 using 0.1 M sodium carbonate/0.1 M NaCl at 4 °C overnight (24 hrs) on

a rotator. The column was then washed in column mode with coupling buffer, then 1 M

NaCl.  Residual amine-reactive groups on the support were then blocked with 2 M Tris-

Base, pH 9.5 or with 10 (v/v) % ethanolamine, pH 9.5 by incubating overnight (24 hrs)

at  4 °C on a rotator. The initial and final supernatant fractions were then analyzed  for

mAb concentration and a material balance performed to determine mAb coupling

efficiency (ψ).

Two-step coupling (TSC)  procedure

This coupling technique utilized a two-step permeation and coupling sequence

in the immobilization of mAb in order to manipulate ρloc (Subramanian et al., 1994 ) (see

Figures 2 & 3). Activated column support (0.5 – 1 ml)  prepared for each of the case

studies as described above  was allowed to react with  12A8-8861 mAb (1 – 20 mg/ml)

at a constant pH 6.0  using 0.1 M sodium carbonate/0.1 M NaCl at 4 °C  for one hour

on a rotator.   The reaction mixture was then adjusted to pH 9.5 and allowed to proceed
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at 4 °C overnight (24 hrs) on a rotator.  The column was then washed in column mode

at 1 ml/min with 3 CV each of coupling buffer, then with 1 M NaCl.  Residual amine-

reactive groups on the support were then blocked with 2 M Tris-Base, pH 9.5 or with 10

(v/v) % ethanolamine, pH 9.5 by incubating overnight (24 hrs) at  4 °C on a rotator. The

initial and final supernatant fractions were then analyzed  for mAb concentration and a

material balance performed to determine ψ.

Immobilization procedure for TSC method with Tris competitor

This immobilization technique utilized the presence of a competing nucleophile

(Tris-HCl) in the coupling of mAb in order to manipulate  ρloc (see Figure 5). Activated

cellulose support (1 ml)  prepared for each of the case studies as described above  was

allowed to react with  12A8-8861 mAb (1 – 20 mg/ml) at a constant pH 5.0  using 0.1 M

sodium carbonate/0.1 M NaCl  containing 0.5 M Tris-HCl at 4 °C  for one hour on a

rotator.   The reaction mixture was then adjusted to pH 9.5 and allowed to proceed at 4 

°C overnight (24 hr) on a rotator.  The column was then washed in column mode at 1

ml/min  with 3 CV each of coupling buffer, then with 1 M NaCl.  Residual amine-reactive

groups on the support were then blocked with 2 M Tris-Base, pH 9.5 or with 10 (v/v) %

ethanolamine pH 9.5 by incubating overnight (24 hrs) at  4 °C on a rotator. The initial

and final supernatant fractions were then analyzed for mAb concentration and a

material balance performed to determine ψ.

Flourescent imaging of immobilized FITC-labeled mAb

The spatial distribution of immobilized mAb was determined using

immunoflourescent microscopy. 12A8-8861 mAb conjugated with flourescein

isothiocyanate (FITC) was immobilized under varying coupling reaction conditions and

volume-averaged densities.  12A8-8861 mAb was labeled with FITC according to the

procedure described by Goding (1976).  Briefly, 10 – 20 mg of mAb was extensively

dialyzed against water, frozen and lyophilized, then reconstituted to approximately 10

mg/ml in 0.25 M sodium carbonate/0.1 M NaCl, pH 9.5.  10 – 20 μg of FITC was added
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per mg of mAb.  The conjugation reaction was allowed to proceed for 24 hours at room

temperature (25 °C).  The FITC-mAb complex was filtered and concentrated using a

10,000-Da MWCO centricon diafilter cartridge to remove unreacted buffer salts and

residual FITC.

Flourescent visualization of covalently bound mAb was accomplished  by

permitting FITC-labeled mAb to immobilize into cellulose supports.   Supports

containing FITC-labeled mAb were stored in the dark at 4 °C.  The supports were

prepared for embedding by dehydrating with successive aqueous ethanol solutions of

30, 50, 70, 80 and 95 % (v/v) ethanol.  The support was allowed to equilibrate 20

minutes for each step.  The dehydrated support was then infiltrated and embedded

using the JB4 histological embedding kit according to the manufacturers instructions.

Blocks  were allowed to incubate overnight  (24 hrs) at room temperature (25 °C) before

sectioning. Cross-sections 10 μm in thickness were cut from each block using an LKB

automatic microtome.  These sections were then placed onto glass microscope sildes

and fixed in place by drying.  Sample cross-sections were viewed under flourescent

light using a microscope equipped with a 35-mm camera.  Flourescent

photomicrographs were taken using Kodak Ektar 1000 film with a shutter speed ranging

from 20 seconds to 3 minutes.

Immunoaffinity chromatography

Analysis of all immunosorbents were performed in a column mode as described

in Subramanian et al. (1994).  Columns (column bed volume: 0.5  – 2 ml) were cleaned

with approximately 10 column volumes  (CV) of 2 M NaSCN at 1 ml/min.  The columns

were then equilibrated with at least 20 CV of binding  buffer (20 mM sodium citrate/80

mM sodium chloride, pH 6.5 or TBS (25 mM Tris-HCl/50 mM NaCl, pH 7.2)).  After

equilibration, 95 % pure rhPC at a concentration of 1 – 2 mg/ml was loaded at

approximately 1 ml/min until the breakthrough leveled off.   The columns were then

washed with binding buffer until baseline was reached.  Bound rhPC was eluted with

either a one-step or two-step elution sequence.    The one-step elution was conducted
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with 2 M NaSCN.  The two-step sequence comprised of an initial elution with 0.1 M

sodium bicarbonate/0.15 M sodium chloride, pH 10 followed by a final elution step

using 2 M NaSCN.  After elution, the columns were then reequilibrated with loading

buffer.  All chromatographic fractions were subjected to rhPC determination by ELISA

and a dynamic ηeff calculated for each run.  Analysis of static ηeff was also performed by

allowing each immunosorbent to incubate with approximately 2 – 3 mg rhPC in 3 CV of

binding buffer for a minimum of 1 hour at room temperature (25 °C).  The

immunosorbents were then eluted in column mode and analyzed in an analogous

manner to the dynamic experiments.  Each column was subjected to a minimum of

three consecutive runs.

HETP analysis of affinity sorbents

The  performance efficiency of various affinity sorbents are compared  using

HETP analysis. These supports include an immunosorbent prepared using Sepharose

CL-4B (Kaster et al.  1993), an immunosorbent prepared using 3.0 wt. % cellulose

prepared using CNBr-activation (Kaster et al.  1993), a superporous agarose

(Gustavsson et al., 1996), and the large-particle diameter, low-solids content  (3.5 wt .

%) cellulose immnosorbents prepared in this study using both the GAM/BC and

GAM/TSC methods. The intraparticle transport properties are evaluated by comparing

the theoretical and experimental height-equivalent-to-a-theoretical plate (HETP) values

calculated according to the methods of Mikes et al. (1975) and Snyder et al. (1979),

respectively.  The experimental HETP correlation is provided as:

2

54.5 �
�

�

�

�
�

�

�
==

h
W

R
t

L

N

L
HETP



173

Where L is the column bed length (cm), N is the number of theoretical plates,  tR is the

retention of the sample within the column and Wh is the peak width at half peak height.

The theoretical HETP correlation is provided as:

Where r is the particle radius, Dv is the mg solute bound per ml column bed/mg solute

per ml solution, F is the superficial velocity, Ds is the diffusion coefficient within the

support particle, DL is the diffusion coefficient in the solvent  and ε is the volume void

fraction of the particle.
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Results

Tables 1 and 2 present mAb ψ in addition to static and dynamic ηeff results for

various combinations of coupling techniques and activation chemistries utilizing low-

solids content, large-particle diameter cellulose support.  Two activation methods were

used to alter the spatial density of reactive functional groups available for the covalent

immobilization of mAb: (1) conventional bulk activation (BA) and (2) GAM.  Three types

of conventional BA techniques were studied: (1) the cyano-transfer method using CDAP

(Kohn et al., 1984), (2) epoxy-activation using bisoxirane (Porath et al., 1974) and (3)

epoxy-activation using epichlorohydrin (Porath et al., 1974). The GAM was performed

through epoxy-activation (epoxy-GAM) using epichlorohydrin. Three mAb

immobilization techniques were studied: (1) the classical one-step, bulk  coupling (BC)

(see Figure 4), (2) the two-step coupling (TSC) method (see Figures 2 & 3) and (3) the

TSC method with Tris-HCl as a nucleophilic competitor as an additional aid for

managing  ρloc (Rasmussen et al., 1996) (see Figure 5).  Table 3 presents results for

the comparison in performance efficiency of various affinity sorbents using HETP

analysis.
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Immunosorbents prepared using conventional bulk activation methods

Table 1 presents performance results for immunosorbents prepared from the

conventional activation methods for low and high <ρ>.  In a prior study, CNBr support

activation was implemented to immobilize 7D7B10 mAb  onto a 3 wt. % cellulose

support. This activation method immobilized at a <ρ> of 0.8 ± 0.1 mg mAb/ml with a ψ

of > 95 ±  1 %.  This immunosorbent demonstrated a dynamic ηeff of 17.0 ± 5.0 %. The

cyano-transfer technique gave an average <ρ> of 1.0 ± 0.2 mg mAb/ml support from an

average ψ of 98 ± 1 % for the low <ρ> immunosorbent using a one-step, bulk coupling

method.  These supports gave an average static ηeff of 3.4 ±  0.7 % and a dynamic ηeff

of 3.8 ±  0.4 %.   The cyano-transfer technique provided a ψ of 100 ± 1 % and an

average  <ρ> of 10.0 ± 0.1 mg mAb/ml support for the high <ρ> immunosorbents.

These supports provided average static and dynamic ηeff of 1.4 ± 0.2 % and 1.1 ± 0.2

%, respectively.  The epoxy-activation method utilizing bisoxirane provided

immunosorbents yielding an average ψ of 61 ± 1 % and an average  <ρ> of 0.6 ± 0.2

mg mAb/ml support employing the one-step coupling technique for the low <ρ>

supports.  These supports demonstrated an average static and dynamic ηeff of 3.6 ± 0.2

% and 1.4 ± 0.4 %, respectively. For the high  <ρ> supports, this activation method

gave an average ψ of 91 ± 1 %, an average <ρ> of 9.0 ± 0.1 mg mAb/ml support, and

an average static and dynamic ηeff of 1.5 ± 0.1 % and 0.5 ± 0.2 %, respectively.  Epoxy-

activation through the use of epichlorohydrin provided a low <ρ> immunosorbent having

a  <ρ> of 0.5 ± 0.1 mg mAb/ml support from a one-step ψ of only 5 ± 1 %.  This

immunosorbent exhibited a dynamic ηeff of 9.5 ± 2.1 %. A set of low <ρ>

immunosorbents prepared using this epoxy-activation method yielded an average one-

step ψ of 86 ± 1 %, providing an average  <ρ> of 0.9 ± 0.1 mg mAb/ml support.

Average static and dynamic ηeff observed for these supports were 3.2 ± 0.5 % and 3.2 ±

0.4 %, respectively.  High  <ρ> immunosorbents provided an average ψ of 87 ± 1 %

using the one-step coupling method.  These supports had an average  <ρ> of 8.6 ± 0.1

mg mAb/ml support.  These immunosorbents exhibited an average static ηeff of 1.2 ±
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0.2 % and an average dynamic ηeff of 1.4 ± 0.4 %.  A high  <ρ> support yielded a TSC 

ψ of 80 ± 1 %, providing a <ρ> of 12.0 ± 0.1 mg mAb/ml support.  This immunosorbent

had a dynamic ηeff of 11.5 ± 2.1 %.

GAM-based cellulose immunosorbents

Table 2 summarizes the results obtained for the  ψ and ηeff for each of the mAb

immobilization methods (classical, bulk one-step, TSC and TSC with Tris-HCl as a

competitor nucleophile) under low, intermediate and high <ρ> using GAM-based

cellulose immunosorbents. As shown in Table 2,   the classical one-step coupling

method yielded a ψ of 20 ± 1 % for the low <ρ>  supports.  These supports had an

average  <ρ> of 0.8 ± 0.1 mg mAb/ml support.  These supports provided average ηeff of

8.6 ± 1.1 % under static loading conditions and an ηeff of 6.7 ± 2.1 % under dynamic

loading conditions. The classical one-step mAb coupling method yielded an average ψ

of 29 ± 1 % for the low <ρ> supports. These supports had an average <ρ> of 3.0 ± 0.1

mg mAb/ml support, providing an average ηeff   of 64.3 ± 2.8 % under static loading

conditions and an average ηeff of 53.2 ± 7.0 % under dynamic loading conditions.  For

an immunosorbent with an intermediate <ρ>, the classical one-step coupling method

gave a ψ of 31 ±  1 % and yielded an immunosorbent with an intermediate <ρ> of 4.8 ±

0.1 mg mAb/ml support.  This support demonstrated a static ηeff of 61.3 ±  1.0 % and a

dynamic ηeff of 51.3 ±  7.1 %. The high <ρ> supports gave a higher average ψ of 60 ± 1

%, which yielded immunosorbents having an average  <ρ> of 8.4 ± 0.1 mg mAb/ml

support.  These immunosorbents had an average static ηeff of 13.2 ± 1.8 % and an

average dynamic ηeff of 12.0 ± 3.1 %.  The   TSC method incorporating Tris-HCl as a

nucleophilic competitor gave an average ψ of 55 ± 1 % for the low <ρ> supports.  These

supports had an average <ρ> of 1.1 ± 0.2 mg mAb/ml support and exhibited average

static and dynamic ηeff of 33.2 ± 2.0 % and 30.4 ± 4.7 %, respectively. An

immunosorbent with an intermediate  <ρ> of 5.5 ±  0.2 mg mAb/ml support with a ψ of

60 ± 1 % yielded static and dynamic ηeff of 56.0 ± 6.2 % and 52.4 ± 7.8 %, respectively.

For the high <ρ> support, this coupling method yielded a ψ of 50 ± 1 % with a <ρ> of
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7.7 ± 0.2 mg mAb/ml support. This high  <ρ> immunosorbent gave a static and dynamic  

ηeff of 56.0 ± 6.2 % and 52.4 ± 7.8 %, respectively. The conventional TSC method in the

absence of a nucleophilic competitor yielded an increased average ψ of 91 ± 1 % for

the low <ρ> supports.  These supports had an average <ρ> of 1.8 ± 0.2 mg mAb/ml

support. The average static and dynamic ηeff were 27.8 ± 1.5 % and 24.2 ± 1.1 %,

respectively.  For the intermediate <ρ> immunosorbents, the conventional TSC method

gave an average ψ of 86 ± 1 % and an average  <ρ> of 8.9 ± 0.1 mg mAb/ml support.

These intermediate  <ρ> immunosorbents exhibited static and dynamic ηeff of 37.7 ± 5.5

% and 36.6 ± 2.1 %, respectively.  The high <ρ> immunosorbent yielded a ψ of 81 ± 1

% and gave a  <ρ> of 12.4 ± 0.1 mg mAb/ml support.  This immunosorbent exhibited a

static and dynamic  ηeff of 26.0 ± 1.0 % and 27.0 ± 2.6 %, respectively.

HETP analysis of affinity sorbents

Table 3 presents results for the comparison in performance efficiency of various

affinity sorbents using HETP analysis. The intraparticle transport properties are

evaluated by comparing the theoretical and experimental height-equivalent-to-a-

theoretical plate (HETP) values calculated according to the methods of Mikes et al.

(1975) and Snyder et al. (1979), respectively.  The Sepharose CL-4B support with a

particle diameter of 0.14 mm yielded an experimental HETP value of 4 mm and a

theoretical HETP value of 7 mm (Kaster et al., 1993).   An immunosorbent with a

particle dimeter of 1.2 mm prepared from CNBr-activated 3.0 wt. % cellulose with

immobilized 7D7B10 mAb yielded experimental HETP values of 4 – 9 mm and  a

theoretical value of 1,340 mm.   The cellulose immunosorbents with an average particle

diameter of 0.5 mm prepared in this study using the GAM/BC method demonstrated

experimental HETP values of 6 – 15 mm and a theoretical HETP value of 1,600. The

cellulose immunosorbents with an average particle diameter of 0.5 mm prepared in this

study using the GAM/TSC method demonstrated experimental HETP values of 1 – 10

mm and a theoretical HETP value of 1,450.  Gustavsson et al. (1996) demonstrated a

superporous agarose support with a particle diameter of 0.4 mm which yielded

experimental HETP values of 1 – 3 mm and a theoretical HETP value of 28.
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Discussion

Classical methods used to immobilize mAb onto chromatographic supports are

typically performed in a single step at high coupling yield (see Figure 4).  This is due to

a high degree of matrix activation and where diffusional transport and coupling of the

mAb occur simultaneously.  These methods are characterized by a coupling process

where the rate of covalent mAb coupling is much greater than the rate of the

intraparticle transfer of the mAb within the interior of the support particle (Subramanian

et al., 1994).  As a result, a high local density of mAb is coupled near the edge of the

support particle due to a high concentration front of radially inward diffusing mAb at the

start of the reaction. In the case of classical epichlorohydrin activation, both cross-

linking and mAb immobilization occur near the edge of the polysaccharide support

particle as both hydroxyl ion and epichlorohydrin are simultaneously present in a well

mixed and inwardly diffusing reaction front.  We have used an epoxy-activation method

that tends to both lower activation and cross-linking near the particle edge and allow for

greater permeation and coupling of mAb into the matrix (see Figure 7).  First, the

interior of the cellulose beads were saturated with an organic phase of

epichlorohydrin/ethanol, which creates a phase separation boundary between the

activation reactants, where aqueous caustic is initially present only in the interstitial void

(see Figure 7a). Since the 50% epichlorohydrin/ethanol mixture has a limiting low

solubility in aqueous NaOH solution, the activation proceeds as a radially inward

moving boundary of caustic diffusing into the epichlorohydrin/ethanol organic phase,

which exists within the matrix particle,  towards the center of the bead particle (see

Figures 7b – e). The dissipation of the epichlorohydrin was easily observed in the large

beads over an hour  long period due to the opaque nature of this organic phase within

the bead interior (see Figure 7e). A difference in translucence between the inner core of

the bead and an outer shell was easily seen after the epichlorohydrin phase was

dissipated (see Figure 8a).
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We theorize that throughout the activation reaction, the concentration of

epichlorohydrin remains higher in the interior but more dilute at the bead edge and

along the radially inward moving aqueous front.  Thus, the dissipation of the

epichlorohydrin within the matrix occurs by both a slow dilution and reaction by the

essentially constant, high source concentration of caustic at the support edge. As

shown in Figure 8b, the cross-sections of the beads reveal an activation process which

resulted in more cross-linking in the particle interior as seen by a more translucent halo

in the outer 50% of the cellulose particle.  Even in the presence of an excess of

flourescently-labeled compounds, a minimally small amount of FITC label and FITC-

labeled mAb, which became immobilized within the bead center further corroborates

the less reactive and more highly cross-linked nature of the particle core. Conversely,

less cross-linking and the abundance of FITC label and FITC-labeled mAb immobilized

outside of the inner matrix core indicates that the epoxy-activation reaction occurred to

a lesser extent within the halo.  The epoxy-activation occurred with sufficiently less

frequency in the outer halo to cause cross-linking which diminishes both the available

sites available for coupling and also can potentially restrict intraparticle transport of

mAb.  We term this a “gradient activation method” (GAM).  This also indicates that the

accessibility of small and large molecules to the interior reactive sites were similar and

unhindered. In contrast, using classical activation and immobilization methods, such as

through CNBr support activation, results in immobilized, FITC-labeled mAb highly

localized onto the surface and within the extreme outer strata of the bead particle as

shown in Figures 9a – d. As shown in Figures 10a – d, densitometric scans of the

corresponding bead particle cross-sections in Figures 9a – d, signal intensity level

indicates high  ρloc.  These densitometric scans of the bead particle cross-sections

indicate that a large fraction of the bead volume is not utilized with increasing  <ρ>

using BA and BC methods.

Immunosorbents prepared using conventional bulk activation/coupling methods
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In order to establish the general performance of the large-particle diameter, low-

solids content cellulose beads as immunosorbents, we have used several conventional

techniques for support activation and mAb coupling. These methods characteristically

use BA and BC techniques and produced large cellulose bead immunosorbents

containing <ρ> of approximately 1 – 12 mg mAb/ml support.  While these methods

produce high ψ, average static and dynamic  ηeff  were very low and ranged from 1 – 12

%.  Both ψ and immunosorbent ηeff were typical of results of prior research that used

small-particle diameter, natural polysaccharide or synthetic matrices (agaroses, etc.)

where ηeff of 3 – 15 % for  <ρ> of 1 – 10 mg mAb/ml support were typically obtained

(Subramanian et al., 1994; Eveleigh et al., 1977; Wilchek et al., 1984; Hearn et al.,

1986; Strauss et al., 1987).  Our work with the large-particle diameter cellulose matrices

further confirms that the salient result of these BA/BC processes is an immunosorbent

with mAb that is coupled at high  ρloc  on the surface and within the outer strata of the

bead particle.  For example, the BA/BC method using cyano-transfer activation and

coupling  gave a high   ψ. However, equivalently low static and dynamic ηeff of less than

4 % were observed with these immunosorbents for <ρ> of approximately 1 – 10 mg

antibody/ml support.  Such low ηeff prevent evaluation of mass transfer effects using a

comparison of static versus dynamic ηeff. Cross-sections of these beads using

fluorescently-labeled mAb confirms immobilization of mAb at high ρloc within 10 μm of

the cellulose bead edge.  In contrast to immunosorbents using cyano-transfer methods,

BA/BC methods using bisoxirane gave lower ψ.  We selected epichlorohydrin as a more

ideal epoxy-activating reagent relative to the longer molecular length of bisoxirane

because of the lesser likelihood of complete reaction to cause matrix cross-linking when

managed under the conditions of the GAM.

Immunosorbent performance of Gradient Activation Method (GAM)
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 The GAM was developed to install epoxy sites onto the cellulose support matrix

for which mAb can be covalently attached at a lower ρloc (see Figure 6). Our results with

cellulose matrices demonstrate that the GAM yields increased   immunosorbent ηeff

when the mAb is immobilized using either a BC or a TSC method relative to BA

methods.  While both combinations gave significantly higher immunosorbent ηeff than

BA/BC methods, the use of GAM/TSC method gave higher ψ than GAM/BC. This may

be due to TSC reaction conditions which would limit the amount of cross-linking prior to

the complete transport of mAb into the matrix.

The results presented here show how <ρ> has less of an impact upon

immunosorbent ηeff than does the management of ρloc during immobilization.  We have

divided the <ρ> into three regimes in which the balance of governing rates of reaction

and diffusion during mAb coupling appear to be grossly different; a low <ρ>  regime of

about 1 mg mAb/ml support or less, an intermediate <ρ> regime of about  3 – 6 mg

antibody/ml support, and a higher <ρ>  regime of about 8 – 12 mg mAb/ml support.

Our studies indicate that the low  ηeff of <ρ> higher than about 8 – 12 mg mAb/ml

support are not likely to be useful for bench or larger scale applications, particularly for

immunosorbents made using BA/BC methods.

Interestingly, even immunosorbents in the lowest <ρ> regime shows low ηeff of

less than 4% when made using either BA/BA or GAM/BC. In contrast, the ηeff  was 30%

for GAM/TSC with Tris present as a nucleophilic competitor for activated sites during

coupling.  Thus, the first 1 mg of mAb, which is necessarily immobilized near the

particle surface, is also likely coupled at high ρloc for both BC/BA and GAM/BC methods

used here.  Alternatively, this initial 1 mg of mAb can be coupled near the particle

surface at lower ρloc by reducing the level of activation sites using GAM/TSC and Tris

titrant during immobilization.  These results are not only applicable to large particles as

in the case of cellulose beads used in this study.  The same phenomena occurs on

small-diameter azlactone supports, whereupon high ρloc coupling occurs near the

particle surface because the highest combined concentration levels of both reactive

epoxy sites and mAb are present to drive the immobilization reaction process where the
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rate of covalent mAb coupling is proportional to the mAb concentration multiplied by the

concentration of installed epoxy sites (Subramanian et al., 1994).

Immunosorbents made using the GAM/BC or GAM/TSC  method  having an

intermediate <ρ> of coupled mAb showed higher ηeff than the analogous BA/BC

supports.  Relative to the low <ρ> regime, the ρloc of an additional 3 – 5 mg mAb

present in the intermediate <ρ> regime is more easily managed using the GAM/BC or

GAM/TSC methods.  The overall  ηeff of these matrices is about 50% relative to less

than 4% for the immunosorbents made using the BA/BC methods.  In comparison to

the BC method, the TSC method favored the initial transport of mAb within the support

particle by decreasing the rate of covalent mAb coupling by reducing the local

concentration of mAb within the support.

It is apparent that the limits of the ability of the GAM used here to manage ρloc

were approached in the high <ρ> regime.  The  ηeff of the highest <ρ> regime of about 8

– 12 mg mAb/ml of support were much lower than the intermediate <ρ> regime; about

27 – 30 %  for the GAM/TSC methods with or without Tris to decrease the number of

reactive epoxy sites available to mAb as compared to about 40 – 50 %  for the

intermediate <ρ> regime.   The presence of Tris as a nucleophilic competitor decreased

the local mAb concentration, hence enhancing the reduction in the rate of mAb

coupling.  This reduction in coupling rate allowed the mAb to permeate the interior of

the support particle to a greater degree, thus allowing for more utilization of the

intramatrix volume of the support particle. As an additional  consequence of the Tris

competing with the mAb for reactive epoxy sites, the spacing of the immobilized mAb

was increased, thereby aiding to reduce steric hindrance effects in Ag binding.  The

increase in ηeff provided by the GAM/TSC method with the inclusion of Tris over the

same method without Tris are indicative of both of these simultaneously occurring

phenomena.

HETP analysis of affinity sorbents
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Larsson et al. (1996, 1997, 1999) developed superporous beaded agarose

supports with wide throughpores in addition to normal diffusion pores in order to

increase immunosorbent efficiency. These superporous supports, which contain up to

50 % internal void volume, demonstrated increased efficiency in terms of HETP

analysis in comparison to conventional homogeneous supports with similar

characteristics.  In low solids content matrices, convective and diffusive modes of

intraparticle transport should be expected for large proteins. As shown in Table 3,  the

low-solids content, large-particle diameter cellulose matrices indicate an increase in

effective intraparticle mass transport, which could not be attributed to unhindered

diffusion alone by the theoretical correlation (Mikes et al., 1975).  In contrast, the high-

solids content, small-diameter agarose-based Sepharose CL-4B and superporous

matrices demonstrate a closer  agreement in theoretical and experimentally observed

HETP values indicating  an increase in diffusion limitation and mass transfer resistance

for these matrices.

Conclusions

The local spatial density of immobilized mAb (ρloc), as opposed to volume-

averaged mAb density (<ρ>), is of more critical importance in determining the optimal

performance in immunosorbents. This appears to be a feature of  low-solids content,

large-particle diameter cellulose supports, which corroborates other data in small

diameter, synthetic matrices such as azlactone as well as other polysaccharide

supports.  The installation of epoxy-sites via the epoxy-GAM in conjunction with the

TSC  method allows for a better management of  ρloc  near the particle surface as well

as within the support interior resulting in an increased immunosorbent ηeff.
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Nomenclature & Symbols
Ag antigen
ηeff antigen-binding efficiency (%)
BA bulk activation
BC bulk coupling
CV column volume (ml)
ψ covalent coupling efficiency (%)
<ρ> volume-averaged mAb density (mg mAb/ml support)
ρloc local spatial mAb density (mg mAb/ml support)
ELISA enzyme-linked immunosorbent assay
FITC flourescein isothiocyanate
GAM gradient activation method
HETP height equivalent to a theoretical plate (mm)
hPC human protein C
rhPC recombinant human protein C
hrs hours
IAC immunoaffinity chromatography
mAb monoclonal antibodies
Mr molecular weight (kDa)
MWCO molecular weight cut-off
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Figure 1. Factors impacting immunosorbent performance.
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Figure 2. Two-step coupling (TSC) technique for mAb immobilization.
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(a) t = 0 min.

(b) t = 0.5 min.

(c) t = 30 min.
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ECH

Epoxy-activated
Bead Particle

Bead Particle Cross-section

Epichlorohydrin 
(ECH)

Figure 7. Epoxy-gradient activation method (Epoxy-GAM) using 50 (v/v) % 
epichlorohydrin/ethanol with beaded cellulose supports. 
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(a) (b)

Figure 8. Immobilization of monoclonal antibodies (mAb) onto beaded cellulose 
prepared using the gradient activation method (GAM). Panel (a): Beaded cellulose 
supports epoxy-activated using the gradient activation method (GAM). Panel (b): Bulk 
immobilization of mAb onto beaded cellulose prepared using GAM. 
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(a) (b)

(c) (d)

Figure 9. Bulk coupling of FITC-labeled monoclonal antibodies onto CNBr-activated 
beaded cellulose. Bead particle cross-sections at volume-averaged mAb densities of (a) 
0.9 mg/ml, (b) 4 mg/ml, (c) 8 mg/ml and (d) 15 mg/ml. 



 196 

(a)

(c)

(b)

(d)

Figure 10. Bulk coupling of FITC-labeled monoclonal antibodies onto CNBr-activated 
beaded cellulose. Densitometric scans of corresponding bead particle cross-sections in 
fig. 3 at volume-averaged mAb densities of (a) 0.9 mg/ml, (b) 4 mg/ml, (c) 8 mg/ml and 
(d) 15 mg/ml. 
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% Antigen-Binding

Efficiency (ηeff)/
[hPC Binding Capacity
(mg hPC/ml support)]

Support
Activation

Chemistry

mAb
Coupling
Method

Relative
Volume-
Averaged

mAb Density

(<ρ>)

% mAb
Coupling
Efficiency

(ψ)

Volume-
Averaged

mAb Density

(<ρ>)
(mg mAb/

ml support)
Static

Loading
Dynamic
Loading

CNBr1 One-Step Low > 95 ± 1 % 0.8 ± 0.1 NA 17.0 ±  5.0 %
[0.11 ±  0.032]

One-Step Low 98 ± 1 % 1.0 ± 0.2 3.4 ± 0.7 %
[0.03 ±  0.006]

3.8 ± 0.4 %
[0.03 ±  0.003]Cyano-Transfer2

One-Step High 100 ± 1 % 10.0 ± 0.1 1.4 ± 0.2 %
[0.11 ±  0.016]

1.1 ± 0.2 %
[0.09 ±  0.016]

One-Step Low 61 ± 1 % 0.6 ± 0.2 3.6 ± 0.2 %
[0.02 ±  0.001]

1.4 ± 0.4 %
[0.01 ±  0.002]Bisoxirane2

One-Step High 91 ± 1 % 9.0 ± 0.1 1.5 ± 0.1 %
[0.11 ±  0.007]

0.5 ± 0.2 %
[0.04 ±  0.014]

One-Step Low 5 ± 1 % 0.5 ± 0.1 NA 9.5 ± 2.1 %
[0.04 ±  0.008]

One-Step Low 86 ± 1 % 0.9 ± 0.1 3.2 ± 0.5 %
[0.02 ±  0.004]

3.2 ± 0.4 %
[0.02 ±  0.003]

One-Step High 87 ± 1 % 8.6 ± 0.1 1.2 ± 0.2 %
[0.08 ±  0.014]

1.4 ± 0.4 %
[0.10 ±  0.028]

Epichlorohydrin2

TSC High 80 ± 1 % 12.0 ± 0.1 NA 11.5 ± 2.1 %
[1.10 ±  0.202]

Table 1. Analysis of conventional cellulose immunosorbent performance under hPC
dynamic and static loading conditions. Immunosorbents were prepared using
conventional BA/BC methods with 3.5 wt. % cellulose support. % Antigen-binding
efficiencies (ηeff) are calculated assuming a 2:1, Ag (rhPC):mAb stoichiometric ratio.
NA: data not available. (1)  7D7B10 mAb [10]. (2) 12A8-8861 mAb.
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% Antigen-Binding

Efficiency (ηeff)/
[hPC Binding Capacity
 (mg hPC/ml support)]

mAb
 Coupling
Method

Relative
Volume-Averaged

mAb Density

(<ρ>)

% mAb Coupling
Efficiency (ψ)

Volume-Averaged
mAb Density

 (<ρ>)
(mg mAb/

ml support)
Static

Loading
Dynamic
Loading

Low 20 ± 1 % 0.8 ±  0.1 8.6 ± 1.1 %
[0.06 ±  0.007]

6.7 ± 2.1 %
[0.04 ±  0.013]

Low 29 ± 1 % 3.0 ±  0.1 64.3 ± 2.8 %
[1.54 ±  0.067]

53.2 ± 7.0 %
[1.28 ±  0.168]

Intermediate 31 ± 1 % 4.8 ±  0.1 61.3 ± 1.0 %
[2.35 ±  0.038]

51.3 ± 7.1 %
[1.97 ±  0.273]

Classical Bulk
One-Step

High 60 ± 1 % 8.4 ±  0.1 13.2 ± 1.8 %
[0.89 ±  0.121]

12.0 ± 3.1 %
[0.81 ±  0.208]

Low 55 ± 1 % 1.1 ±  0.2 33.2 ± 2.0 %
[0.29 ±  0.018]

30.4 ± 4.7 %
[0.27 ±  0.041]

Intermediate 60 ± 1 % 5.5 ±  0.2 56.0 ± 6.2 %
[2.46 ±  0.273]

52.4 ± 7.8 %
[2.31 ±  0.343]

TSC
(with Tris)

High 50 ± 1 % 7.7 ±  0.1 35.0 ± 1.0 %
[2.16 ±  0.062]

39.3 ± 2.3 %
[2.42 ±  0.142]

Low 91 ± 1 % 1.8 ±  0.2 27.8 ± 1.5 %
[0.40 ±  0.022]

24.2 ± 1.1 %
[0.35 ±  0.016]

Intermediate 86 ± 1 % 8.9 ±  0.1 37.7 ± 5.5 %
[2.68 ±  0.392]

36.6 ± 2.1 %
[2.61 ±  0.150]

TSC

High 81 ± 1 % 12.4 ±  0.1 26.0 ± 1.0 %
[2.58 ±  0.099]

27.0 ± 2.6 %
[2.68 ±  0.258]

Table 2.  Analysis of 12A8-8861 mAb immunosorbent performance under hPC dynamic
and static loading conditions. Cellulose support (3.5 wt. %) was epoxy-activated using
GAM with 50 (v/v) % epichlorohydrin/ethanol. % Antigen-binding efficiencies (ηeff) are
calculated assuming a 2:1, Ag (hPC):mAb stoichiometric ratio.
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Support
Material

Particle
Diameter (mm)

Experimental
HETP (mm)6

Theoretical
HETP (mm)7

Sepharose
CL-4B1

0.14 4 7

Cellulose2

(CNBr)
1.2 4 – 9 1,340

Cellulose3

(GAM/BC)
0.5 6 – 15 1,600

Cellulose4

(GAM/TSC)
0.5 1 – 10 1,450

Superporous
Agarose5

0.4 1 – 3 28

Table 3. HETP analysis of affinity sorbents. (1) Crosslinked 9 wt. % agarose (Kaster et
al., 1993). (2) 7D7B10 mAb immobilized onto CNBr-activated 3.0 wt. % cellulose
matrices  (Kaster et al., 1993). (3) 12A8-8861 mAb immobilized onto 3.5 wt. % epoxy-
GAM-based cellulose matrices using the classical one-step bulk coupling method. (4)
12A8-8861 mAb immobilized onto 3.5 wt. % GAM-based cellulose matrices using the
TSC method. (5) Gustavsson et al. (1996). (6) Experimental HETP values calculated
according to Snyder et al. (1979). (7) Theoretical HETP values calculated according to
Mikes et al. (1975).
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Abstract
This report studies the effect of the orientation, local spatial density and

ligand architecture of  affinity peptide ligands immobilized within a low-solids content,

large-particle diameter cellulose support for use as an affinity sorbent.   Two linear

peptides are studied here, a fibrinogen affinity peptide (FAP) ligand and a protein A

mimetic (PAM) peptide ligand, which binds immunoglobulins.  The use of the linear

peptide recognition sequence is compared with the use of tetrameric and octameric

branched-chain assemblies of the same linear peptide motif. N-terminal and  C-terminal

oriented immobilization of these peptide ligands is facilitated through the use of  epoxide

and carbodiimide coupling chemistries, respectively. A novel epoxide-gradient activation

method (epoxy-GAM) is utilized for creating a gradient of support activation to control

the spatial distribution of these peptide ligands within the support.  In conjunction with

the epoxy-GAM, classical bulk one-step and two-step coupling techniques are

compared with regards to affinity sorbent performance.  The two-step coupling (TSC)

sequence comprised of peptide permeation under slow coupling conditions followed by

conditions having fast coupling reaction kinetics to further assist in distributing the

peptide ligand within the support matrix.  Affinity peptide sorbents containing volume-

averaged peptide densities of  0.5 – 4.0 mg/ml of support were evaluated.  The static

binding efficiency (ηeff) of an affinity sorbent is defined in this study on two bases, with

regards to the amount of  peptide ligand immobilized per ml of support and on the

amount of peptide recognition sequence immobilized per ml of support. The static

binding efficiency (ηeff) is defined as the experimentally observed binding capacity of the

target protein (mg target protein/ml support) divided by the maximum theoretical target

protein binding capacity based upon either a 1:1, target protein: peptide ligand

stoichiometric ratio,  or a 1:1, target protein: recognition sequence stoichiometric ratio,

and is expressed as a percentage.   The optimal affinity sorbents obtained using epoxy-

GAM/TSC methods in conjunction with oriented carbodiimide-mediated coupling

chemistry were deemed to contain a more uniform spatial distribution of immobilized

peptide ligand and were considerably more active relative to those affinity sorbents

made using epoxy-GAM/one-step methods that contained locally high peptide densities

near the bead particle edge.  For example, using oriented carbodiimide-mediated
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coupling,  the PAM affinity sorbents demonstrated a 3.3-fold increase in binding

efficiency based on the amount of PAM ligand immobilized utilizing the epoxy-

GAM/TSC methods relative to the classical bulk one-step method using the same

octameric ligand structural format.  Utilizing the same techniques and ligand

architecture, the FAP affinity sorbents demonstrated increases in binding efficiencies of

1.7-fold based on the amount of FAP ligand immobilized.   Although the peptide ligand

distribution for each case was deemed well within the interior of the large-particle

diameter cellulose beads, no limitation in mass transport was observed using HETP

analysis.  The utility of these FAP and PAM affinity sorbents were also demonstrated in

the  purification of recombinant human fibrinogen from transgenic swine milk and

7D7B10 monoclonal antibodies from hybridoma cell culture supernatant, respectively.

The optimal engineering of a peptide-based affinity sorbent  is demonstrated by this

study to be considered a synergistic orchestration of several important design factors,

which include the effects associated with immobilized ligand orientation, local spatial

density and ligand architecture.
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Introduction

Affinity chromatography uses covalently immobilized ligands to selectively adsorb

their respective target protein from a complex mixture into a support matrix. These

peptides can form high affinity complexes with protein targets and are one of the newest

technologies arising from combinatorial chemistry and phage display technology with

applications to the difficult problem of purifying high molecular weight proteins from

complex biological mixtures. Peptide-based affinity sorbents are being developed in

order to surmount the inherent limitations, e.g., expensive cost, contamination issues

and stability,  posed by monoclonal antibodies that are used as ligands in

immunosorbents (Baumbach et al., 1992).  This study identifies factors analogous to

those factors manifested in immunosorbent performance that may also be important in

the optimal design of peptide-based affinity sorbents.  In general, previous research with

the design of immunosorbents have found that immunosorbent performance, i.e.,

antigen-binding efficiency, is substantially dependent upon several factors, which

include effects associated with ligand orientation, local spatial density as related to

steric encumbrance of target protein binding sites, and transport phenomena as related

to the underutilization of intramatrix support volume (Eveleigh et al., 1977; Orthner et

al., 1991; Velander et al., 1991; Subramanian et al., 1994, 1996) (see Figure 1). Two

structural motifs, which are common to small peptide affinity ligands, are studied here:

linear peptide versus tetrameric and octameric branched chain assemblies of the same

linear amino acid recognition sequence motif.  One linear peptide studied here forms a

high affinity complex with fibrinogen (Buettner et al., 1998) (see Figure 2). Fibrinogen is

an important therapeutic plasma protein used in the treatment of inherited blood clotting

disorders and in the formulation of hemostatic preparations (fibrin glues or sealants)

(Brennan, 1991; Greco et al., 1991; Alving et al., 1995; Cottingham et al., 1996; Singh

et al., 1996).   The fibrinogen affinity peptide (FAP) studied here contains an additional

glutamate residue to facilitate the use of carboxy-terminus oriented coupling chemistry

(see Figure 3). Another linear peptide recognition sequence binds the Fc region of

immunoglobulins (Fassina et al., 1997) (see Figure 4).  Immunoglobulins are valuable

plasma proteins used in therapeutic applications, such as in imparting passive

immmunity.  The static binding efficiency (ηeff) of an affinity sorbent is defined in this
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study on two bases, with regards to the amount of  peptide ligand immobilized per ml of

support and on the amount of peptide recognition sequence immobilized per ml of

support. The static binding efficiency (ηeff) is defined as the experimentally observed

binding capacity of the target protein (mg target protein/ml support) divided by the

maximum theoretical target protein binding capacity based upon either a 1:1, target

protein: peptide ligand stoichiometric ratio,  or a 1:1, target protein: recognition

sequence stoichiometric ratio, and is expressed as a percentage.  These same effects

appear to determine the performance of small ligand, peptide-based affinity matrices.

Hence, while combinatorial chemistry and phage-display technology have assisted in

developing well-characterized peptide ligands, which afford enhanced stability,

selectivity, and efficient process costs, methods of ligand installation, which afford

increased binding efficiency, as well as support platforms, which afford enhanced mass

transfer characteristics and pressure-flow performance, can significantly impact the cost

effectiveness of laboratory, preparative and commercial scale affinity chromatography

(Kaster et al., 1993).

Our previous studies with immunosorbents have found that the local spatial

ligand density more directly correlates with binding efficiency  (ηeff)  than does volume-

averaged ligand density (Subramanian et al., 1994). Here we refer to the volume-

averaged ligand density (<ρ>) as the total amount of immobilized ligand on a bulk

average basis. Whereas,  the local  ligand density (ρloc) refers to the local spatial

distribution of ligand within the support particle.  Pragmatically, both <ρ> and ρloc are

expressed as mg ligand/ml support.   As detailed in the previous chapter, the high local

densities of immobilized mAb derived from conventional bulk activation (BA) and bulk

coupling (BC) methods decreased immunosorbent performance relative to those

immunosorbents prepared using the epoxy-GAM and TSC techniques for the spatial

manipulation of mAb within the support. In addition, the binding activity of an affinity

ligand is inherently affected by its immobilized orientation.   An improperly oriented

immobilized ligand may be rendered completely inactive or exhibit a significant

reduction in binding activity due to conformational restrictions, multipoint attachment

and ligand-matrix interactions (see Figure 1).  The oriented immobilization of mAb
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through the Fc domain, rather than the Fab binding domain, was found to increase

substantially immunosorbent binding efficiency (Subramanian et al., 1996). Similarly,

peptide ligands typically require complete accessibility of their N-terminal α-amino

groups for the necessary stabilizing interactions involved in the formation of the ligand-

target complex. The use of a branched-chain structural format in peptide ligand design

affords multiple sites on the ligand for covalent immobilization, thus  increasing the

probability of retaining recognition properties upon immobilization (Fassina, 1992).

Therefore, the optimal engineering of a peptide-based affinity sorbent  would be

considered a synergistic orchestration of several important design factors, which include

the effects associated with immobilized ligand orientation, local spatial density and

ligand architecture.

The effects of affinity ligand orientation, local spatial density and ligand

architecture on peptide-based affinity sorbent performance are quantitatively assessed

in the study presented herein. The use of the linear peptide recognition sequence is

compared with the use of tetrameric and octameric branched-chain peptide  assemblies

of the same linear peptide motif (see Figures 7 and 8). N-terminal and  C-terminal

oriented immobilization of these peptide ligands into the cellulose supports is facilitated

through the use of  conventional epoxide and carbodiimide (EDAC) coupling

chemistries.  The reaction chemistries utilized in this study are illustrated in Figures 10 –

14 (Sundberg et al., 1974; Matsumoto et al., 1979; Hermanson et al., 1992; Nakajima et

al., 1995).   The base cellulose structure comprising the  low-solids content, large-

particle diameter cellulose support is shown in Figure 9.  Figure 10  shows the epoxy-

activation of the cellulose support using epichlorohydrin. Figure 11 shows the amination

of the epoxy-activated cellulose support using ammonium hydroxide.  Figure 12  shows

the EDAC-mediated coupling of peptide ligands onto the aminated cellulose supports.

Figure 13 shows the concomitant crosslinking of the peptide ligands during EDAC-

mediated support coupling.  Figure 14 shows the epoxy-mediated immobilization of the

peptide ligands onto the epoxy-activated cellulose support.   A novel epoxide-gradient

activation method (epoxy-GAM) is utilized for creating a gradient of support activation to

control the spatial distribution of these peptide ligands within the support.  In conjunction
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with the epoxy-GAM, classical bulk one-step and two-step coupling techniques are

compared with regards to affinity sorbent performance.  The two-step coupling (TSC)

sequence comprised of peptide permeation under slow coupling conditions followed by

conditions having fast coupling reaction kinetics to further assist in distributing the

peptide ligand within the support matrix. Here we specifically manipulate the affect of

local density on binding efficiency using a  novel epoxide-gradient activation method

(epoxy-GAM) for creating a gradient of support activation. We compare the results from

affinity sorbents made with the epoxy-GAM  using different coupling chemistries on a

low-solids content, large-particle diameter (500 – 900 μm) cellulose support to effect

changes in local density (Kaster et al. 1993; Velander et al. 1994, 1999). These large-

particle diameter, uncross-linked, beaded cellulose hydrogel supports of only a solids

content of 2.0 - 3.5 wt. %  were designed to more optimally afford high rates of

intraparticle mass transfer while maintaining mechanical stability (Kaster et al., 1993).

Finally, the intraparticle transport properties are evaluated by comparing the theoretical

and experimental height-equivalent-to-a-theoretical plate (HETP) values calculated

according to the methods of Mikes et al. (1975) (see Figure 15) and Snyder et al. (1979)

(see Figure 16), respectively.

Fibrinogen Affinity Peptide (FAP)

Fibrinogen is a plasma protein involved in the blood clotting cascade. An ample,

pathogen-free supply of fibrinogen is required for the treatment of blood disorders

(Butler et al., 1997).  Therefore, efficient and cost-effective methods for fibrinogen

isolation involving peptide affinity ligands have been developed.  Various peptide

sequences have been developed which exhibit fibrinogen binding (Table 1) (Buettner et

al., 1998; Mondorf et al., 1998; Kuyas et al., 1990). Buettner et al. (1996) developed a

linear affinity peptide ligand for the isolation of human fibrinogen from blood plasma

fraction I paste (Figure 2). The fibrinogen binding peptide was found by Baumbach et al.

(1997) to exhibit cooperative binding properties.  Cooperative binding is the

phenomenon in which multiple ligand interactions facilitate the effective binding of the

target. Therefore, this peptide-based affinity sorbent  for fibrinogen isolation would be
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dependent upon an optimum peptide density.  An optimum affinity binding profile would

be expected for a peptide ligand exhibiting binding cooperativity as shown in Figures 5

and 6. Steric hindrance effects would inhibit target binding at high local spatial  ligand

densities.  A low local spatial ligand density would provide too few of the multiple ligand

interactions to provide an effective ligand-target affinity interaction.  As shown in Table

2, although the performance results of Baumbach et al. (1997) indicate an increase in

static binding capacity with  an increase in peptide ligand surface density, static binding

efficiency is greatly reduced with an increase in  peptide ligand surface density due to

steric hindrance effects.  For example,  with a peptide density of 3.8 mg/ml support, a

static binding capacity of 6.50 mg hFib/ml support is obtained, yielding  a static binding

efficiency of 0.40 %.  In comparison with a higher peptide density of 22.00 mg/ml

support, a static binding capacity of 20.60 mg hFib/ml support is attained, yielding a

static binding efficiency of 0.22 %.

Protein A Mimetic (PAM)

Monoclonal antibodies account for the largest class of pharmaceutical product

derived from the biotechnology industry.   Monoclonal antibodies can be used as

therapeutic and imaging agents, in addition to in vivo and in vitro diagnostic agents.  In

the United States, the preponderance of monoclonal antibodies in clinical trials are

developed as imaging and diagnostic agents.  These monoclonal antibodies must have

precisely defined avidity, potency, specificity and stability.  The presence of

contaminants or other antibodies can diminish the accuracy of monoclonal antibodies

used as in vitro diagnostic agents.  In addition, monoclonal antibodies used in

immunoaffinity chromatography must be highly purified and characterized.

Conventional isolation processes for monoclonal antibodies typically involve

precipitation, ion exchange chromatography and affinity chromatography using

immobilized Staphylococcal or recombinant protein A, protein G, or protein A/G hybrids

(Coleman et al., 1990; Dancette et al., 1999).
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Protein A exhibits high and specific binding affinity for the Fc domain of

immunoglobulins.  This specificity has been utilized in the development of immobilized

Protein A matrices for affinity chromatography.  However, the isolation of monoclonal

immunoglobulins has posed problematic issues for pharmaceutical applications.  These

issues include the high cost, and low stability of the affinity sorbent, and the difficulty in

the elimination of biological contaminants. In addition, protein A cannot recognize all

immunoglobulin subclasses and does exhibit variable affinity for immunoglobulins

derived from different species. Affinity media, such as thiophilic, histidyl, and boronic

acid supports have been prepared for the isolation of antibodies.  However, these

affinity supports lack adequate specificity for antibody isolation.  This factor has been an

impetus for the design for highly specific and well characterized synthetic protein A

biomimetics.  In order to surmount these constraining issues, several researchers have

pursued different strategies in the development of a protein A peptide mimetic.  For

example, Li et al. (1996) developed a nonpeptidyl biomimetic ligand for staphylococcus

protein A using computer-aided molecular modeling. Lihme et al. (1997)  developed an

expanded bed adsorption support based on a  low molecular weight protein A mimetic

ligand, which has an extensive binding  specificity for mouse, rat, and human

immunoglobulin, including IgM.  In particular, Fassina et al. (1997) developed a  protein

A mimetic (PAM) peptide ligand. PAM, which was derived from synthesizing and

screening a combinatorial peptide library, has the ability to recognize the Fc domain of

immunoglobulin G from a range of species, including human, rabbit, goat, sheep, and

mouse. The PAM ligand has also been found to exhibit IgA and IgM binding affinity. The

PAM ligand  has a multimeric structure consisting of  recognition sequences of

tripeptide tetramers (Figure 6).

Commercially available synthetic polymeric supports, which bear active groups

for the covalent coupling of peptides, have been previously evaluated for PAM

immobilization. These supports include: CH-Sepharose 4B® (Pharmacia), CH-

Sepharose 6B®, Eupergit C30N®, Eupergit C150N®, and Protein-Pak®.  A density of

20 mg PAM/ml support is reported to have been obtained using these supports.

Eupergit C is a matrix composed of a cross-linked polymer of methylacrylamide, N-
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methylenebis-acrylamide, and monomers containing reactive oxirane groups, which

react with amino, thiol, and hydroxyl groups of peptides.  Eupergit C150N®, and C30N®

consists of porous 150 μm diameter, and 30 μm diameter beaded particles, respectively

(Fleminger et al. 1990). As shown in Table 7, most of these PAM affinity supports

developed using commercially available supports and conventional amine-reactive

coupling chemistries  have yielded low immunoglobulin binding efficiencies most likely

due to a high surface density of immobilized PAM. For example, PAM immobilized at a

density of 5.5 mg PAM/ml support [Protein-Pak� (Waters)] yielded only a 3.6 % binding

efficiency (12.5 mg IgG/ml support or 2.3 mg IgG/mg PAM) for rabbit IgG isolation and a

1.84 % binding efficiency (6.5 mg IgG/ml support or 1.2 mg IgG/mg PAM) for swine IgG

isolation.   For the Waters support, the dynamic binding efficiency was 0.46 %

calculated according to the ratio of mol swine IgG to immobilized PAM recognition

sequence.  Using CH-Sepharose-4B with PAM immobilized at a density of 6.6 mg/ml

support, the dynamic binding capacity was 0.7 mg swine IgG/ml support, yielding

dynamic binding efficiencies of 0.04 %  (mol swine  IgG/mol recognition sequence) and

0.17 % (mol swine IgG/mol PAM ligand). Using the Eupergit C30N support with PAM

immobilized at a density of 1.74 mg/ml support, the dynamic binding capacity was 2.0

mg swine IgG/ml support, yielding  higher dynamic binding efficiencies of 0.45 %  (mol

swine  IgG/mol recognition sequence) and 1.79 % (mol swine IgG/mol PAM ligand).

Several strategies have been employed in the optimal design of

immunosorbents, which are applicable to the development of peptide-based affnity

sorbents under consideration here.  In order to minimize multipoint attachment,

immobilization parameters such as coupling reaction pH and duration, including the

density of reactive functional groups available for covalent coupling, have been

manipulated (Velander et al. 1991).   A uniform spatial distribution of reactive functional

groups within the support matrix would aid in developing an affinity sorbent with optimal

binding characteristics.  The GAM was developed in order to facilitate the uniform

spatial distribution of immobilized affinity ligand within a support matrix, such as a

cellulose hydrogel. Under study here is the use of a chromatographic support in which

the interior volume of the support particles could be more effectively utilized for peptide
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immobilization.  The use of a large-particle diameter, low-solids content support with

enhanced intraparticle transport characteristics for large protein targets in conjunction

with these ligand installation techniques  would allow for  an increase in binding

efficiency due to improved spatial distribution of immobilized peptide ligands and

therefore  more effective utilization of immobilized peptide  ligand.

Materials and Methods

Materials and chemical reagents

Fibrinogen affinity peptide (FAP) and protein A mimetic (PAM) ligand derivatives

were kindly provided by C.G. Russell (Research Genetics, Inc., Huntsville, AL) and G.

Fassina (Tecnogen, Inc., Naples, Italy). Standard human fibrinogen (hFib) was kindly

provided by the American Red Cross (Rockville, MD).  Transgenic swine milk containing

recombinant human fibrinogen (rhFib), including nontransgenic control swine milk,   was

supplied by our laboratory. Large-diameter (~500 μm), low-solids content (2.0 - 3.5 wt.

%) beaded cellulose supports were prepared in our laboratory (Velander et al., 1994,

1999). Affinity purified, whole-molecule goat anti-mouse, sheep anti-mouse, rabbit anti-

goat and including goat anti-mouse and anti-rabbit antibodies conjugated to horse

radish peroxidase (HRP), swine IgG, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

(EDAC) and  1-chloro-2,3-epoxypropane (epichlorohydrin) were purchased from Sigma

Chemical Co. (St. Louis, MO). PVDF Immobilon P membranes were purchased from

Millipore (Bedford, MA). Polyclonal rabbit anti-human fibrinogen antibodies were

purchased from American Diagnostica (Greenwich, CT).   The metal enhanced

diaminobenzidine kit was purchased from Pierce Chemical Co. (Rockford, IL).

Immulon II microtiter plates were purchased from Fisher Scientific (Pittsburgh, PA). The

JB4 histological embedding kit was purchased from Polysciences, Inc. (Warrington, PA,

USA). O-Phenylenediamine-2HCl (OPD) reagent was purchased from Abbott

Laboratories (Chicago, IL).  Column chromatography experiments were conducted

using C10 columns (column dimensions: 15 × 1 cm) from Pharmacia Biotech

(Piscataway, NJ) and a Masterflex peristaltic pump.  Chromatographic separations were

monitored using  a Rainin data acquisition system with a Knauer inline variable
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wavelength spectrophotometer. All other reagents were purchased at the finest grade

available from Sigma Chemical Co. (St. Louis, MO).

Gradient activation method (GAM)

The epoxy-activation of cellulose supports  was performed by using the gradient

activation method (GAM).  Cellulose support (10 ml) was slurry packed into a 15 ml

Pharmacia C10 chromatography column. For the washing steps, flow was performed

from the bottom of the column to the top at 2 ml/min. The support was washed with

three column volumes (CV) each of water, then with 100 % ethanol.  The support was

then washed with a solution of 50 % (v/v) epichlorohydrin prepared in 100 % ethanol.

The support was then incubated in the epichlorohydrin/ethanol solution for 30 minutes

at room temperature (25 °C).  The flow was then reversed to drain the support of

interstitial fluid to yield a support-cake.  The support-cake was then transferred into a

round-bottomed flask.  1 M NaOH (3 CV) containing 2 mg/ml sodium borohydride was

then added to the flask.  The activation reaction was allowed to proceed for 24 hours at

room temperature (25 °C) with gentle stirring.  After the activation reaction, the support

was then washed on a sintered-glass filter-funnel with 10 CV each of water, 100 %

ethanol, then water again at 4 °C.   The epoxy-activated cellulose support was then

used immediately for epoxy-mediated peptide immobilization.  For the EDAC-mediated

peptide immobilization studies, the epoxy-activated support was aminated by further

reacting the support with 1 M ammonium hydroxide (2 CV) for at least three hours at 45

°C on a rotator.  The support was then washed with ten column volumes each of  1 M

NaCl, then water on a sintered-glass filter-funnel.  The aminated supports were stored

in 20 % ethanol until further use.

Peptide ligand immobilization

Classical one-step bulk coupling procedure for epoxy-mediated (N-terminal) peptide
immobilization

Epoxy-activated cellulose support (1 ml)  prepared for each of the case studies

as described above  was allowed to react with each peptide (5 –  10 mg) at a constant
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pH 9.5 – 10.0 using 0.1 M sodium carbonate/DMSO (50 – 80 (v/v) %) (2 ml) overnight

(24 hrs) at 45 – 50 °C on a rotator. The column was then washed in column mode (1

ml/min) with at least three column volumes each of coupling buffer, 1 M NaCl, then

water.  Residual amine-reactive epoxy groups on the  support were then blocked with 2

M Tris-Base, pH 9.5 or with 10 (v/v) % ethanolamine, pH 9.5 by incubating overnight (24

hrs) at  room temperature (25 °C) on a rotator. The affinity supports were then stored in

20 % ethanol. The initial and final supernatant fractions were then analyzed  for peptide

concentration and a material balance performed to determine peptide coupling

efficiency (ψ).

Two-step coupling (TSC)  procedure for epoxy-mediated (N-terminal) peptide
immobilization

This coupling technique utilized a two-step permeation and coupling sequence

in the immobilization of peptide in order to manipulate local ligand density (Velander et

al. 1994). Activated column support (1 ml) prepared for each of the case studies as

described above  was allowed to incubate  with peptide (5 –  10 mg) at a constant pH

6.0  using 0.1 M sodium carbonate/DMSO (50 – 80 (v/v) %) (2 ml) at room temperature

(25 °C)  for one hour on a rotator.   The reaction mixture was then adjusted to pH 9.5 –

10.0 and allowed to proceed overnight (24 hrs) at 45 – 50 °C  on a rotator. The column

was then washed in column mode (1 ml/min) with at least three column volumes of each

of coupling buffer, 1 M NaCl, then water.  Residual amine-reactive groups on the

epoxide support were then blocked with 2 M Tris-Base, pH 9.5 or with 10 (v/v) %

ethanolamine, pH 9.5 by incubating overnight (24 hrs) at  room temperature (25 °C) on

a rotator. The affinity supports were then stored in 20 % ethanol. The initial and final

supernatant fractions were then analyzed  for peptide concentration and a material

balance performed to determine peptide coupling efficiency (ψ).

Classical one-step bulk coupling procedure for EDAC-mediated (C-terminal) peptide
immobilization

Aminated cellulose support (1 ml)  prepared for each of the case studies as

described above  was allowed to react with each peptide (5 –  10 mg) at a constant pH

6.5 – 7.0 using 0.1 M MES/DMSO (50 – 80 (v/v) %) (2 ml) containing 100 – 200-fold
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molar excess of EDAC to peptide overnight (24 hrs) at room temperature (25 °C) on a

rotator. The column was then washed in column mode (1 ml/min) with at least three

column volumes each of coupling buffer, 1 M NaCl, then water. The affinity supports

were then stored in 20 % ethanol. The initial and final supernatant fractions were then

analyzed  for peptide concentration and a material balance performed to determine

peptide coupling efficiency (ψ).

Two-step coupling (TSC)  procedure for EDAC-mediated (C-terminal) peptide
immobilization

Aminated cellulose support (1 ml)  prepared for each of the case studies as

described above  was allowed to incubate with each peptide (5 –  10 mg) at a constant

pH 6.5 – 7.0 using 0.1 M MES/DMSO (50 – 80 (v/v) %) (2 ml) for one hour at room

temperature (25 °C) on  rotator.  EDAC (100 – 200-fold molar excess of EDAC to

peptide) was added and then the mixture was allowed to react overnight (24 hrs) at

room temperature (25 °C) on a rotator. The column was then washed in column mode

(1 ml/min) with at least three column volumes each of coupling buffer, 1 M NaCl, then

water. The affinity supports were then stored in 20 % ethanol. The initial and final

supernatant fractions were then analyzed  for peptide concentration and a material

balance performed to determine peptide coupling efficiency (ψ).

Assays

Total protein determination

A colorimetric dye-binding assay kit was used to determine total protein

concentration (Pierce Chemical Co.).  Bovine serum albumin (BSA) was used as the

standard (Sigma Chemical Co., St. Louis, Mo).

Determination of peptide by thin-layer chromatography

Peptide concentration was determined by thin-layer chromatography.  Briefly,  3

– 5 μl of prepared known standard  and unknown samples were applied in triplicate onto

silica gel plates (10 × 20 cm: 200 μm layer thickness)  (Whatman, Inc.).  Plates can be

washed with 45 – 50 % ethanol prior to detection.  The plate was then sprayed



214

uniformly with ninhydrin solution and allowed to dry at room temperature (25 °C). The

ninhydrin solution consisted of 95 parts of 0.2 (w/v) % ninhydrin in n-butanol and 5 parts

of 10 (v/v) % glacial acetic acid and mixed thoroughly before use.   The plate was

heated to 120 °C and baked for about 10 – 20  minutes.  The plate was then subjected

to densitometry by scanning the plate at 570 nm.

Determination of human fibrinogen by ELISA

The concentration of human fibrinogen (hFib) was determined by polyclonal

ELISA.  Anti-hFib IgG (whole molecule; 1:1,000 dilution; 5 μg/ml) prepared in 0.1 M

NaHCO3 pH 9.6 was added to Immunlon II microtiter plates (100 μl/well) and incubated

overnight (24 hrs) at 4 °C. Wells were washed three times with 12.5 mM Tris-HCl/50

mM NaCl/0.05% (w/v) Tween 20, pH 7.2 (TBST).  Residual reactive sites were blocked

with TBST containing 0.1 (w/v) % BSA (TBST-BSA) and incubated at room temperature

(25 °C) for 20 minutes. Wells were then washed three times with TBST.  Dilutions of

hFib standard and unknown samples were prepared in TBST-BSA,  added in triplicate

(100 μl/well) and incubated for 20 minutes at 37 °C.  Wells were then washed three

times with TBST.  Horse-radish peroxidase-conjugated anti-hFib IgG (1:1,000 dilution)

was added to the wells (100 μl/well) and incubated for 20 minutes at 37 °C. Wells were

then washed three times with TBST.  The bound chromophore complex was detected

and developed  with OPD substrate.  The absorbance of each well was read at 490 nm

using an EL-308 Bio-Tek microplate reader.

Determination of swine IgG by ELISA

The concentration of  swine IgG was determined by polyclonal ELISA.  Anti-

swine IgG (whole molecule; 1:200 dilution; 5 μg/ml) prepared in 0.1 M NaHCO3 pH 9.6

was added to Immunlon II microtiter plates (100 μl/well) and incubated overnight at 4

°C. Wells were washed three times with 12.5 mM Tris-HCl/50 mM NaCl/0.05% (w/v)

Tween 20, pH 7.2 (TBST).  Residual reactive sites were blocked with TBST containing

0.1 (w/v) % BSA (TBST-BSA) and incubated at room temperature (25 °C) for 20

minutes. Wells were then washed three times with TBST.  Dilutions of swine IgG
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standard and unknown samples were prepared in TBST-BSA, added in triplicate (100

μl/well) and incubated for 20 minutes at 37 °C.  Wells were then washed three times

with TBST.  Horseradish peroxidase-conjugated anti-swine IgG (1:1,000 dilution) was

added to the wells (100 μl/well) and incubated for 20 minutes at 37 °C. Wells were then

washed three times with TBST.  The bound chromophore complex was detected and

developed  with OPD substrate.  The absorbance of each well was read at 490 nm

using an EL-308 Bio-Tek microplate reader.

Determination of 7D7B10 mAb by ELISA

The concentration of  7D7B10 mAb was determined by polyclonal ELISA.  Anti-

mouse IgG (whole molecule; 1:200 dilution; 5 μg/ml) prepared in 0.1 M NaHCO3 pH 9.6

was added to Immunlon II microtiter plates (100 μl/well) and incubated overnight at 4

°C. Wells were washed three times with 12.5 mM Tris-HCl/50 mM NaCl/0.05% (w/v)

Tween 20, pH 7.2 (TBST).  Residual reactive sites were blocked with TBST containing

0.1 (w/v) % BSA (TBST-BSA) and incubated at room temperature (25 °C) for 20

minutes. Wells were then washed three times with TBST.  Dilutions of swine IgG

standard and unknown samples were prepared in TBST-BSA, added in triplicate (100

μl/well) and incubated for 20 minutes at 37 °C.  Wells were then washed three times

with TBST.  Horseradish peroxidase-conjugated anti-mouse IgG (1:1,000 dilution) was

added to the wells (100 μl/well) and incubated for 20 minutes at 37 °C. Wells were then

washed three times with TBST.  The bound chromophore complex was detected and

developed  with OPD substrate.  The absorbance of each well was read at 490 nm

using an EL-308 Bio-Tek microplate reader.

Evaluation of peptide affinity sorbents by column chromatography

FAP column chromatography

Evaluation of static hFib binding efficiency

FAP affinity sorbents were evaluated under static binding conditions using pure

human fibrinogen (hFib). FAP affinity sorbents (column bed volume: 1 ml) were

conditioned with three column volumes of each of the following buffers in sequence at 1
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ml/min: 10 mM sodium acetate/1 M NaCl, pH 5.1; 10 mM sodium acetate, pH 3.9; 0.1 M

glycine/2 % acetic acid, pH 2.0; 6 M urea/25 mM sodium citrate, pH 7.3; and 70 %

ethanol/2 % acetic acid.  The columns were then equilibrated with binding buffer (75

mM Arginine/75 mM ε-aminocaproic acid/5 mM imidazole/0.1 M NaCl, pH 6.5) (2 ml) in

a polypropylene test tube. Pure hFib (10 mg) was allowed to incubate with the FAP

affinity sorbents for at least one hour at room temperature (25 °C) on a rotator. After

incubation, the affinity sorbents were then packed into a Pharmacia C10 column.  The

columns were then eluted at 1 ml/min using the following sequence of buffers: 10 mM

sodium acetate/1 M NaCl, pH 5.1; 10 mM sodium acetate, pH 3.9; 0.1 M glycine/2 %

acetic acid, pH 2.0; 6 M urea/25 mM sodium citrate, pH 7.3; and 70 % ethanol/2 %

acetic acid.  FAP columns were stored in 20 %  ethanol. Static binding experiments

were done in triplicate.  Chromatographic elution fractions were subjected to hFib

determination by ELISA.

Milk processing

Control and transgenic pig milk was diluted 1:1 volumetric  ratio with 50 mM

Tris/200 mM EDTA, pH 8.5 and frozen at -90 °C. Milk was defatted  by centrifugation at

15,000 × g  for 20 minutes at 4 °C.  The top fat layer was removed and the resulting

whey fraction was then stored at -90 °C until further use.

Purification of hFib from doped control swine milk

The FAP affinity sorbent utilizing the octameric form of the FAP ligand in

conjunction with the EDAC-mediated coupling chemistry using the GAM/TSC method

was evaluated in its ability to capture human fibrinogen (hFib) from nontransgenic

control swine milk.  The column bed volume was 5 ml. Human fibrinogen was doped

into nontransgenic control swine whey (10 ml) at a final concentration of  50 μg/ml.

Briefly, the swine whey was diluted in a 1:1 volumetric ratio with the binding buffer and

loaded onto the column at 0.5 ml/min until a steady baseline was attained.  The FAP

column was then eluted and conditioned using the same procedure as described in the

preceding section on the evaluation of static hFib binding efficiency.  All column



217

fractions for each experiment were collected and subjected to hFib determination by

ELISA, and including SDS-PAGE and western blotting analysis.    These experiments

were performed in triplicate.  A set of identical control chromatographic experiments

utilizing nontransgenic control swine milk in the absence of either recombinant or

standard human fibrinogen was also performed.

Purification of rhFib from transgenic swine milk

The FAP affinity sorbent utilizing the octameric form of the FAP ligand in

conjunction with the EDAC-mediated coupling chemistry using the GAM/TSC method

was evaluated in its ability to capture recombinant human fibrinogen (rhFib) from

transgenic swine milk. The column bed volume was 5 ml. rhFib was estimated in the

transgenic swine whey (10 ml) at a concentration of approximately 100 μg/μl.  Briefly,

the transgenic swine whey was diluted in 1:1 volumetric ratio with the binding buffer and

loaded onto the column at 0.5 ml/min until a steady baseline was attained.  The FAP

column was then eluted and conditioned using the same procedure as described in the

preceding section on the evaluation of static hFib binding efficiency.  All column elution

fractions for each experiment were collected and subjected to rhFib determination by

ELISA, and including SDS-PAGE and western blotting analysis.    These experiments

were performed in triplicate.

PAM column chromatography

Evaluation of static swine IgG binding efficiency

PAM affinity sorbents were evaluated under static binding conditions using pure

swine IgG.  PAM affinity sorbents (column bed volume: 1ml) were conditioned with three

column volumes of each of the following buffers at 1 ml/min: 0.1 M glycine/2 % acetic

acid, pH 2.0; 2 M NaSCN; 6 M Urea; and 4 M NaCl.  The columns were then

equilibrated with binding buffer (25 mM Bis-Tris, pH 6.5) (2 ml) in a polypropylene test

tube. Pure swine IgG (10 mg) was allowed to incubate with the PAM affinity sorbents for

at least one hour at room temperature (25 °C) on a rotator.  After incubation, the affinity

sorbents were then packed into a Pharmacia C10 column.  The columns were then

eluted at 1 ml/min using the following sequence of buffers: 0.1 M glycine/2 % acetic
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acid, pH 2.0; 2 M NaSCN; 6 M Urea; and 4 M NaCl. PAM columns were stored in 20 %

ethanol. Chromatographic elution fractions were subjected to swine IgG determination

by ELISA.  Static binding experiments were done in triplicate.

GAM and PAM ligand density management

The GAM was employed using varying concentrations of epichlorohydrin to effect

subsequent  changes in the level of support activation in order to facilitate the

management of the local spatial density of immobilized PAM ligand. Epichlorohydrin

concentrations of 5, 10, 25 and 50 (v/v) % were evaluated with the GAM using a 2 wt. %

cellulose support. PAM affinity sorbents were prepared utilizing the tetrameric branched

form immobilized through the classical bulk coupling technique.  Epoxy-mediated and

EDAC-mediated ligand coupling chemistries were employed to effect an approximate

volume-averaged density of  1 mg/ml support.  These PAM affinity sorbents (column

bed volume: 1 ml) were then evaluated for static swine IgG binding efficiency as

described in the preceding section.

Purification of 7D7B10 mAb from hybridoma cell culture supernatant

The PAM affinity sorbent utilizing the octameric form of the PAM ligand in

conjunction with the EDAC-mediated coupling chemistry using the GAM/TSC method

was evaluated in its ability to capture 7D7B10 mAb from hybridoma cell culture

supernatant. The column bed volume was 1 ml. Briefly, the hybridoma cell culture

supernatant was diluted in a 1:1 volumetric ratio with the binding buffer and loaded onto

the column at 0.5 ml/min until a steady baseline was attained.  The PAM column was

then eluted and conditioned using the same procedure as described in the preceding

section on the evaluation of static swine IgG binding efficiency.  All column fractions for

each experiment were collected and subjected to mAb determination by ELISA, and

including SDS-PAGE and western blotting analysis.    These experiments were

performed in triplicate.
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SDS-PAGE analysis

SDS-PAGE analysis was performed using the procedure of Laemmli (1970).

SDS-PAGE analysis was conducted using a Pharmacia PhastSystem� PhastGel� Unit

with 4 – 15 % gradient gels following the manufacturers instructions (Pharmacia LKB

Biotechnology Inc., Piscataway, NJ) and polyacrylamide gradient gels from Novex (San

Diego, CA. Gradient gels (8 – 16 % and 4 – 12 %) were used for reduced and

nonreduced conditions, respectively.  Tris-glycine buffer (20 mM Tris/0.1 % SDS/200

mM glycine, pH 7.2) was used as the running buffer.  Prestained molecular weight

markers were used for the molecular weight determination of proteins  (BioRad

Laboratories). Samples (1 μl) were loaded and electrophoresed until the 7.0-kDa

molecular weight marker reached the end of the gel.   Silver-stained SDS-PAGE was

used to examine the proteins in the chromatographic fractions.

Western blotting analysis

After the proteins were resolved using SDS-PAGE analysis, the proteins were

transferred to PVDF Immobilon P membranes (Millipore, Bedford, MA) and subjected

directly to immunoanalysis.   The western blotting procedure was a modification of the

technique used by Matsudaira (1987). Briefly, gels were transferred in Towbin buffer (10

% methanol/200 mM glycine/25 mM Tris/0.1 % SDS, pH 7.2) using the Novex X-Cell II

blot module following the manufacturers instructions. Membranes were blocked using

20 mM Tris/50 mM NaCl/0.05 % Tween 20/0.5 % bovine casein, pH 7.2  (TBSTC) for at

least three hours with gentle agitation at room temperature (25 °C).  Blots were probed

with the primary antibody for 1 – 3 hours at 37 °C with gentle agitation.  The primary

antibody used for the detection of fibrinogen was polyclonal rabbit anti-human fibrinogen

IgG (American Diagnostica, Greenwich, CT)  (1:1,000 dilution). The secondary antibody

was goat anti-rabbit IgG, horseradish peroxidase  conjugate (Sigma Cat. No. A9169).

The primary and secondary antibodies used for the detection of 7D7B10 mAb were goat

anti-mouse IgG (Fc specific, Sigma Cat. No. M2650) and rabbit anti-goat IgG (whole

molecule; horseradish peroxidase conjugate, Sigma Cat. No. A4174), respectively.

After incubation, the blots were washed with water and developed using a metal
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enhanced diaminobenzidine kit according to the manufacturers instructions (Pierce

Chemical Co., Rockford, IL).

HETP analysis of affinity sorbents

The performance efficiency of various peptide affinity sorbents are compared

using HETP analysis.  The HETP value is a measure of the resolving efficiency of a

chromatography column. The intraparticle transport properties of  each of the affinity

sorbents are evaluated by comparing the theoretical and experimental height-to-a-

theoretical-plate (HETP) values calculated according to the methods of Mikes et al.

(1975) and Snyder et al. (1979), respectively. The experimental HETP correlation is

provided as:

Where L is the column bed length (cm), N is the number of theoretical plates,  tR is the

retention of the sample within the column and Wh is the peak width at half peak height.

The theoretical HETP correlation is provided as:

2

54.5 �
�

�

�

�
�

�

�
==

h
W

R
t

L

N

L
HETP

( )

( )rF
L

D

Fr

vD

vD

diffusionfilm
H

sD

Fr

vD

vD

diffusionparticle
H

r
sizeparticle

H

diffusionfilm
H

diffusionparticle
H

sizeparticle
HHETP

701

2
266.0

2

2
142.0

2

64.1

++
=

+
=

=

++=

��
�

�
��
�

�

ε

ε



221

Where r is the particle radius, Dv is the mg solute bound per ml column bed/mg solute

per ml solution, F is the superficial velocity, Ds is the diffusion coefficient within the

support particle, DL is the diffusion coefficient in the solvent and ε is the volume void

fraction of the particle.

Results

FAP affinity sorbent performance

Tables 3 – 6 present performance results for the FAP affinity sorbents.  The FAP

affinity sorbent utilizing the linear ligand with the epoxy coupling chemistry in

conjunction with the one-step coupling method yielded a coupling efficiency of 29.0 ±

0.5 % with a ligand density of 0.89 ± 0.06 mg ligand/ml support (0.95 ± 0.07 μmol

ligand/ml support; 0.95 ± 0.07 μmol recognition sequence/ml support).  The static

binding capacity was 0.02 ± 0.08 mg hFib/ml support (16,147.28 ± 13.87 mol ligand/mol

hFib; 16,147.28 ± 13.87 mol recognition sequence/mol hFib).  The static binding

efficiencies were 0.01 ± 0.02 % (mol hfib/mol recognition sequence) and 0.01 ± 0.02 %

(mol hFib/mol ligand).  The FAP affinity sorbent utilizing the linear ligand with the epoxy

coupling chemistry in conjunction with the two-step coupling (TSC) method yielded a

coupling efficiency of 38.0 ± 0.5 % with a ligand density of 1.42 ± 0.11 mg ligand/ml

support (1.52 ± 0.18 μmol ligand/ml support; 1.52 ± 0.18 μmol recognition sequence/ml

support).  The static binding capacity was 0.06 ± 0.09 mg hFib/ml support (8,5877.69 ±

11.05 mol ligand/mol hFib; 8,5877.69 ± 11.05 mol recognition sequence/mol hFib).  The

static binding efficiencies were 0.01 ± 0.02 % (mol hfib/mol recognition sequence) and

0.01 ± 0.02 % (mol hFib/mol ligand).The FAP affinity sorbent utilizing the linear ligand

with the EDAC coupling chemistry in conjunction with the one-step coupling method

yielded a coupling efficiency of 35.0 ± 0.5 % with a ligand density of 1.75 ± 0.12 mg

ligand/ml support (1.87 ± 0.22 μmol ligand/ml support; 1.87 ± 0.22 μmol recognition

sequence/ml support).  The static binding capacity was 2.71 ± 0.88 mg hFib/ml support

(234.32 ± 1.28 mol ligand/mol hFib; 234.32 ± 1.28 mol recognition sequence/mol hFib).

The static binding efficiencies were 0.43 ± 0.12 % (mol hfib/mol recognition sequence)
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and 0.43 ± 0.12 % (mol hFib/mol ligand).The FAP affinity sorbent utilizing the linear

ligand with the EDAC coupling chemistry in conjunction with the TSC method yielded a

coupling efficiency of 41.0 ± 0.5 % with a ligand density of 2.05 ± 0.15 mg ligand/ml

support (2.19 ± 0.19 μmol ligand/ml support; 2.19 ± 0.19 μmol recognition sequence/ml

support).  The static binding capacity was 4.69 ± 0.43 mg hFib/ml support (158.61 ±

1.53 mol ligand/mol hFib; 158.61 ± 1.53 mol recognition sequence/mol hFib).  The static

binding efficiencies were 0.63 ± 0.05 % (mol hfib/mol recognition sequence) and 0.63 ±

0.05 % (mol hFib/mol ligand).The FAP affinity sorbent utilizing the tetrameric  ligand

with the epoxy coupling chemistry in conjunction with the one-step coupling method

yielded a coupling efficiency of 68.0 ± 0.5 % with a ligand density of 3.40 ± 0.20 mg

ligand/ml support (0.80 ± 0.14 μmol ligand/ml support; 3.19 ± 0.42 μmol recognition

sequence/ml support).  The static binding capacity was 1.48 ± 0.40 mg hFib/ml support

(183.31 ± 1.43 mol ligand/mol hFib; 733.24 ± 1.17 mol recognition sequence/mol hFib).

The static binding efficiencies were 0.14 ± 0.04 % (mol hfib/mol recognition sequence)

and 0.55 ± 0.15 % (mol hFib/mol ligand).The FAP affinity sorbent utilizing the tetrameric

ligand with the epoxy coupling chemistry in conjunction with the TSC method yielded a

coupling efficiency of 76.0 ± 0.5 % with a ligand density of 3.80 ± 0.20 mg ligand/ml

support (0.89 ± 0.05 μmol ligand/ml support; 3.57 ± 0.17 μmol recognition sequence/ml

support).  The static binding capacity was 2.64 ± 0.31 mg hFib/ml support (114.85 ±

1.34 mol ligand/mol hFib; 459.42 ± 1.14 mol recognition sequence/mol hFib).  The static

binding efficiencies were 0.22 ± 0.03 % (mol hfib/mol recognition sequence) and 0.87 ±

0.10 % (mol hFib/mol ligand).The FAP affinity sorbent utilizing the tetrameric  ligand

with the EDAC coupling chemistry in conjunction with the one-step coupling method

yielded a coupling efficiency of 74.0 ± 0.5 % with a ligand density of 3.70 ± 0.25 mg

ligand/ml support (0.87 ± 0.07 μmol ligand/ml support; 3.47 ± 0.16 μmol recognition

sequence/ml support).  The static binding capacity was 3.52 ± 0.57 mg hFib/ml support

(83.87 ± 1.51 mol ligand/mol hFib; 335.50 ± 1.16 mol recognition sequence/mol hFib).

The static binding efficiencies were 0.30 ± 0.05 % (mol hfib/mol recognition sequence)

and 1.19 ± 0.19 % (mol hFib/mol ligand).The FAP affinity sorbent utilizing the tetrameric

ligand with the EDAC coupling chemistry in conjunction with the TSC method yielded a
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coupling efficiency of 77.0 ± 0.5 % with a ligand density of 3.85 ± 0.15 mg ligand/ml

support (0.90 ± 0.06 μmol ligand/ml support; 3.61 ± 0.18 μmol recognition sequence/ml

support).  The static binding capacity was 5.81 ± 0.88 mg hFib/ml support (52.88 ± 1.83

mol ligand/mol hFib; 211.50 ± 1.22 mol recognition sequence/mol hFib).  The static

binding efficiencies were 0.47 ± 0.07 % (mol hfib/mol recognition sequence) and 1.89 ±

0.29 % (mol hFib/mol ligand). The FAP affinity sorbent utilizing the octameric  ligand

with the epoxy coupling chemistry in conjunction with the one-step coupling method

yielded a coupling efficiency of 55.0 ± 0.5 % with a ligand density of 2.75 ± 0.20 mg

ligand/ml support (0.32 ± 0.02 μmol ligand/ml support; 2.56 ± 0.16 μmol recognition

sequence/ml support).  The static binding capacity was 2.23 ± 0.22 mg hFib/ml support

(48.79 ± 1.98 mol ligand/mol hFib; 390.35 ± 1.32 mol recognition sequence/mol hFib).

The static binding efficiencies were 0.26 ± 0.02 % (mol hfib/mol recognition sequence)

and 2.05 ± 0.20 % (mol hFib/mol ligand). The FAP affinity sorbent utilizing the octameric

ligand with the epoxy coupling chemistry in conjunction with the TSC method yielded a

coupling efficiency of 67.0 ± 0.5 % with a ligand density of 3.35 ± 0.20 mg ligand/ml

support (0.39 ± 0.03 μmol ligand/ml support; 3.12 ± 0.24 μmol recognition sequence/ml

support).  The static binding capacity was 3.49 ± 0.35 mg hFib/ml support (37.98 ± 1.24

mol ligand/mol hFib; 303.84 ± 1.46 mol recognition sequence/mol hFib).  The static

binding efficiencies were 0.33 ± 0.03 % (mol hfib/mol recognition sequence) and 2.64 ±

0.27 % (mol hFib/mol ligand). The FAP affinity sorbent utilizing the octameric  ligand

with the EDAC coupling chemistry in conjunction with the one-step coupling method

yielded a coupling efficiency of 60.0 ± 0.5 % with a ligand density of 3.00 ± 0.15 mg

ligand/ml support (0.35 ± 0.05 μmol ligand/ml support; 2.79 ± 0.39 μmol recognition

sequence/ml support).  The static binding capacity was 3.58 ± 0.51 mg hFib/ml support

(33.16 ± 1.77 mol ligand/mol hFib; 265.25 ± 1.17 mol recognition sequence/mol hFib).

The static binding efficiencies were 0.38 ± 0.05 % (mol hfib/mol recognition sequence)

and 3.02 ± 0.43 % (mol hFib/mol ligand). The FAP affinity sorbent utilizing the octameric

ligand with the EDAC coupling chemistry in conjunction with the TSC method yielded a

coupling efficiency of 64.0 ± 0.5 % with a ligand density of 3.20 ± 0.15 mg ligand/ml

support (0.37 ± 0.06 μmol ligand/ml support; 2.98 ± 0.48 μmol recognition sequence/ml
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support).  The static binding capacity was 6.43 ± 0.50 mg hFib/ml support (19.69 ± 1.56

mol ligand/mol hFib; 157.53 ± 1.25 mol recognition sequence/mol hFib).  The static

binding efficiencies were 0.63 ± 0.05 % (mol hfib/mol recognition sequence) and 5.08 ±

0.40 % (mol hFib/mol ligand).

Purification of hFib from doped control swine milk

The FAP affinity sorbent utilizing the octameric form of the FAP ligand in

conjunction with the EDAC-mediated coupling chemistry using the GAM/TSC method

was evaluated in its ability to capture human fibrinogen (hFib) from nontransgenic swine

whey. The western blotting analysis of the column fractions obtained from the

purification study was performed using an 8 – 16 % SDS-PAGE as shown in Figure 22.

Nonreduced conditions were used to eliminate the crossreactivity with the swine

fibrinogen present. Lane 1 contains the human fibrinogen standard reference (130 ng).

Lane 2 is a blank sample lane. Lane 3 is the starting material containing approximately

50 μg/ml of human fibrinogen standard. Lane 4 is the column flowthrough fraction.  Lane

5 contains the elution fraction using 0.1 M glycine/2 (v/v) % acetic acid, pH 2.  Lane 6

contains the 4 M NaCl elution fraction. Lane 7 contains the 2 M NaSCN elution fraction.

The total amount of fibrinogen bound was determined from the summation of  fibrinogen

contained in the 0.1 M glycine/2 (v/v) % acetic acid, 2 M NaSCN and 4 M NaCl elution

fractions.  The majority of the bound fibrinogen (> 98 %) was eluted from the column

with the glycine elution buffer.  The average dynamic binding capacity for human

fibrinogen standard determined for the three identical experiments using this column

was approximately 95.06 ± 3.56 μg.  The dynamic binding efficiency was determined to

be 0.10 ± 0.06 %.

Purification of rhFib  from transgenic swine milk

The FAP affinity sorbent utilizing the octameric form of the FAP ligand in

conjunction with the EDAC-mediated coupling chemistry using the GAM/TSC method

was evaluated in its ability to capture recombinant human fibrinogen (rhFib) from

transgenic swine whey. The western blotting analysis of the column fractions obtained
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from the purification study was performed using an 8 – 16 % SDS-PAGE as shown in

Figure 23. Nonreduced conditions were used to eliminate the crossreactivity with the

swine fibrinogen present. Lane 1 contains the human fibrinogen standard reference

(130 ng).  Lane 2 is a blank sample lane. Lane 3 is the starting material containing

approximately 50 μg/ml of human fibrinogen standard. Lane 4 is the column flowthrough

fraction. Lane 5 contains the elution fraction using 0.1 M glycine/2 (v/v) % acetic acid,

pH 2.  Lane 6 contains the 4 M NaCl elution fraction. Lane 7 contains the 2 M NaSCN

elution fraction. The total amount of fibrinogen bound was determined from the

summation of  fibrinogen contained in the 0.1 M glycine/2 (v/v) % acetic acid, 2 M

NaSCN and 4 M NaCl elution fractions.  The majority of the bound fibrinogen (> 98 %)

was eluted from the column with the glycine elution buffer.  The average dynamic

binding capacity for human fibrinogen standard determined for the  three identical

experiments using this column was approximately 59.94 ± 5.50 μg.  The dynamic

binding efficiency was determined to be 0.05 ± 0.03 %.

PAM affinity sorbent performance

Tables 8 – 11  present performance results for the PAM affinity sorbents.  The

PAM affinity sorbent utilizing the linear ligand with the epoxy coupling chemistry in

conjunction with the one-step coupling method yielded a coupling efficiency of 24.0 ±

0.5 % with a ligand density of 0.65 ± 0.15 mg ligand/ml support.  The static binding

capacity was 0.06 ± 0.02 mg IgG/ml support (3,538.74 ± 23.72 mol ligand/mol IgG;

3,538.74 ± 23.72 mol recognition sequence/mol IgG).  The static binding efficiencies

were 0.03 ± 0.02 % (mol IgG/mol recognition sequence) and 0.03 ± 0.02 % (mol

IgG/mol ligand).  The PAM affinity sorbent utilizing the linear ligand with the epoxy

coupling chemistry in conjunction with the TSC method yielded a coupling efficiency of

38.0 ± 0.5 % with a ligand density of 0.97 ± 0.15 mg ligand/ml support.  The static

binding capacity was 0.08 ± 0.03 mg IgG/ml support (3,960.66 ± 9.50 mol ligand/mol

IgG; 3,960.66 ± 9.50 mol recognition sequence/mol IgG).  The static binding efficiencies

were 0.03 ± 0.01 % (mol IgG/mol recognition sequence) and 0.03 ± 0.01 % (mol

IgG/mol ligand).  The PAM affinity sorbent utilizing the linear ligand with the EDAC
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coupling chemistry in conjunction with the one-step coupling method yielded a coupling

efficiency of 12.0 ± 0.5 % with a ligand density of 0.60 ± 0.15 mg ligand/ml support.  The

static binding capacity was 0.65 ± 0.08 mg IgG/ml support (301.53 ± 2.56 mol

ligand/mol IgG; 301.53 ± 2.56 mol recognition sequence/mol IgG).  The static binding

efficiencies were 0.33 ± 0.04 % (mol IgG/mol recognition sequence) and 0.33 ± 0.04 %

(mol IgG/mol ligand). The PAM affinity sorbent utilizing the linear ligand with the EDAC

coupling chemistry in conjunction with the TSC method yielded a coupling efficiency of

19.0 ± 0.5 % with a ligand density of 0.95 ± 0.15 mg ligand/ml support.  The static

binding capacity was 1.22 ± 0.28 mg IgG/ml support (254.36 ± 2.10 mol ligand/mol IgG;

254.36 ± 2.10 mol recognition sequence/mol IgG).  The static binding efficiencies were

0.39 ± 0.09 % (mol IgG/mol recognition sequence) and 0.39 ± 0.09 % (mol IgG/mol

ligand). The PAM affinity sorbent utilizing the tetrameric ligand with the epoxy coupling

chemistry in conjunction with the one-step coupling method yielded a coupling efficiency

of 22.0 ± 0.5 % with a ligand density of 1.10 ± 0.15 mg ligand/ml support.  The static

binding capacity was 0.72 ± 0.10 mg IgG/ml support (98.19 ± 1.12 mol ligand/mol IgG;

392.76 ± 1.30 mol recognition sequence/mol IgG).  The static binding efficiencies were

0.25 ± 0.03 % (mol IgG/mol recognition sequence) and 1.02 ± 0.15 % (mol IgG/mol

ligand). The PAM affinity sorbent utilizing the tetrameric ligand with the epoxy coupling

chemistry in conjunction with the TSC method yielded a coupling efficiency of 23.0 ± 0.5

% with a ligand density of 1.15 ± 0.15 mg ligand/ml support.  The static binding capacity

was 1.34 ± 0.08 mg IgG/ml support (55.16 ± 1.92 mol ligand/mol IgG; 220.63 ± 2.33 mol

recognition sequence/mol IgG).  The static binding efficiencies were 0.45 ± 0.02 % (mol

IgG/mol recognition sequence) and 1.81 ± 0.10 % (mol IgG/mol ligand). The PAM

affinity sorbent utilizing the tetrameric ligand with the EDAC coupling chemistry in

conjunction with the one-step coupling method yielded a coupling efficiency of 21.0 ±

0.5 % with a ligand density of 1.05 ± 0.15 mg ligand/ml support.  The static binding

capacity was 1.63 ± 0.38 mg IgG/ml support (41.40 ± 1.09 mol ligand/mol IgG; 165.61 ±

3.26 mol recognition sequence/mol IgG).  The static binding efficiencies were 0.60 ±

0.03 % (mol IgG/mol recognition sequence) and 2.41 ± 0.19 % (mol IgG/mol ligand).

The PAM affinity sorbent utilizing the tetrameric ligand with the EDAC coupling
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chemistry in conjunction with the TSC method yielded a coupling efficiency of 30.0 ± 0.5

% with a ligand density of 1.50 ± 0.15 mg ligand/ml support.  The static binding capacity

was 7.70 ± 0.75 mg IgG/ml support (12.52 ± 1.83 mol ligand/mol IgG; 50.08 ± 2.45 mol

recognition sequence/mol IgG).  The static binding efficiencies were 1.99 ± 0.09 % (mol

IgG/mol recognition sequence) and 7.98 ± 0.29 % (mol IgG/mol ligand). The PAM

affinity sorbent utilizing the octameric ligand with the epoxy coupling chemistry in

conjunction with the one-step coupling method yielded a coupling efficiency of 15.0 ±

0.5 % with a ligand density of 0.75 ± 0.15 mg ligand/ml support.  The static binding

capacity was 0.78 ± 0.03 mg IgG/ml support (30.45 ± 2.38 mol ligand/mol IgG; 243.60 ±

1.00 mol recognition sequence/mol IgG).  The static binding efficiencies were 0.41 ±

0.06 % (mol IgG/mol recognition sequence) and 3.28 ± 0.20 % (mol IgG/mol ligand).

The PAM affinity sorbent utilizing the octameric ligand with the epoxy coupling

chemistry in conjunction with the TSC method yielded a coupling efficiency of 24.0 ± 0.5

% with a ligand density of 1.20 ± 0.15 mg ligand/ml support.  The static binding capacity

was 2.13 ± 0.17 mg IgG/ml support (17.84 ± 1.25 mol ligand/mol IgG; 142.73 ± 2.89 mol

recognition sequence/mol IgG).  The static binding efficiencies were 0.70 ± 0.04 % (mol

IgG/mol recognition sequence) and 5.61 ± 0.27 % (mol IgG/mol ligand). The PAM

affinity sorbent utilizing the octameric ligand with the EDAC coupling chemistry in

conjunction with the one-step coupling method yielded a coupling efficiency of 18.0 ±

0.5 % with a ligand density of 0.90 ± 0.15 mg ligand/ml support.  The static binding

capacity was 1.97 ± 0.34 mg IgG/ml support (14.47 ± 1.54 mol ligand/mol IgG; 115.74 ±

3.65 mol recognition sequence/mol IgG).  The static binding efficiencies were 0.86 ±

0.08 % (mol IgG/mol recognition sequence) and 6.91 ± 0.43 % (mol IgG/mol ligand).

The PAM affinity sorbent utilizing the octameric ligand with the EDAC coupling

chemistry in conjunction with the TSC method yielded a coupling efficiency of 22.0 ± 0.5

% with a ligand density of 1.10 ± 0.15 mg ligand/ml support.  The static binding capacity

was 8.10 ± 0.61 mg IgG/ml support (4.30 ± 2.88 mol ligand/mol IgG; 34.41 ± 2.90 mol

recognition sequence/mol IgG).  The static binding efficiencies were 2.91 ± 0.02 % (mol

IgG/mol recognition sequence) and 23.25 ± 0.77 % (mol IgG/mol ligand).
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PAM Affinity Sorbent Performance: Effect of Ligand Orientation and Density

As shown in Table 8, the column support activated using 5.0 % (v/v)

epichlorohydrin with the PAM ligand  immobilized through EDAC-mediated coupling

chemistry yielded a static binding capacity of 5.20 ± 0.11 mg IgG/ml support (8.05 ±

0.17 % binding efficiency).  Identical columns prepared using epoxy-mediated PAM

immobilization yielded a static binding capacity of 2.20 ± 0.14 mg IgG/ml support (3.41 ±

0.22 % binding efficiency).  The column support activated using 10.0 % (v/v)

epichlorohydrin with PAM immobilized through EDAC-mediated coupling chemistry

yielded a static binding capacity of 3.10 ± 0.16 mg IgG/ml support (4.80 ± 0.25 %

binding efficiency).  Identical columns prepared using epoxy-mediated PAM

immobilization yielded a static binding capacity of 1.11 ± 0.01 mg IgG/ml support (1.72 ±

0.02 % binding efficiency).  The column support activated using 25.0 % (v/v)

epichlorohydrin with PAM immobilized through EDAC-mediated coupling chemistry

yielded a static binding capacity of 1.10  ±  0.01 mg IgG/ml support (1.70  ± 0.01 %

binding efficiency).  Identical columns prepared using epoxy-mediated PAM

immobilization yielded a static binding capacity of 0.80  ± 0.03  mg IgG/ml support (1.24

±  0.04 % binding efficiency).  The column support activated using 50.0 % (v/v)

epichlorohydrin with PAM immobilized through EDAC-mediated coupling chemistry

yielded a static binding capacity of 0.82  ±  0.02 mg IgG/ml support (1.27 ±  0.03 %

binding efficiency).  Identical columns prepared using epoxy-mediated PAM

immobilization yielded a static binding capacity of 0.78 ±  0.02 mg IgG/ml support (1.21

±  0.04 % binding efficiency).

Purification of 7D7B10 mAb from hybridoma cell culture supernatant

The PAM affinity sorbent utilizing the octameric form of the PAM ligand in

conjunction with the EDAC-mediated coupling chemistry using the GAM/TSC method

was evaluated in its ability to capture 7D7B10 mAb from hybridoma cell culture

supernatant. The column fractions obtained from the purification study were subjected
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to gel electrophoresis using an 8 – 12 % SDS-PAGE as shown in Figure 30.  The

corresponding western blot is shown in Figure 31.  The volume-averaged FAP ligand

density was 1.10 ± 0.15 mg/ml support. The column bed volume was 1 ml.  Lane 1

contains the 7D7B10 mAb standard reference (100 μg/ml).  Lane 2 contains the

hybridoma cell culture starting material.  Lane 3 contains the column flowthrough

fraction. Lane 4 contains the product elution fraction using  0.1 M glycine/2 (v/v) %

acetic acid, pH 2. The majority of the bound swine IgG (> 99 %) was eluted from the

column with the glycine elution buffer.  The average dynamic binding capacity for the

swine IgG standard determined for the  three identical experiments using this column

was approximately 2.20 ± 0.25 mg.  The average dynamic binding efficiency was

determined to be 5.31 ± 0.33 %.

HETP analysis of affinity sorbents

The results of the theoretical and experimental HETP analysis of the FAP and

PAM affinity sorbents are shown in Table 12.  The octameric forms of each peptide

ligand were immobilized onto 3.0 wt. % cellulose support with an average particle

diameter of 500 μm.  Peptides were immobilized via epoxy-GAM using EDAC-mediated

coupling chemistry.  The experimental HETP values were calculated using the method

described in Snyder et al.  1979.  The theoretical HETP values were calculated

according to the method of Mikes et al. (1975).    The one-step and the TSC methods

for the octameric FAP sorbent demonstrated  experimental HETP values of 0.003 cm

and 0.002 cm, respectively.  Whereas, the one-step and the TSC methods for the

octameric FAP sorbent demonstrated  theoretical HETP values of 624 cm and 666 cm,

respectively.  Similarly, the one-step and the TSC methods for the octameric PAM

sorbent demonstrated  experimental HETP values of 0.005 cm and 0.003 cm,

respectively.  Whereas, the one-step and the TSC methods for the octameric PAM

affinity  sorbent demonstrated  theoretical HETP values of 720 cm and 762 cm,

respectively.



230

Discussion
Classical methods used to immobilize affinity ligands onto chromatographic

supports are typically performed in a single step resulting in a high coupling yield, which

is attributed to a very high level of support activation.  As shown in the preparation of

immunosorbents, these conventional methods are characterized by the simultaneous

occurrence of diffusional transport and covalent coupling of the ligand where the rate of

covalent coupling is much more rapid than the diffusional transport of the ligand within

the support  (Subramanian et al., 1994).   Therefore,  to facilitate the uniform distribution

of ligand,  the  GAM  was developed as described in the preceding chapter  to facilitate

the management of the distribution of reactive epoxy-sites within the support.  The

epoxy-GAM in conjunction with the TSC method affords the management of local ligand

density near the particle surface and including the support interior, therefore allowing for

optimal target binding.  In addition, the EDAC-mediated coupling method used for the

immobilization of peptide affinity ligands affords a more oriented immobilization with

concomitant crosslinking of the peptide ligand, thereby offering an improved

configuration for the capturing of target proteins.  In addition to the covalent coupling of

the C-terminal carboxyl groups present on the peptide ligand with the primary amine

groups within the support, the EDAC-mediated coupling chemistry utilizes (1-ethyl-3-

dimethylaminopropyl) carbodiimide (EDAC)  to facilitate the conjoining of N-terminal α-

amine groups and C-terminal carboxyl residues to form a stable, covalent amide

linkage, thereby affording ligand crosslinking (Hermanson et al., 1992; Nakajima et al.,

1995).  The use of the branched-chain peptide ligand assemblies have also been found

to increase binding efficiency (ηeff) in relation to the linear peptide ligand forms by

increasing the opportunity for covalent ligand attachment/crosslinking and in the

introduction of multiple recognition sequence peptides inherent in each branched ligand.

The general performance characteristics of the FAP and PAM affinity sorbents

were established using the large-particle diameter, low-solids content cellulose

supports.  The epoxy-GAM was employed in conjunction with one-step bulk coupling

(BC) and two-step coupling (TSC) techniques for ligand immobilization to prepare

affinity sorbents with volume-averaged FAP ligand densities (<ρ>) of approximately 1 –
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4 mg FAP ligand/ml support and similarly with PAM ligand densities of approximately 1

mg PAM ligand/ml support.  Linear, and tetrameric and octameric branched-chain

assemblies of the peptide ligands were evaluated with regards immobilization chemistry

using amine-reactive (N-terminal), epoxy-mediated coupling and C-terminal, carboxyl-

reactive EDAC-mediated coupling.  For each coupling chemistry case study, BC and

TSC techniques were compared.  The performance results for the FAP and PAM affinity

sorbents are presented in Tables 3 – 6 and Tables 8 – 11, respectively.  The

performance results are shown graphically in Figures 17 – 30.

FAP affinity sorbent performance

  FAP affinity sorbent performance was found to be dependent upon a variety of

factors including the total amount of ligand immobilized, ligand spatial density and

immobilization orientation.  As shown in Table 3, the tetrameric and octameric

branched-chain FAP assemblies consistently provided coupling efficiencies of greater

than 50 % with initial ligand loadings of approximately 5 mg, providing final <ρ> of about

3 – 4 mg FAP/ml.  Whereas, the linear FAP ligand provided coupling efficiencies of only

approximately 30 – 40 %, with an equivalent  initial ligand loading of 5 mg, yielding

lower final <ρ> of 1 – 2 mg FAP/ml support.   The increase in coupling efficiency of the

branched-chain peptide ligands in comparison to the linear FAP ligands may be

attributed to the increase in the number of  reactive sites (N-terminal α-amino groups

and C-terminal carboxyl groups) on the branched-chain peptide ligands available for

covalent attachment and, in particular, crosslinking with the use of  the EDAC-mediated

coupling chemistry. As shown in Table 3, the increase in the total amount of FAP ligand

immobilized was greater than in comparison to the amount of linear FAP immobilized.

FAP affinity sorbents prepared using the GAM/BC method using both the epoxy and

EDAC-mediated coupling chemistry indicate that the FAP ligand is  preferentially

coupled at high ρloc on the surface and  within the outer strata of the bead particle as

demonstrated by subsequent decreases in ηeff. Those affinity sorbents prepared using

the GAM/TSC method demonstrated a higher ηeff with approximately equivalent <ρ> to

those affinity supports prepared using the GAM/BC method indicating  a decrease in
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ρloc for both EDAC and epoxy-mediated coupling chemistries.   Therefore, the TSC

method favored the initial transport of ligand within the support particle by decreasing

the rate of covalent ligand coupling by reducing the local concentration of ligand within

the support.   Increases in ηeff  were more pronounced with increasing <ρ> for the

affinity sorbents utilizing the tetrameric and octameric branched-chain ligand assemblies

in conjunction with the EDAC-mediated coupling chemistry which afforded additional

ligand coupling through ligand crosslinking. For example, using oriented EDAC-

mediated coupling,  the FAP affinity sorbents demonstrated a 1.7-fold increase in

binding efficiency based on the amount of FAP ligand immobilized utilizing the epoxy-

GAM/TSC methods relative to the BC method using the same octameric ligand

structural format. As shown in Figure 18, the use of the large-particle diameter, low-

solids content cellulose supports in conjunction with the combination of the GAM/TSC

method with the EDAC-mediated coupling of the branched-chain peptide assemblies

afford an increase in ηeff in relation to the conventional affinity sorbent configurations

(Baumbach et al., 1997).  As demonstrated by the results in Table 2, the conventional

linear FAP affinity sorbents exhibit high ρloc on the surface and within the outer strata of

the particle support, thereby  significantly decreasing ηeff for a concomitant increase in

<ρ> (Baumbach et al., 1997). As shown in figure 18 and 19, FAP sorbents prepared

using the multibranched peptide chain assemblies immobilized onto the large-particle

diameter, low-solids content cellulose supports using the EDAC-mediated TSC

chemistry consistently demonstrated higher  performance in terms of binding efficiency

in comparison to the conventional affinity sorbents with higher volume-averaged FAP

densities.   As shown in figure 19, FAP ligand efficiency was increased markedly with

the use of the TSC method with the EDAC-mediated coupling chemistry in comparison

to the performance of the conventional supports.  In combination with the EDAC-

mediated coupling chemistry, the use of the octameric FAP ligand afforded an increase

in binding efficiency due to the multiple number of peptide recognition sequences

available for crosslinking and therefore extension of the crosslinked FAP ligands from

the surface of the support. These results demonstrate that through the combined use of

the octameric peptide branched-chain assembly, with the use of the oriented EDAC-

mediated TSC chemistry in conjunction with the large-particle diameter, low-solids
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content cellulose supports yielded an optimal configuration for an increase in binding

efficiency.

Purification of hFib from doped control swine milk

The FAP affinity sorbent utilizing the octameric form of the FAP ligand in

conjunction with the EDAC-mediated coupling chemistry using the GAM/TSC method

was evaluated in its ability to capture human fibrinogen (hFib) from nontransgenic swine

whey. As was similarly found in the pure system studies, the majority of the bound

human fibrinogen was eluted with the glycine buffer.  The binding efficiency

demonstrated by the column utilized for this study was much lower in comparison to the

same column support used in the pure system studies.  Due to the significant

hydrophobic character of the FAP ligands, nonspecific adsorption with milk proteins

was found to be a major factor in the decrease in binding efficiency.   Significant

precipitation occurred with the doped whey studies and to a lesser extent with the pure

fibrinogen binding case studies at higher concentrations. The presence of recombinant

human fibrinogen in the flowthrough fractions indicates that the column capacity was

exceeded under these operating conditions.

Purification of rhFib  from transgenic swine milk

The FAP affinity sorbent utilizing the octameric form of the FAP ligand in

conjunction with the EDAC-mediated coupling chemistry using the GAM/TSC method

was evaluated in its ability to capture recombinant human fibrinogen (rhFib) from

transgenic swine milk. The majority of the recombinant human fibrinogen bound was

eluted with the 4 M NaCl and 2 M NaSCN buffers.   The lower intensity of the

recombinant fibrinogen band is probably due to the slight differences in the

glycosylation patterns between the native human fibrinogen standard as found in the

doped studies and the recombinant human fibrinogen.  This difference in

posttranslational modification, primarily of the beta and gamma chains, between the two

fibrinogen forms resulted in a loss of the affinity of the antibody for these recombinant
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forms, therefore the reduced signal intensity.  The recombinant form appeared to bind

much more tightly in comparison to the native form since the recombinant form is not

eluted until the application of the 4 M NaCl buffer, while the native form is eluted entirely

by the preceding glycine buffer in the elution scheme.  The binding efficiency

demonstrated by the column utilized for this study was much lower in comparison to the

same column support used in the pure system studies.  Due to the significant

hydrophobic character of the FAP ligands, nonspecific adsorption of  milk proteins onto

the affinity sorbent  was concluded to be the major factor in the decrease in binding

efficiency.   Significant precipitation occurred with the doped whey studies and with the

pure fibrinogen binding case studies at higher concentrations.  The presence of

recombinant fibrinogen in the flowthrough fractions indicates that the column capacity

was exceeded under these operating conditions.

PAM affinity sorbent performance

As similarly as found in the evaluation of the FAP affnity sorbents, PAM affinity

sorbent performance was found to be dependent upon a variety of factors including the

total amount of ligand immobilized, ligand spatial density and immobilization orientation.

As shown in Table 9, the tetrameric and octameric branched-chain peptide assemblies

consistently provided coupling efficiencies of  typically between 10 – 30 % with initial

ligand loadings of approximately 5 mg, providing final <ρ> of about  1.0 mg PAM/ml

support.   The coupling efficiencies and ligand densities obtained were generally within

the same range (~ 1 mg PAM/ml support) for each structural ligand configuration. The

multibranched peptide chain format appeared to provide no advantage in enhancing

coupling efficiency for the PAM affinity sorbents. However, the increase in the

probability of peptide ligand crosslinking yielded an increase in binding efficiency for the

octameric and tetrameric branched-chain peptide assemblies.  As similarly found in the

preparation of the FAP sorbents, PAM affinity sorbents prepared using the GAM/BC

method using both the epoxy and EDAC-mediated coupling chemistry indicate that the

PAM ligand is  preferentially coupled at high ρloc on the surface and  within the outer

strata of the bead particle as demonstrated by subsequent decreases in ηeff. Those

affinity sorbents prepared using the GAM/TSC method demonstrated a higher ηeff with
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approximately equivalent <ρ> to those affinity supports prepared using the GAM/BC

method indicating  a decrease in  ρloc for both EDAC and epoxy-mediated coupling

chemistries.   Therefore, the TSC method favored the initial transport of ligand within the

support particle by decreasing the rate of covalent ligand coupling by reducing the local

concentration of ligand within the support.   Increases in ηeff  were more pronounced

with increasing <ρ> for the affinity sorbents utilizing the tetrameric and octameric

branched-chain ligand assemblies in conjunction with the EDAC-mediated coupling

chemistry which afforded additional ligand coupling through ligand crosslinking. For

example, using oriented EDAC-mediated coupling,  the PAM affinity sorbents

demonstrated a 3.3-fold increase in binding efficiency based on the amount of PAM

ligand immobilized utilizing the epoxy-GAM/TSC methods relative to the BC method

using the same octameric ligand structural format. As shown in Figure 18, the use of the

large-particle diameter, low-solids content cellulose supports in conjunction with the

combination of the GAM/TSC method with the EDAC-mediated coupling of the

branched-chain peptide assemblies afford an increase in ηeff in relation to the

conventional affinity sorbent configurations.  As shown by the results in Tables 9 – 11,

the conventional linear PAM affinity sorbents exhibit high ρloc on the surface and within

the outer strata of the particle support, thereby  significantly decreasing ηeff for a

concomitant increase in <ρ>. As shown in Figures 25 and 26, PAM affinity sorbents

prepared using the multibranched peptide chain assemblies immobilized onto the large-

particle diameter, low-solids content cellulose supports using the EDAC-mediated TSC

chemistry consistently demonstrated higher  performance in terms of binding efficiency

in comparison to the conventional affinity sorbents with higher volume-averaged FAP

densities.   As shown in Figure 26, PAM ligand efficiency was increased markedly with

the use of the TSC method with the EDAC-mediated coupling chemistry in comparison

to the performance of the conventional supports.  In combination with the EDAC-

mediated coupling chemistry, the use of the octameric PAM ligand afforded an increase

in binding efficiency due to the multiple number of peptide recognition sequences

available for crosslinking and therefore extension of  multiple crosslinked PAM ligands

from the surface of the support. It is hypothesized that this extensive crosslinking of the

PAM ligands  would act as a pseudo spacer arm and therefore aid target binding due to
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increased ligand accessibility.   These results demonstrate that through the combined

use of the octameric peptide branched-chain assembly, with the use of the oriented

EDAC-mediated TSC chemistry in conjunction with the large-particle diameter, low-

solids content cellulose supports,  an optimal configuration for an increase in binding

efficiency can be obtained.

GAM and PAM ligand density management

As shown in Table 8 and illustrated in Figure 29, using the 2 wt. % cellulose

support, immobilized PAM ligand orientation and local density had a marked effect on

swine IgG binding efficiency.  Using 5.0 % (v/v) epichlorohydrin with the GAM and

ultilizing oriented EDAC-mediated coupling of the tertrameric PAM ligand provided the

most active support.  This affinity support  yielded a binding capacity of 5.20 ± 0.11 mg

IgG/ml support (8.05  ± 0.17 % binding efficiency).  Through the use of the GAM to

install a uniform distribution of activated groups throughout the interior of the support

matrix,  in addition to a low concentration of epichlorohydrin, this support provided a

uniform, sparse distribution of activated epoxy groups available for PAM ligand

immobilization.  For the EDAC-mediated, oriented and the epoxy-mediated, nonoriented

immobilization of PAM ligand,  the functional efficiency decreased  considerably  with an

increase  in the level of activation.  The EDAC-mediated (oriented) coupling chemistry

provided the most active support, starting with an initial binding efficiency of 8.05 ± 0.17

%, and decreasing to 4.80 ± 0.25 %, 1.70 ± 0.01 %, and 1.27 ± 0.03 % for activation

levels 2, 5, and 10 × that of the initial activation level, respectively. The epoxy-mediated

(nonoriented or random) coupling chemistry provided a  less active support, starting

with an initial binding efficiency of  3.41 ± 0.22 % , and decreasing to 1.72 ± 0.02 %,

1.24 ± 0.04 %, and 1.21 ± 0.04 % for activation levels  2, 5, and 10 × that of the initial

activation level, respectively. This decrease in functional efficiency can  be attributed to

an increase in the  local spatial density of immobilized PAM ligand within the support

matrix.  With an increase in the level of activation, which provides a higher density of

reactive epoxy groups available for covalent coupling, the immobilized PAM ligand

would be more likely to be distributed within the outer-strata of the cellulose hydrogel

particle.  The higher local density of PAM ligand within the outer-strata of the support
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contributes markedly to a decrease in functional efficiency due to steric hindrance,

which affects IgG  accessibility, and therefore binding efficiency.  Although the  PAM

ligand was immobilized via a one-step coupling method in this study,  the

implementation of a two-step  coupling method may afford an increase in binding

efficiency due to a decrease in local density effects.   In addition to the effect of local

spatial  PAM ligand density, the effect of oriented coupling in the immobilization of PAM

ligand had a pronounced effect on  binding efficiency as well.  For example, the

functional efficiency decreased by over one-half  for  PAM ligand immobilized via

nonoriented, epoxy-mediated coupling chemistry using identical supports with regards

to activation level (5 % (v/v) epichlorohydrin).  This support yielded a binding capacity of

2.20 ± 0.14 mg IgG/ml support (3.41 ± 0.22 % binding efficiency) in comparison to the

support prepared using the oriented, EDAC-mediated PAM ligand immobilization (5.20

± 0.11 mg IgG/ml support). The differences in the functional efficiency between the two

coupling chemistries can be attributed to orientation effects.  Retention of the IgG

recognition and affinity binding properties of the immobilized PAM ligand would be

expected with the use of the EDAC-mediated coupling chemistry.  The EDAC-coupling

chemistry forms a covalent linkage between the primary amine groups on the  support

matrix and the carboxyl group  of the C-terminal glutamate residue of  the PAM ligand,

which is not involved in the formation of the affinity complex.  However, through the use

of the epoxy-mediated coupling chemistry, which forms a covalent linkage between the

epoxy groups on the support matrix and the amine groups within the N-terminal arginine

residues of the PAM ligand, molecular recognition properties would be expected to be

diminished, if not completely lost.

 Peptide ligands typically require complete accessibility of their N-terminal α-

amine groups, which are involved in  the stabilizing interactions necessary for  formation

of the affinity complex  (Fassina, 1992).  Obstruction of these amine groups through

covalent immobilization would subsequently have a detrimental impact by reducing

binding efficiency as is shown in the results in Table 8.   In addition, since the tetrameric

PAM ligand contains four  N-terminal tripeptide recognition sequences for affinity

binding,  multipoint attachment,  and conformational restrictions would be contributing
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factors in the decrease in binding efficiency  demonstrated by the affinity supports

prepared using the nonoriented, epoxy-mediated coupling chemistry.  These results

indicate that local spatial ligand density and ligand orientation can adversely affect

affinity sorbent performance if these factors are not considered in the immobilization of

peptide affinity ligands. In addition, since the primary amine groups of the PAM ligand

were not protected during the immobilization using the EDAC-mediated coupling

chemistry, crosslinking of the peptide ligand probably readily occurred. Since the

multimeric, PAM peptide ligand composed of recognition sequences of tripeptide

tetramers, crosslinking of the peptide may aid in providing a pseudo-spacer arm which

would improve ligand accessibility and potentially increase binding efficiency.  The use

of a two-step immobilization procedure would be expected to provide for a more uniform

distribution of PAM ligand, and thereby resulting in an expected increase in binding

efficiency.

Purification of 7D7B10 mAb from hybridoma cell culture supernatant

The PAM affinity sorbent utilizing the octameric form of the PAM ligand in

conjunction with the EDAC-mediated coupling chemistry using the GAM/TSC method

was evaluated in its ability to capture 7D7B10 mAb from hybridoma cell culture

supernatant.   As similarly found with the pure system studies, the majority of the bound

swine IgG (> 99 %) was eluted from the column with the glycine elution buffer.  The

average dynamic binding capacity for this column was in close agreement with the pure

system studies thereby indicating  that nonspecific adsorption of other proteins was not

significant.

HETP analysis of FAP and PAM affinity sorbents

As similarly shown in the use of immunoaffinity chromatography, the use of low

solids content matrices in the development of the peptide-based affinity sorbents were

shown to demonstrate convective and diffusive modes of intraparticle transport for large

proteins.  As shown in Table 12, the low-solids content , large-particle diameter

cellulose matrices indicate an increase in effective intraparticle mass transport, which
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could not be attributed to an unhindered mode of diffusion alone as predicted by the

theoretical correlation (Mikes et al., 1975).

Conclusions

Important design factors in the optimal engineering of a peptide-based affinity

sorbent include immobilized ligand orientation, local spatial density and ligand

architecture. The local spatial density of immobilized peptide ligand (ρloc), as opposed to

volume-averaged peptide ligand density (<ρ>) is of more critical importance in

determining the optimal performance in the engineering of peptide-based affinity

sorbents.  As similarly demonstrated in the preparation of immunosorbents in the

preceding chapter, these results appear to be a salient feature of using low-solids

content, large-particle diameter cellulose supports.  In conjunction with the  octameric

branching architecture in peptide ligand design, oriented ligand immobilization through

using  EDAC-mediated coupling/crosslinking chemistry affords the optimal configuration

for increasing affinity sorbent binding efficiency.  In addition, the installation of epoxy-

sites through the epoxy-GAM in addition to the TSC method allows for improved

management of ρloc near the particle surface as well as within the support interior

resulting in  an increased affinity sorbent binding efficiency as well.
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Nomenclature & Symbols

ηeff binding efficiency (%)
BA bulk activation
BC bulk coupling
CV column volume (ml)
ψ covalent coupling efficiency (%)
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<ρ> volume-averaged peptide density (mg peptide/ml support)
ρloc local spatial peptide density (mg peptide/ml support)
EACA ε-aminocaproic acid
ELISA enzyme-linked immunosorbent assay
FAP fibrinogen affinity peptide
GAM gradient activation method
HETP height equivalent to a theoretical plate (cm)
hFib human fibrinogen
rhFib recombinant human fibrinogen
hrs hours
mAb monoclonal antibodies
PAM protein A mimetic
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HETP = Hparticle size + Hparticle diffusion + Hfilm diffusion

r = particle radius
Dv = mg solute bound per ml column bed/ mg solute per solution
F = superficial velocity
Ds = diffusion coefficient in the particle
DL = diffusion coefficient in the solute
ε = volume void fraction of particle
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Figure 15. Theoretical HETP correlation of Mikes et al. (1975).
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L = column bed length (cm)
N = number of theoretical plates
tR = retention time in the column
wh = peak width at half-height
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Figure 16. Experimental HETP correlation (Snyder et al., 1979).
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Figure 22. Purification process of human fibrinogen captured from nontransgenic control
swine whey by FAP chromatography.  FAP ligand density: 3.20 ± 0.15 mg FAP/ml
support. Octameric branched-chain form was immobilized via the epoxy-GAM/TSC
method using EDAC-mediated coupling chemistry into low-solids content (3. 0 wt. %),
large-particle diameter (500 µm) cellulose support. Western blotting analysis: 8 – 16  %
SDS-PAGE, reducing conditions.  Lane 1: Human fibrinogen standard reference (130
ng); Lane 2:  Blank lane; Lane 3: Starting material (50 µg hFib/ml); Lane 4: Flowthrough;
Lane 5: Fibrinogen product fraction (0.1 M Glycine/2 (v/v) % acetic acid, pH 2.0); Lane
6: Product fraction (4 M NaCl); Lane 7: Product fraction (2 M NaSCN).
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Figure 23. Purification process of recombinant human fibrinogen captured from
transgenic swine whey by FAP chromatography.  FAP ligand density: 3.20 ± 0.15 mg
FAP/ml support. Octameric branched-chain form was immobilized via the epoxy-
GAM/TSC method using EDAC-mediated coupling chemistry into low-solids content (3.
0 wt. %), large-particle diameter (500 µm) cellulose support. Western blotting analysis: 8
– 16  % SDS-PAGE, reducing conditions.  Lane 1: Human fibrinogen standard
reference (130 ng); Lane 2:  Blank lane; Lane 3: Starting material (hFib: 50 µg/ml); Lane
4: Flowthrough; Lane 5: Fibrinogen product fraction (0.1 M Glycine/2 (v/v) % acetic acid,
pH 2.0); Lane 6: Product fraction (4 M NaCl); Lane 7: Product fraction (2 M NaSCN).
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Figure 25.  PAM affinity sorbent binding phenomena and impact on swine IgG binding
efficiency. PAM ligands immobilized via EDAC-mediated chemistry. Comparison data
from Table 7 (Fassina et al., 1996).
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Figure 26.  PAM affinity sorbent binding phenomena and impact on swine IgG binding
efficiency. PAM ligands immobilized via EDAC-mediated chemistry. Comparison data
from Table 7 (Fassina et al., 1996).
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Figure 27.  PAM affinity sorbent swine IgG static binding efficiency (mol IgG/mol PAM
ligand).
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Figure 28. PAM affinity sorbent swine IgG static binding efficiency (mol IgG/mol PAM
recognition sequence).
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Figure 29.  Effect of PAM ligand orientation and local density on swine IgG binding
efficiency (data from Table 8). PAM affinity sorbents were prepared using GAM-based,
low-solids content (2.0 wt. %), large-particle diameter (average particle diameter: 500
μm) cellulose supports using the specified level of epichlorohydrin. PAM ligand
(tetrameric structural form) recognition sequence: YTR. Classical one-step, bulk
coupling of PAM ligand was performed through either amine-reactive, epoxy (random or
nonoriented) coupling, or carboxyl-reactive, EDAC (oriented) coupling onto amine-
terminated support.  Volume-averaged PAM density for each sorbent  is approximately
1.0 ± 0.15 mg/ml support. % static binding efficiencies (ηeff)  are calculated assuming a
1:1, swine IgG:PAM ligand  stoichiometric ratio.
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Figure 30. Purification process of 7D7B10 mAb by PAM chromatography.  PAM ligand
density: 1.10 ± 0.15 mg PAM/ml support. Octameric branched-chain form was
immobilized via the epoxy-GAM/TSC method using EDAC-mediated coupling chemistry
onto low-solids content (3.0 wt. %), large-particle diameter (500 m) cellulose support. 8
– 12  % Silver-stained SDS-PAGE, nonreducing conditions (See Figure 31 for
corresponding Western blot).  Lane 1: 7D7B10 mAb standard reference (100 μg/ml);
Lane 2:  Hybridoma cell culture supernatant starting material; Lane 3: Column
flowthrough fraction; Lane 4: 7D7B10 mAb product fraction (0.1 M Glycine/2 (v/v) %
acetic acid, pH 2.0).
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Figure 31. Purification process of 7D7B10 mAb by PAM chromatography.  PAM ligand
density: 1.10 ± 0.15 mg PAM/ml support. Octameric branched-chain form was
immobilized via the epoxy-GAM/TSC method using EDAC-mediated coupling chemistry
onto low-solids content (3.0 wt. %), large-particle diameter (500 m) cellulose support.
Corresponding Western blot of 8 – 12  % SDS-PAGE (Figure 30), nonreducing
conditions.  Lane 1: 7D7B10 mAb standard reference (100 μg/ml); Lane 2:  Hybridoma
cell culture supernatant starting material; Lane 3: Column flowthrough fraction; Lane 4:
7D7B10 mAb product fraction (0.1 M Glycine/2 (v/v) % acetic acid, pH 2.0).
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Peptide Recognition
Sequence

Reference

NH2 – FLLV – resin
 NH2 – LLVP – resin

 NH2 – FLLVPL – resin
Buettner et al. (1998)

 NH2 – WQEHYN – resin
NH2 – WQETYQ – resin
NH2 – YENYGY – resin

Mondorf et al. (1998)

 NH2 – GPRP – resin Kuyas et al. (1990)

Table 1. Linear fibrinogen binding peptides.
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Ligand
Density

(mg ligand/
ml support)

Ligand
Density

(μmol ligand/
ml support)

Static Binding
Capacity
(mg hFib/

ml support)

Static Binding
Capacity

(mol ligand/
mol fibrinogen)

Static
Binding

Efficiency
(ηeff)1

0.00 0.00 0.20 NA NA

3.80 4.81 6.50 251.61 0.40 %

5.30 6.71 6.70 340.45 0.29 %

11.40 14.43 14.10 347.97 0.29 %

22.00 27.85 20.60 459.63 0.22 %

Table 2. Static adsorption isotherm for FAP affinity sorbent. Linear peptide: FLLVPL. G.
Baumbach, Pharmaceutical Division, Bayer Corp.  Cambridge Healthtech Institute’s
Second conference on Affinity Technology.  Sept. 29 – 30, 1997. Arlington, VA. (1) %
static binding efficiencies (ηeff)  are calculated assuming a 1:1, hFib:FAP ligand
stoichiometric ratio. NA: data not applicable.
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Ligand
Structural

Form1

Coupling
Chemistry2

Coupling
Method3

% Ligand
Coupling

Efficiency4

Ligand Density
(mg ligand/
ml support)5

Static Binding
Capacity
(mg hFib/

ml support)6

One-Step 29.0 ± 0.5 % 0.89 ± 0.06 0.02 ± 0.08
Epoxy

TSC 38.0 ± 0.5 % 1.42 ± 0.11 0.06 ± 0.09

One-Step 35.0 ± 0.5 % 1.75 ± 0.12 2.71 ± 0.88

Linear

EDAC

TSC 41.0 ± 0.5 % 2.05 ± 0.15 4.69 ± 0.43

One-Step 68.0 ± 0.5 % 3.40 ± 0.20 1.48 ± 0.40
Epoxy

TSC 76.0 ± 0.5 % 3.80 ± 0.20 2.64 ± 0.31

One-Step 74.0 ± 0.5 % 3.70 ± 0.25 3.52 ± 0.57

Tetramer

EDAC

TSC 77.0 ± 0.5 % 3.85 ± 0.15 5.81 ± 0.88

One-Step 55.0 ± 0.5 % 2.75 ± 0.20 2.23 ± 0.22
Epoxy

TSC 67.0 ± 0.5 % 3.35 ± 0.20 3.49 ± 0.35

One-Step 60.0 ± 0.5 % 3.00 ± 0.15 3.58 ± 0.51

Octamer

EDAC

TSC 64.0 ± 0.5 % 3.20 ± 0.15 6.43 ± 0.50

Table 3. Analysis of FAP affinity sorbent performance under static hFib loading
conditions.  FAP matrices were prepared using GAM-based, low-solids content (3.0 wt.
%), large-particle diameter (average particle diameter: 500 μm) cellulose supports. (1)
FAP ligand recognition sequence: FLLVPLE. (2) Immobilization of FAP ligand was
performed through either amine-reactive, epoxy (random or nonoriented) coupling, or
carboxyl-reactive, EDAC (oriented) coupling onto amine-terminated support. (3) One-
step: classical bulk coupling, and two-step coupling (TSC) methods. (4, 5) FAP ligand
determined by thin-layer chromatography. (6) hFib determined by ELISA.



277

Ligand
Structural

Form1

Coupling
Chemistry2

Coupling
Method3

Ligand Density
(mg ligand/
ml support)4

Ligand Density
(μmol ligand/
ml support)5

Ligand Density
(μmol recognition

sequence/
ml support)6

One-Step 0.89 ± 0.06 0.95 ± 0.07 0.95 ± 0.07
Epoxy

TSC 1.42 ± 0.11 1.52 ± 0.18 1.52 ± 0.18

One-Step 1.75 ± 0.12 1.87 ± 0.22 1.87 ± 0.22

Linear

EDAC

TSC 2.05 ± 0.15 2.19 ± 0.19 2.19 ± 0.19

One-Step 3.40 ± 0.20 0.80 ± 0.14 3.19 ± 0.42
Epoxy

TSC 3.80 ± 0.20 0.89 ± 0.05 3.57 ± 0.17

One-Step 3.70 ± 0.25 0.87 ± 0.07 3.47 ± 0.16

Tetramer

EDAC

TSC 3.85 ± 0.15 0.90 ± 0.06 3.61 ± 0.18

One-Step 2.75 ± 0.20 0.32 ± 0.02 2.56 ± 0.16
Epoxy

TSC 3.35 ± 0.20 0.39 ± 0.03 3.12 ± 0.24

One-Step 3.00 ± 0.15 0.35 ± 0.05 2.79 ± 0.39

Octamer

EDAC

TSC 3.20 ± 0.15 0.37 ± 0.06 2.98 ± 0.48

Table 4. Analysis of FAP affinity sorbents: FAP ligand and recognition sequence
volume-averaged density.  FAP matrices were prepared using GAM-based, low-solids
content (3.0 wt. %), large-particle diameter (average particle diameter: 500 μm)
cellulose supports. (1) FAP ligand recognition sequence: FLLVPLE. (2) Immobilization
of FAP ligand was performed through either amine-reactive, epoxy (random or
nonoriented) coupling, or carboxyl-reactive, EDAC (oriented) coupling onto amine-
terminated support. (3) One-step: classical bulk coupling and two-step coupling (TSC)
methods. (4, 5, 6) FAP ligand determined by thin-layer chromatography.
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Ligand
Structural

Form1

Coupling
Chemistry2

Coupling
Method3

Static Binding
Capacity

(mol recognition
sequence/
mol hFib)4

Static Binding
Efficiency (ηeff)

(mol hFib/
mol recognition

sequence)5

One-Step 16,147.28 ± 13.87 0.01 ± 0.02 %
Epoxy

TSC 8,587.69 ± 11.05 0.01 ± 0.02 %

One-Step 234.32 ± 1.28 0.43 ± 0.12 %

Linear

EDAC

TSC 158.61 ± 1.53 0.63 ± 0.05 %

One-Step 733.24 ± 1.17 0.14 ± 0.04 %
Epoxy

TSC 459.42 ± 1.14 0.22 ± 0.03 %

One-Step 335.50 ± 1.16 0.30 ± 0.05 %

Tetramer

EDAC

TSC 211.50 ± 1.22 0.47 ± 0.07 %

One-Step 390.35 ± 1.32 0.26 ± 0.02 %
Epoxy

TSC 303.84 ± 1.46 0.33 ± 0.03 %

One-Step 265.25 ± 1.17 0.38 ± 0.05 %

Octamer

EDAC

TSC 157.53 ± 1.25 0.63 ± 0.05 %

Table 5. Analysis of FAP affinity sorbent performance under static hFib loading
conditions. FAP matrices were prepared using GAM-based, low-solids content (3.0 wt.
%), large-particle diameter (average particle diameter: 500 μm) cellulose supports. (1)
FAP ligand recognition sequence: FLLVPLE. (2) Immobilization of FAP ligand was
performed through either amine-reactive, epoxy (random or nonoriented) coupling, or
carboxyl-reactive, EDAC (oriented) coupling onto amine-terminated support. (3) 1-step:
classical bulk coupling, and 2-step coupling (TSC) methods. (4) FAP determined by
thin-layer chromatography. hFib determined by ELISA. (5) % binding efficiencies (ηeff)
are calculated assuming a 1:1, hFib: recognition sequence stoichiometric ratio.
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Ligand
Structural

Form1

Coupling
Chemistry2

Coupling
Method3

Static Binding
Capacity

(mol ligand/
mol hFib)4

Static Binding
Efficiency (ηeff)

(mol hFib/
mol ligand)5

One-Step 16,147.28 ± 13.87 0.01 ± 0.02 %
Epoxy

TSC 8,587.69 ± 11.05 0.01 ± 0.02 %

One-Step 234.32 ± 1.28 0.43 ± 0.12 %

Linear

EDAC

TSC 158.61 ± 1.53 0.63 ± 0.05 %

One-Step 183.31 ± 1.43 0.55 ± 0.15 %
Epoxy

TSC 114.85 ± 1.34 0.87 ± 0.10 %

One-Step 83.87 ± 1.51 1.19 ± 0.19 %

Tetramer

EDAC

TSC 52.88 ± 1.83 1.89 ± 0.29 %

One-Step 48.79 ± 1.98 2.05 ± 0.20 %
Epoxy

TSC 37.98 ± 1.24 2.64 ± 0.27 %

One-Step 33.16 ± 1.77 3.02 ± 0.43 %

Octamer

EDAC

TSC 19.69 ± 1.56 5.08 ± 0.40 %

Table 6. Analysis of FAP affinity sorbent performance under static hFib loading
conditions. FAP matrices were prepared using GAM-based, low-solids content (3.0 wt.
%), large-particle diameter (average particle diameter: 500 μm) cellulose supports. (1)
FAP ligand recognition sequence: FLLVPLE. (2) Immobilization of FAP ligand was
performed through either amine-reactive, epoxy (random or nonoriented) coupling, or
carboxyl-reactive, EDAC (oriented) coupling onto amine-terminated support. (3) 1-step:
classical bulk coupling, and 2-step coupling (TSC) methods. (4) FAP ligand determined
by thin-layer chromatography. hFib determined by ELISA. (5) % binding efficiencies
(ηeff)  are calculated assuming a 1:1, hFib:FAP ligand stoichiometric ratio.
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Support
Material

PAM
Density

(mg ligand/
ml support)1

Dynamic
Binding

Capacity
(mg IgG/

ml support)

Dynamic
Binding

Efficiency
(mol IgG/

mol recognition
sequence)

Dynamic
Binding

Efficiency
(mol IgG/

mol ligand)

Waters4 5.5 6.52 0.46 % 1.84 %

CH-Sepharose-
4B4

6.6 0.72 0.04 % 0.17 %

Eupergit
C30N5

1.74 2.03 0.45 % 1.79 %

Table 7.  PAM affinity sorbent performance using conventional supports.  (1) Tetrameric
PAM ligand immobilized through amine-reactive coupling chemistries. (2) Swine IgG
from serum. (3) Rabbit IgG from serum. (4) Fassina G., Tecnogen, Inc., unpublished
results. (5) Fassina et al. (1996).
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EDAC-Mediated
Coupling2

Epoxy-Mediated
Coupling2

% (v/v)
Epichlorohydrin1

Static Binding
Capacity

(IgG mg/ml
support)3

Static Binding
Efficiency (ηeff)

(mol IgG/
mol ligand)4

Static Binding
Capacity

(IgG mg/ml
support)3

Static Binding
Efficiency (ηeff)

(mol IgG/
mol ligand)4

5.0 5.20 ± 0.11 8.05 ± 0.17 % 2.20 ± 0.14 3.41 ± 0.22 %

10.0 3.10 ± 0.16 4.80 ±  0.25 % 1.11 ± 0.01 1.72 ± 0.02 %

25.0 1.10 ± 0.01 1.70 ±  0.01 % 0.80 ± 0.03 1.24 ± 0.04 %

50.0 0.82 ± 0.02 1.27 ±  0.03 % 0.78 ± 0.02 1.21 ± 0.04 %

Table 8. Effect of PAM ligand orientation and local density on swine IgG binding
efficiency. (1) PAM affinity sorbents were prepared using GAM-based, low-solids
content (2.0 wt. %), large-particle diameter (average particle diameter: 500 μm)
cellulose supports using the specified level of epichlorohydrin. PAM ligand (tetrameric
structural form) recognition sequence: YTR. (2) Classical one-step, bulk coupling of
PAM ligand was performed through either amine-reactive, epoxy (random or
nonoriented) coupling, or carboxyl-reactive, EDAC (oriented) coupling onto amine-
terminated support.  PAM ligand determined by thin-layer chromatography. Volume-
averaged PAM density for each affinity sorbent  is approximately 1.0 ± 0.15 mg/ml
support. (3) Swine IgG determined by ELISA. (4) % static binding efficiencies (ηeff)  are
calculated assuming a 1:1, swine IgG:PAM ligand  stoichiometric ratio.
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Ligand
Structural

Form1

Coupling
Chemistry2

Coupling
Method3

% Ligand
Coupling

Efficiency4

Ligand Density
(mg ligand/
ml support)5

Static Binding
Capacity (ηeff)

(mg IgG/
ml support)6

One-Step 24.0 ± 0.5 % 0.65 ± 0.15 0.06 ± 0.02
Epoxy

TSC 38.0 ± 0.5 % 0.97 ± 0.15 0.08 ± 0.03

One-Step 12.0 ± 0.5 % 0.60 ± 0.15 0.65 ± 0.08

Linear

EDAC

TSC 19.0 ± 0.5 % 0.95 ± 0.15 1.22 ± 0.28

One-Step 22.0 ± 0.5 % 1.10 ± 0.15 0.72 ± 0.10
Epoxy

TSC 23.0 ± 0.5 % 1.15 ± 0.15 1.34 ± 0.08

One-Step 21.0 ± 0.5 % 1.05 ± 0.15 1.63 ± 0.38

Tetramer

EDAC

TSC 30.0 ± 0.5 % 1.50 ± 0.15 7.70 ± 0.75

One-Step 15.0 ± 0.5 % 0.75 ± 0.15 0.78 ± 0.03
Epoxy

TSC 24.0 ± 0.5 % 1.20 ± 0.15 2.13 ± 0.17

One-Step 18.0 ± 0.5 % 0.90 ± 0.15 1.97 ± 0.34

Octamer

EDAC

TSC 22.0 ± 0.5 % 1.10 ± 0.15 8.10 ± 0.61

Table 9. Analysis of PAM affinity sorbent performance under static swine IgG loading
conditions.  PAM affinity matrices were prepared using GAM-based, low-solids content
(3.0 wt. %), large-particle diameter (average particle diameter: 500 μm) cellulose
supports. (1) PAM ligand recognition sequence: YTR. (2) Immobilization of PAM ligand
was performed through either amine-reactive, epoxy (random or nonoriented) coupling,
or carboxyl-reactive, EDAC (oriented) coupling onto amine-terminated support. (3) One-
step: classical bulk coupling, and two-step coupling (TSC) methods. (4, 5) PAM ligand
determined by thin-layer chromatography. (6)  Swine IgG determined by ELISA.
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Ligand
Structural

Form1

Coupling
Chemistry2

Coupling
Method3

Static Binding
Capacity

(mol recognition
sequence/
mol IgG)7

Static Binding
Efficiency (ηeff)
(mol IgG/mol
recognition
sequence)8

One-Step 3,538.74 ± 23.72 0.03 ± 0.02 %
Epoxy

TSC 3,960.66 ± 9.50 0.03 ± 0.01 %

One-Step 301.53 ± 2.56 0.33 ± 0.04 %

Linear

EDAC

TSC 254.36 ± 2.10 0.39 ± 0.09 %

One-Step 392.76 ± 1.30 0.25 ± 0.03 %
Epoxy

TSC 220.63 ± 2.33 0.45 ± 0.02 %

One-Step 165.61 ± 3.26 0.60 ± 0.03 %

Tetramer

EDAC

TSC 50.08 ± 2.45 1.99 ± 0.09 %

One-Step 243.60 ± 1.00 0.41 ± 0.06 %
Epoxy

TSC 142.73 ± 2.89 0.70 ± 0.04 %

One-Step 115.74 ± 3.65 0.86 ± 0.08 %

Octamer

EDAC

TSC 34.41 ± 2.90 2.91 ± 0.02 %

Table 10. Analysis of PAM affinity sorbent performance under static swine IgG loading
conditions.  PAM affinity matrices were prepared using GAM-based, low-solids content
(3.0 wt. %), large-particle diameter (average particle diameter: 500 μm) cellulose
supports. (1) PAM ligand recognition sequence: YTR. (2) Immobilization of PAM ligand
was performed through either amine-reactive, epoxy (random or nonoriented) coupling,
or carboxyl-reactive, EDAC (oriented) coupling onto amine-terminated support. (3) One-
step: classical bulk coupling, and two-step coupling (TSC) methods. (4) PAM ligand
determined by thin-layer chromatography. Swine IgG determined by ELISA. (5) %
binding efficiencies (ηeff)  are calculated assuming a 1:1, swine IgG:PAM recognition
sequence stoichiometric ratio.
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Ligand
Structural

Form1

Coupling
Chemistry2

Coupling
Method3

Static Binding
Capacity

(mol ligand/
mol IgG)7

Static Binding
Efficiency (ηeff)

(mol IgG/
mol ligand)8

One-Step 3,538.74 ± 23.72 0.03 ± 0.02 %
Epoxy

TSC 3,960.66 ± 9.50 0.03 ± 0.01 %

One-Step 301.53 ± 2.56 0.33 ± 0.04 %

Linear

EDAC

TSC 254.36 ± 2.10 0.39 ± 0.09 %

One-Step 98.19 ± 1.12 1.02 ± 0.15 %
Epoxy

TSC 55.16 ± 1.92 1.81 ± 0.10 %

One-Step 41.40 ± 1.09 2.41 ± 0.19 %

Tetramer

EDAC

TSC 12.52 ± 1.83 7.98 ± 0.29 %

One-Step 30.45 ± 2.38 3.28 ± 0.20 %
Epoxy

TSC 17.84 ± 1.25 5.61 ± 0.27 %

One-Step 14.47 ± 1.54 6.91 ± 0.43 %

Octamer

EDAC

TSC 4.30 ± 2.88 23.25 ± 0.77 %

Table 11. Analysis of PAM affinity sorbent performance under static swine IgG loading
conditions.  PAM affinity matrices were prepared using GAM-based, low-solids content
(3.0 wt. %), large-particle diameter (average particle diameter: 500 μm) cellulose
supports. (1) PAM ligand recognition sequence: YTR. (2) Immobilization of PAM ligand
was performed through either amine-reactive, epoxy (random or nonoriented) coupling,
or carboxyl-reactive, EDAC (oriented) coupling onto amine-terminated support. (3) One-
step: classical bulk coupling, and two-step coupling (TSC) methods. (4) PAM ligand
determined by thin-layer chromatography. Swine IgG determined by ELISA. (5) %
binding efficiencies (ηeff)  are calculated assuming a 1:1, swine IgG:PAM ligand
stoichiometric ratio.
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Affinity
Sorbent1

Ligand
Coupling
Method2

Experimental3
HETP
(cm)

Theoretical4
HETP
(cm)

One-step 0.003 624
Octameric FAP

TSC 0.002 666

One-step 0.005 720
Octameric PAM

TSC 0.003 762

Table 12. Theoretical and experimental HETP analysis for FAP and PAM peptide affinity
sorbents. (1) 3.0 wt % cellulose support. Average particle diameter: 500 μm; (2) Peptide
ligands immobilized via epoxy-GAM using EDAC-mediated coupling chemistry; TSC:
two-step coupling method; (3) Experimental HETP calculated using the method of
Snyder et al., 1979; (4) Theoretical HETP calculated using the method of Mikes et al.,
1975.
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Chapter Six: Conclusions and Recommendations

This work has evaluated the role of local density effects upon two classes

of affinity adsorbents.  The problem was divided into three phenomena that were

uncoupled by the combination of the use of a low solids content cellulose matrix

having rapid mass transport of the target protein and the spatial manipulation of

matrix activation. The immobilization of monoclonal antibodies in one case and

peptide ligands enabled the relative evaluation of the above phenomena for

immunoaffinity and affinity matrices.  In spite of the great molecular size

differences between antibodies and peptide ligands, the role of local density of

the immobilized ligand was shown to be significant for both classes of affinity

sorbents.

 The distribution of either ligand type within the support particle  was

shown to impact target binding efficiency. The highest binding efficiency was was

shown in those matrices having the lowest local density at any given support

average density.  This may be attributable to a decrease in steric hindrance

effects and therefore an increase in the accessibility of the immobilized ligand

towards the protein target.  This work represents the first time that either

monoclonal antibodies or peptide affinity ligands were immobilized using a pre-

established gradient of activation sites within the matrice so that covalently

coupled ligands with a pre-determined local density might be achieved. However,

we did not conduct labeling experiments of either target or immobilized ligand

which could simultaneously quantify both ligand binding efficiency and local

immobilized density of the ligand.  Here, the local density of matrix activation was

used as an indirect indicator of the local ligand density.  Specifically,  a

flourescent molecule was used to terminate all of the activation sites in a paralllel

treatment of a matrix sample aliquot from the same reaction mass product used

in the ligand immobilization experiments.   The gradient of activation sites was

clearly shown to be less dense at the edge and increasingly more dense in the

interior of the cellulose matrix.
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Orientation effects were also found to be important to the activity  of

affinity peptide sorbents as has also been shown in prior studies with

immunosorbents. The N-terminal amino acid residue of the recognition sequence

of the affinity peptide ligands used here were  required to be free (unmodified) in

order to effectively form a complex with the target protein.  For example, the

affinity sorbents prepared using peptide ligands immobilized through their C-

terminal glycine residue, as opposed through their N-terminal amino acid residue,

were found to exhibit higher binding efficiency. The use of a carbodiimide-

mediated coupling chemistry enabled  the cross-linking (polymerization) of

multiple peptide ligands, which was also attributed to increasing  the binding

efficiency of the affinity sorbents due to increasing the accessibility of the

recognition sequence to the target protein. The use of a branched peptide ligand

structural  format  containing multiple recognition sequences was also found to

increase binding efficiency by increasing the availability of the number of

recognition sequences contained in each ligand capable of forming  the binding

interactions with the target protein.

Our studies were focused on the effects of achieving a gradation of spatial

distribution of activation,  which would result in a gradation of immobilized ligand.

However, we did not optimize ligand coupling yields, ligand loadings and ligand

orientation with respect to the overall economy of a general technique for ligand

immobilization and affinity adsorption efficiency. For example, solution phase

polymerization of the ligand was too extensive under our experimental conditions

resulting in the loss of peptide or ligand available for immobilization and thus low

yields. The use of masking agents, such as dimethylmaleic anhydride or the

target protein itself, may aid in preventing or minimizing the crosslinking of the

peptide ligands during carboxy- or amino-activation of the ligand prior to

immobilization. This reversible capping chemistry could therefore increase the

amount of  ligand directly immobilized onto the support.  In addition, these



288

masking agents may further aid in spatially orienting the immobilized ligand

within the support in an optimal manner for more effective target protein binding.

The pre-activation of  the ligands with compounds, which also serve as

linkers, may further serve to increase binding efficiency by  extending the ligand

away from the support.  Our work undoubtedly and indirectly caused some

crosslinking which would serve in some case for creating a linker for

immobilization of a portion of the ligands that were immobilized,  More preferred

would be the use of linkers specifically designed for that purpose.  These linklers

would have more easily managed reactivity with the ligands.  This could be

achieved either through solution phase coupling to the ligand or attachment to

the matrix prior to ligand attachment.   The use of a linker would permit more

degrees of freedom in the orientation of the immobilized ligand and thereby

decrease conformational restrictions.  A less conformationally restricted

immobilized ligand would more readily form a complex with the target protein.

Transport phenomena and the spatial distribution of immobilized ligand

were also found to affect immunosorbent and peptide-based affinity sorbent

performance.  The use of a low-solids content, large-particle diameter cellulose

support was shown to be an effective platform in the chromatographic isolation of

high-molecular weight proteins.  However, extensive determination of the spatial

distribution of immobilized ligands was not studied. Chromophore or otherwise

detectable ligands that are labeled should be used to quantify the spatial

distribution.  Since some affinity peptides may demonstrate cooperative binding

properties, the spatial distribution and local density of the immobilized affinity

peptide ligands should be studied to determine an optimal immobilization

procedure to maximize binding efficiency.  The use of a flourescent compound,

similar to flourescein isothiocyante, coupled to the peptide ligand would enable

the spatial position  and local density of the immobilized peptide ligand to be

studied.  However, incorporating a flourescent compound may annihilate or
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substantially decrease the ability of the peptide ligand, which is typically of low

molecular weight and size,  to couple to the support. The decrease in reactivity of

a labeled peptide ligand may be attributed to steric hindrance in which the

reactive functional groups on the peptide ligand  serving to form the covalent

linkage with the activated support are inaccessible.  The flourescent label would

have to be attached to the peptide ligand in a manner so as not to interfere with

the formation of the covalent linkage with the support.  Additionally, the coupling

reaction chemistry and conditions used may also adversely affect the flourescent

label compound.
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Appendix

Sample HETP calculation for immunoaffinity sorbent performance

The experimental HETP correlation (Snyder et al.) is provided as:

Where L is the column bed length (cm), N is the number of theoretical plates,  tR
is the retention of the sample within the column and Wh is the peak width at half

peak height.

L = 1 cm (10 mm)

tR = 15 sec.

Wh = 19 sec.
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The theoretical HETP correlation (Mikes et al.) is provided as:

Where r is the particle radius, Dv is the mg solute bound per ml column bed/mg

solute per ml solution, F is the superficial velocity, Ds is the diffusion coefficient

within the support particle, DL is the diffusion coefficient in the solvent  and ε is

the volume void fraction of the particle.

Particle radius, r = 0.25 mm (average bead particle diameter: 500 μm)
Superficial linear velocity, F = 38 mm/min
Column length, L = 10 mm
Void volume fraction, ε = 0.4
Bound mg hPC/ml support: 0.4 mg hPC/ml support
Feed solution, mg hPC/ml: 1 mg hPC/ml
Dv = 0.4
Ds = DL = 1 ×10-7 cm2/sec (6 ×10-4 mm2/sec)
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