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Abstract 
Bivalent bispecific antibodies are structurally comprised of an entire framework immunoglobulin 

G (IgG) genetically fused to two single chain variable fragments (scFv) via flexible peptide linkers. 

The flexibility of the linkers allows three extreme configurations where each scFv can be collapsed 

and interact with the framework IgG, or extended and able to interact with a surface or binding 

epitope with greater affinity. Slow interconversion between these configurations is found to cause 

multiple peak elution and complex adsorption kinetics on chromatography media. Surface 

catalyzed conformational changes greatly decrease separation efficiency and complicate the design 

of separations. The overall goal of this work is to fundamentally understand the conformational 

changes of BiSAbs and their major effects on column behavior and adsorption kinetics for cation 

exchange (CEX) and hydrophobic interaction (HIC) chromatography media. 

This work first characterizes the reversible, multiple peak phenomena observed for linear gradient 

elution. Pure BiSAb samples elute three peaks at room temperature and low residence time (~2 

min). All three peaks are monomer-sized, measured by dynamic light scattering. When the 

residence time is elongated to ~40 min or temperature is elevated to ~55 °C, a single peak elutes 

with average retention. When the protein is held bound on the resin, the relative size of the 

strongest binding peak increases. BiSAb fragments with a single linked scFv follow the same 

trends as the intact molecules, but with reversible two peak elution. BiSAb fragments or the 

framework IgG, containing zero linked scFvs, elute a single peak regardless of operating 

conditions. The BiSAb multiple peak elution behavior is qualitatively consistent regardless of: 

scFv attachment location to the framework IgG, resin structure (pellicular or porous), pH of the 

mobile phase, and resin functional ligand (weak CEX, strong CEX, or HIC). These effects are 
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therefore driven by the molecular properties of the BiSAbs, rather than resin specific factors. 

Adsorption kinetics of these complex proteins was studied by viewing transient intraparticle bound 

profiles using confocal microscopy. The BiSAb intraparticle profiles showed smooth 

characteristics caused by the slow exchange from the weaker binding, collapsed configuration to 

the stronger binding, extended configurations. Phenomenological models were developed at the 

column scale, to predict the multiple peak elution behavior, and at the particle scale, to predict the 

complex adsorption kinetics.   

Finally, the separation between the intact BiSAb molecule and two associated fragments was 

studied on CEX resins. Both fragments were found to have one scFv missing and elute prior to the 

intact protein. The fragment with intermediate binding strength contained one additional amino 

acid, a C-terminal lysine. Linear gradient elution measured fairly small differences in binding 

strength between the protein species. However, at high load, high selectivity was observed and the 

intact molecule was found to displace the fragments with relatively fast kinetics.  
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1 Introduction and Objectives 
1.1 Introduction 

1.1.1 Bispecific Antibodies as Therapeutic Proteins 

Recombinant DNA technology is based on the insertion of genes that code for a desired protein 

into a host cell. The inserted genes propogate with the cells in a bioreactor and direct the 

manufacture of the protein of interest. Once expressed, the cell culture broth is purified using a 

series of chromatography and filtration steps to separate host cell contaminants from the desired 

protein. This technology has profoundly impacted the pharmaceutical industry and provided 

methods of production for a wide range of biotherapeutics. Proteins used as therapeutics can be 

broadly characterized in three groups: those expressed as replicates of protein that a patient is 

deficient in, such as insulin or human growth factor [1]; native proteins whose primary structure 

has been partially altered to direct its inherent function towards a therapeutic target, such as 

monoclonal antibodies (mAbs) which bind with high specificity to a targeted epitope and thereby 

neutralize that target [2][3]; or novel protein structures that are expressed to provide new 

mechanisms of action not found in nature, such as bispecific antibodies or antibody drug 

conjugates [4][5]. 

Bispecific antibodies are engineered for the ability to bind simultaneously two unique targets with 

a single molecule. Simultaneous binding of two targets allows unique mechanisms of action not 

possible with combinations of monoclonal antibodies, such as T cell localization or clotting factor 

replacement [6][7][8]. As a result, increased therapeutic efficacy has been observed for bispecific 

antibodies over combinations of monoclonal antibodies for a variety of indications including 

cancer and infectious diseases [9][10]. Interest in bispecific antibodies as therapeutics is 

increasing. For example, there were 10 clinical trials for bispecific formats in 2010 and 56 clinical 

trials in 2018 [4]. Currently there are two USFDA approved bispecific antibodies [4]. Structurally, 
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many bispecific formats have been developed. The formats range in size from fused antibody 

fragments (25-50 kDa), to bispecific immunoglobulin G (IgG) which pair heavy and light chains 

from separate parental antibodies (150 kDa), to appended IgGs which fuse additional domains or 

full antibodies to termini of the full framework IgG (>150 kDa) [4][11].  

This work focuses on one particular appended IgG bispecific class, bivalent bispecific antibodies 

(BiSAbs). These proteins are comprised of an entire IgG genetically fused to two single chain 

variable fragments (scFv) via flexible polypeptide linkers. The molecules of this work have linkers 

made of glycine and serine in series (G4S)2 [12]. The scFvs each are ~25 kDa in molecular weight 

bringing the total BiSAb molecular weight to ~200 kDa. The flexibility of the linkers allows the 

scFvs to be attached to different locations along the framework IgG while still ensuring proper 

folding [10]. The attachment location varies the interparatopic distance between binding domains. 

Depending on therapeutic use, having the binding domains in close proximity to one another or on 

opposite ends of the framework IgG could be desired [10].  

A series of homologous BiSAbs which contain the same primary sequence of amino acids, but 

vary by scFv attachment location are the subject of this work. BiSA, BiSB, and BiSC have scFvs 

attached to the N-terminus of the heavy chain, C-terminus of the heavy chain, and between the 

CH2 and CH3 domains in the fragment crystallizable (Fc) region, respectively. Pictographs of the 

three BiSAb structures are shown in Figure 1.1. The Fab domains are colored in blue, Fc domains 

in green, scFvs in orange, and the complementarity determining regions (CDR), which bind to the 

targeted epitopes, are shown in red. The linkers also confer a high degree of quaternary structure 

flexibility. The protein structures are shown with scFvs in an outstretched conformation, but many 

other conformations are possible with different extents of association between the scFvs and 

framework IgG. 
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Figure 1.1. BiSAb protein structures used in this work. Molecules vary by attachment location of 
scFv domains, shown in yellow and orange, alone. Complementarity determining regions are 
shown in red. Fab domains are shown in blue. The Fc domains and hinge are shown in green.   
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As a result of their structural complexity, the expression of recombinant heterologous proteins is 

very frequently accompanied by a vast array of protein variants that originate from transcription, 

translation, and post translational modification steps. In the context of producing 

biopharmaceuticals, many of these variants, including certain charge variants, are mute and do not 

affect stability or efficacy [13]. However, other variants, such as misfolded proteins, fragments, 

and aggregates, can have greatly reduced potency, cause an undesirable immunogenic response, 

or even destabilize the product. In these cases, removal of these variants becomes paramount 

[14][15]. Because of their chemical and structural similarity to the desired product, removal of 

these variants will often have to rely on highly selective chromatographic methods.  Large, 

multidomain proteins can exhibit complex interactions with surfaces as each domain has its own 

distribution of surface exposed charged and hydrophobic patches increasing the difficulty of 

separations. The focus of this work is to understand the complex behavior observed for bivalent 

bispecific antibodies on chromatography columns used in the downstream purification or 

analytical characterization of these molecules. 

1.1.2 Downstream Purification 

The downstream purification of BiSAbs generally follows the so-called platform process for 

monoclonal antibodies [16]. The process begins with affinity capture using protein A 

chromatography which binds with high selectivity the Fc domain of the framework IgG. A series 

of filtration and polishing chromatography steps are then performed to further remove host cell 

proteins, nucleotides, and product related variants [17][18]. Product related variants are especially 

prevalent with these non-native, engineered proteins. Andrade et al. [19] reported aggregate 

content for similar BiSAb formats of ~15-30% from the bioreactor. Hall et al. [17] identified a 

structural variant caused by a misformed disulfide bond between the two linked scFvs that made 
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up ~12% of the monomer. Chapter 6 of this work explores fragments of BiSB with one missing 

scFv that made up ~26% of the sample [20]. Separation strategies for removing these variants 

include cation exchange chromatography (CEX), hydrophobic interaction chromatography (HIC), 

and ceramic hydroxyapatite chromatography [19][18][21][22]. An understanding of BiSAb 

adsorption on these chromatography modes is therefore desired. This work focuses on BiSAb 

behavior for cation exchange and hydrophobic interaction chromatography.  

Although the binding mechanisms are very different between CEX and HIC, both provide 

separation based on differences in binding strength between proteins for the resin surface. Binding 

strength is modulated by changing the mobile phase composition. In CEX, protein adsorption is 

driven by electrostatic interactions between the protein’s surface exposed charged residues and the 

resin’s charged ligands. These interactions are promoted at low salt conditions and elution is 

obtained by increasing the concentration of a chaotropic salt [18][23][24]. In HIC, adsorption 

occurs at high kosmotropic salt conditions driven by a combination of salting out entropic forces 

and hydrophobic interactions between the protein’s surface exposed nonpolar residues and the 

resin’s mildly hydrophobic ligands [21][18][25]. The high kosmotropic salt conditions stabilize 

the protein to allow reversible interactions. Elution is thus, obtained by reducing the kosmotropic 

salt concentration. In both CEX and HIC, the strength of binding can be thought of as being 

dependent on the footprint of the protein on the surface. For example, both HIC and CEX are found 

to be effective for the separation of monomer and aggregate species, with aggregates generally 

binding more strongly than monomeric forms [26][27][28][29][30]. Besides the size of the binding 

footprint, interactions between specific areas of the protein surface and the chromatographic 

surface are likely to play an important role as they determine the preferred binding orientation. 

Hubbuch and co-workers [31][32][33], for example, have demonstrated that even a small protein 
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like lysozyme (~15 kDa molecular mass) can interact with chromatographic surfaces in 

orientation-specific ways dependent on factors such as load, pH, and resin structure. More recently, 

Robinson et al. [34] have shown that for larger and more complex proteins like antibodies, different 

protein domains interact differently with chromatographic ligands each contributing to the overall 

binding strength and selectivity. Small structural or conformational changes in the protein or 

changes in the mobile phase significantly alters binding strength which allows these nonaffinity 

chromatographic surfaces to have high separation efficiency between closely related molecules. 

Whether motivated by the incentive of market exclusivity through patent protection awarded to 

the first therapeutic approved for a specific indication, or in response to a global pandemic such as 

COVID-19, speed in development is of great importance. Rational design of these process steps 

can reduce development time of determining operating parameters that are robust and provide 

purity that satisfies USFDA requirements. A common approach in modeling chromatography steps 

is to employ an isotherm model to describe effects of protein concentration and mobile phase 

composition on adsorption equilibrium and to use a rate model to describe kinetics [21]. 

Conformational changes of the protein while adsorbed to the chromatographic surface can disrupt 

this approach in several ways. It can alter the structural integrity of the protein, cause the protein 

in different binding orientations to elute at multiple salt concentrations, or cause competition 

between binding configurations during transient adsorption. These phenomena obviously 

complicate the isotherm and kinetic model and impact recovery and separation efficiency. We seek 

to understand conformational changes of BiSAb proteins and develop models to predict these 

effects to aid in rational design of chromatography steps. 
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1.1.3 Surface Catalyzed Conformational Changes 

Both cation exchange and hydrophobic interaction chromatography are generally regarded as non-

denaturing separation techniques. However, recent work from several authors has shown that 

conformational changes occur on both CEX and HIC media more commonly than previously 

thought. From a macroscopic viewpoint, such conformational changes are typically manifested as 

multiple peak elution behavior where loading a pure protein to a column results in complex elution 

patterns. Gillespie et al. [35], for example, showed that loading a highly pure aglycosyalated 

antibody on a cation exchange column and eluting it with a salt gradient resulted in two elution 

peaks – one comprised almost exclusively of the monomeric form of the antibody and one 

comprised of a mixture of monomer and aggregated species formed within the column. 

Qualitatively similar multiple peak elution behaviors were observed by other authors for various 

proteins on both cation and anion exchangers [36][37][38][39][40] and HIC resins 

[41][42][43][44][45][46]. The molecular basis for these behaviors is typically assumed to be the 

existence of kinetically limited conformational changes catalyzed by the adsorbent surface. Guo 

et al. [37], for example, using hydrogen-deuterium exchange mass spectrometry (HXMS), showed 

that the solvent exposure of a monoclonal antibody bound to a CEX resin, increased over time 

while holding the protein on the surface creating an increased percentage of a destabilized 

intermediate which aggregated upon elution resulting in two peak elution patterns. The 

combination of these behaviors including both reversible conformational changes and irreversible 

on-column aggregation has also been observed leading to three peak elution [47]. For HIC, 

propensity of unfolding increases with increasing hydrophobicity of the resin’s ligands 

[42][43][46].  
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Mechanisms other than secondary structure unfolding have also been shown to result in multiple 

peak elution for different proteins. Kunitani et al. [48], for example, found that the trimeric protein 

tumor necrosis factor (TNF) dissociated when bound on the HIC resin TSK Phenyl 5-PW resulting 

in multiple eluted peaks. Nunes and Dias-Cabral [49] observed a two-peak elution behavior for 

the peptide angiotensin I, on the resin Butyl-Sepharose which was attributed to reversible a cis-

trans proline isomerization. Luo et al. [40] also observed a two peak elution behavior for a 

monoclonal antibody and attributed this behavior to the kinetically limited, reversible protonation 

of a histidine residue, resulting in more strongly and more weakly bound forms.  

In practice, it is plausible that a distribution of binding states or binding orientations exists for most 

proteins with the most favorable binding configuration being the most probable to be found on the 

chromatographic surface. This behavior is likely to be exacerbated in the case of multi-domain 

proteins when the different domains possess diverse characteristics in terms of electrostatics and 

hydrophobicity. Whether multiple binding states cause multiple peak elution depends on the 

relative time scales of column time and transition rates between binding configurations. If 

transition rates are much faster than column time, which is the typical case, a single peak elutes 

with retention corresponding to the strongest binding configuration. If transition rates are slower 

than column time, multiple peaks elute with retention corresponding to binding strength of each 

of the major configurations. In the same manner, for intraparticle adsorption kinetics, if transitions 

between binding configurations are on the order of diffusion time and they differ in binding 

strength, competition between configurations could cause complex intraparticle uptake profiles. 

In the case of bivalent bispecific antibodies, the multi-domain structure and conformational 

flexibility caused reversible three peak elution at the column level and complex patterns of bound 

protein within the particles during transient adsorption. The elution behavior did not follow 
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mechanisms previously reported. In-line dynamic light scattering measured all three reversible 

peaks to have the same, monomer-sized hydrodynamic radius showing that secondary structure 

unfolding leading to aggregation is not the cause of the multiple peak behavior. The elution 

patterns were not affected by pH over the range 5-8.5, showing that slow titration of charged amino 

acids is also not the mechanism. The BiSAb biophysical mechanism is driven by the flexible 

peptide linkers which allow each scFv to be present in two extreme conformations: collapsed with 

the scFv able to interact with the framework IgG, or outstretched, with the scFv is able to bind to 

the surface with greater affinity. The three peaks therefore correspond to the following three BiSAb 

configurations: both scFvs collapsed, one scFv collapsed and one outstretched, or both scFvs 

outstretched. The competing domain-domain and domain-surface interactions slowed transition 

rates between binding configurations.  

Parameters that affect the relative time scales of transitions between molecular configurations and 

column time for elution behavior will be seen to have the greatest effects. While holding other 

parameters constant, varying residence time, temperature, or hold time significantly altered elution 

profiles. At short residence times and room temperature, three reversible peaks elute with high 

resolution. Elongating residence time or increasing temperature gradually altered profiles 

decreasing the resolution between peaks. Eventually, at ~40 min residence time or ~55 °C, a single, 

merged peak eluted. Increasing hold time enriched the relative size of the third, strongest binding 

peak at the cost of the weaker binding peaks. Intramolecular crosslinking, which freezes the protein 

in its conformation, eliminated the multiple peak behavior.  The observed BiSAb behavior is 

qualitatively consistent for different BiSAbs in this class, and occurs regardless of: the scFv 

attachment location to framework IgG, the chromatographic surface (pellicular or porous resins), 

and the resin’s ligand (weak CEX, strong CEX, or HIC). Thus, these effects appear to be 
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fundamentally driven by the intrinsic molecular properties of the BiSAbs, rather than by factors 

specific to the resin.  

During high load adsorption, BiSAb molecules showed complex intraparticle uptake profiles not 

expected for conditions with a favorable isotherm and pore diffusion control. Adsorbed 

concentrations were maximum at the particle radius followed by a smooth decrease towards the 

center of the bead until a sharp drop to the protein free core. Once the protein front reached the 

center of the particle, a slow filling of the center of the particle occurred until equilibrium is 

reached. Analogous to the elution behavior, parameters that alter the relative time scales of mass 

transfer and interconversion kinetics greatly affected the intraparticle uptake profiles. Increasing 

temperature led to faster equilibration due to increased interconversion, and intramolecular 

crosslinking eliminated the smooth characteristics of the uptake profiles. This work seeks to 

characterize consequences of BiSAb conformational flexibility on chromatographic elution and 

adsorptive behavior.  

1.2 Research Scope and Objectives 

The primary purpose of this dissertation is to understand the chromatographic and adsorptive 

behavior of bivalent bispecific antibodies, which exhibit configurational interconversion. Multiple 

peak elution greatly decreases separation efficiency and confuses analysis by appearing as multiple 

species. Fundamentally understanding the complex elution phenomena will assist process 

development scientists to identify instances of configurational interconversion and utilize key 

parameters to alter the profiles for use in analysis or preparative separations. Mechanistic models 

that are informed with the conformational changes on the column can be used for rational process 

design to optimize difficult separations. 
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The specific objectives of this dissertation are to: 

1. Characterize multiple peak elution behavior of BiSAbs on cation exchange columns: (a) 

identify the key parameters which affect the profiles such as the scFv attachment location, 

residence time, hold time, temperature, and mobile phase composition, and (b) develop a 

phenomenological model and compare predictions to experimental behavior. 

2. Understand the biophysical mechanism causing multiple peak elution using intramolecular 

crosslinking, homology modeling, and tryptophan autofluorescence, and enzyme 

proteolysis to determine domain contributions to binding. 

3. Evaluate the effects of configurational interconversion on high load adsorption kinetics 

within macroporous cation exchange resins and develop a model to assist in understanding 

the complex behavior.  

4. Compare multiple peak elution phenomena on hydrophobic interaction columns with that 

studied on cation exchange columns and develop a phenomenological model capable of 

predicting behavior. 

5. Characterize chromatographic and multicomponent adsorptive behavior of two BiSAb 

fragments and the intact BiSAb protein: (a) identify their molecular structure via mass 

spectrometry, (b) compare BiSAb fragment’s linear elution behavior with the intact 

molecules, and (c) study the high load separation of fragments and intact BiSAb molecules 

on macroporous cation exchange resins with the aim of modeling the three-component 

binding behavior.   
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2 Chromatographic Behavior on Cation Exchange Columns 

2.1 Introduction  

The chromatographic behavior of bivalent bispecific antibodies at low load, linear isotherm 

conditions is explored. At low load there is relatively high resin surface area compared to the 

amount of applied protein. Therefore, there is almost no competition between proteins for binding 

sites and protein-surface interactions dominate measured behavior. Complex, multiple-peak 

elution profiles are observed for the bivalent bispecific antibody samples. First, this chapter 

focuses on experimentally characterizing the behavior and understanding the effects of BiSAb 

format, residence time, temperature, and hold time. Second, a phenomenological column model is 

developed to test our understanding of the system. This work was published in the Journal of 

Chromatography A as ref. [1].   

2.2 Materials and Methods 

2.2.1 Materials 

Bivalent bispecific antibodies and the corresponding framework monoclonal antibody samples 

were provided by AstraZeneca (Gaithersburg, MD, USA). The proteins were expressed in CHO 

cells and purified by Protein A, ion exchange, and hydroxyapatite chromatography. The three 

BiSAb molecules are sequence homologs and vary exclusively by scFv attachment location. All 

protein samples were stored at -80 °C until use. Samples were thawed and buffer exchanged using 

a HiPrep 26/10 desalting column (Cytiva, Marlborough, MA, USA) prior to use. BiSAb samples 

dialyzed into 100 mM Na2PO4, 300 mM NaCl, at pH 6.8 were analyzed by size exclusion 

chromatography with a TSKGel SW 3000XL column (Tosoh Biosciences, Kyoto, Japan) at 1.0 

ml/min. Shown in Figure 2.1, the three BiSAb samples were found to consist of almost exclusively 
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monomer-sized protein based on SEC analysis with a hydrodynamic radius of 6.3±0.2 nm, based 

on DLS measurements with an in-line detector as described below. Each BiSAb sample was also 

found to be quite pure with respect to the presence of pI variants with a pI of 9.2±0.1 based on 

isoelectric focusing using an Isogel agarose IEF plate pH 7-11 from Lonza (Rockland, ME, USA) 

on a Multiphor II unit (Cytiva). IEF was run according to the plate manufacturer instructions. IEF 

standards were obtained from Bio-Rad Laboratories (Hercules, CA, USA) and used to determine 

the approximate pI of each BiSAb molecule.   
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Figure 2.1. Size exclusion chromatography on TSKGel SW 3000XL with inline dynamic light 
scattering of BiSA (a), BiSB (b), and BiSC (c). Isoelectric focusing of BiSAb samples on Isogel 
agarose plate pH 7-11 (d). 
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Cation exchange chromatography resins used in this work are ProPac WCX 10 and Source 15S. 

ProPac is a pellicular weak cation exchanger based on a 10 µm non porous, ethylvinylbenzene-

divinylbenzene crosslinked polymer matrix modified with carboxylic acid groups. Source 15S is 

a strong cation exchanger based on a porous 15 µm monosized, rigid polystyrene-divinyl benzene 

polymer matrix modified with sulphonate groups. A ProPac WCX 10 column 0.4 cm diameter and 

10 cm long was purchased from Dionex Corporation (Sunnyvale, CA). Source 15S was purchased 

from Cytiva (Marlborough, MA, USA) and flow packed according to the resin manufacturer 

instructions in 0.5-cm diameter Tricorn columns, also from Cytiva, with bed heights between 2.3 

and 10 cm. Salts for buffer preparation were purchased from ThermoFisher Scientific (Waltham, 

MA, USA) and MilliporeSigma (St. Louis, MO, USA). 

2.2.2 Methods 

Chromatographic experiments were performed using an ÄKTA Pure 25 (Cytiva) except for SEC-

DLS analyses and temperature studies which were conducted with a Waters e-2695 HPLC 

(Milford, MA, USA) equipped with a UV detector and a Wyatt miniDAWN DLS detector (Santa 

Barbara, CA, USA). Source 15S was flow-packed according to the manufacturer instructions. 

Packing quality was assessed by the HETP and asymmetry factor of a pulse injection of salt. 

Asymmetry factor values of the columns utilized in this work were 1.1 ± 0.2 and plate counts were 

3250 ± 500 plates/m.  

Linear gradient elution (LGE) experiments were conducted by first equilibrating the column with 

load buffer followed by injection of the sample and elution with a salt gradient to a final NaCl 

concentration that varied dependent on pH. The buffers used were 10 mM Na2PO4 with 0-125 mM 

NaCl gradients at pH 7.0 and 20 mM NaCH3COO with 0-500 mM NaCl at pH 5.0.  Three different 

Source 15S columns were used. Two with 9.4 and 10 cm bed lengths were used for most of the 
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LGE experiments. A third with a 2.3 cm bed height was used for temperature studies and to study 

the effects of hold time. Operating the shorter column at high flow rates allowed elution to be 

completed in under 10 min minimizing back exchange to the state favored in solution.  

The extraparticle porosity of these Source columns, ε =0.4±0.01, was determined by measuring 

the pressure drop across the column while varying flow rate and using the Carman-Kozeny 

equation as described in ref. [2]. The intraparticle porosity, pε = 0.80±0.01, was determined based 

on the retention of a NaCl pulse injection. 

The hydrodynamic radius of the eluate from the Source columns, rh, was measured using the 

Waters e-2695 HPLC with a miniDawn TREOS detector (Wyatt Technologies, Santa Barbara, 

CA, USA) connected to a NanoStar dynamic light scattering (DLS) unit through a fiber optic link.  
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2.3 Results and Discussion 

2.3.1 Chromatographic Behavior 

Figure 2.2 shows the chromatographic behavior of the three BiSAb molecules on the 9.4-cm long 

Source column using, in each case, a 20 column volumes (CV) NaCl gradient at room temperature 

and pH 7 at a flow rate of 2.5 ml/min, which corresponds to a residence time of 0.74 min. As seen 

in this figure, despite the apparent size and pI homogeneity of the three samples, each resulted in 

multiple peak elution. Three major peaks are evident for each of the BiSAb molecules while BiSB 

also exhibits two additional, minor early eluting peaks. We found that these two minor peaks were 

fragments that could be separated without affecting the behavior of the three major peaks (further 

discussion of their separation in Chapter 6). The remaining three peaks behaved similarly to the 

three peaks exhibited by BiSA and BiSC but eluted at higher conductivities.  

Figure 2.3 shows the elution of BiSA from the 2.3-cm long Source column for the conditions of 

Fig. 2.2 but with flow rate of 1.0 ml/min, corresponding to a residence time of 0.44 min, using 

both UV280 and DLS detection. As seen in this figure, the hydrodynamic radius of the three major 

peaks observed for this molecule remains relative constant in the range 6.1±0.3 nm, consistent 

with the SEC-DLS analysis of the raw BiSAb samples. The results indicate that the multiple peak 

elution behavior is not related to on-column aggregate formation as has been observed for mAbs 

[3]. 
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Figure 2.2. Elution behavior of BiSA (a), BiSB (b), and BiSC (c) on a 9.4-cm long Source 15S 
column with a 0-125 mM NaCl gradient over 20 CV at pH 7 and room temperature with a flow 
rate of 2.5 ml/min (0.74 min residence time). The mass of protein injected was 0.3±0.1 mg/ml 
CV. The A280 absorbance is normalized to obtain the same peak area in order to account for 
slight differences in the amount of protein injected. 
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Figure 2.3. Elution behavior of BiSA on a 2.3-cm long Source 15S column with UV and in-line 
DLS detection. Error bars on the rh data correspond to regression error of the autocorrelation 
function. Elution was with a 0-125 mM NaCl gradient over 20 CV at pH 7 and room temperature 
with a flow rate of 1.0 ml/min (0.44 min residence time). The mass of protein injected was 5.0 
mg/ml CV. The A280 absorbance is normalized to UV total peak area. 
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Figure 2.4 shows the results of re-injecting fractions corresponding to the three major peaks 

obtained for BiSA on the 10 cm Source column. Three fractions, F1, F2, and F3, were first 

collected from the column operated at a flow rate of 1 ml/min (residence time of 2.0 min), diluted 

three-fold with the load buffer (10 mM Na2PO4 at pH 7), injected into either the same Source 

column or the ProPac column, and then eluted in both cases with a 0-125 mM NaCl gradient at a 

2.0 min residence time for the Source column and at 2.5 min residence time for the ProPac column. 

As seen in Fig. 2.4b, re-injecting each of the three fractions results in the same three-peak elution 

pattern seen for the original Source column injection suggesting that the behavior is reversible. 

Minor differences in retention do exist, but can likely be ascribed to moderate changes in the load 

conductivity resulting from dilution of the sample prior to reinjection. Interestingly, as seen in Fig. 

2.4c, injecting the diluted fractions from the Source column into the ProPac column also resulted 

in a three-peak elution behavior, quite comparable to that obtained by directly injecting the original 

BiSA sample into the ProPac column. Source and ProPac widely differ in characteristics as Source 

is a strong cation exchanger based on a porous particle, and ProPac is a weak cation exchanger 

based on a pellicular particle. 
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Figure 2.4. Collection of fractions of BiSA eluted from a 10-cm long Source 15S column (a) and 
reinjection of each fraction after three-fold dilution with the load buffer into the same Source 15S 
column (b) and into a ProPac WCX-10 column (c). Conditions were pH 7 and room temperature 
for all three cases. Protein loads were 5.5 mg/ml for (a) and 0.55, 0.71, and 0.12 mg/ml for F1, F2, 
and F3 injections respectively for both (b) and (c). The A280 absorbance is normalized to obtain 
the same peak area. 
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Figure 2.5 shows the effects of flow rate and, hence, residence time on the multiple peak elution 

behavior of BiSA on the 9.4-cm long Source column at pH 7 with a 0-125 mM NaCl gradient over 

20 CV at flow rates of 2.5, 1.0, 0.5, 0.25, 0.10, 0.05, and 0.01 ml/min. The corresponding residence 

times are 0.74, 1.9, 3.7, 7.4, 18.5, 37, and 185 min. The data are shown as a function of time, on a 

logarithmic scale in the top panel and as a function of CV in the bottom panel. As seen in this 

figure, reducing the flow rate and, thus, increasing the residence time results in varying elution 

patterns with a gradual progression from three major peaks at 2.5 ml/min, to two-peaks at 0.25 

ml/min, to a single peak with a shoulder at 0.1 ml/min, and to a single, nearly symmetrical peak at 

0.01 ml/min. In terms of conductivities at elution, the highest flow rate of 2.5 ml/min results in 

three peaks with peak maxima at approximately 6.7, 8.9, and 11.8 mS/cm, while the lowest flow 

rate of 0.01 ml/min results in a single peak with peak maximum at approximately 7.5 mS/cm, 

intermediate between the first and second peaks obtained at 2.5 ml/min. These results suggest that 

the multiple peak elution behavior observed for BiSA is associated with reversible molecular 

changes that occur within the column over time scales that are comparable to the time scale of 

elution. At high flow rates, the time available is apparently insufficient for such changes to occur 

during elution resulting in three distinct peaks. Conversely, at the lowest flow rate, the time 

available is sufficient for these changes to occur during elution resulting in a single peak with 

multiple molecular forms eluting in equilibrium with each other. The apparent increased resolution 

between the eluted peaks at higher flow rate is thus likely a result of the interplay of 

chromatographic separation and a kinetically-limited interconversion of molecular forms that have 

different retentivities. 
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Figure 2.5. Effect of flow rate on the elution behavior of BiSA on a 9.4-cm long Source 15S 
column with a 0-125 mM NaCl gradient over 20 CV at pH 7 and room temperature. Residence 
times corresponding to the flow rates indicated for each run were 0.74, 1.9, 3.7, 7.4, 18.5, 37, and 
185 min. The mass of protein injected was 0.22±0.1 mg/ml. The same data are shown in both 
panels, as a function of time on a log scale in the top panel and as a function of CV in the bottom 
panel. The A280 absorbance is normalized to obtain the same peak area in order to account for 
slight differences in the amount of protein injected. 
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Further insight can be obtained by exploring the effects of the BiSAb type, of the mobile phase 

pH, of the operating temperature, and of hold times on the resin. Figure 2.6 shows the effects of 

flow rate on the elution of BiSB and BiSC on the 9.4-cm Source column for conditions otherwise 

identical to those of Fig. 2.5. As seen in Fig. 2.6b, the elution behavior of BiSC is perfectly 

analogous to that of BiSA; i.e. three major peaks are eluted at 2.5 ml/min, which merge into a 

single nearly symmetrical peak when the elution flow rate is reduced to 0.05 ml/min. 

Conductivities at elution of the three resolved peaks and of the single merged peak are also 

comparable to those of the corresponding BiSA peaks. As seen in Fig. 2.6a, BiSB exhibits 5 elution 

peaks at 2.5 ml/min (cf. Fig. 2.2). The three more retained peaks behave analogously to the elution 

peaks of BiSA and BiSC, albeit eluting at higher conductivities, gradually merging into a single 

peak at low flow rates. The two early eluting peaks of BiSB persist, however, as the flow rate is 

reduced actually resulting in slightly better resolution at lower flow rates (the log-scale obscures 

somewhat this observation) behaving in a manner consistent with that of independent molecular 

species. These results indicate that the multiple peak elution behavior is qualitatively independent 

of the particular type of BiSAb molecule in this homologous series, regardless of the position of 

the scFv domain along the framework IgG structure. 
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Figure 2.6. Effect of flow rate on the elution behavior of BiSB (a) and BiSC (b) on a 9.4-cm long 
Source 15S column with a 0-125 mM NaCl gradient over 20 CV at pH 7 and room temperature. 
Residence times corresponding to the flow rates indicated for each run were 0.74, 1.9, 7.4, 18.5, 
and 37 min. The mass of protein injected was 0.23±0.01 mg/ml for BiSB and 0.11±0.05 mg/ml for 
BiSC. The data are shown as a function of time on a log scale. The A280 absorbance is normalized 
to obtain the same peak area in order to account for slight differences in the amount of protein 
injected. 
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Figure 2.7 shows the effect of operating at pH 5 on the BiSA elution behavior on the 9.4-cm long 

Source column. The buffer in this case is 20 mM NaCH3COO adjusted to pH 5 with acetic acid 

and the gradient is from 0 to 500 mM NaCl over 20 CV. Comparing the pH 5 result to the pH 7 

result in Fig. 2.5, it is evident that the BiSA elution behavior is qualitatively the same. The main 

difference is that elution occurs at higher conductivities, which is expected since the protein 

positive charge is expected to increase as the solution pH is decreased further below the protein 

pI. For these, conditions, stronger binding to the Source resin is expected, requiring a higher NaCl 

concentration at elution. It should be noted, that the time scales over which elution occurs in the 

pH 7 experiments (Fig. 2.5) and in the pH 5 experiment (Fig. 2.7) are comparable at each 

corresponding flow rate. This occurs because the higher final NaCl concentration used balances 

the stronger protein-resin interaction expected at pH 5. For these conditions, the elution behavior 

is comparable at the two pH values with the elution pattern transitioning from three distinct peaks 

at the higher flow rate to a single merged peak at the lower flow rate. This result is significant in 

mechanistic terms. For example, Luo et al. [4] have determined that the reversible, multiple peak 

elution behavior of a mAb on a cation exchange resin was associated with the kinetically limited 

protonation/deprotonation of a specific histidine residue. The fact that the multiple peak elution 

behavior observed in our case is the same at pH 5 and 7, which bracket the pKa of histidine, 

indicates that histidine protonation/deprotonation is likely not the root cause of the elution behavior 

observed for the BiSAb molecules considered in this work. Although not shown for brevity, the 

three-peak elution behavior also persisted at pH 8.5. 
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Figure 2.7. Effect of flow rate on the elution behavior of BiSA on a 9.4-cm long Source 15S 
column with a 0-500 mM NaCl gradient over 20 CV at pH 5 and room temperature. Residence 
times corresponding to the flow rates indicated for each run were 0.74, 1.9, 3.7, 7.4, 18.5, and 37 
min. The mass of protein injected was 0.14±0.02 mg/ml. The same data are shown in both panels, 
as a function of time on a log scale in the top panel and as a function of CV in the bottom panel. 
The A280 absorbance is normalized to obtain the same peak area in order to account for slight 
differences in the amount of protein injected. 
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Figure 2.8 shows the effect of temperature on the BiSA elution behavior on the 2.3-cm Source 

column at pH 7. A 0-125 mM NaCl gradient over 20 CV and a flow rate of 1.0 ml/min were used 

for these runs. As seen from this figure, operating the column at temperatures increasing from the 

room temperature value of 21 °C to 35, 45, and 55 °C resulted in a gradually shifting elution 

behavior from three distinct peaks at room temperature to two peaks at 45 °C, to nearly a single 

peak with a slight shoulder at 55 °C. This behavior is qualitatively consistent with a rate of on-

column interconversion among multiple molecular forms that increases as the temperature is 

increased. The rate of such interconversion is likely to increase at higher temperatures resulting in 

a merged peak at near equilibrium conditions for the same conditions were multiple peaks are 

observed at room temperature. It should be noted, however, that the merged peak elutes somewhat 

earlier at 55 °C compared to the room temperature case indicating that the effect of temperature is 

more complex, also affecting binding strength and, thus, retention to some extent. 

Interestingly the trends of the elution patterns observed in this work for BiSA as a function of 

temperature are similar to the trends observed for the chromatographic elution of carbohydrates 

on calcium-form cation exchange columns as reported by Carta et al. [5] and, more recently, by 

Ortner et al. [6]. Although, molecules, resins, interaction mode, and operating mode (isocratic vs. 

gradient) were completely different in these studies compared to the present work, the similarity 

in chromatographic behavior suggests a common reason, which is the on-column reversible 

interconversion of molecular forms. In both cases, increasing temperature appears to speed up the 

respective interconversion rates causing the elution pattern to evolve from multiple peaks to a 

single equilibrium peak when the interconversion rates become faster than the rate of 

chromatographic elution. 
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Figure 2.8. Effect of temperature on the elution behavior of BiSA on a 2.3-cm long Source 15S 
column with a 0-125 mM NaCl gradient over 20 CV at pH 7 with a flow rate of 1.0 ml/min 
corresponding to a residence time of 0.44 min. The mass of protein injected was 2.0±0.25 mg/ml. 
The A280 absorbance is normalized to obtain the same peak area in order to account for slight 
differences in the amount of protein injected.  

33



The last experimental conditions investigated in this work were designed to test the effects of 

holding the protein bound to the stationary phase prior to elution. The experiments were done with 

BiSA using the 2.3-cm Source column at room temperature and pH 7 with a 0-125 mM NaCl 

gradient over 20 CV. Figure 2.9a shows the result of the first of these two experiments. In this 

case, a virgin BiSA sample was first loaded and immediately eluted at 2.0 ml/min (corresponding 

to a 0.22 min residence time) giving rise to three peaks (dashed line in Fig. 2.9a). In the second 

case, the BiSA sample was loaded but then held bound on the stationary phase for 60 min with the 

load buffer flowing at 0.44 ml/min, prior to elution with a 0-125 mM NaCl gradient over 20 CV 

at 2.0 ml/min. As seen in Fig. 2.9a (solid line), the peaks eluted after holding the protein on the 

resin for 60 min contains a much larger percentage of the late eluting peak. The first peak is almost 

completely gone, the second peak is slightly increased, and the third peak is more than doubled 

compared to the case where the protein is loaded and immediately eluted. The areas of the each 

peak were determined by fitting the overall profile to three combined exponentially modified 

Gaussian (EMG) curves [7]. Since the residence time was extremely short during elution (0.22 

min) in these runs, little interconversion was possible. As a result, the areas of the eluted peaks 

provide an estimate of the extent of interconversion that occurred while bound on the 

chromatographic surface. Figure 2.9b shows the proportion of the three peak areas for different 

hold times up to 90 min. It is evident that immediately upon binding the protein is distributed 

among the different forms in approximately the 0.324:0.461:0.210 proportion. Holding the protein 

in the bound state prior to elution gradually shifts this distribution further toward the more retained 

form. At about 60 min or longer, an equilibrium is apparently reached with the three peaks in the 

0.094:0.377:0.538 proportion. 
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Figure 2.9. Comparison of BiSA elution profiles from a 2.3 cm Source 15S column eluted 
immediately with a salt gradient and after a 60 min hold in the load buffer (a) and effect of hold 
time on the fraction of each eluted peak (b). The gradient was 0-125 mM NaCl over 20 CV at pH 
7 and room temperature. The elution flow rate was 2.0 ml/min, corresponding to a 0.22 min 
residence time. The mass of protein injected was 1.6±0.6 mg/ml. The A280 absorbance is 
normalized to obtain the same peak area in order to account for slight differences in the amount of 
protein injected. The solid lines in (b) are calculated from the model described in 2.3.2. 
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2.3.2 Modeling 

A phenomenological model was developed to describe the multiple peak elution behavior of the 

BiSAb molecules considered in this work. The goal is primarily to test consistency with the 

hypothesis that the observed multiple peak elution behavior results from molecular 

interconversions occurring reversibly within the column. Phenomenological models of this type 

have been presented by others previously including the model of Voitl et al. [8] to describe multiple 

binding conformations of HSA on CEX resins, the model of Muca et al. [9] to describe on-column 

unfolding, and the model of Guo et al. [10] to describe multiple peak elution of a mAb on a CEX 

column. 

We focus on modeling the behavior of BiSA on Source, which we have characterized more 

extensively. Although the basic structure of our model is similar to previous work, ours considers 

three different molecular forms of the protein, , , and  that interact differently with the 

stationary phase while interconverting into each other during binding, hold, and elution steps. In 

the ensuing development  denotes the form that interacts most weakly with the resin,  the 

form with intermediate interaction strength, and  the form that interacts most strongly. The 

model and associated rate and equilibrium constants were derived as follows. The model has four 

key components that are needed to represent the complex elution behavior observed for BiSA. The 

first component describes retention of the three forms on the chromatographic surface.  We assume 

that this conform to the stoichiometric displacement model [11][12]. Accordingly, for the dilute 

conditions used in this work, the bound concentration of each form, , is related to its 

concentration in solution, , by the equation: 
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     (2.1) 

where  is the effective binding charge of each form and  is an equilibrium constant. 

is the so-called Henry’s constant of distribution coefficient. Without 

interconversion, the Ai and zi parameters can be obtained conveniently from LGE by determining 

the Na+ concentration at which the peak elutes from the column, , as a function of the gradient 

slope according to the so-called Yamamoto method [12] [13] [14]. Accordingly, we have: 

    (2.2) 

 where  is a normalized gradient slope and CVG is the duration of the 

gradient in column volumes.  and are the initial and final Na+ concentrations in the 

gradient. Based on eq. 2.2, a plot of the log  vs log  should be linear with slope equal to 

zi+1. Even if interconversion occurs, however, the same relationship is expected to hold provided 

that the residence time is sufficiently short to allow the three forms to elute as distinct peaks. 

Experimental data were obtained for the 10 cm Source column at a flow rate of 1 ml/min, 

corresponding to a 2 min residence time, with 10, 15, 20, 25, and 40 CV gradients. Figure 2.10 

shows the results plotted according to eq. 2.2. As seen in this figure, the plot is highly linear for 

all three forms. Parameter values obtained by regressing these data are summarized in Table 2.1. 
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Figure 2.10. Plot of the normalized gradient slope vs the Na+ concentration at which each peak 
elutes for BiSA on a 9.4 cm Source 15S column at room temperature and pH 7. Gradients were 0-
125 mM NaCl over 10, 15, 20, 25, and 40 CV at a flow rate of 1 ml/min. The lines are regressed 
to the data according to eq. 2.2. Regressed parameters Ai and zi are given in Table 2.1. 
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Table 2.1. Parameter values estimated to describe the elution behavior of BiSA on Source 15S at 
pH 7 and room temperature. 

Parameter P1 P2 P3 
z 8.83 6.81 6.07 

A (mM)z 2.84x1016 6.12x1013 1.66x1013 
 (s-1) 0.0064 
 (s-1) 0.0008 
 (s-1) 0.002 
 (s-1) 0.002 

 0.16 
 0.01 
 4.0 
 1.4 
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The second component of the model describes the evolution of the different forms during the initial 

binding and any subsequent hold step. Both of these steps occur at low Na+ for conditions where 

protein binding is very strong and practically irreversible. As seen in Fig. 2.9, protein loading 

followed by immediate elution with a gradient (i.e. zero hold time) results in three distinct peaks. 

As discussed earlier, since the residence time was very short (0.22 min) there was insufficient time 

for significant interconversion during elution. Thus, the areas of the eluted peaks are proportional 

to the initial distribution of bound protein forms. Assuming that no desorption occurs after loading 

because of the favorable binding conditions and that conversion of one form to another follows 

first order consecutive kinetics, the following equations are used to describe the evolution of the 

different forms during the hold step: 

      (2.3a) 

    (2.3b) 

      (2.3c) 

where  and  are, respectively, rate and equilibrium constants for the interconversion of the 

three molecular forms on the chromatographic surface. These constants were fitted to the 

experimental data in Fig. 2.9b and are summarized in Table 2.1. As seen in Fig. 2.9b, these 

equations provide an excellent description of the data. The values of the equilibrium constants    

 = 4.0 and  indicate that equilibrium on the chromatographic surface favors form 3. 

The third model component describes interconversion in the solution during the elution process. 

We first determine the equilibrium constants  and  for the interconversion of forms 1 and 2 
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and of forms 2 and 3 by considering the single peak position observed at the longest residence time 

corresponding to 0.01 ml/min (cf. Fig. 2.5). In this case, there is enough time to approximate local 

equilibrium conditions so that a single peak is observed. Under these conditions, the of the 

equilibrium peak is a weighted average of the values at which the individual forms would elute in 

the absence of interconversion. Extending the analyses of Klinkenberg [15] and Carta et al. [5] to 

the case of gradient elution as shown in Appendix of ref [1], yields the following result:  

    (2.4) 

For a 20 CV gradient, under the experimental conditions of Fig. 2.5, the three peaks observed at 

high flow rates eluted at 6.74, 8.96, and 11.8 mS/cm (corresponding to Na+ concentrations of 68.1, 

89.8, and 118 mM, respectively). On the other hand, the single peak obtained at the lowest flow 

rate eluted at 7.50 mS/cm (corresponding to 81.3 mM Na+). Integrating eq. 2.4 with the Ai and zi 

values in Table 1 yields K1 = 0.16 and K2 = 0.05. These values indicate that equilibrium in solution 

largely favors form 1, with the three forms becoming distributed in the ratios 0.856:0.137:0.0068 

for forms 1, 2, and 3, respectively. 

The final component of the model describes mass transfer between the solution and the 

chromatographic surface. We assume that protein transport is diffusion-controlled and describe 

the rate according to the so-called linear driving force (LDF) approximation. Without 

interconversion, the rate can be expressed as [16]: 

      (2.5) 
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where  is the total solute concentration in the particle, including both protein held in 

the pores and bound protein, De,i is the effective diffusivity, rp, is the resin particle radius, Ci the 

solute concentration in solution, and  the solution concentration at equilibrium with . We 

determined De,i from the column response to pulse injections of BiSA to the Source column for 

non-binding conditions (1000 mM NaCl) at different flow rates. The pulse response was analyzed 

by the moment method to generate a plot of reduced plate height ( ) vs. reduced 

velocity  where dp is the resin particle diameter, v is the mobile phase interstitial 

velocity, and D0 is the BiSA diffusivity in free solution. As seen in Figure 2.11, the h vs.  data 

follow the linear relationship expected from the generalized van Deemter equation whose slope c, 

was used to calculate De according to the relationship [17]:  

2'
0
'

1
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DkD
k k

ε
ε
 

=  − + 
     (2.6) 

where 'k  is the protein retention factor. The resulting value of De = 4.0x10-8 cm2/s is comparable 

to values reported for antibody diffusion in analogous porous resins without grafted polymers 

[18][19][20].  
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Figure 2.11. Van Deemter plot for BiSA from pulse injections under nonbinding conditions on a 
10 cm long Source 15S column. Mobile phase: 10 mM Na2PO4, 1000 mM NaCl, pH 7.0.  Pulse 
injection load was 0.11±0.004 mg/ml. Linearity shows dominance of mass transfer as dispersion 
mechanism in the experimental range of reduced velocities. 
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Combining the four model components described above, the interconversion scheme shown in Fig. 

2.12 is obtained. In this figure, overbars indicate quantities on the chromatographic surface, solid 

arrows represent interconversions between one form and the other, and dashed lines represent 

transport to the surface from solution and vice-versa. During the initial loading, P1 (along with 

smaller amounts of P2) is strongly bound and upon binding is instantly converted to initial ratios 

favoring P2. Further conversion toward P3, which is favored at equilibrium on the chromatographic 

surface, is kinetically limited as shown in Fig. 2.9b and occurs slowly during the hold step over a 

1-2 hour period. When the salt gradient is started at the end of the hold period, interconversion on 

the surface continues slowly until binding becomes sufficiently weak that desorption begins to 

occur. At this point, interconversion in solution becomes dominant with the desorbed P3 and P2 

gradually converting back to P1, which is favored in solution. The degree of conversion depends 

on the time available during the gradient elution process, which, in turn, determines whether three 

peaks (at low residence times), two peaks (at intermediate residence times) or just one equilibrium 

peak (at long residence times) is observed. 
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Figure 2.12. Conceptual model illustrating the interconversion of molecular forms during the load, 
hold, and elution process for BiSA on a Source 15S column. Dashed lines show mass transfer 
between solution and resin phase. Solid arrows show interconversion of the three molecular forms 
P1, P2, and P3. Overbars indicate quantities pertaining to the chromatographic surface. 
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The mathematical description of this conceptual model is given by the following equations 

derived form the resin and solution phase material balances: 

       (2.7a) 

     (2.7b)

 

( ),3 *3 3
3 3 2 22

2

15ˆ e

p

Dq qC C k q
t r K

 ∂
= − + − ∂  

      (2.7c) 

    (2.8a) 

  (2.8b) 

    (2.8c) 

 

where x is the column axial coordinate. The only parameters left to determine in these equations 

are the rate constants for the interconversion in solution,  and . These two parameters were 

thus estimated by matching the numerical solution of the above equations to the experimental 

results varying the elution flow rate. The equations were solved numerically by discretizing the 

axial derivatives in eqs. 7a-c using backwards-finite differences and solving the resulting set of 

ordinary differential equations together with eqs. 2.8a-c using MATLAB’s multistep, variable 

order solver, ode15s. As is well known [21][22], backwards discretization introduces numerical 

dispersion. Thus, the number of axial discretization points was used to simulate axial dispersion 

(which is not explicitly included in eqs. 2.8a-c) by setting it equal to the number of theoretical 
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plates determined from a salt pulse injection for the actual experimental column. This number was 

equal to 250 for the 9.4 cm Source column used in this work. The Na+ in the column during the 

gradient elution process was calculated assuming ideal conditions since rigorous calculations 

considering axial dispersion and mass transfer effects resulted in predicted profiles that were 

practically indistinguishable from the ideal model results (e.g. see ref. [23]).  

Figure 2.13 compares experimental and numerically calculated elution profiles for the conditions 

of Fig. 2.4 using = 0.0064 s-1 and =0.0008 s-1, determined by trial and error, with the 

remaining parameters as previously estimated and summarized in Table 2.1. For simplicity we 

show only three cases but the trends as a function of flow rate, gradient slope, and hold time were 

equally well predicted.  As seen in this figure the model correctly predicts the trend of a single 

near equilibrium peak at low flow rates (Fig. 2.13a) becoming three distinct peaks at a high flow 

rate (Fig. 2.13b) and the trend of a higher percentage of the late eluting peak with a longer hold 

time prior to elution (Fig. 2.13c). Experimental and predicted peak positions along the gradient 

and peak widths are also reasonably well predicted indicating that the model captures the essential 

traits of the process. 
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Figure 2.13. Comparison of experimental and predicted elution profiles for BiSA on a 9.4 Source 
15S column (a) and (b) for the conditions of Fig. 6 with no hold and on a 2.3 cm Source 15S 
column for the conditions of Fig. 2.9 with a 60 min hold (c). Elution flow rates were 0.01 ml/min 
(a), 2.5 ml/min (b), and 2.0 ml/min (c). The UV 280 signal of the experimental profiles are 
normalized to obtain the same peak area as the model. 
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3 Biophysical Basis 

3.1 Introduction  

Complex chromatographic behavior was observed for bivalent bispecific antibodies during linear 

gradient elution. A pure protein feed eluted three peaks at low residence time and room temperature 

and a single, merged peak when residence time was elongated or temperature was elevated. The 

mechanism was found not to be due to mechanisms previously reported such as secondary 

structure unfolding leading to aggregation or slow titration of histidine residues as the three peaks 

were measured with dynamic light scattering to be of consistent monomer size and the behavior 

was qualitatively unchanged regardless of pH. The biophysical basis of the multiple peaks for 

BiSAbs is probed through chemical crosslinking, enzyme proteolysis to determine domain 

contributions, tryptophan autofluorescence, resin and buffer screening, and homology modeling. 

Results reveal a mechanism where each linked scFv can adopt one of two extreme configurations: 

collapsed and the scFv is interacting with the framework mAb which is favored in solution, or 

outstretched and the scFv can more strongly bind to the resin surface. Examples of the three 

resulting BiSAb configurations are shown for BiSA in Figure 3.1. This work was published in the 

Journal of Chromatography A as ref. [1].   
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Figure 3.1. Examples of possible configurations for BiSA. Subunit images are from ref. [2], were 
rendered in PyMOL (Delano Scientific), and assembled in PowerPoint. 
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3.2 Materials and Methods 

3.2.1 Experimental Methods 

Cation exchange chromatography resins used in this work are ProPac WCX 10, Source 15S, and 

SP Sepharose HP. The Source columns are the same as those packed in section 2.2.2. SP Sepharose 

HP (Cytiva) is a strong cation exchanger based on a porous 30 µm agarose particle. SP Sepharose 

HP was purchased as a slurry and packed into 0.5-cm diameter columns to a final height of 10.3 

cm.  

Chromatographic experiments were performed following method in 2.2.2 using an ÄKTA Pure 25 

(Cytiva) except for the UPLC-SEC and in-line fluorescence measurements which were performed 

on an Acquity UPLC H-Class system from Waters (Milford, MA, USA). Autofluorescence of 

tryptophan residues was measured using a fluorescence detector plumbed to the outlet of the 

column. The excitation wavelength was set to 295 nm and emission spectrum was monitored over 

the range 310-400 nm [3][4]. The fluorescence intensity was normalized by the UV280 signal in 

order to allow a quantitative comparison of the spectra of the different peaks. 

The crosslinking method used in this work follows the protocol described by Bankston and Carta 

[5] to crosslink recombinant apo-lipoprotein with dimethyl suberimidate (DMS) and is based on 

the original development of Davies and Stark [6]. The approach favors intramolecular crosslinking 

and does not promote the formation of aggregates [6]. For this purpose, a solution containing 1.0 

mg/ml (5 µM) BiSA and of 1.4 mg/ml (5 mM) DMS in 20 mM triethanolamine at pH 8.0 was 

prepared and allowed to incubate for 2 hr at room temperature under mild agitation. After 2 hr, 

Tris was added to a final concentration of 50 mM in order to quench the crosslinking reaction.  The 

reaction pool was then buffer exchanged to 10 mM Na2PO4 at pH 7.0 to remove the quenched 

DMS using a HiPrep 26/10 desalting column. The crosslinked protein was characterized by SDS-
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PAGE. The effect of cross-linking on the elution behavior was assessed by conducting linear 

gradient elution experiments on a Source 15S column in comparison with the behavior of the 

unmodified protein. 

BiSA and BiSB were clipped using FabRICATOR and FabALACTICA immunoglobulin-

degrading proteases from Genovis AB (Cambridge, MA, USA) to study effects of the scFvs 

attached to either the Fab or Fc region of the framework IgG and to determine the domain 

contributions to binding on the resin. Both enzymes have high specificity and efficacy for specific 

sequences of IgG1 and cleave at different locations [7][8]. FabRICATOR cleaves below the IgG 

hinge region while FabALACTICA cleaves above the hinge. The expected product fragments are 

shown in Table 3.1 along with theoretical molecular masses calculated according to the known 

sequence and the expected cleavage locations. In the case of BiSA, FabRICATOR is expected to 

yield (Fab-scFv)2 along with full Fc and, potentially, Fc/2 fragments, while FabALACTICA is 

expected to yield monomeric Fab-scFv and Fc intact fragments. In the case of BiSB, 

FabRICATOR is expected to yield (Fab)2 along with full Fc-(scFv)2 and Fc/2-scFv fragments 

while FabALACTICA is expected to yield Fab and Fc-(scFv)2 fragments. For both BiSAb 

molecules, whether full Fc or Fc/2 fragments depends on the degree of association of the heavy 

chains. In our experience, even with elimination of the hinge region, full Fc fragments are 

predominantly generated. 

While BiSA was used without further purification, BiSB was further purified prior to enzymatic 

digestion to remove early eluting impurities using a Source 15S column with a 40 CV NaCl 

gradient.  The samples were dialyzed into 100 mM Na2PO4, pH 7.0 at a concentration of 2 mg/mL.  

Protein samples were mixed in a vial with either enzyme at a ratio of one unit enzyme per μg 

BiSAb and incubated overnight in a water bath at 37 °C.  Reaction products were analyzed by 
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UPLC SEC and non-reduced SDS-PAGE. SEC was done with a Waters UPLC BEH SEC 200 Å 

using an Acquity H-Class UPLC system (Waters, Milford, MA, USA) with a 100 mM Na2PO4, 

300 mM NaCl, pH 7.0 buffer at 0.3 mL/min. SDS-PAGE was done on NuPage 4-12% Bis-Tris 

SDS-PAGE gels (ThermoFisher, Fair Lawn, NJ, USA) with NuPage LDS sample buffer and MES 

running buffer using an Invitrogen Mini Gel Tank (ThermoFisher). The protein samples were 

added to sample buffer and denatured by heating at 100 °C for 10 minutes. One lane with intact 

monomer was run under reduced conditions, using dithiothreitol (DTT) as a reducing agent added 

to a final concentration of 50 mM prior to heating. Kaleidoscope Precision Protein Standards from 

BioRad (Hercules, CA, USA) were used. The gels were run at 150 V for 1 hour followed by 

staining with EZBlue Gel Staining Reagent (MilliporeSigma, St. Louis, MO, USA) and imaged 

with an Odyssey CLX gel scanner (LI-COR, Lincoln, NE, USA).  

Fc-domain containing fragments from enzyme cleavage were separated from other fragments by 

Protein A chromatography using a 0.5 diameter, 5 cm long MabSelect SuRe (GE Healthcare) 

column. The nonbinding fragments which included Fab, (Fab)2, Fab-scFv, (Fab-scFv)2, and the 

added enzymes were collected in the flow through. Fragments containing the Fc-domain were 

eluted with a 20 CV linear pH gradient from pH 7.0 to 3.0 using a buffer system designed according 

to [9] utilizing mixtures of acetate, 2-(N-mopholino)ethanesulfonate (MES), and phosphate. Once 

isolated, intact fragments were diluted three-fold with 10 mM Na2PO4, pH 7.0 and injected onto 

ProPac WCX-10. A 20 CV linear gradient was then performed from 0-125 mM NaCl to determine 

the domain contributions to the cation exchange elution profile. 

3.2.2 Computational Homology Modeling 

Molecular properties of the Fab and Fc domains of the framework IgG and of the scFv domain in 

the BiSAb molecules considered in this work were generated by homology modeling. The Fab 
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region was modeled based on the actual sequence of the BiSAb molecules using the PIGSPro 

server which is optimized to predict immunoglobulin variable domains based on the canonical 

structure method [10]. The Fc domain was modeled with the SWISS-MODEL server according to 

refs. [10][11][12] using 1HZH in the SWISS PdB database as a template.  Finally, the scFv domain 

was modeled instead using the I-TASSER server according to refs. [13][14][15]. Sequence 

identities were nearly 100% and 76%, respectively. Molecular structures were rendered in PyMol, 

which was also used to calculate the protein contact potential based on vacuum electrostatics. 

Surface hydrophobicity was visualized by coloring the residues according to ref. [16]. The scFv 

linker was not included explicitly in these models but the respective N- and C-terminus attachment 

points were removed from charge calculations by converting them to the corresponding acetyl and 

methyl forms. 
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3.3 Results and Discussion 

Figure 3.2 shows the chromatographic behavior of the framework mAb and of BiSA on the ProPac 

and Source columns at low and high flow rates. As seen in Figs. 3.2a and b, the mAb exhibits the 

chromatographic behavior normally observed for typical proteins in gradient elution 

chromatography. In this case, the ProPac column exhibits similar peak broadening at high or low 

flow rate as a result of the pellicular structure of this resin and the corresponding absence of 

intraparticle mass transfer limitations. On the other hand, the Source column shows a sharper peak 

at the lower flow rate and a broader peak at the higher flow rate as a result of the porous structure 

of this resin and the associated mass transfer effects. In contrast to the mAb, as seen in Figs. 3.2c 

and d, BiSA exhibits multiple peaks at the highest flow rate for each resin and a single peak at the 

lowest flow rate. While the conductivities at elution and the peak widths are different for the two 

resins, it is evident that the behaviors are qualitatively the same for both suggesting that the 

underlying molecular mechanisms that are responsible for this unusual behavior are similar for the 

two resins despite the different ligands, resin structure, and bead size. As shown in Figure 2.4, 

collecting fractions of any of the three peaks obtained at high flow rate and re-injecting them for 

the same conditions resulted in the same three peaks for both resins suggesting that the underlying 

mechanisms are reversible. Finally, comparing the mAb and BiSA behaviors, it is evident that the 

mAb is retained much less strongly compared to BiSA eluting at substantially lower conductivities 

for both resins. As shown in Figure 2.6, BiSB and BiSC behaved in a manner qualitatively similar 

to BiSA with multiple peak elution at high flow rates, merging into a single peak at low flow rates. 
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Figure 3.2. Comparison of the gradient elution behavior of a mAb with the same sequence as the 
framework IgG in BiSA (a,b) and that of BiSA (c,d) on ProPac WCX-10 (a,c) and Source 15S 
(b,d) columns with a 0-125 mM NaCl 20 CV in 10 mM Na2PO4 at pH 7.0 at high and low flow 
rates. Flow rates of 1.0 and 0.05 ml/min correspond to residence times of 1.25 and 25.12 min for 
the ProPac column, while flow rates of 2.5 and 0.05 ml/min correspond to residence times of 0.74 
and 37 min for the Source column. The mass of protein injected was 0.15±0.03 mg/ml for ProPac 
and 0.20±0.3 mg/ml for Source. The A280 absorbance is normalized to obtain the same peak area 
in order to account for slight differences in the amount of protein injected.  
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Figure 3.3 compares the chromatographic behavior of the unmodified BiSA (a) with that of the 

crosslinked BiSA sample (b) on the Source column at a flow rate of 1.0 ml/min for otherwise 

identical conditions. As seen from this figure, the chromatographic behavior is dramatically 

different in the two cases. While three distinct peaks are eluted for the unmodified BiSA, a single 

broader peak emerges for the crosslinked BiSA sample eluting at a conductivity intermediate 

between the elution conductivities of the three peaks obtained with the unmodified protein. In 

order to understand why the crosslinked peak is broader, fractions of the eluted peaks were 

collected as shown in Fig. 3.3b and re-chromatographed in the same column for identical 

conditions. As seen in Fig. 3.3c, each fraction emerges as a single peak at conductivities that 

increase in the order in which the fractions were collected. We conclude that crosslinking stabilized 

the protein multidomain structure, reducing conformational flexibility, but also generating 

multiple crosslinked forms that were retained differently on the Source 15S column. This result 

was confirmed by conducting SDS-PAGE analysis under reducing conditions for the unmodified 

and crosslinked protein. As shown in Figure 3.4, multiple bands with molecular mass between 75 

and 200 kDa were obtained indicating the presence of multiple species resulting from crosslinks 

between the various domains in the BiSA molecule. The main conclusion is that impeding 

conformational flexibility removes the multiple peak elution behavior observed for the unmodified 

BiSA. 
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Figure 3.3. Comparison of the gradient elution behavior of BiSA (a) and crosslinked BiSA (b,c) 
on the Source 15S column with a 0-125 mM NaCl 20 CV in 10 mM Na2PO4 at pH 7.0 at 1.0 
ml/min corresponding to 1.85 min residence time. Protein mass load was 0.22 mg/ml in (a), 3.4 
mg/ml in (b), and 0.085±0.04 in (c). The A280 absorbance is normalized to obtain the same peak 
area in order to account for slight differences in the amount of protein injected. 
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Figure 3.4. Reduced, denatured SDS-PAGE of a mAb, BiSA, and crosslinked fractions shown in 
Fig. 3.3b. Protein samples were mixed with NuPage LDS sample buffer and Dithiothreitol with a 
final concentration of 50 mM. Mixture was heated at 100 °C for 10 minutes before loaded onto 
gel. Kaleidagraph Precision Protein Standards from BioRad were used. A NuPage 4-12% Bis-Tris 
SDS-PAGE gel was run using MES running buffer on an Invitrogen Mini Gel Tank for 1 hr. The 
gel was stained with EZBlue and imaged with an Odyssey CLX gel scanner. Middle lanes of the 
actual gel were removed for clarity as indicated by the gap. 
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FabRICATOR and FabALACTICA were used for separate digestions of BiSA and BiSB. As noted 

above, the first of these enzymes is designed to selectively cleave IgG below the hinge, while the 

second is designed to selectively cleave above the hinge. Figure 3.5a shows the SEC analyses of 

the digestion products compared to the intact BiSAb molecules. Table 3.1 compares the molecular 

masses for the expected digestion products with those estimated based on SEC. The latter were 

calculated according to the calibration curve shown in Fig. 3.5c, which was constructed using 

standard proteins. As shown in Table 3.1, for BiSA, FabRICATOR is expected to produce a (Fab-

scFv)2 fragment and Fc/2 fragments while FabALACTICA is expected to produce Fab-scFv 

fragments and a Fc fragment including a portion of the hinge region. For BiSB, on the other hand, 

FabRICATOR is expected to produce a (Fab)2 fragment and a Fc-(scFv)2 with no hinge while 

FabALACTICA is expected to produce and Fab fragments along with a Fc-(scFv)2 fragment 

including a hinge region.  

As seen in Fig. 3.5 and in Table 3.1, the experimental results are in line with the theoretical 

expectations confirming that the desired fragments were obtained. No Fc/2 fragment was obtained 

with FabRICATOR suggesting that despite the clip below the hinge region, the full Fc domain 

remains intact for both BiSA and BiSB. These results were further confirmed by SDS-PAGE as 

shown in Figure 3.6.  
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Figure 3.5. UPLC SEC analysis of BiSA (a) and BiSB (b) digestion products obtained with 
FabRICATOR and FabALACTICA enzymes compared to the chromatograms of the intact 
molecules. SEC calibration curve based on retention of model proteins (c). Chromatograms were 
obtained with a Waters Acquity BEH 200Å UPLC-SEC column at 0.3 mL/min flow rate with 300 
mM NaCl in 100 mM Na2PO4 at pH 7.0.  Mass load for each injection was 0.04 ±0.02 mg.  
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Figure 3.6. Denatured SDS-PAGE of BiSA (left panel) and BiSB (right panel) with their respective 
enzyme-clipped species. Lane 1 of both panels show reduced BiSA or BiSB for this sample 
Dithiothreitol was added to 50 mM prior to heating. For all samples, NuPage LDS sample buffer 
was added to protein samples and heated at 100 °C for 10 min before loading onto gel. Due to the 
similar molecular weight for multiple fragments of cleaved BiSB, Protein A MabSelect SuRe 
(MSS) bound, Fc-containing, and flow through (FT) fractions are also run on the gel in panel (b). 
Kaleidagraph Precision Protein Standards from BioRad were used. A NuPage 4-12% Bis-Tris 
SDS-PAGE gel was run using MES running buffer on an Invitrogen Mini Gel Tank for 1 hr. The 
gels were stained with EZBlue and imaged with an Odyssey CLX gel scanner. Note that unlike 
SEC that was run under non-denaturing conditions, denatured FabRICATOR-cleaved Fc 
fragments without hinge region separated to run as monomeric Fc/2. 

 

  

64



 

Table 3.1. Comparison of theoretical and experimental molecular mass determined by SEC for 
fragments obtained by digestion of BiSA and BiSB with FabRICATOR and FabALACTICA 
enzymes based on UPLC SEC analysis.  

BiSA Species BiSB Species 
 

Theor. 
Mass 
(kDa) 

Exp.  
Mass 
(kDa) 

 
Theor. 
Mass 
(kDa) 

Exp.  
Mass 
(kDa) 

Intact BiSA 

 

200 180 Intact BiSB 

 

200 170 

FabRICATOR – Cleaves below hinge 

(Fab-scFv)2 

 

~150 144 (Fab)2 

 

~90 78 

Fc 
 

~45 39 Fc-(scFv)2 
 

~95 90 

Fc/2 
 

25 NA Fc/2-scFv 
 

~50 NA 

FabALACTICA – Cleaves above hinge 

Fab-scFv 
 

~70 60 Fab 
 

~45 32 

Hinge-Fc 

 

~50 43 Hinge-Fc-
(scFv)2 

 

~100 96 
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Following isolation of the fragments by Protein A chromatography, their chromatographic 

behavior was studied on the ProPac column. Results are shown in Figs. 3.7 and 3.8, for BiSA and 

BiSB, respectively, at high and low flow rates. Table 3.2 summarizes the conductivities at elution 

for each of the peaks observed. In the case of BiSA (Fig. 3.7), both intact BiSA and the (Fab-

scFv)2 domain yielded three peaks at high flow rate suggesting that in both cases the molecules 

exists in three different configurations. On the other hand, the Fab-scFv fragment yielded only two 

peaks at high flow rate indicating that only two configurations are possible. In all three cases, the 

multiple peaks merge into one at low flow rate. Overall, this behavior confirms the hypothesis that 

the multiple peak elution behavior is associated with the flexibility of the scFv linker which allow 

the reversible interconversion of protein configurations with either outstretched or collapsed scFv 

domains that interact differently with the chromatographic surface. If two scFv domains are 

present, three peaks are obtained since three major isoforms are possible. On other hand, if only 

one scFv domain is present, two peaks are obtained since only two major configurations are 

possible. A final observation is that, as seen in Table 3.2, retention of the intact BiSA and retention 

of the (Fab-scFv)2 fragment are very similar (conductivities at elution of 7.1, 8.0, and 9.1 mS/cm 

for the three intact BiSA peaks vs. and conductivities at elution of 6.8, 7.5, and 8.5 mS/cm for the 

three (Fab-scFv)2 fragment peaks) indicating that the Fc domain plays only a small role in the 

protein-surface interaction. On the other hand, retention of the Fab-scFv fragment is weaker with 

conductivities at elution of 5.0 and 6.3 mS/cm for peaks 1 and 2, respectively. This result is also 

expected since because of the higher mass and charge of the (Fab-scFv)2 compared to the Fab-

scFv fragment.  

In the case of BiSB (Fig. 3.8), both the intact protein and the two scFv-containing fragments 

yielded three peaks at high flow rate, which merge into a single peak at low flow rate. All three 
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species contain two flexibly linked scFv domains and can, thus, exist in three major interconverting 

configurations with scFv domains extended and collapsed according. A significant difference 

compared to BiSA is that, as seen in Table 3.2, retention is similar for the intact BiSB and for the 

two scFv containing fragments (conductivities at elution all within about 1 mS/cm) indicating that, 

in this case, the Fab domain plays only a modest role on the protein-surface interaction. Whether 

the hinge region is included or not also seems to have a small effect on the interaction strength, 

likely because of the small size of the region. 

Finally, it should be noted that the Fc fragments of BiSA or the Fab fragments of BiSB, neither of 

which is connected to a scFv, showed very weak retention, eluting at conductivities below 5.5 

mS/cm as single peaks. 

  

67



 

 

Figure 3.7. Comparison of the gradient elution behavior of intact BiSA (a) with that of BiSA 
fragments obtained by digestion with FabRICATOR (b) and FabALACTICA (c) enzymes on 
ProPac WCX-10 with a 0-125 mM NaCl 20 CV in 10 mM Na2PO4 at pH 7.0 at flow rates of 1.0 
ml/min (solid lines) and 0.05 ml/min (dashed lines) correspond to residence times of 1.25 and 25.1 
min, respectively. The mass of protein injected was 0.055±0.005 mg/ml for enzyme clipped 
species and 0.12±0.03 mg/ml for intact BiSA. The A280 absorbance is normalized to obtain the 
same peak area in order to account for slight differences in the amount of protein injected. Note 
that three peaks are eluted at high flow rates in (a) and (b) while only two peaks are eluted at high 
flow rate in (c). A single merged peak is eluted at low flow rate in all three cases. 
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Figure 3.8. Comparison of the gradient elution behavior of intact BiSB (a) with that of BiSB 
fragments obtained by digestion with FabRICATOR (b) and FabALACTICA (c) enzymes on 
ProPac WCX-10 with a 0-125 mM NaCl 20 CV in 10 mM Na2PO4 at pH 7.0 at flow rates of 1.0 
ml/min (solid lines) and 0.05 ml/min (dashed lines) correspond to residence times of 1.25 and 25.1 
min, respectively. The mass of protein injected was 0.075±0.01 mg/ml for enzyme clipped species 
and 0.12±0.03 mg/ml for intact BiSB. The A280 absorbance is normalized to obtain the same peak 
area in order to account for slight differences in the amount of protein injected. Note that in all 
three cases, three peaks are eluted at high flow rates in and a single merged peak is eluted at low 
flow rate. 
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Table 3.2. Conductivities at elution in mS/cm for each of the scFv-containing fragments of BiSA 
and BiSB during gradient elution on the ProPac column with a 20 CV, 0-125 mM NaCl gradient. 

 High flow rate (1.0/ml/min) Low flow rate (0.05 ml/min) 

 Peak 1 Peak 2 Peak 3 Merged peak 
BiSA species 
Intact  7.1 8.0 9.1 7.3 
(Fab-scFv)2 6.8 7.6 8.6 6.6 
Fab-scFv 5.0 6.2 - 5.1 
BiSB species 
Intact 9.5 10.0 11.0 9.5 
Fc-(scFv)2 8.2 9.0 10.1 8.2 
Hinge-Fc-(scFv)2 9.2 10.0 11.0 9.2 
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In order to gain insight about the possible roles of electrostatics and hydrophobicity on inter-

domain and protein-surface interactions, we studied the effects of mobile phase composition and 

chromatographic surface properties on the elution behavior of BiSA. With the goal of 

understanding the relationship between protein surface properties and chromatographic behavior, 

we also carried out a homology modeling to study as described in Section 3.2.2. We limited this 

modeling to the Fab and Fc regions of the framework IgG and to the scFv domains. In BiSA, the 

scFv domains are linked to the N-terminus of the heavy chains in the Fab region. In BiSB, the scFv 

domains are linked to the C-terminus of the heavy chain in the Fc region. The net charge at pH 7 

was also calculated for each of the relevant domains based on the sequence. For BiSA, the net 

charge at this pH is -1 for each Fab region of the framework IgG, +6 for the full Fc region, and +6 

for each scFv domain. BiSB has a homologous sequence compared to BiSA therefore the 

differences in charge are only due to the scFvs linked to the C-termini. Thus, the Fc region of BiSB 

loses both heavy chain C-termini charge and becomes +8 while each Fab arm gains an N-terminus 

causing this domain to be net neutral, and each scFv becomes +4. The overall net charge of both 

BiSAb molecules is +16.  

Figure 3.9 and 3.10 show different views (rotated 90o apart from each other as indicated by the 

arrows) of the secondary structure, of the electrostatic potential, and of the residues hydrophobicity 

for the Fab region and the scFv, respectively. As seen in these images, in both cases the charge 

residues are generally heterogeneously distributed. However, a patch of strong positive potential 

is clearly evident on the face of the scFv domain opposite to where it is linked to the Fab domain 

(see middle row image in view B in Fig. 3.10). It is likely that this part of the scFv domain interacts 

most strongly with the negatively charged chromatographic surface. The distribution of 

hydrophobic residues on the surface of each domain also shows patches of hydrophobicity on the 
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surfaces of both the Fab and the scFv domain and it is likely that these regions are responsible for 

both inter-domain hydrophobic interactions and for interactions between the protein and the 

chromatographic surface.  

The distribution of tryptophan residues is of particular interest not only because of its high 

hydrophobicity, but also because of its fluorescence properties that depend on solvent exposure. 

Although both the Fab and the scFv contain tryptophan residues (5 in the Fab and 7 in the scFv), 

as seen in Figs. 3.9 and 3.10, only one of these Fab tryptophan residues appears to be surface 

exposed (see view B in Fig. 3.9), while 4 of these residues appear to have significant surface 

exposure in the scFv domain.  Notably, two of these residues are close to the most positively 

charged patch on the scFv surface (see views A and B of Fig. 3.10), while the other two are close 

to a negatively charged region of the scFv domain. This region is, of course, fairly hydrophobic 

and may be able to interact strongly with the Fab, particularly the side shown in view B of Fig. 

3.10, which appears to have the most hydrophobic character.  

Figure 3.11 shows the Fc domain properties. A patch of positive charge capable of interacting 

strongly with the negatively charged chromatographic surface appears on the bottom side (view 

C, also visible on and side views A and B) along with a mostly uncharged hydrophobic region 

shown on the side view (view B). For BiSA, these regions are unlikely to interact with the scFv 

domains.  On the other hand, hydrophobic interactions with the hydrophobic areas of the scFv 

domains are also obviously possible in BiSB since in the case, these domains are linked at the C-

termini of the heavy chains, shown in cyan in Fig. 3.11. Interestingly, no surface exposed 

tryptophan residues appear in the Fc region. Overall, we conclude that surface molecular properties 

derived from these images support the idea that the interaction of both BiSA and BiSB with the 

chromatographic surface depends on a balance of electrostatic and hydrophobic interactions with 
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the chromatographic surface and of hydrophobic interactions between the Fab and scFv domains. 

In the case of BiSA, protein-resin interactions are likely to be dominated by the Fab-scFv region, 

while for BiSB, protein-resin interactions are likely dominated by the Fc-scFv region. For BiSB, 

electrostatic interactions with the resin surface are stronger likely because the positive charge 

associated with the scFv domain is supplemented by the positive charge associated with the tip of 

the Fc-region. Both of these observations are supported by the experimental behaviors of the 

respective BiSAb fragments. 
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Figure 3.9. 3-D views of the Fab region of the framework IgG in BiSA and BiSB generated by 
homology modeling and rendered in PyMol. Top row: heavy chain in blue, light chain in light 
blue. Middle row: surface electrostatic potential showing positive areas in blue and negative areas 
in red. Bottom row is colored according to ref. [16], where darker red depicts residues with greater 
hydrophobicity.  Tryptophan residues in green. N-terminus of heavy chain in magenta.  
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Figure 3.10. 3-D views of the scFv domain generated by homology modeling and rendered in 
PyMol. Top row: secondary structure shown in orange. Middle row: surface electrostatic potential 
showing positive areas in blue and negative areas in red. Bottom row is colored according to ref. 
[16], where darker red depicts residues with greater hydrophobicity.  Tryptophan residues in green. 
C-terminus in cyan. The unstructured, flexible linker is seen in the bottom right of the molecule in 
front view, panel A. 
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Figure 3.11. 3-D views of the Fc region of the framework IgG in BiSA and BiSB generated by 
homology modeling and rendered in PyMol. Top row: heavy chains in blue and yellow. Middle 
row: surface electrostatic potential showing positive areas in blue and negative areas in red. Bottom 
row is colored according to ref. [16], where darker red depicts residues with greater 
hydrophobicity.    Tryptophan residues in green. C-termini of the heavy chain in cyan. 
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Unfortunately, it is not possible to test the observations above based on homology modeling 

directly through exactly independent chromatographic measurements since varying one 

chromatographic condition (i.e. the mobile phase composition) can simultaneously affect both 

inter-domain and protein-surface interactions. Nevertheless, such measurement can still provide 

further insight. First is the effect of Na+ concentration during the load step, which is expected to 

weaken the electrostatic interaction between protein and resin surface. Figure 3.12 compares the 

BiSA elution profiles obtained with and without the addition of 15 mM NaCl to the load buffer 

(bringing the total Na+ concentration to 35 mM) with the Source column. As seen in this figure, 

the main effect of the higher Na+ concentration is to reduce the magnitude of the more retained 

peaks observed at the high flow rate while leaving the conductivity at elution virtually unchanged. 

This result suggests that stronger electrostatic interactions during the initial binding to the resin 

favor the formation of species associated with the late eluting peaks. At the low flow rate of 0.1 

ml/min, the elution profiles are nearly identical for both Na+ concentrations showing a merged 

peak eluting at comparable conductivities, indicating similar rates of interconversion between 

species exist in both cases. 
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Figure 3.12. Effect sodium ion concentration in the load buffer on the elution behavior of BiSA 
on the Source column. (a) Load 10 mM Na2HPO4 at pH 7 and elute with a 0-125 mM NaCl gradient 
in 20 CV. (b) Load in 10 mM Na2HPO4 at pH 7 with 15 mM NaCl and elute with a 15-125 mM 
NaCl in 20 CV. Flow rate of 2.5 and 0.1 ml/min correspond to 0.75 and 18.7 min residence times. 
Protein mass load was 0.22±0.1 mg/ml in (a) and 0.11±0.01 mg/ml in (b). The A280 absorbance 
is normalized to obtain the same peak area in order to account for differences in the amount of 
protein injected.  
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Second is the effect of the resin backbone hydrophobicity. Figure 3.13 compares the results 

obtained for BiSA using the SP Sepharose HP column with those obtained with the ProPac and 

Source columns for otherwise identical conditions. Although the three resins have different ligands 

(sulphopropyl, carboxylate, and methyl sulphonate, in Sepharose, ProPac, and Source, 

respectively), all three are negatively charged at pH 7 and are likely to exhibit comparable 

electrostatic interactions with the charged residues on the protein surface. On the other hand, while 

both ProPac and Source are based on hydrophobic polystyrene backbones, SP Sepharose HP is 

based on a very hydrophilic agarose backbone. Thus, substituting the Sepharose resin for either 

ProPac or Source is likely to influence mainly the protein-surface hydrophobic interactions. As 

seen in Fig. 3.13, the main effect of this substitution is to eliminate the multiple peak elution 

behavior, yielding a single peak eluting at a conductivity comparable to that observed for the 

earliest elution peak seen with the Source or ProPac columns. The hydrophobic backbone of 

Source and ProPac likely assists in stabilizing the out-stretched configurations corresponding to 

peaks 2 and 3. 
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Figure 3.13. Elution behavior of BiSA on SP Sepharose HP, ProPac, and Source columns, loading 
in a 10 mM Na2PO4, pH 7.0 buffer and eluting with 0-125 mM NaCl gradient over 20 CV with a 
flow rate of 1.0 ml/min. The mass of protein injected was 0.22 mg/ml for SP Sepharose HP, 0.12 
mg/ml for ProPac, and 0.22 mg/ml for Source. The A280 absorbance is normalized to obtain the 
same peak area in order to account for slight differences in the amount of protein injected. 
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The final result is obtained by measuring the tryptophan autofluorescence in-line for the eluted 

peaks. As shown, for example, in refs. [4], tryptophan autofluorescence in proteins depends in a 

complex way on folding as a result of varying degree of fluorescence quenching by adjacent amino 

acid residues and exposure to water.  Since as shown in Fig. 3.10, the scFv domain contains several 

surface exposed tryptophan residues whose fluorescence spectra may be influenced by interactions 

with the framework Fab for BiSA or framework Fc region for BiSB, the autofluorescence spectra 

provides information on the configuration of the scFv domains relative to the framework IgG 

during elution. Figure 3.14 shows the results for BiSA on the ProPac column. As seen in this 

figure, the fluorescence spectra magnitude, normalized by concentration using the UV280 signal, 

increases with peak number. The ratio of fluorescence to UV280 normalized to peak 1 is overlayed 

on the chromatogram in open circles in Fig. 3.14b. A red shift in the emission wavelength peak 

maximum is observed from peak 1, to peak 2, and to peak 3, which indicates increasing solvent 

exposure from the early to the late eluting peaks. The red shift from peak 1 emission wavelength 

maxima is plotted as closed circles overlaying the chromatogram in Fig. 3.14b.  Since the surface 

tryptophan residues in BiSA are primarily associated with the scFv domain (see Fig. 3.9-3.11), 

this result suggests that collapsed scFvs interacting with the framework mAb decreases solvent 

exposure and correspond to peak 1 while a single or pair of out-stretched scFvs correspond to peak 

2 and 3 respectively. 
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Figure 3.14. Tryptophan autofluorescence measurements with excitation at 295 nm and emission 
collection at 310-400 nm for BiSA on the ProPac column showing (a) the emission spectra at the 
peak apex normalized by the corresponding A280 and (b) the maximum fluorescence intensity 
normalized by F/A280 for peak 1and the wavelength shift of the emission maximum relative to 
peak 1 overlaid to the UV-based chromatogram. Load was in 10 mM Na2PO4, pH 7.0, and elution 
with a 0-125 mM NaCl gradient over 20 CVs at 1.0 ml/min (1.25 min residence time). The protein 
mass load was 0.04 mg/ml.  
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4 Adsorption Kinetics 

4.1 Introduction  

This chapter studies the adsorption kinetics into cation exchange media for the series of bivalent 

bispecific antibodies (BiSAb), which have high quaternary structure flexibility allowing three 

binding configurations that interconvert and differ in binding strength. A monoclonal antibody 

(mAb) studied in refs. [1][2][3] which has a similarly favorable isotherm and similar molecular 

weight is also studied as the reference case. For the mAb, adsorption kinetics is controlled by pore 

diffusion and conforms to the classical shrinking core model. While the mAb adsorption rate 

increases with temperature, the ratio of effective and pore diffusivity, De /D0, remains constant and 

has a value of 0.20. As a result of the configurational flexibility, adsorption of the BiSAbs show 

complex patterns of total bound protein within the particles. These BiSAb adsorption patterns are 

studied by varying buffer ionic strength, pH, temperature, and intramolecularly crosslinking the 

protein. Sharper intraparticle profiles are observed for conditions where the binding strength is 

greater (lower buffer concentration and/or pH) or when the protein is chemically crosslinked to 

restrict configurational flexibility. Temperature affects the BiSAb pore diffusivity as well as the 

interconversion kinetics. While the effects of temperature on BiSAb transport are also described 

by a constant De /D0= 0.15, the temperature also affects the rate of interconversion between binding 

forms leading to faster equilibration at higher temperatures. A phenomenological model is then 

developed informed by the mechanism of pore diffusion and adsorption with the kinetically limited 

interconversion between binding forms. The model is shown to be capable of predicting the 

experimental trends. This work was published as ref. [4].  
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4.2 Materials and Methods 

The BiSAb and framework IgG samples are the same as those used throughout this work. The 

reference monoclonal antibody (mAb) is well studied and is the same as the molecule as that used 

in refs. [1][2][3][5]. The mAb has molecular weight ~150 kDa and a pI from isoelectric focusing 

of 8.5 [1]. The corresponding solution diffusivities for the molecules, D0, at 21°C based on the 

Stokes-Einstein equation are (3.6±0.2)x10-7 cm2/s for the BiSAb molecules and (4.0±0.2)x10-7 

cm2/s for the framework IgG and reference mAb.  

The resin used in this work, Nuvia HR-S, was obtained from Bio-Rad Laboratories (Hercules, CA, 

USA) and is based on macroporous, vinyl-acrylamido copolymer beads functionalized with 

sulfopropyl groups with a charge density 132 μmol/ml [1]. As reported previously, the resin has a 

narrow particle size distribution with volume-average diameter of 50 μm, a total intraparticle 

porosity ɛp = 0.78±0.01, and an average pore diameter of approximately 120 nm [3]. Buffers were 

prepared by dissolving weighed amounts of sodium phosphate or sodium acetate salts in deionized, 

distilled water followed by drop-wise addition of either phosphoric or acetic acid to obtain the 

desired pH. Thus, buffer concentrations are reported in terms of the corresponding Na+ 

concentration. Chemicals used in buffer preparation were purchased from ThermoFisher Scientific 

(Waltham, MA, USA) and MilliporeSigma (St. Louis, MO, USA). The amine-reactive fluorescent 

dyes Rhodamine Red-X and Rhodamine Green-X used to label the proteins for CLSM were 

purchased from ThermoFisher Scientific (Waltham, MA, USA). The chemical crosslinker 

dimethyl suberimidate was purchased from MilliporeSigma (St. Louis, MO, USA). 

Adsorption isotherms were obtained at room temperature (21 °C) from batch measurements where 

samples of protein solutions, dialyzed into the desired buffer, were equilibrated for 24 h with resin 

samples in 1.5 ml tubes rotated end-over-end at a few rpm. The resin samples used were pre-
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equilibrated with the same buffer and filtered prior to addition to the protein solution to remove 

excess buffer using Costar Spin-X centrifuge filter tubes (Corning, NY, USA) with a Minispin 

centrifuge (Eppendorf, Hamburg, Germany) at 5000 RPM for 20 min. After equilibration, protein 

concentration in the supernatant was measured using a NanoDrop 2000 UV-Vis spectrophotometer 

(ThermoFisher Scientific) and used to calculate the bound protein concentration by mass balance. 

Binding capacities were expressed as mg of bound protein per ml of resin bead using the hydrated 

resin bead density of 1.076 g/ml [3]. 

The adsorption kinetics was studied by confocal laser scanning microscopy (CLSM) following the 

methods described in [6][7][1][8]. For this purpose, the protein samples were labeled with either 

Rhodamine Red-X or Rhodamine Green-X amine-reactive dyes (ThermoFisher Scientific, CITY, 

STATE, USA) using a 3 mol protein to 1 mol dye ratio for 1 hr in 500 mM NaHCO3 at pH 8.5. 

Econopac DG-10 (Bio-Rad Laboratories, Hercules, CA, USA) desalting columns were used to 

remove the unreacted dye. The resulting labeling ratios, determined using the NanoDrop 2000 UV-

Vis spectrophotometer, were 23% for BiSA, 21% for BiSB, 15% for BiSC, and 28 % for the 

reference mAb. For the actual CLSM experiment, each labeled protein stock was diluted with the 

corresponding unlabeled protein to obtain a final labeling ratio of 1 labeled protein to 160 

unmodified protein molecules. Potential effects of labeling on protein binding were checked by 

comparing the gradient elution behavior of the labeled protein with that of the unmodified protein 

both on a Nuvia HR-S column on a ProPac WCX-10 column obtained from Dionex Corporation 

(Sunnyvale, CA, USA). As shown for BiSA in Fig. 4.1, nearly identical elution peaks were 

obtained for both labeled and non-labeled protein on both columns confirming that labeling did 

not significantly alter the binding and elution behavior. We also tested the effects of switching the 
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dyes on the CLSM-based bound protein concentration profiles. As shown for BiSA in Fig. 4.2, 

essentially identical profiles were obtained regardless of which dye was used. 

For the actual CLSM measurements, small resin samples equilibrated in the desired buffer and 

filtered as described above were added to a tube containing 7 ml of the protein sample and mixed 

on a rotator at a few rpm for room temperature experiments. For experiments at nonambient 

conditions, 1.5 ml of protein sample was added to 1.5 ml tubes and mixed in a Multitherm 

thermostatted shaker (Benchmark Scientific, Sayrevill, NJ, USA) with controlled temperature set 

at 8, 40, or 55 °C. The amount of resin added (~1 mg) was small enough to ensure that there would 

be less than a 10% change in protein concentration as a result of adsorption. At periodic times, a 

small portion of the suspension was pipetted out, rapidly filtered, and resuspended in a 20 mM 

sodium acetate buffer at pH 5 containing 50% (w/w) sucrose for refractive index matching [9].  

Since the binding strength at pH 5 is higher than at the pH used for the measurement, the protein 

within the particle is essentially immobilized. CLSM imaging was done with a Zeiss LSM 510 

microscope (Carl Zeiss MicroImaging, Thornwood, NY, USA) using a 63x oil-immersion 

objective. 
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Figure 4.1. Linear gradient elution of native and Rhodamine labeled BiSA with a 20 CV gradient 
from 0-125 mM NaCl in a 20 mM sodium phosphate buffer at pH 7. (a) and (b) show the results 
for a 0.5x14.9 cm Nuvia HR-S column at 2.0 ml/min. (c) and (d) show the results for a 0.4x10 cm 
ProPac WCX-10 column at 0.5 ml/min. Absorbance is normalized based on peak area and 
measured at 280 nm for total protein and at the absorbance maximum for each label (570 nm for 
Rhodamine Red-X and 505 nm for Rhodamine Green-X).  

  

89



Figure 4.2. CLSM images after adsorption for 10 min of 2 mg/ml of BiSA in a pH 7 buffer 
containing 20 mM Na+. BiSA is labeled with Rhodamine Red-X in (a) and Rhodamine Green-X 
in (b). The image brightness was adjusted to compensate for different laser intensities used in the 
two runs. 
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Crosslinking with dimethyl suberimidate (DMS) was done as described in section 3.2.1 except 

with BiSA that had been labeled with Rhodamine Red-X and prepared in the ratio of 1 labeled 

protein to 160 unmodified proteins. 

4.3 Experimental Results 

The experimental measurements encompass a range of proteins, buffer concentration and pH, 

protein concentration, and temperature. In all cases, the buffer concentration is reported in terms 

of the Na+ to facilitate comparisons. Unless otherwise indicated, the experimental results are at 

room temperature, 21±2 oC. Figure 4.3 shows the adsorption isotherms obtained for the BiSAb 

molecules, the framework IgG, and the reference mAb in 20 mM sodium phosphate buffer at pH 

7 (Fig. 4.3a) and for BiSA in different combinations of buffer concentration and pH (Fig. 4.3b). 

The Langmuir isotherm model: 

1
m L

L

q K Cq
K C

=
+

      (4.1) 

was used for an empirical description of the data. In this equation, q  is the bound protein 

concentration, C  is the concentration of protein in solution, mq  is the maximum binding capacity, 

and  is the Langmuir equilibrium constant. The regressed parameter values are given in Table 

4.1 and calculated lines are shown in Fig. 4.3. These parameters do not account for the existence 

of multiple binding configurations. Thus, for the BiSAb molecules, they should be regarded as 

averages. As seen from Fig. 4.3a and from the fitted  values, the overall protein binding is very 

favorable for all these conditions. Binding capacities on a mass basis are somewhat higher for the 

BiSAbs compared to the framework IgG but lower than the capacity for the reference mAb at this 

pH. Surface property maps for the BiSAb domains were shown in Fig. 3.9-3.11. The scFv and the 

C-terminus of the Fc domain were found to have patches of highly positive charge, which interact 

91



strongly with the negatively charged cation exchange surface and results in greater binding 

strength compared to the framework IgG. The location of the scFvs also appears to affect the 

binding strength, with BiSA and BiSB exhibiting somewhat higher binding capacity and binding 

strength (i.e., higher ) compared to BiSC. As seen in Fig. 4.3b, the effect of pH and buffer 

concentration on the BiSA isotherms is consistent with typical cation exchange behavior, with 

binding becoming stronger at lower pH, where the positive protein charge becomes higher, and at 

lower buffer concentration, where attractive electrostatic interactions are more favorable. 
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Figure 4.3. Adsorption isotherms determined after 24 h of contact time in (a) pH 7 buffer 
containing 20 mM Na+ buffer and (b) pH 7 and pH 5 buffers containing 20 mM Na+ and a pH 7 
buffer containing 2 mM Na+. The reference mAb data in (a) are from ref. [1]. 
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Table 4.1. Langmuir isotherm model parameters (21 oC). 

Protein  Buffer qm  (mg/ml) KL (ml/mg) 
Framework IgG  20 mM Na+, pH 7 73 35 
Reference mAb 20 mM Na+, pH 7 137 145 
BiSA 20 mM Na+, pH 7 118 53 
 2 mM Na+, pH 7 142 200 
 20 mM Na+, pH 5 130 130 
BiSB 20 mM Na+, pH 7 119 130 
BiSC 20 mM Na+, pH 7 103 54 
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Figure 4.4 shows representative CLSM images for the adsorption of the reference mAb and of the 

three BiSAb molecules, all in the pH 7 buffer containing 20 mM Na+. As seen in these images, the 

reference mAb shows a distinctly sharp adsorption front, consistent with the typical shrinking core 

behavior expected for pore diffusion with a rectangular isotherm [10][11][12][13]. This front 

reaches the center of the particle in about 20 min with no further change afterwards, indicating that 

equilibrium is established. In contrast, each of the BiSAb molecules results in a more complex 

pattern of bound protein. For short times, there is a smooth transition from a higher bound protein 

concentration near the edge of the particle to a sharp front toward the center of the particle, where 

the bound protein concentration drops to zero. The patterns remain smooth even after this front 

reaches the center of the particles and it is only at 24 h that we see a uniform distribution of bound 

protein in the resin.  

Figure 4.5 compares the CLSM results for the adsorption of BiSA in the pH 7 buffer containing 

20 mM Na+ at protein concentrations of 0.2 and 4 mg/ml. The images included in this figure are 

shown at times that scale in inverse proportion to the protein concentration; i.e., at 20 and 40 min 

for the 0.2 mg/ml concentration and at 1 and 2 min for the 4 mg/ml concentration. As seen in this 

figure, the bound protein profiles are essentially the same at each set of proportionally spaced 

times. Similar results (not shown for brevity), showing essentially identical profiles at times spaced 

in inverse proportion to the protein concentration, were obtained when comparing images at 1 and 

2 mg/ml BiSA concentrations with those obtained and 0.2 and 4 mg/ml. This result confirms that 

pore diffusion, whose rate is expected to be directly proportional to the protein concentration in 

solution, is the dominant transport mechanism. 
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Figure 4.4. CLSM images of the adsorption of the reference mAb (top row), BiSA (second row), 
BiSB (third row), and BiSC (bottom row) in pH 7 buffers containing 20 mM Na+. The protein 
concentration was 2 mg/ml in all four cases. 
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Figure 4.5. CLSM images showing the effect of protein concentration on BiSA adsorption in pH 
7 buffers containing 20 mM Na+. The images are shown at times scaled in inverse proportion to 
the protein concentration (20 and 40 min for the 0.2 mg/ml run and 1 and 2 min for the 4 mg/ml 
run). The image brightness was adjusted to compensate for different laser intensities used in the 
two runs. 
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Figure 4.6 shows the CLSM profiles obtained for the reference mAb and for BiSA at 8 °C (top 

two rows) and 55 °C (bottom two rows) in the pH 7 buffer containing 20 mM Na+. As seen in 

these images, for the reference mAb, the only significant effect of temperature is to speed up the 

movement of the adsorption front. This behavior is expected for pore diffusion, since a higher 

temperature results in a higher diffusivity of the protein and, thus, in a faster adsorption kinetics. 

In contrast, for BiSA, not only are the rates affected by temperature, but also the evolution of the 

bound protein concentration profiles after the leading front reaches the particle center. For 

example, as seen in this figure, the BiSA front reached the bead center in a little over 20 min at 8 

oC but in less than 10 min at 55 oC. However, it took more than 270 min to reach a uniform bound 

protein profile at 8 oC but only between 20 min and 60 min to achieve the same uniformity at 55 

oC.  This result indicating that not only diffusion is affected, but that other factors influencing the 

adsorption kinetics, such as the exchange of multiple binding configurations, are also affected. 

Analogous results, not shown for brevity, intermediate between those shown in Fig. 4.6, were 

obtained at 21 and 40 oC. 
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Figure 4.6. CLSM images showing the effect of temperature on the adsorption of reference mAb 
and of BiSA adsorption in pH 7 buffers containing 20 mM Na+. The protein concentration was 
1.0±0.1 mg/ml. Additional experiments conducted at 21 and 40 oC, but not shown for brevity, 
yielded results consistent with the trends observed at 8 and 55 oC. 
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Figure 4.7 shows the CLSM bound protein profiles for the adsorption of 2 mg/ml BiSA in the pH 

7 buffer containing 2 mM Na+ (top row) and in the pH 5 buffer containing 20 mM Na+ (middle 

row). As seen in Fig. 4.3b, both of these buffers lead to stronger binding of BiSA. From Fig. 4.7, 

it is evident that both of these conditions also lead to sharp adsorption fronts again in apparent 

agreement with typical shrinking core behavior. Figure 4.7 shows the CLSM images for adsorption 

of 1 mg/ml crosslinked BiSA in the pH 7 buffer containing 20 mM Na+ (bottom row), which are 

the same conditions of the experiments in Fig. 4.4 and 4.5. As seen in Fig. 4.7, crosslinking the 

protein and, thus, restricting conformational flexibility dramatically alters the pattern of bound 

protein concentration compared to that seen in Figs. 4.4 and 4.5. Specifically, crosslinking leads 

to a sharp adsorption front that progresses toward the center of the bead as was observed for the 

reference mAb. In Fig. 3.3, we showed that the crosslinking restricts configurational flexibility, 

resulting in one-peak elution behavior for conditions where the unmodified protein resulted in a 

multiple peak elution behavior. As shown here, the loss of configurational flexibility alters the 

patterns of bound protein within the particle during transient adsorption. 
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Figure 4.7. CLSM images of the adsorption of 2 mg/ml BiSA in a pH 7 buffer containing 2 mM 
Na+ (top row), 2 mg/ml BiSA in a pH 5 buffer containing 20 mM Na+ (middle row), and 1 mg/m 
crosslinked BiSA in a pH 7 buffer containing 20 mM Na+ (bottom row).  
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4.4 Discussion and Model Development 

The experimental results reported in Section 4.3 show that the adsorption kinetics behavior of the 

BiSAb molecules is different from that of the reference mAb. The latter exhibits sharp fronts that 

are consistent with a pore diffusion mechanism coupled with a highly favorable isotherm. The 

former, despite the fact that the isotherms are still highly favorable, exhibit more complex patterns 

of bound protein comprising a smooth profile leading to a sharp front toward the center of the 

bead. These patterns are independent of the protein solution concentration, which suggests that 

pore diffusion is still the dominant transport mechanism. However, these patterns vary both 

quantitatively and qualitatively with buffer composition and with temperature. Notably, the 

profiles become sharp, similar to those observed for the reference mAb, in buffers where the 

binding strength is higher or when the protein is crosslinked. Limited CLSM measurements were 

also done with the framework IgG (without scFv domains) as shown in Fig. 4.8. While these results 

are influenced by the presence of a significant charge variant that prevents quantitative analysis, 

there is clear evidence of a sharp adsorption front. Taken together, these results suggest that the 

BiSAb binding behaviors are linked to the presence of the scFv domains and to the associated 

configuration flexibility. 
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Figure 4.8. CLSM images of the adsorption of 2 mg/ml of the framework IgG in a pH 7 buffer 
containing 20 mM Na+. Adsorption results in a sharp front consistent with the shrinking core 
model. Note that the framework IgG contains a significant charge variant that complicates the 
pattern of adsorbed protein. 
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In order to explain the BiSAb results, a model was developed to describe the experimental trends. 

Because of the complexity of the system and of the inaccessibility of many of the relevant 

parameters, the goal was not to develop an exact model. Rather, the goal was to determine what 

aspects of the various molecular interactions need to be included in order to generate simulated 

results that are in agreement with the experimental trends. The first step in this development was 

to model the behavior of the reference mAb. Since, as shown in Fig. 4.3a, the mAb isotherm is 

very favorable for the conditions studied, the position of the adsorption front in the Nuvia HR-S 

particles is expected to conform to the shrinking core model. Accordingly, the position of the 

adsorption front is expected to be related to time by the following relationship [12][13]: 

     (4.2) 

where s s pr rρ =  is the dimensionless radial position of the adsorption front defined as the actual 

radial position of the front, , divided by the radius of the particle, pr , and De is the effective pore 

diffusivity. The latter is related to the solution diffusivity  by [12]: 

      (4.3) 

where  is the tortuosity factor, which depends on the pore structure, and  is the hindrance 

factor, which depends on the ratio of molecule radius and pore radius.  Temperature is expected to 

affect  according to the Stokes-Einstein equation: 

6
b

o
h

k TD
rπµ

=       (4.4) 

where bk  is the Boltzmann constant, hr  is the hydrodynamic radius of the protein, T  is the 

absolute temperature, and µ  is the solution viscosity. Figure 4.9a shows the position of the 
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adsorption front for the reference mAb observed at different times and temperatures plotted 

according to eq. 4.2 along with lines predicted from this equation with the same value of 

 for all conditions. This value is consistent with the value reported 

previously at 21 oC in [11] and fall in the range typically observed in macroporous protein 

chromatography resins. The close agreement between eq. 4.2 with the same  and the data 

at different temperatures confirms that pore diffusion is dominant. The same model can also be 

used to describe the behavior of BiSA shown in Fig. 4.9 at pH 5 or at pH 7 in the low Na+ 

concentration buffer since, for these conditions, a sharp adsorption front is observed.  Figure 4.9b 

shows the corresponding plot of  vs . In this case, both sets of data are fitted by eq. 

4.2 with . This value is somewhat smaller than that determined for the 

reference mAb, but this is expected because the larger size of BiSA compared to the reference 

mAb is likely to cause greater diffusional hindrance and, thus, lead to a lower value of .  
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Figure 4.9. Dimensionless position of the adsorption front during adsorption of 1 mg/ml of the 
reference mAb in a pH 7 buffer containing 20 mM Na+ at different temperatures (a) and during the 
adsorption of 2 mg/ml BiSA in a pH 5 and 7 buffers containing 20 mM and 2 mM Na+, respectively 
at 21 oC (b). The lines are based on the shrinking core model, eq. 4.2. The corresponding effective 
diffusivities are  = 0.54x10-7, 0.80x10-7, 1.3x10-7, and 1.7x10-7 cm2/s for the reference mAb at 
8, 21, 40, and 55 oC, respectively, and  = 0.54x10-7 cm2/s for BiSA at 21 oC. 
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Obviously, the shrinking core model cannot be used to describe the BiSAb adsorption behavior 

for other conditions where complex patterns of bound protein are observed. In other cases, 

involving different proteins and resins and, particularly, with polymer-grafted resins, surface or 

solid diffusion has been shown to describe smooth bound protein concentration profiles 

[8][14][15][16][17]. However, while this mechanism predicts smooth profiles with a highly 

favorable isotherm, somewhat like those observed for the BiSAb molecules in this work, it also 

predicts adsorption patterns that, at the same time, are independent of protein solution 

concentration. As shown in Fig. 4.5, the opposite is observed in our system with essentially 

identical profiles obtained not at the same time, but at times that scale in inverse proportion to the 

protein solution concentration. A more realistic hypothesis is, thus, that the patterns observed in 

our system result from the different binding configurations of the BiSAb molecules. Since these 

different configurations interconvert reversibly and, as shown previously, interact differently with 

the chromatographic surface, this hypothesis leads to an adsorption kinetics that is determined by 

the interplay of adsorption, diffusion, and interconversion kinetics. Qualitatively, if, in a given 

buffer, the different binding configurations were to exhibit different adsorption capacity, we would 

expect the weakest binding form to initially make faster progress into the particle [11]. For longer 

time, under the same scenario, we would expect this form to be gradually displaced by the stronger 

binding forms. Accordingly, the pattern of bound protein within the particle would comprise a 

series of transitions evolving from a pattern where the weakest binding form is dominant 

throughout the bead, for short times, to one, observed for long times, where the stronger binding 

forms become predominant. This conceptual model could also explain the effect of the buffer 

composition on the BiSA adsorption kinetics seen in Fig. 4.7 based on how the Na+ concentration 

and pH can be expected to affect binding of each of the different forms. As observed 
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experimentally in Fig. 4.3b, reducing the Na+ concentration or reducing the pH leads to greater 

overall binding strength. We can expect that the adsorption of each of the binding forms 

individually will be affected in a similar way. In that case, at lower Na+ or lower pH, the binding 

capacities of the different forms will approach their maximum value, resulting in overall 

adsorption patterns conforming to those seen if a single binding form were present. 

Finally, this conceptual model could also explain how the adsorption patterns are affected by 

temperature beyond the expected effect on diffusivity. As shown previously based on our 

chromatographic elution studies, the rate of interconversion among different binding forms 

increases with temperature, with one elution peak observed at high temperatures, when the 

interconversion kinetics is faster. Analogously, the effects of temperature on the interconversion 

kinetics are likely to affect the adsorption kinetics leading to trends like those seen experimentally 

in Fig. 4.6. 

In order to test whether this conceptual model can explain the experimental trends, the following 

mathematical formulation was adopted. In this model, we consider three adsorbable configurations 

P1, P2, and P3, consistent with the model that we have used previously to describe chromatographic 

elution. Physically, the first of these three forms corresponds to a configuration where the scFv 

domains are collapsed onto the framework IgG (P1), the second to a configuration where one scFv 

is collapsed while the other is extended away from the framework IgG (P2), and the third to a 

configuration where both scFv domains are extended away from the framework IgG (P3). Since, 

as shown in Fig. 3.10, the scFvs in these molecules are highly positively charged, we expect that 

configurations where one or both of the scFv domains are extended away from the framework IgG 

and, thus, toward the chromatographic surface will be more strongly bound. 
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Next, we describe competitive binding of the three different configurations based on the steric 

mass action (SMA) model, which gives [18]: 

    (4.5) 

where  is the equilibrium constant, iz  is the protein binding charge, σ  is the shielding or steric 

hindrance parameter,  is the resin charge density, 
Na

C +  is the Na+ concentration, and  is the 

concentration of each form in the particle pores. The latter is equal to the bulk concentration  at 

equilibrium. At low protein loads, this equation yields: 

     (4.6) 

which is the same relationship used to describe retention in our previous chromatographic elution 

studies. We then consider interconversion of the three forms to occur both in solution and on the 

chromatographic surface according to the following kinetics: 

       (4.7a) 

    (4.7b) 

3
3 2 2

2

qr k q
K

 
= − 

 
      (4.7c) 

      (4.8a) 
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    (4.8b) 

3
3 2 2

2

cr k c
K

 
= − 

 
      (4.8c) 

In these equations, , , and  are the net rates of formation of the three forms on the 

chromatographic surface and , , and  are the rates in solution, while  and  on the 

chromatographic surface and  and   are the corresponding rate and equilibrium constants, 

respectively. These equations have the same form as those used to model the chromatographic 

elution behavior of these molecules in prior work. However, while in Section 2.2.3 we used a 

lumped rate model written in terms of average protein concentrations, in this formulation, eqs. 4.7-

4.8 describe local rates expressed as functions of the local adsorbed concentrations, iq , and pore 

concentrations, ic , at each point within the particle.  Finally, we assume that intraparticle transport 

occurs by pore diffusion and that pore and adsorbed protein concentrations are locally in 

equilibrium with each at each point within the particle. The corresponding conservation equations 

describing adsorption, diffusion, and interconversion are as follows: 

    (4.9) 

       (4.10) 

       (4.11) 
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The term  in eqs. 4.9 and 4.10 represents the rate of adsorption. For computational 

expediency, this term was replaced by a linear driving force rate equation (applied locally) with a 

rate coefficient chosen to be large enough as to approximate local adsorption equilibrium 

conditions. A numerical solution of these equations was obtained by discretizing the spatial 

derivatives by finite differences and solving the discretized equations using the variable order 

differential equation solver ode15s in MATLAB R2020a (The Mathworks, Natick, MA, USA). 

Unfortunately, the model contains a large number of parameters, only some of which could be 

determined independently. As a result, the following additional assumptions were made. To 

describe adsorption equilibrium according to eq. 4.5, we used the same effective charge z for all 

three forms. This assumption is supported by the data for BiSB in Chapter 6, which will show that 

even intact molecule and fragments have similar z-values due to the fairly small area of the protein 

that interacts with the surface bound ligands compared to the large size of the protein. To determine 

the average z for BiSA, we used the Yamamoto method [10][19] by measuring the salt 

concentration at which the protein elutes as a function of the gradient slope. The experimental 

results and calculation details are shown in the Fig. 4.10. An average value of z = 7.07 was 

determined.   
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Figure 4.10. (a) Linear gradient elution of BiSA on a 0.5x9.4 cm Nuvia HR-S column at 0.5 ml/min 
with 0-300 mM NaCl gradients over 5, 10, 15, 25, and 40 CVs in a 20 mM sodium phosphate 
buffer at pH 7. (b) Plot of the log of normalized gradient slope, , in mM vs. the log of the Na+ 
concentration at elution in mM. The protein binding charge z is calculated from the slope of the 
regressed line in (b) according to Yamamoto method described in ref. [10]. 
 

  

112



Next, we determined an average value of the hindrance parameter σ by comparing the adsorption 

capacities calculated from eq. 4.5 with the experimental isotherms assuming, again, that all three 

forms will have the same value. A value of σ = 170 was found. Finally, we determined individual 

values of the equilibrium constants, , by running model simulations with multiple sets of values 

and determining which set provides a close match of the experimentally observed intraparticle 

concentration profiles. For the effective pore diffusivity, the value of   

was assumed to be the same for all three forms and equal to the value determined based on the 

shrinking core model from the CLSM data in the strong binding buffers. The remaining parameters 

are the equilibrium and rate constants in the interconversion kinetics model, eq. 4.7-4.8. As seen 

in our prior work based on our lumped model description, different values of these parameters can 

be expected in solution and on the chromatographic surface. For the solution, we used the same 

values determined in Section 2.3.2. For the chromatographic surface, since we have assumed 

adsorption equilibrium and have assumed the same values of z and σ for all three forms, the 

corresponding equilibrium constants,  and , are related to the SMA constants , , and 

 and to the values of 1K  and 2K  by the following equations: 

        (12) 

      (13) 

Finally, values of the rate constants  and   were selected to provide agreement with the 

experimental trends. Fortunately, based on simulations, these parameters affect the predicted 

concentration profiles primarily for long times, since they control the interconversion of different 
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binding forms. In contrast, the SMA parameters  affect the distribution of the different bound 

forms in the particles primarily for short times. Thus, the SMA and interconversion rate parameters 

are relatively independent of each other. Table 4.2 provides a summary of all of the parameter 

values used. 

Figure 4.11 shows experimental and predicted BiSA isotherms at pH 7 in buffers containing 20 

and 2 mM Na+ as a function of the total protein concentration in solution. Based on the values of 

1K and 2K , in solution, the proportion of the different forms in solution, P1 : P2 : P3, is predicted to 

be 1.0 : 0.16 : 0.0016. In contrast, on the chromatographic surface, since the  and value are 

much larger than the corresponding solution values, the proportion P1 : P2 : P3 becomes 1 : 32 : 

9600. Thus, P3 is predicted to be largely dominant at equilibrium on the chromatographic surface 

despite its very low value in solution. Figure 4.11 also shows the adsorption isotherms predicted 

by the model for each form individually. These lines are calculated for a hypothetical case where 

the interconversion rate is zero and each form can exist independent of the others. Experimentally, 

since the interconversion rate is finite, this could only be seen temporarily. As seen in Fig. 4.11, 

different results are predicted for the high and low Na+ buffers.  For the high Na+ buffer (Fig. 

4.10a), the binding capacities predicted for the three individual forms are different from each other, 

being lowest for P1, which is the weakest binding form, and highest for P3, which is the strongest 

binding form. The binding capacity of P2, whose binding strength is intermediate, is, of course, 

predicted to be intermediate. Conversely, in the low Na+ buffer, where binding becomes very 

strong for all three forms, the binding capacities for the individual forms become nearly coincident 

and almost indistinguishable from the overall binding isotherm. 
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Figure 4.11. Adsorption isotherm for BiSA in a pH 7 buffers containing 20 mM Na+ (a) and 2 mM 
Na+ (b) plotted as a function of total protein concentration. Symbols are experimental values from 
Fig. 4.3. The lines are calculated from the SMA model, eq. 4.2, with parameters from Table 4.2. 
The solid line shows the composite isotherm for the three forms combined with a P1 : P2 : P3 ratio 
of 1.0 : 0.16 : 0.016 in solution. The dashed lines show hypothetical one-component SMA 
isotherms for each individual form neglecting interconversion. - - - - : P1, − − − :P2, − - − - : P3. 
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Table 4.2. Parameters used to model the BiSA adsorption kinetics at pH 7 and 21 oC. 

 P1 P2 P3 
  0.0005 0.1 3000 

  7.07 7.07 7.07 

  170 170 170 

 (s-1) 0.0007 
1k  (s-1) 0.0064 

 (s-1) 0.0003 
2k  (s-1) 0.0008 

  32 1K  0.16 

 300 2K  0.01 
    0.5 

 (mM) 132   0.15 
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Figure 4.12 compares experimental and predicted BiSA intraparticle concentration profiles in the 

pH 7 buffers containing 20 mM Na+ and 2 mM Na+. In each case, the experimental profiles were 

obtained from the color intensity of the digitized CLSM images, while the predicted profiles were 

obtained from the model by adding , , and  at each radial position. The same set of 

parameters has been used for both predictions, with the Na+ concentration being the only 

difference. As seen in Fig. 4.12, the shape and evolution of the model-predicted profiles are in 

substantial agreement with the experimental ones. In the 20 mM Na+ buffer, where the different 

forms exhibit substantially different binding strengths, for short times, the predicted results show 

a smooth profile starting at the bead surface and leading to a plateau with a fairly sharp front to 

zero toward the center of the bead. For longer times, the front reaches the center of the bead and 

the profile exhibits a plateau becoming uniform only after very long time. In contrast, in the 2 mM 

Na+ buffer, where binding is predicted to be strong for all three forms, the predicted results show 

just a sharp front. In this case, the total bound protein concentration profile becomes instantly 

uniform when the front reaches the particle center. 
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Figure 4.12. Comparison of experimental (a,c) and simulated (b,d) bound protein concentration 
profiles for the adsorption of 2 mg/ml BiSA in pH 7 buffers containing 20 mM Na+ (a, b) and 2 
mM Na+ (c, d). Experimental conditions are the same as in Fig. 4.4 for (a) and (b) and in Fig. 4.7 
for (c) and (d). Model parameters are from Table 4.2. 
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Better insight in this behavior can be gained by considering the distribution of the different bound 

forms in the particle predicted by the model in the two different buffers shown in Fig. 4.13. For 

both conditions, the model predicts displacement of P1 by P2 and displacement of P2 by P3. As a 

result, early on, first P1 and then P2 are pushed toward the center of the bead by the stronger binding 

P3 form. Later on, after P1 reaches the center of the bead, P1 gets replaced by P2 and then by P3 as 

interconversion gradually leads to formation of more and more P3. For long times, as equilibrium 

is approached, P3 becomes largely predominant in both cases despite its much lower concentration 

in solution, as predicted by eq. 4.5. The difference between the two conditions is mainly that in 

the higher Na+ case, the surface does not become saturated with P1 in the leading front as the 

individual binding capacity for this form is lower than the maximum (cf. Fig. 4.11). In contrast, in 

the low Na+ case, P1 binding is strong enough for  to closely approach the maximum binding 

capacity. As a result, for this condition, the overall bound protein profile ( ) consists of 

just a single front. 
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Figure 4.13. Predicted evolution of the bound concentration profiles of each individual form for 
the adsorption of 2 mg/ml BiSA in pH 7 buffers containing 20 mM Na+ (a, b, c) and 2 mM Na+ (d, 
e, f). Experimental conditions are the same as Fig. 4.11. Model parameters are from Table 4.2. 

- - - - : P1, − − − :P2, − - − - : P3, ⸺⸺ : P1+ P2 + P2.
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It is interesting to see if the same model can also describe the profiles observed at different 

temperatures shown in Fig. 4.6. Because of the electrostatic nature of the binding mechanism, the 

adsorption isotherms are unlikely to be strongly affected by temperature. However, significant 

effects can be expected both on the diffusivities and the rates of interconversion between different 

forms. As seen in Fig. 4.9a, for the reference mAb, for which interconversion is not a factor, the 

effect of temperature on the effective pore diffusivity is predicted by eqs. 4.3 and 4.4. Since the 

transport mechanism is the same as that of the reference mAb, we assumed the same dependence 

of  on temperature for BiSA although with lower value of  as found 

from the analysis of the data in Fig. 4.9b.  The rate constants are expected to be affected by 

temperature to a greater extent than diffusion. In order to account for this effect, for simplicity, we 

multiplied each rate constant by the same temperature-dependent interconversion rate factor 

. The values of this factor were determined by running simulations for a range of values and 

choosing the value that best represent the evolution of the BiSA bound concentration profiles at 

each temperature.  Figure 4.14 compares the experimental profiles obtained for BiSA at 8 and 55 

oC with those predicted with α = 0.1 and 25, respectively, which were found to be optimum at 

these two temperatures. Similar trends were obtained at 40 oC with α = 5.0 (data not shown for 

brevity). As seen Fig. 4.14, while the match of experimental and predicted profiles is not exact, 

the trends are in close agreement. Consistent with the experimental profiles, the model predicts 

more fronting profiles at 8 oC, when the interconversion rates are lower and the different forms 

tends to behave more as if they were individual species. In contrast, the model predicts smoother 

profiles at 55 oC, when interconversion rates are higher and there is greater coupling of the three 

forms as they diffuse, bind, and interconvert. The differences between the profiles at the two 
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temperatures are especially evident for long times when the process becomes almost completely 

dominated by the interconversion of the different forms.  
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Figure 4.14. Comparison of experimental (dashed lines) and simulated (solid lines) bound protein 
concentration profiles for the adsorption of 1±0.1 mg/ml BiSA in pH 7 buffers containing 20 mM 
Na+ at 8 oC (a) and 55 oC (b). Experimental conditions are the same as in Fig. 4.6. Model parameters 
are from Table 4.2 but with  = 0.36x10-7 cm2/s and α = 0.1 in (a) and with  = 1.2x10-7 cm2/s 
and α = 25 in (b). Data at 40 oC, not shown for brevity, were in similar agreement with the model 
using  = 0.86x10-7 cm2/s and α = 5.0. 
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Figure 4.15 shows an Arrhenius plot of the corresponding  values vs. temperature and gives an 

apparent activation energy for diffusion of 19 kJ/mol, which is comparable to values reported for 

other systems (e.g., ref. [20]). An Arrhenius plot of the interconversion rate factor α  shown in Fig. 

4.15 yields an apparent activation energy of 88 kJ/mol.  This value is much lower than the 

activation energies typically found for the thermal denaturation of proteins, which have been 

reported to be in the range 150-300 kJ/mol [21][22]. However, this value comparable with the 

activation energies for protein folding/unfolding in solution [23] and on hydrophobic interaction 

chromatography surfaces [24], which have been reported to be in the range 50-120 kJ/mol. This 

result suggests that the underlying interconversion mechanism involves local conformational 

changes, rather than denaturation with complete loss of protein structure. As shown in our prior 

work, based on tryptophan autofluorescence measurements, these conformational changes appear 

to be related to the collapse of the scFv domains on the framework IgG, which leads to weaker 

binding, and their extension away from the framework IgG, which leads to stronger binding. 
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Figure 4.15. Arrhenius plot showing the temperature dependence of De/De predicted by eqs. 3-4 
and of the interconversion reaction rate factor α  for BiSA at pH 7. The corresponding activation 
energies based on the regressed lines are 19 kJ/mol for diffusion and 88 kJ/mol for the 
interconversion rate. 
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5 Chromatographic Behavior on Hydrophobic Interaction Columns 

5.1 Introduction  

The cation exchange base matrix hydrophobicity was found to play a role in catalyzing the 

outstretched conformations in Figure 3.12. In order to further elucidate the chromatographic 

behavior of these complex BiSAb molecules, in this chapter, we have studied their elution behavior 

in HIC using ammonium sulfate gradients. We hypothesized that reversible, three peak elution 

may also occur on HIC media, without the contribution of charged ligands on the resin as in CEX. 

In fact, based on homology modeling of the BiSAb molecules shown in Figures 3.9-3.11, the Fab 

and Fc regions of the framework IgG were found to have distributed patches of positive and 

negative charges, while the scFvs were found to have both large positively charged patches as well 

as a high hydrophobicity including multiple surface-exposed tryptophan residues. We anticipated 

that the balance of inter-domain and domain-surface interactions could result in complex elution 

behaviors analogous to those observed in CEX columns. Indeed, complex elution behavior was 

observed for HIC. To further investigate the system, the effects of resin structure, resin ligand, 

residence time, reversibility of peaks, hold time, and temperature are studied. A phenomenological 

column model similar to that of section 2.3.2 is developed to test our understanding of the system 

and assist in comparing the behavior across chromatography modalities. This work was published 

in the Journal of Chromatography A as ref. [1].   
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5.2 Materials and Methods 

The HIC resins used in this work were Protein Pak Hi-Res HIC from Waters (Milford, MA, USA), 

based on 2.5 μm nonporous, polymethacrylate particles with butyl functional groups with low 

ligand density; Toyopearl PPG600M, a commercial resin from Tosoh Bioscience GmbH 

(Griesheim, Germany) based on macroporous polymethacrylate particles with polypropylene 

glycol (PPG) functional groups; and a second PPG-based experimental resin also from Tosoh 

Bioscience GmbH with backbone structure and hydrophobicity similar to those of Toyopearl 

PPG600M but smaller particle size. For simplicity, we refer to the two Toyopearl resins as PPG-

M and PPG-S. Particle size distribution was measured using a light microscope and are shown in 

Fig. 5.1. Volume-average particle diameters of 73 and 33 μm were found for PPG-M and PPG-S, 

respectively. Other HIC resins with higher hydrophobicity than the PPG resins were also 

considered, including Butyl Sepharose HP, Phenyl Sepharose HP (low sub), and Butyl S Sepharose 

FF from GE Healthcare. However, protein recovery from these resins was low and in some cases 

zero indicating that protein unfolding with loss of secondary structure occurs for our BiSAb 

molecules on these resins. For all the runs for the Protein Pak and PPG columns, full recovery of 

protein was calculated by integrating UV signal in chromatogram and comparing with offline 

concentrations measured using the NanoDrop 2000c.  
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Figure 5.1. Particle size distributions of PPG resin samples used in this work. 

 

  

130



Protein Pak Hi-Res HIC was purchased pre-packed as a UPLC column with inner dimensions of 

0.45 cm in diameter and 3.5 cm long. The Toyopearl resins were obtained in slurry form and were 

flow-packed using 20% (v/v) aqueous ethanol as the packing buffer into 0.5 cm diameter Tricorn 

columns from Cytiva. The packing flow rates were chosen to obtain a desired pressure drop of 

0.25 MPa for PPG-S and 0.05 MPa for PPG-M. Two PPG-S columns were packed, one with 5.0 

cm bed height and the other with 13.8 cm packed bed height. A third column was packed with 

PPG-M with 14.6 cm bed height. In each case, the column packing quality was determined by 

measuring the HETP and the peak asymmetry factor for a salt pulse injection. HETP values were 

0.029, 0.039, and 0.049 cm and asymmetry factors were 1.2, 1.2, and 1.0 for the 5.0 cm PPG-S, 

for the 13.8 cm PPG-S, and for the PPG-M column, respectively. The 13.8 cm PPG-S column was 

characterized further to determine the extraparticle (or external) porosity, ε , and the intraparticle 

(or internal) porosity, pε , since this column was used to develop a mechanistic model to describe 

the three-peak elution behavior. ε  was determined from pressure-flow curves based on the well-

known Carman-Kozeny equation as described in ref. [2]. The corresponding values were ε = 0.35 

and εp = 0.71. 

Linear gradients were operated in the same manner as previously discussed except with a HIC 

appropriate buffer of 1000-0 mM ammonium sulfate buffered with 50 mM Na3PO4, pH 7. Columns 

were cleaned in place in between runs using a series of washes: distilled-deionized water, 1 M 

NaOH, distilled-deonized buffer before equilibrating with the high salt load buffer. Protein 

recovery was calculated by comparing offline measurements of load protein concentration found 

using a Nanodrop 2000c spectrophotomer (Thermo Fisher Scientific) with the integrated UV trace 

of the chromatogram. All experiments were done at room temperature (21±2 oC) unless otherwise 

indicated. 

131



5.3 Results and Discussion 

The elution behaviors of the BiSAb molecules and of the framework mAb were studied for the 

three different HIC columns over a range of flow rates, temperatures, and hold times. Figure 5.2 

shows the elution profiles of the mAb (top row) and of BiSA (bottom row) using, in each case, a 

1000-0 mM ammonium sulfate gradient in 20 column volumes (CV) and at two different flow 

rates: 1 ml/min, shown by the solid lines, and 0.05 ml/min, shown by the dashed lines. The 

residence times corresponding to these two flow rates are 0.55 and 11.1 min, respectively, for the 

Protein Pak Hi-Res HIC column, 2.7 and 54 min, respectively, for the PPG-S column, and 2.9 and 

57 min, respectively, for the PPG-M column. As seen in this figure, in all three cases the mAb 

elutes as a single peak (beside a small, late eluting impurity peak resolved by the Protein Pak Hi-

Res HIC column) regardless of the flow rate and, thus, residence time used. The peak is unchanged 

as a function of flow rate for the Protein Pak Hi-Res HIC column, but is broader at the higher flow 

rate for the PPG-S and even more so for the PPG-M column. This result is expected since Protein 

Pak Hi-Res HIC resin is comprised of small non-porous beads, which offer little or no mass 

transfer resistance. On the other hand, PPG-S and PPG-M consist of porous particles. As a result, 

for these resins the peak broadens at higher flow rates (or, correspondingly, at shorter residence 

times) because of mass transfer effects. Retention of both the mAb and BiSA is similar for PPG-

S and PPG-M, which is expected because these resins are based on the same bead structure and 

chemistry differing only in particle size. Slight differences in hydrophobicity do exist, however. 

For example, the mAb elutes at about 620 mM ammonium sulfate for the PPG-S column and at 

about 640 mM ammonium sulfate for the PPG-M column indicating that PPG-S is slightly more 

hydrophobic. By comparison, the Protein Pak Hi-Res HIC column is much less hydrophobic than 

either PPG column with the mAb eluting at about 890 mM ammonium sulfate.  
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As seen in Fig. 5.2, the elution behavior of BiSA is completely different from that of the mAb. In 

this case, for all three resins, at 1.0 ml/min, the protein elutes as three peaks. These peaks are nearly 

completely resolved for the Protein Pak Hi-Res HIC column but are overlapped for both PPG 

resins but especially for the PPG-M column, which has larger particle size and, hence, increased 

band broadening due to mass transfer. Comparing the results obtained for the Protein Pak Hi-Res 

HIC column with those obtained for the PPG columns, it is evident that the first eluting peak is 

dominant for the former, while, the middle peak appears dominant for the latter.  

Remarkably, for all three resins, when the flow rate is reduced to 0.05 ml/min, BiSA elutes as a 

single merged peak, which is centered near the elution volume of the middle peak obtained at high 

flow. Compared to the mAb, the merged BiSA peak is much broader for all three columns 

indicating that factors other than mass transfer alone affect band broadening during elution for this 

more complex molecule. 

 Figure 5.3 shows the results obtained by collecting fractions of each of the three peaks obtained 

for BiSA at high flow rate (1 ml/min or 2.7 min residence time) on the PPG-S column and re-

chromatographing them. In these experiments, 0.5 CV fractions near the maximum of each peak 

were collected as shown in Fig. 5.3a, diluted three-fold with load buffer, and then immediately re-

injected into the same column and eluted with the same gradient and flow rate. As seen in Fig. 

5.3b, the elution profile obtained from each re-injection is essentially indistinguishable from the 

original profile in Fig. 5.3a and the same regardless of which peak fraction is re-injected. This 

result suggests that the phenomena responsible for the three-peak elution behavior are reversible 

and occur within the timeframe of chromatographic elution. 
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Figure 5.2. Elution behavior of the framework IgG in each of the BiSAb molecules (a), (b) and (c) 
and of BiSA (d), (e), and (f) on the Protein Pak Hi-Res HIC column (a) and (d), the 13.8 cm long 
PPG-S column (b) and (e), and the 14.6 cm long PPG-M column (c) and (f). Ammonium sulfate 
gradient from 1000 to 0 mM in 20 CV. Solid lines how the results at 1.0 ml/min and dashed lines 
show the results at 0.05 ml/min. High and low flow rates correspond to residence times of 0.55 
and 11.1 for the Protein Pak Hi-Res HIC column, 2.7 and 54 min for the PPG-S column, and 2.9 
and 57 min for the PPG-M column. The masses of protein injected for each panel are: 0.068±0.004, 
0.45±0.01, 0.44±0.01, 0.093±0.002, 0.21±0.01, and 0.15±0.01 mg/ml for (a), (b), (c), (d), (e), and 
(f), respectively. The ammonium sulfate gradient shown by the dotted line is plotted after 
converting the conductivity trace to concentration using a calibration curve. The A280 absorbance 
is normalized to the amount of protein injected. Note the different CV-scales. 
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Figure 5.3. (a) Collection of fractions for the three peaks denoted P1, P2, and P3 in order of binding 
strength obtained for the elution of BiSA from the 13.8 cm long PPG-S column and (b) re-injection 
of each of the fractions in (a) after a three-fold dilution with load buffer into the same PPG-S 
column. All runs were with a 1000-0 mM ammonium sulfate gradient in 20 CV at a flow rate of 
1.0 ml/min corresponding to a residence time of 2.7 min. Protein mass loads were 1.4 mg/ml for 
the initial injection and 0.027±0.013 mg/ml for the re-injections. The A280 absorbance is 
normalized to obtain the same peak area in order to account for slight differences in the amount of 
protein injected. 
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Figure 5.4 shows the elution profiles for each of the three BiSAb molecules for the PPG-S column 

at flow rates of 1.0, 0.5, 0.25, 0.1, and 0.05 ml/min corresponding to residence times of 2.7, 5.4, 

10.8, 27, and 54 min, respectively, all with a 1000 to 0 mM ammonium sulfate gradient in 20 CVs. 

Although there are some differences in retention and peak breadth between the three different 

BiSAb molecules, in all three cases, the three partially overlapped peaks obtained at 1 ml/min, 

gradually merge into two peaks, then into a single skewed peak, and finally into a single nearly 

symmetrical peak as the flow rate is decreased from 1 to 0.05 ml/min. For all three molecules, the 

salt concentration at elution of each peak and, thus, retention of each in CV units remain essentially 

unchanged for each peak as the flow rate is reduced. Overall, this behavior is, of course, opposite 

to what is normally encountered in chromatographic separations where, for conditions where mass 

transfer is dominant, better resolution of multiple independent species is attained at lower flow 

rates. The fact that, in our case, resolution between peaks decreases as the flow rate is reduced 

indicates that the elution behavior is controlled by the on-column interconversion of multiple forms 

of the same molecule. The kinetic rates are evidently on the same order of magnitude as the rates 

of chromatographic separation. As such, at high flow rates there is insufficient time for 

interconversion to occur and the different molecular forms elute primarily as separate, independent 

species. As the flow rate is reduced, more time is available for interconversion leading to a merging 

of the peaks with reduced resolution between the different molecular forms. At the lowest flow 

rate, the on-column time during elution is long enough to attain near equilibrium conditions 

between the different forms, which then elute as a single merged peak. 

As seen in Fig. 5.4, by comparing the three different BiSAbs, it is evident that the scFv attachment 

location affects the salt concentration at elution and, thus, the strength of interaction with the 

chromatographic surface. At 1 ml/min, the three peaks elute at 540, 380, and 220 mM ammonium 
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sulfate for BiSA (a), at 570, 450, and 330 mM ammonium sulfate for BiSB (b), and, at 510, 390, 

and 250 mM ammonium sulfate for BiSC (c). These results indicate that, among the three BiSAb 

molecules, BiSB, which has the scFv domains linked to the tip of the Fc region of the framework 

IgG (see Fig. 1.1), exhibits the weakest binding. Based on homology modeling, we have shown 

that while both the scFv domains and, to a lesser extent, the Fab domain of the framework IgG 

comprise surface-exposed area with high hydrophobicity (including surface-exposed tryptophan 

residues) the tip area of the Fc portion is highly charged and relatively non hydrophobic. It is 

plausible that if the scFv domains are primarily responsible for interaction with the HIC surface, 

their proximity to the more polar region of the Fc domain is responsible for weaker binding of 

BiSB compared to BiSA and BiSC. In addition to differences in retention, there also appear to be 

some difference in the relative magnitude of the three peaks observed at 1 ml/min. As seen in Fig. 

5.4, the first eluting peak at 1 ml/min is significantly more pronounced for BiSB, which overall 

binds more weakly, compared to the peaks obtained for BiSA and BiSC, which overall bind more 

strongly. This result suggests that the binding strength of the BiSAb molecules influences the 

relative magnitude of the three peaks with stronger binding species leading to more pronounced 

generation of later eluting forms. 
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Figure 5.4. Linear gradient elution of (a) BiSA, (b) BiSB, and (c) BiSC for the 13.8 cm long PPG-
S column with a 1000-0 mM ammonium sulfate gradient 20 CV at 1.0, 0.5, 0,25, 0.1, and 0.01 
ml/min. The corresponding residence times are 2.7, 5.4, 10.8, 27, and 54 minutes. The mass of 
protein injected was 0.02±0.001 mg/ml in (a) 0.26±0.008 mg/ml in (b), and 0.25±0.01 in (c). The 
ammonium sulfate gradient shown by the dotted line is plotted after converting the conductivity 
trace to concentration using a calibration curve. The A280 absorbance is normalized to obtain the 
same peak area.  
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Figure 5.5 shows the effect of hold time prior to elution for BiSA on the 5 cm long PPG-S column. 

A short column and, thus, a short residence time was selected for these experiments in order to 

emphasize the effects of the length of time spent by the protein bound to the chromatographic 

surface. Because, for these experiments, the residence time during elution was just 0.98 min there 

was relatively little time for interconversion between molecular forms in solution phase once 

elution started. In all cases, the gradient was 1000 to 0 mM ammonium sulfate in 20 CVs. As seen 

in Fig. 5.5a for three particular cases, a longer hold time resulted in a marked reduction of the first 

eluted peak with a concomitant marked increase in the third eluting peak. The middle peak 

remained relatively constant for all three cases shown. Since the three peaks are significantly 

overlapped, their relative magnitude was quantified, following ref. [3], by fitting each 

chromatogram to three exponentially-modified Gaussian (EMG) curves and determining the 

relative peak areas. The results are shown in Fig. 5.5b for a range of hold times between 0 and 120 

min. As seen in this figure, even if the gradient is started immediately after load (zero hold time), 

the first and second peaks have comparable areas. Thus, it appears that generation of multiple 

forms occurs essentially instantaneously upon contact with the chromatographic surface 

generating three peaks in the 40:40:20 ratio. Holding the protein in the bound state for longer 

periods of time reduces the first peak and increases the third eventually reaching an apparent 

equilibrium distribution for hold times longer than 60 min where the three peaks are eluted in a 

10:45:45 ratio. This gradual shift toward the more strongly retained forms is consistent with a 

consecutive, kinetically limited interconversion mechanism where the more weakly bound forms 

are gradually converted into more strongly bound ones until equilibrium is achieved. 
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Figure 5.5. Effect of hold time prior to start of the gradient on the elution behavior of BiSA on the 
5.0 cm long PPG-S column with a 1000-0 mM ammonium sulfate gradient at 1.0 ml/min. The 
corresponding residence time is 1 min. (a) Chromatograms obtained with 0, 15, and 60 min hold 
prior to start of the gradient. (b) Percentage of each peak area relative to the total area as a function 
of the hold time prior to start of the gradient. Solid lines are calculated from fits of eqs. 5.4-5.6. 
Protein mass injected was 0.31±0.01 mg/ml. 
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Figure 5.6 shows the effect of temperature on the elution profile of BiSA for the PPG-S column at 

a flow rate of 0.5 ml/min corresponding to a residence time of 5.4 min. The temperature was held 

at either 30 or 45 °C by placing the column in a thermostated compartment. For the 4 °C case, the 

column as well as the entire chromatographic workstation were placed in a cold room. These 

temperatures are well within the stability range of BiSA and no precipitation or cloudiness of any 

kind was seen in BiSA solutions held at these temperatures for prolonged periods of time. As 

shown in this figure, temperature has dramatic effects on the HIC elution behavior. Between 21 

and 45 °C, the main effect of temperature is gradually altering the elution profile from three peaks 

to a single merged peak without a significant effect on retention. It is likely that increasing 

temperature speeds up the rate of interconversion of different molecular forms resulting in near 

equilibrium conditions even at the relatively short residence time of 5.4 min and, thus, resulting in 

single peak elution. On the other hand, as seen in Fig. 5.6, reducing the temperature to 4 °C 

substantially reduces retention also largely preventing formation of the third peak. It is well known 

that, in general, the protein binding strength on HIC columns decreases at lower temperatures since 

the adsorption process is typically considered to be entropy-driven [4][5][6]. We also expect that 

the rates of interconversion will be lower at this temperature. The net result is that, because of the 

weaker binding, both the first and the second peaks elute earlier compared to higher temperatures. 

At the same time, the weaker binding also hinders formation of the more retained form so that little 

if any of the protein is eluted in the third peak. 
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Figure 5.6. Effect of temperature on the elution behavior of BiSA for the 13.8 cm long PPG-S 
column with a 1000-0 mM ammonium sulfate gradient in 20 CV at a flow rate of 0.5 ml/min. The 
corresponding residence time is 5.4 min. The mass of protein injected was 0.0022±0.0003 mg/ml. 
The A280 absorbance is normalized to obtain the same peak area.  
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Figure 5.7a shows the tryptophan emission spectra at the apex of each peak, normalized by 

absorbance at 280 nm, collected with the in-line fluorescence monitor during elution of BiSA from 

the Protein Pak Hi-Res HIC column run at 0.8 ml/min corresponding to a residence time of 0.7 

min. Linear gradient conditions are the same as in Fig. 5.2. The corresponding ratio of the 

maximum fluorescence intensities (F/F1) and spectral shifts at the fluorescence maximum (λmax - 

λmax,1) for the second and the third peak relative to the first are shown in Fig. 5.7b superimposed 

to the three-peak elution profile measured by UV at 280 nm. The data points are the average of 

three runs and the error bars correspond to the range of values. As seen from this figure, the 

normalized fluorescence intensity significantly increases from the first to the second and to the 

third eluted peaks and this increase is accompanied by a red-shift in emission maxima. Both 

increased tryptophan fluorescence and red spectral shifts are indicative of increased solvent 

exposure [7]. As shown by homology modeling in Figures 3.9-3.11, tryptophan residues are 

present both in the scFv domains as well as in the Fab region. The surface exposure of these 

residues is, however, likely dependent on the configuration of the scFv domains relative to the 

framework IgG. For example, one could expect greater solvent exposure when the scFv domains 

are outstretched away from the framework IgG but lower exposure when these domains are 

collapsed onto the framework IgG. In turn, it is plausible that configurations with two outstretched 

scFv domains will interact more favorably and, thus, be retained longer than configurations where 

the two scFv domains are collapsed on the framework IgG surface. Obviously, BiSAb 

configurations with one scFv domain outstretched and one collapsed on the framework IgG surface 

would be expected to have binding strength and autofluorescence properties intermediate between 

the two extreme cases. Because of the symmetry of our BiSAb molecules, we would expect three 

major peaks, corresponding to two collapsed, one collapsed and one outstretched, and two 
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outstretched scFv domains. Since the HIC surface is hydrophobic, it is plausible that interaction 

with the surface with the hydrophobic scFv domain will facilitate conformational change towards 

the outstretched configurations. During gradient elution, as binding becomes weaker, it is likely 

that the outstretched configurations are converted back to forms where the scFv domain are 

collapsed on the framework IgG, which are, likely, more stable in solution. Finally, because these 

configurations depend on changes in tertiary structure made possible by the flexible linker, rather 

than unfolding with loss secondary structure, we expect these configurations to be reversibly 

interconvertible on relatively short time scales. 
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Figure 5.7. In-line auto-fluorescence measurements with excitation at 295 and emission monitored 
from 310 to 400 nm for BiSA on the Protein Pak Hi-Res HIC column with a 1000-0 mM 
ammonium sulfate gradient in 20 CV at a flow rate of 0.8 ml/min corresponding to a residence 
time of 0.7 min. (a) Emission spectra of each eluted peak at the peak maximum normalized by the 
corresponding UV280 absorbance. (b) UV280 chromatogram with overlaid normalized 
fluorescence intensity (F/F1) and wavelength shift at maximum fluorescence (λmax - λmax,1) relative 
to peak 1. Data points in (b) are the averages of triplicate runs and error bars correspond to their 
range. The protein mass load was 0.034±0.01 mg/ml.  
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5.4 Modeling 

Based on the similarities noted between CEX and HIC, a three-binding state phenomenological 

model, analogous to that developed for CEX in section 2.3.2, was developed to describe the BiSAb 

elution behavior observed for HIC columns. The main goal is to help confirm our hypothesis that 

the multiple peaks result from the existence of three different binding states of the same molecule. 

The model framework differs from the previous CEX model mainly with regards to the expression 

used to represent protein retention by using an isotherm relevant for HIC media. Analogous models 

have been proposed by Haimer et al. to describe multiple peak elution resulting from protein 

unfolding [8] and by McCue et al. [9] to describe irreversible unfolding of monomer and aggregate 

species of a recombinant fusion protein. 

Physically, we hypothesize that the three binding states correspond to configurations of the scFv 

differing where none, one, or two of the scFv domains are outstretched away from the framework 

IgG being increasingly able to interact with the resin. We focus on the elution behavior of BiSA 

on PPG-S column at room temperature, which gave a reasonable separation of the eluted peaks 

while still preserving the characteristics of a resin for preparative applications. The model is 

limited to low protein loads assuming that the protein-resin interaction can be described by a linear 

isotherm dependent only on the ammonium sulfate concentration. 

The four components of our model are the isotherm model to predict retention of each form, a 

model to describe the interconversion of the different forms on the chromatographic surface and 

in solution, a model to describe transport in the resin pores, and a column mass balance for each 

species. Since the model contains many parameters, in order to avoid over-fitting, where possible, 

we obtained each parameter for experimental conditions where we expected the parameter of 

interest to be a dominant factor.  
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In the model, we consider three molecular forms, 1, 2, and 3, corresponding to the first, second, 

and third eluted peaks, which interconvert into each according to the following scheme: 

 

We assume that the same scheme applies to both the solution phase with first order rate constants 

 and  and equilibrium constants  and  for the first and second reaction, respectively, 

and to the chromatographic surface with corresponding first order rate constants  and  and 

equilibrium constants  and . The solvophobic theory [5][6] was chosen to represent the 

adsorption isotherm for each of these forms.  At high salt and low protein loads, this theory reduces 

to the following exponential relationship between the Henry constant or distribution coefficient,

, describing partitioning between the solution and the chromatographic surface, and the 

ammonium sulfate concentration CM: 

      (5.1) 

where iA and  are molecule-specific parameters. For each form, the adsorbed concentration, iq

, is related to the fluid phase concentration, iC , by the equation: 

       (5.2) 

With a negative linear ammonium sulfate gradient, the following relationship is obtained between 

the normalized gradient slope, , and the ammonium sulfate 

concentration at elution,  [10]: 
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      (5.3) 

where  and  are the initial and final ammonium sulfate concentrations, respectively, and 

CVG is the duration of the gradient in CV units. According to eq. 5.3, a plot of  vs.  is 

linear with slope  and intercept . Figure 5.8 shows the chromatograms at varying 

gradient slope conducted with 10, 15, 20, 25, and 40 CV gradients at 1.0 ml/min in the 13.8 cm 

column. Figure 5.9 shows the experimentally determined values for each of the three peaks 

measured by fitting three exponentially modified Gaussian curves to each chromatograms.  Since 

the residence time was short in these runs (2.7 min), there was minimal on-column interconversion 

during elution so that three distinct peaks were obtained with all five gradients. As seen in Fig. 

5.9, the  vs.  plots are linear for all three forms in agreement with eq. 5.3. This 

agreement suggests that, for these conditions, although the relative size of each peak will depend 

on the rate of interconversion, the salt concentration at elution is determined only by the 

equilibrium relationship describing the interaction of each protein form with the resin. Table 5.1 

summarizes the fitted values of  and . As seen from these values, while form 1 is bound more 

weakly at a given salt concentration, as shown by its smaller value of A, its retention is also more 

sensitive to salt concentration, as shown by its larger value of . As seen form Table 5.1, for form 

3 binding is stronger, but less sensitive to the ammonium sulfate concentration. Form 2 has an 

intermediate behavior between that of form 1 and form 3 with regards to binding strength and 

sensitivity to ammonium sulfate concentration.  

  

148



 
 
 
 

Figure 5.8. Effect of gradient slope on the elution of BiSA on the13.8 cm long PPG-S column with 
1000-0 mM ammonium sulfate gradients in 10, 15, 20, 25, and 40 CV operated at a flow rate of 
1.0 ml/min corresponding to a residence time of 2.7 minutes. The mass of protein injected was 
0.20±0.007 mg/ml. Ammonium sulfate concentration shown on the right hand y-axis is plotted 
after conversion from the conductivity trace using a standard curve. The A280 absorbance is 
normalized to obtain the same peak area.  
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Figure 5.9. Plot of the natural logarithm of the normalized gradient slope, , in mM units vs. the 
ammonium sulfate concentration at elution, , for each BiSA peak eluted from the 13.8 cm 
PPG-S column with 1000-0 mM ammonium sulfate gradients in 10, 15, 20, 25, and 40 CV at a 
flow rate of 1.0 ml/min. The corresponding residence time is 2.7 min. Solid lines are based on eq. 
5.3. The regressed parameters Ai and  are given in Table 5.1.  
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Table 5.1. Parameter values estimated for BiSA on the PPG-S columns. 

Parameter Peak 1 Peak 2 Peak 3 
A 0.00012 0.045 0.94 

(mM-1)  0.019 0.012 0.0081 

 (s-1) 0.0025 

 (s-1) 0.0001 

 (s-1) 0.001 

 (s-1) 0.001 

 1.0 
 0.25 

 4.3 

 1.0 
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The next component of the model is a description of the three-state reversible interconversion 

which is assumed to occur both in the adsorbed phase and in solution. As seen from the short-

column, short-residence time experiments in Fig. 5.5, the distribution of the different molecular 

forms responsible for each peak varies with the hold time on the chromatographic surface. 

Neglecting interconversion during elution, we describe the interconversion on the 

chromatographic surface according to the following equations:  

          (5.4) 

       (5.5) 

       (5.6) 

Initial conditions for these equations are based on the initial distribution of the three peaks with 

zero hold time (see Fig. 5.5b). The four constants , 2k , , and  were regressed to the data 

in Fig. 5.5b and are summarized in Table 5.1. Calculated lines are shown in Fig. 5.5b. As seen in 

this figure, the model equations provide a reasonable description of the peak distribution. 

The next consideration is the description of interconversion in solution. One can, of course, write 

equations analogous to eqs. 5.4-6. However, more insight can be obtained by first examining the 

merged chromatographic peaks that are obtained for each of the BiSAb molecules at long residence 

times with a 20 CV gradient (see Fig. 5.10). These experiments were repeated for BiSA at 0.05 

ml/min, corresponding to 54 min residence time, for gradient lengths of 10, 20, 40, and 80 CV. 

Figure 5.10 shows the chromatograms. Each of these gradients gave a single merged peak with 
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salt concentration at elution varying as a function of gradient slope. As shown in Appendix of ref. 

[11], assuming that local interconversion equilibrium is established, the relationship between the 

normalized gradient slope and the salt concentration at elution is given by the following integral 

expression: 

     (5.7) 

where  and  are equilibrium constant for the conversion of form 1 into form 2 and of form 

2 into form 3, respectively, in solution. Integrating this equation with the expressions of  in 

eqs. 5.1 and 5.2 using the  and  from Table 5.1 provides the line shown in Fig. 5.11. The 

values of =1 and =0.25 used for this calculation were found by fitting and appear to 

represent the behavior of the merged peak well. Obviously, the rate constants in solution cannot 

be determined from these data at near equilibrium conditions and are obtained, instead, by fitting 

the overall model prediction to the chromatographic data for conditions where multiple peaks are 

observed. 
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Figure 5.10. Effect of gradient slope on the elution of BiSA on the 13.8 cm long PPG-S column 
with 1000-0 mM ammonium sulfate gradients in 10, 20, 40, and 80 CV operated at a flow rate of 
0.05 ml/min corresponding to a residence time of 54 minutes. The mass of protein injected was 
0.30±0.02 mg/ml. Ammonium sulfate concentration shown on the right hand y-axis is plotted after 
conversion from the conductivity trace using a standard curve. The A280 absorbance is normalized 
to obtain the same peak area.  
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Figure 5.11. Ammonium sulfate concentration at elution of the merged BiSA peak eluted from the 
13.8 cm long PPG-S column with 1000-0 mM ammonium sulfate gradients in 10, 20, 40, and 80 
CV at a flow rate of 0.05 ml/min. The corresponding residence time is 54 min. The solid line is 
based eq. 7. The regressed values of the K1 and K2 parameters are given in Table 5.1.   
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Next, we consider the description of mass transfer between solution and adsorbed phase. As in the 

case of CEX, we assume that pore diffusion is the dominant transport mechanism and use the linear 

driving force (LDF) approximation as a description of mass transfer [12]:  

( )*
2

ˆ 15i e
i i

p

q D C C
t r

∂
= −

∂
       (5.8) 

where  is the concentration in the resin particles including both adsorbed molecules 

and those partitioned into the pore fluid, eD is the effective pore diffusivity in the particle, rp, is 

the particle radius, and  the solution concentration at equilibrium with . Ideally, eD  could be 

determined by measuring the protein HETP as a function of flow rate for conditions where there 

is no retention and, thus, no interconversion, as we did in Chapter 2 for BiSA with CEX resins. In 

the present case, however, unfortunately we could not find conditions where BiSA was not 

retained, as relatively strong binding occurred even in the absence of ammonium sulfate. This 

behavior is not unusual for hydrophobic proteins (e.g. see ref. [13]), but would complicate the 

analysis for BiSA since band broadening would be affected by interconversion. In order to 

circumvent this problem, we determine eD  from nonbinding HETP measurements using a 

relatively hydrophilic mAb available in our lab as a model protein. Since the pore size of the PPG-

S is relatively large (75 nm according to the manufacturer [14]), we anticipate that the small 

difference in size between the mAb (~5.5 nm in hydrodynamic radius [15]) and BiSA (~6.2 nm in 

hydrodynamic radius) would not greatly affect diffusional hindrance. As seen in Fig. 5.12, the 

HETP determined form isocratic pulse injections of this mAb in 50 mM Na3PO4 at pH 7 without 

addition of ammonium sulfate increases linearly with flow rates indicating that band broadening 

for this mAb is mas-transfer controlled. The corresponding value of De, obtained from the linear 

slope of this relationship as described in ref. [10] was De = 5.3x10-8 cm2/s.  
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Figure 5.12. van Deemter plot of a mAb on the 13.8 cm long PPG-S column. Isocratic pulse 
injections performed at nonbinding conditions (50 mM Na3PO4, pH 7.0) were performed at varying 
reduced velocity. The reduced HETP is calculated using the moment method. 
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Finally, the De-value of BiSA was estimated by scaling the value determined for the mAb 

according to the ratio of hydrodynamic radii of the two molecules giving De = 4.7x10-8 cm2/s. As 

an approximation, the same value was assumed for all three forms hypothesized with collapsed or 

outstretched scFv domains.  

The final component of the overall model are the material balances expressed by the following 

equations 

( )*1 2
1 1 1 12

1

ˆ 15 e

p

Dq qC C k q
t r K

 ∂
= − − − ∂  

       (5.9a) 

( )* 32 2
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( )*3 3
3 3 2 22

2

ˆ 15 e

p

q D qC C k q
t r K

 ∂
= − + − ∂  

       (5.9c) 

    (5.10a) 

  (5.10b) 

( )*3 3 3
3 3 2 22

2

15(1 ) e

p

C C D Cv C C k C
t x r K

ε ε ε ε
 ∂ ∂

= − − − − + − ∂ ∂  
    (5.10c) 

where x is the column axial coordinate. The model equations above reduce to the limiting cases 

used to determine most of the parameters. The remaining parameters describing the rates of inter-

conversion in solution, 1k and 2k , were determined by comparing the numerical solution of the 

full model equations (eqs. 5.9 and 5.10) with the experimental elution data. The numerical solution 
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was obtained discretizing eqs. 5.10a-10c by Euler backward finite differences and integrating the 

corresponding set of ordinary differential equations using MATLAB’s multistep, variable order 

ODE solver, ode15s. Since backwards discretizations introduces numerical dispersion [16][17], 

the number of discretizations was set equal to the number of theoretical plates found 

experimentally from a salt pulse injection for each column, 350, 170, and 300 for the 13.8 cm long 

PPG-S column, the 5.0 cm long PPG-S column, and the 14.6 cm long PPG-M column, 

respectively.  The ammonium sulfate gradient was simulated assuming ideal conditions due the its 

small size and, hence, high effective diffusivity expected to yield virtually the same results as 

rigorous calculations due to the slow mass transfer of large BiSAb proteins compared to salt  [18]. 

Figure 5.13 compares model predictions using the parameters summarized in Table 5.1 and 

experimental data for BiSA gradient elution runs on the PPG-S columns under different conditions. 

Panels (a) and (b) compare short and long residence times (2.7 and 54 min) with no hold time for 

the 13. 8 cm PPG-S column. Panels (c) and (d) compare no hold and 60 min hold conditions with 

a 0.98 min residence time. In agreement with the data, for panels (a) and (b) the model predicts 

three distinct peaks at a residence time of 2.7 min and a single, nearly symmetrical peak at 54 min 

residence time. For panels (c) and (d) the model predicts trends in agreement with the experimental 

data with respect to the effect of hold time prior to start of the gradient. These data were obtained 

for the short PPG-S column (5.0 cm column length) and high flow rate (1 ml/min), leading to a 

very short residence time. Quantitatively, the agreement is only approximate, likely because of 

differences in packing quality for this short column. Nevertheless, the experimentally observed 

trend of an increased percentage of protein eluting in the third peak and a decreasing percentage 

of protein eluting in the first peak at increased hold times is predicted by the model.  
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Figure 5.13. Comparison of predicted and experimental elution profiles for BiSA on different PPG-
S columns with a 1000-0 mM ammonium sulfate gradient in 20 CV at different flow rates, column 
lengths, and hold times. Panel (a) and (b) are for the 13.8 cm PPG-S column and panels (c) and 
(d) are for the 5.0 cm PPG-S column. Model parameters are from Table 5.1. Experimental and 
predicted curves are normalized to the same peak area for comparison. For simplicity, the 
ammonium sulfate gradient is not shown but was in nearly perfect agreement with the model. 
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Figure 5.14 compares the PPG-M experimental results at short and long residence times (2.9 and 

57 min) with curves predicted by the model using the same parameters determined for PPG-S 

except for the particle diameter that as adjusted from 33 to 73  µm. As seen in this figure, except 

for a slight difference in retention, which is expected because of the slightly lower apparent 

hydrophobicity of PPG-M compared to PPG-S, the experimental trends observed for the PPG-M 

column with respect to residence time are well predicted by the model. In comparison to the PPG-

S profiles, at the short residence time of 2.9 min, the model predicts broader peaks compared to 

those predicted for the PPG-S column as a result to the greater effects of mass transfer due to the 

larger particle size of the PPG-M resin. This effect leads to lower resolution between the three 

peaks observed at the shorter residence times, also in agreement with the experimental data. As 

seen in Fig. 5.14b, the model predicts that increasing the residence time to 57 min by reducing the 

flow rate leads to the elution of a nearly symmetrical peak. For both cases in Fig. 5.14, shifting the 

predicted peaks to the left by about 1.8 CV units brings experimental and predicted peaks in close 

quantitative agreement. Despite this difference, which is expected because of the slightly different 

hydrophobicity of the two PPG resins, the fact that the model captures the experimental trends 

indicates that the underlying mechanisms leading to the complex elusion behaviors observed for 

BiSA are the same for both resins and occur at similar rates. 
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Figure 5.14. Comparison of predicted and experimental elution profiles for BiSA on the PPG-M 
column with a 1000-0 mM ammonium sulfate gradient in 20 CV at different flow rates. Model 
predictions are based on the parameters determined for PPG-S in Table 5.1 except for the particle 
diameter that was set at the experimental value of 73 µm and adjusted column length and 
corresponding number of discretizations. Note that the model overestimates retention in the 
column by about 1.8 CV which is due to the slightly lower hydrophobicity of the PPG-M resins 
compared to PPG-S. Experimental and predicted curves are normalized to the same peak area for 
comparison. For simplicity, the ammonium sulfate gradient is not shown but was in nearly perfect 
agreement with the model. 
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5.5 Comparison between HIC and CEX behavior 

Comparing the HIC and CEX behaviors of the BiSAb molecules is instructive and reveals 

remarkable similarities. Despite the fact that the main protein-surface interaction mechanisms are 

completely different in the two cases and that protein elution is obtained with an increasing 

concentration of a chaotropic salt (NaCl) in CEX and with a decreasing concentration of a 

kosmotropic salt (ammonium sulfate) in HIC, essentially the same three-peak elution behavior is 

observed. In both instances, the elution behavior is dependent on the residence time, where short 

residence time elutes three peaks, and residence times on the order of 30 min or longer elute a 

single peak. Additionally, in both cases, the chromatographic surface is responsible for catalyzing 

the generation of more strongly retained forms that elute later in the gradient at short residence 

times. The relative amount of these stronger binding forms increases while bound until an apparent 

equilibrium state is reached at about 60 min after initial binding. Another remarkable similarity is 

the effect of temperature which appears to speed up interconversion rates. In both cases, operating 

at temperatures around 45–55 °C resulted in a single elution peak. Finally, in both cases, the root 

cause of the three peak elution behavior appears to be related to the scFv configuration relative to 

the framework IgG surface with outstretched configurations with the scFv domains extended away 

from the framework IgG being more strongly retained. Tryptophan fluorescence measurements for 

both HIC and CEX indicate step-wise increases in solvent exposure from the least to most retained 

peak. These similarities indicate that these behaviors are caused by the molecular properties of 

these molecules in a manner that is qualitatively independent of the binding mechanism. It is 

evident that the elution behavior is dependent on a balance of inter-domain interactions (between 

scFv domain and framework IgG) and domain-chromatographic surface interactions.  
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6 Fragment Separation 

6.1 Introduction  

Shown in Fig. 2.2, two acidic impurities were resolved in the BiSB sample on cation exchange 

columns. These impurities were identified as fragments that were formed in the bioreactor during 

cell culture. The aim of this section is to 1) identify the structure of the fragments via mass 

spectrometry, 2) compare the linear gradient elution behavior of fragments with intact BiSAb 

proteins and quantify differences in binding strength to the resin surface, and 3) evaluate 

multicomponent high load behavior where there is competition for binding sites between protein 

species. High load equilibrium is measured using adsorption isotherms and kinetics are studied 

with confocal laser scanning microscopy. Although fairly small differences in binding strength are 

measured by gradient elution, high selectivity is observed for the intact protein over both fragments 

at high load. Nearly full displacement of the fragments by the intact protein is also observed using 

confocal microscopy. This work was published in the Journal of Chromatography A publications 

as ref. [1].   

6.2 Materials and Methods 

6.2.1 Materials 

Based on analytical cation exchange chromatography, the raw sample contained approximately 

74% of the intact species along with 12% and 14% of two early eluting fragments, identified as 

Fragment 1 and Fragment 2, respectively. The intact species and fragment proteins were isolated 

by cation exchange chromatography as described below. Analytical size exclusion 

chromatography (SEC) of the isolated fractions with an Acquity BEH 200 SEC column (Waters, 

Milford, MA, USA), performed using a Waters Acquity H-Class UPLC system at 0.3 ml/min with 
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a running buffer containing 100 mM Na2PO4 with 200 mM NaCl at pH 7, showed absence of 

aggregated species. The cation exchange resins used in this work are ProPac WCX-10 (Dionex 

Corporation, Sunnyvale, CA, USA) and Nuvia HR-S (BioRad Laboratories, Hercules, CA, USA).  

6.2.2 Methods 

The fragments and the intact species were isolated by collecting fractions of the eluate from linear 

gradient elution runs with the Nuvia HR-S column using an ÄKTA Pure 25 system (Cytiva, 

Marlborough, MA, USA). The gradient used was 0-125 mM NaCl over 20 CV in 10 mM Na2PO4 

buffer at pH 7 with an 8 mg/ml load of the BiSB protein sample. The fractions collected were 

analyzed first by intact mass spectrometry. For this purpose, each fraction (2 µg) was first run on 

an Acquity BEH 300 C4 reversed phase column (Waters, Milford, MA, USA) using an Acquity I-

Class UPLC system also from Waters at a flow rate of 0.15 ml/min, with in-line mass spectrometry 

using a Q Exactive HF-X mass spectrometer (ThermoFisher Scientific, Waltham, MA, USA) 

operated in positive polarity, full scan mode. The scan range of precursor ions was set at 600-5000 

m/z with resolving power of 15,000. Intact masses of biomolecules were obtained from spectra 

deconvolution using Intact Mass software (Protein Metrics Inc., Cupertino, CA, USA).   

The isolated proteins were further characterized at the domain level using a “middle-up” approach 

by coupling immunoglobulin degrading IdeS enzyme digestion with mass spectrometry. Towards 

this, each isolated sample was first enzymatically cleaved using the IdeS Fabricator enzyme from 

Genovis AB (Cambridge, MA, USA) by mixing the enzyme with the sample for 1 hr at 37 °C 

[22][23]. The Fabricator enzyme cleaves IgG1 specifically between glycines 243 and 244 

generating a (Fab)2 fragment and a mixture of Fc-scFv and (Fc-scFv)2 domains. The latter results 

from strong non-covalent interactions between the Fc heavy chain domains. After enzymatic 

digestion, each cleaved sample was injected into a Waters Acquity BEH 300 C4 reversed phase 
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column and eluted with a 22-min linear gradient (mobile phase A: 0.1% formic acid in water; 

mobile phase B: 0.1% formic acid in acetonitrile) using the same UPLC system and in-line MS 

system described above. Measured masses were identified using the Intact Mass software along 

with an in-house developed fragment identifier software. 

Chromatographic methods were performed as described in 2.2.2. The method for obtaining 

adsorption isotherms follows that of section 4.2. The confocal microscopy method described in 

section 4.2 was altered to multicomponent use for this section. The isolated species fragment 1, 

fragment 2, and intact protein were labeled with AlexaFluor 633, Rhodamine Green-X, and 

Rhodamine Red-X, respectively. All labels are amine reactive and were purchased from 

ThermoFisher Scientific (Waltham, MA, USA). In each case, the protein was concentrated to 

between 4 and 8 mg/ml with an Amicon Ultracel centrifugal filter (MilliporeSigma, MO, USA), 

buffer exchanged to 500 mM NaHCO3 at pH 8.5, and mixed with the fluorescent dye in a ratio of 

1:3 mole dye per mole of protein for 1 hr. The unreacted dye was then removed by SEC using 

EconoPac DG-10 gravity desalting columns (Bio-Rad Laboratories, Hercules, CA, USA). The 

resulting labeling ratios, measured with the NanoDrop 2000 UV-Vis spectrophotometer, were 

0.29, 0.37, and 0.07 for the intact protein and for the two fragments, respectively. Different 

amounts of each labeled protein were mixed with the raw BiSB sample to obtain a labelling ratio 

of 1 labeled protein molecule to 160 unmodified protein molecules for each species. The ensuing 

kinetic experiment followed the same protocol mixing protein sample with a small amount of resin 

and imaging with a Zeiss LSM 510 microscope (Carl Zeiss MicroImaging, LLC, Thornwood, NY, 

USA) using excitation lasers at 561, 488, and 633 nm to visualize intact protein and the two 

fragments, respectively. 
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6.3 Results and Discussion 

6.3.1 Fragment Identification  

Figure 6.1 shows the whole protein mass spectra of the three isolated species along with their 

corresponding putative structures. As seen from this figure, the observed masses are in good 

agreement with the theoretical masses calculated based on the known sequence. Both fragments 

identified are consistent with a structure where one of the heavy chains was clipped which removed 

a linker and a scFv. The difference between the fragments is one residue: a C-terminal lysine. C-

terminal lysine is a common source of heterogeneity in monoclonal antibodies which is caused by 

reduced carboxypeptidase activity in the cell culture supernatant [2][3]. 

Figure 6.2 shows the RP-HPLC of each isolated protein following digestion with the IdeS enzyme, 

which cleaves selectively below the hinge region of the framework IgG. The corresponding masses 

are also shown for each major peak along with the deduced structure. For the intact protein, the 

main peak corresponds to the (Fab)2 fragment, to the (Fc-scFv)2 fragment, and to the Fc-scFv 

fragment. As shown previously in Chapter 3, digesting with this enzyme does not completely 

dissociate the Fc heavy chains, so it is not surprising that residual (Fc-scFv)2 is observed. For both 

fragment 1 and 2, the main peaks are the (Fab)2 fragment, the Fc-scFv fragment, and the Fc 

fragment. For fragment 2, the mass of the Fc fragment is consistent with the presence of an 

additional C-terminal lysine. Figure 6.3 shows analytical UPLC-SEC of the isolated samples. SEC 

chromatograms show molecular sizes consistent with the masses of the intact protein and of the 

two fragments determined by MS. The fragments are smaller, and thus able to access larger pore 

space in the SEC resin media causing them to emerge from the column later than the intact protein. 

A leading shoulder for fragment 2 shows a small amount of intact protein is in the sample 
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Figure 6.1. Structure and whole-protein MS spectra of the intact protein (top), fragment 2 (middle), 
and fragment 1 (bottom).  The Fab domain is shown in blue, the CDR region in red, the Fc domain 
in green, and the scFv domains in orange. Theoretical masses are 202.095 kDa for the intact 
protein, 175.614 for fragment 2, and 175.486 for fragment 1. Different peaks within each panel 
correspond to the intact protein with different glycoforms (G0F/G0F, G0F/G1F, etc.). 
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Figure 6.2. Overlaid reversed phase HPLC chromatograms for the intact protein, for fragment 1, 
and for fragment 2 preceded by digestion with IdeS, which cleaves below the hinge region. Insets 
show the masses obtained from non-reduced MS analysis of each major peak and the 
corresponding structures. The fragments identified are: (Fab)2 (98.430 kDa), (Fc-scFv)2 (103.673 
kDa), Fc-scFv (51.837 kDa), Fc (25.232 kDa), and Fc-K (25.360 kDa). 
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Figure 6.3.  UPLC-SEC analysis of isolated fragment 1, fragment 2, and intact protein with an 
Acquity BEH 200 SEC column operated at 100 mM Na2PO4, 200 mM NaCl, pH 7 at 0.3 ml/min.  
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6.3.2 Chromatographic Behavior 

Figure 6.4 shows the gradient elution behavior of the raw BiSAb sample and of the isolated protein 

species on the ProPac WCX-10 at 0.5 ml/min, which corresponds to a residence time of 2.5 min 

(panels a and b), and on the Nuvia column at 2.0 ml/min, which corresponds to a residence time 

of 1.5 min (panels c and d). The pellicular structure and ensuing higher-resolution capability of 

the ProPac column demonstrates important features of the eluted peaks. As seen in this figure, the 

raw sample comprises five major peaks. The first two peaks correspond to the isolated fragments 

1 and 2, while the last three peaks correspond to the intact protein. Re-injection of the two early-

eluting fractions obtained from the Nuvia column, each containing an isolated fragment, results in 

two major distinct peaks on the ProPac column (Fig. 6.4b). On the other hand, re-injection of the 

intact species fraction from the Nuvia column into the ProPac column results in three major peaks. 

A shoulder is also seen for some of the peaks. This shoulder peak occurs, at least in part, because 

the purity of the isolated fractions is not absolute. These more detailed features of the ProPac 

elution behavior are not visible with the Nuvia column as a result of its larger particle size, porous 

structure, and, thus, more limited resolution capability. Due to increased mass transfer effects 

leading to broader peaks for Nuvia HR-S, each set of multiple peaks on the ProPac column appears 

as a single, broader peak on the Nuvia column. 
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Figure 6.4. Gradient elution results for the raw BiSB sample (a and c) and for the isolated species 
(b and d) with 0-125 mM NaCl gradients in 20 CV. Panels (a) and (b) are for the ProPac column 
at 0.5 ml/min corresponding to a 2.5 min residence time. Panels (c) and (d) are for the Nuvia HR-
S column at 2.0 ml/min corresponding to a 1.5 min residence time. Protein loads in (a) and (b) 
were 0.12, 0.05, 0.013, and 0.023 mg/ml for the raw sample, intact, fragment 2, and fragment 1, 
respectively. Protein loads in (c) and (d) were 0.12, 0.1, 0.02, and 0.02 mg/ml for the raw sample, 
intact, fragment 2, and fragment 1, respectively.  
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Figure 6.5 shows the effect of flow rate on the ProPac chromatography of the raw sample (a) and 

of each of the isolated species (b, c, and d). In all four cases, multiple peak elution is observed for 

each component at the higher flow rate of 0.5 ml/min. However, the peaks corresponding to each 

individual component merge into a single, somewhat tailing peak at the lower flow rate of 0.05 

ml/min. When two scFv domains are present, as in the intact species, the molecule can exist in 

three extreme configurations – one with both scFv domains extended away from the framework 

IgG, one with one scFv extended away and the other collapsed onto the IgG framework, and one 

with both scFv domains collapsed on the IgG framework. As a result, three peaks are eluted, each 

containing a predominance of one species or the other when the residence time is short compared 

to the rate of interconversion between the three configurations.  In contrast, if only one scFv 

domain is present, as in the case of the two fragments, only two extreme configurations are possible 

– one with the scFv extended away and the other with the scFv collapsed onto the framework IgG. 

The result is that, in this case, two peaks are eluted when the residence time is short compared to 

the rate of interconversion between the two configurations. At the lower flow rate, when the 

residence time is longer, the peaks merge and the resulting peak tends to elute as an equilibrium 

mixture of multiple configurations. In Chapter 3, we showed that a two-peak elution behavior is 

also observed for a fragment of a BiSAb molecule that contained a single scFv domain, obtained 

by enzymatic digestion, consistent with the results obtained here for the BiSB fragments. It should 

be noted that in our reasoning we have considered only the extreme molecular configurations that 

are possible. In reality, however, an essentially infinite number of intermediate configurations are 

likely possible leading to peaks that are more spread out that would be expected if only a finite 

number of configurations existed. 
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Figure 6.5. Effect of flow rate on the elution behavior of the raw sample and of each isolated 
component on the ProPac WCX-10 column with a 0-125 mM NaCl linear gradient over 20 CV. 
(a) raw sample, (b) intact protein, (c) fragment 2, (d) fragment 1. Residence times corresponding
to flow rates of 0.05 and 0.5 ml/min are 25.0 and 2.5 min, respectively. Protein mass load were
0.22±0.1 mg/ml for (a), 0.12±0.07 for (b), 0.03±0.02 for (c), and 0.06±0.03 for (d). Absorbance
values are normalized to the same total peak area.
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Figure 6.6 shows the effect of temperature on the elution behavior of the isolated species on the 

ProPac column. As seen in this figure, the multiple peaks seen in each case at 21 °C tend to merge 

into a single peak with slightly lower retention than the average of the multiple 21 °C peaks when 

the temperature is increased to 40 °C. This behavior parallels that seen as a function of flow rate. 

In this case, a higher temperature appears to have the same effect as a lower flow rate (or longer 

residence time). A similar behavior was observed for intact BiSAb molecules in Chapter 2 for 

CEX and Chapter 5 for HIC and was attributed to the kinetics of the configurational 

interconversion becoming faster at higher temperature.  As seen in this figure the same behavior 

and, likely, the same underlying molecular mechanism appears to determine the chromatographic 

behavior of the BiSB fragments. 

The final effect explored for the ProPac column is that of the hold time during which the protein 

sits on the chromatographic surface in a low-salt buffer where the protein binding strength is high.  

Figure 6.7 compares the elution behavior of the isolated fractions with or without a 60 min hold 

prior to commencing the gradient. In all three cases, the fraction of total protein emerging in the 

late elution peaks is somewhat higher when a hold time is included compared to the case without 

a hold suggesting that interactions with the chromatographic surface tend to shift the molecular 

configuration toward that of the more retained species increasingly over time. In Chapter 3, we 

showed, through a number of independent measurements including in-line tryptophan 

fluorescence spectroscopy, that the more strongly retained peaks correspond to configurations with 

the scFv domains extended away from the framework IgG. By extrapolation, we surmise that this 

is also likely to be the case for the BiSB fragments studied in this work 
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Figure 6.6. Effect of temperature on the elution behavior of the isolated components on the ProPac 
WCX-10 column with a 0-125 mM NaCl linear gradient over 20 CV at 0.5 ml/min corresponding 
to a 2.5 min residence time. (a) intact protein, (b) fragment 2, (c) fragment 1. Protein mass loads 
were 0.05±0.005 mg/ml for (a), 0.02±0.001 for (b), and 0.01±0.001 for (c). Absorbance values are 
normalized to the same total peak area. Note that the x-axis scales are different in each in panel. 
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Figure 6.7. Effect of hold time on the elution behavior of the isolated components on the ProPac 
WCX-10 column with a 0-125 mM NaCl linear gradient over 20 CV at 0.5 ml/min corresponding 
to a 2.5 min residence time. (a) intact protein, (b) fragment 2, (c) fragment 1. Protein mass loads 
were 0.05±0.005 mg/ml for (a), 0.01±0.001 for (b), and 0.02±0.001 for (c). Absorbance values are 
normalized to the same total peak area. Note that the x-axis scales are different in each in panel. 
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The remaining chromatographic studies were performed with the Nuvia column. While resolution 

is lower compared to the ProPac column, which prevents observing many of the details of the 

multiple elution peak behaviors, Nuvia HR-S is suitable for preparative/process scale applications 

as a result of its larger surface area and, thus, greater binding capacity. Figure 6.8a shows the raw 

BiSB sample chromatograms obtained with 5, 10, 15, 20, and 40 CV gradients. As seen in this 

figure, resolution increases and elution occurs at lower Na+ concentrations as the length of the 

gradient is increased. Disregarding the presence of multiple configurations, an average retention 

factor of the intact species and of the two fragments can be obtained by analyzing these 

chromatograms according to the method of Yamamoto [4][5][6][7]. Based on the stoichiometric 

displacement (SD) model [8] or, equivalently, on the steric mass action (SMA) law model [9], in 

the linear region of the isotherm, binding of each species is described by the following equation: 

     (6.1) 

where  and  are the bound protein concentration and the resin charge density, respectively, 

 is the protein concentration in solution, Na
C +  is the Na+ concentration,  is an equilibrium 

constant for the exchange of protein and Na+, and  is the protein effective charge. Accordingly, 

the protein retention factor is: 
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where  is the phase ratio and  is the intraparticle porosity accessible by the protein. 

Based on eq. 6.2, the following relationship is obtained between the normalized gradient slope, 

, and the Na+ concentration at elution,  [10]: 
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where . In this expression,   and are the final and initial 

Na+ concentrations in the gradient, respectively,  is the length of the gradient, and  is 

the intraparticle porosity accessible by Na+. Since the Nuvia HR-S gradient elution peaks were 

only partially resolved, the values of   were determined by deconvoluting the experimental 

chromatograms shown in Fig. 6.8 by regressing a composite of three exponentially modified 

Gaussian (EMG) curves [11]. The Na+ concentration at elution for the two fragments and for the 

intact protein were then calculated based on the conductivity curve at the mean retention of each 

EMG curve. Figure 6.8b shows the -  data obtained by deconvoluting the elution profiles 

using three exponentially modified Gaussian (EMG) functions [11]. Lines calculated according to 

eq. 6.3 with the parameters  and  determined by non-linear regression and summarized in 

Table 6.1. Values of  = 0.51±0.01 for all three proteins species and  = 0.78±0.01, 

determined from pulse injections under non-binding conditions were used for these calculations. 

A Wolfram Mathematica 10 script using the function NonlinearModelFit was used for the 

computation.  
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Table 6.1. Stoichiometric displacement model parameters. 

Fragment 1 Fragment 2 Intact 
7.65±0.20 8.22±0.33 9.32±0.13 

0.0632±0.0058 0.132±0.015 0.366±0.010 
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Figure 6.8.  Effect of gradient length on the elution behavior of the raw sample on the Nuvia HR-
S column with 0-125 mM NaCl linear gradients over 5, 10, 15, 20, and 40 CV at 2.0 ml/min 
corresponding to a 1.5 min residence time. (a) chromatograms, (b) normalized gradient slope vs. 
Na+ concentration at elution. Protein mass loads were 0.11±0.03 mg/ml. Absorbance values are 
normalized to the same total peak area. Lines in (b) are based on eq. 6.3 with parameters in Table 
6.1. 
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Based on these results, it is evident that the z-values of the three components are relatively close 

to each other indicating that the number of resin ligands that each species interacts with is similar. 

We believe that this is because of the large size of these molecules, which restricts the number of 

resin ligands that they can interact with to a relatively small portion of the protein surface. On the 

other hand, the K-values are clearly statistically different for the different species indicating that 

affinity of interaction with between the protein molecules and the resin ligands, rather than 

differences in effective charge, tend to drive the separation. In Chapter 3, we have shown that 

surface charge maps of the scFv and Fc domains of the BiSAb structures used in this work. Both 

the scFv and the C-terminal region of the Fc domain were found to be highly positively charged 

at this pH. As a result, it is possible that removing a scFv domain does not affect the effective 

charge significantly. On the other hand, since the surface charge distribution is different for the 

scFv and for the Fc domain, it is possible that the specific affinity for binding is different for the 

different species and is what is responsible for the different affinity constants observed 

experimentally. 

6.3.3 Adsorption Isotherms and Kinetics 

Figure 6.9 shows the single component adsorption isotherms for the intact molecule and for the 

two fragments along with a limited number of data points for the three-component system obtained 

for Nuvia HR-S in 10 mM Na2PO4 at pH 7. As seen in Fig. 6.9a, the single-component maximum 

adsorption capacity is similar for all three species and is between 110 and 120 mg/ml, only slightly 

lower than the capacity of 137 mg/ml observed for a monoclonal antibody (IgG1) on this resin in 

the same buffer [12]. The binding affinity, however, indicated by the initial slope of the isotherm 

data, appears to be highest for the intact molecule and lowest for fragment 1, which is consistent 

with the retention behavior observed in the gradient elution experiments (Fig. 6.8). The data for 
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the three-component system (Fig. 6.9b) confirm that the selectivity favors greatly binding of the 

intact species. It is evident that while little binding of the fragments is seen at equilibrium, binding 

of the intact species is comparable in magnitude to that observed for the single component case. 

The lines in Fig. 6.9a are based on SMA isotherm model, which is given by: 
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for mixture of M proteins [9]. In these equations,  is the hindrance parameter or shielding factor. 

Its value was determined by fitting eq. 6.4 to the single component isotherm data using the values 

of  and  derived from the LGE data. The resulting values of  were 130±2, 123±3, and 

153±2 for fragment 1, fragment 2, and the intact species, respectively. These values are 

intermediate between those obtained by Reck et al. [12] for the adsorption of a monoclonal 

antibody and its dimer on this resin (  = 111 and  = 229).  Table 6.2 compares the 

experimental three-component adsorption data with predictions based on eq. 6.5 using these 

parameters. As seen from this table, the agreement is only qualitative, which is not surprising 

consider the complexity of these molecules and the fact that they exist in multiple structural 

configurations. Nevertheless, the model shows that, in agreement with the experimental 

observations, binding of the intact species is vastly predominant at equilibrium with only a small 

amount of adsorption of the fragments. 
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Figure 6.9. Adsorption isotherms for Nuvia HR-S in 10 mM Na2PO4 at pH 7.0 after 24 h 
equilibration. (a) one-component isotherms for the isolated species. (b) mixture adsorption 
isotherms plotted vs. the total residual protein concentration in solution. The individual values of 

 and  are given in Table 6.2. Lines in (a) are based on eq. 6.4.   
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Table 6.2. Comparison of experimental and predicted three-component competitive binding. 
Predicted values are based on eq. 6.5. Values reported in mg/ml. 
 

Experimental Predicted 

         

0.13 0.16 0.28 1.7 4.1 112 2.4 9.2 101 
0.15 0.20 0.55 1.7 3.3 114 1.6 6.7 107 
0.18 0.24 0.56 1.7 3.5 114 1.9 7.9 106 
0.30 0.40 1.18 2.3 3.3 118 1.8 7.0 110 
0.31 0.42 1.88 2.7 3.4 122 1.3 5.1 115 
0.32 0.43 2.17 2.7 3.2 126 1.2 4.6 116 
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Figure 6.10 shows representative CLSM images of the patterns of bound protein within individual 

particles during transient adsorption of a three-component mixture containing 1.48 mg/ml of intact 

protein, 0.24 mg/ml of fragment 2, and 0.28 mg/ml of fragment 1 for the same conditions of Fig. 

6.9. In Fig. 6.10, the top three rows show the individual fluorescent images representing the intact 

protein in red, fragment 2 in green, and fragment 1 in blue, respectively, while the bottom row 

shows a digital superposition of the three colors.  As seen in this figure, adsorption of the three 

species is accompanied by the formation of a series of fronts where the intact protein appears to 

displace fragment 2, which, in turn, appears to displace fragment 1. Each of the two displaced 

components tends to accumulate toward the center of the particle but is eventually nearly 

completely desorbed. At 30 min, only a small amount of the fragments remains in the particle, 

which is consistent with the equilibrium behavior shown in Fig. 6.9b and in Table 6.2. This 

behavior is a result of the selective binding of the intact species relative to fragment 2 and of 

fragment 2 relative to fragment 1 coupled with a pore-diffusion limited mass transfer mechanism.  
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Figure 6.10.  Representative CLSM images of patterns of protein binding during the adsorption of 
a mixture containing 1.48 mg/ml of the intact species, 0.24 mg/ml of fragment 2, and 0.28 mg/ml 
of fragment 1 on Nuvia HR-S in 10 mM Na2PO4 at pH 7.  The top three rows show individual 
fluorescence channels corresponding to fragment 1, fragment 2, and the intact species as indicated. 
The bottom row shows a composite of the three channels. Actual particle diameters were, from 
left to right, 46.9, 51.9, 44.9, 51.6, 48.3, and 46.3 μm. 
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This result is akin to the results observed for this resin and other macroporous adsorbents for the 

adsorption of an antibody mixture containing deaminated variants [13] and for the adsorption of 

mixtures of antibody monomer and dimer [12]. An important difference between the results 

obtained in this work and those of these previous studies for the co-adsorption of deamidated 

variants and for the co-adsorption of monomer-dimer mixtures is that, in this case, the 

displacement fronts are much smoother. The phenomena was studied in Chapter 4 and found to be 

due to the different configurations in competition with one another and having different local 

capacities. Note that, in the case of the intact species (red), a more intense band (also in red) is 

observed at the leading edge of the displacement front between the intact species and fragment 2 

(shown in green). This thin band is associated with the moderate purity of the isolated intact sample 

used for fluorescent labeling. Since this sample contained a small percentage of fragment 2 

(confirmed by ProPac analysis), the additional red band is actually associated with this fragment. 

A detailed analysis of the interplay of mass transfer and configurational interconversion of the 

intact species and of the associated fragments is beyond the scope of this work. Nevertheless, some 

useful information about the mass transfer mechanism and the rates at which transport occurs 

within the Nuvia HR-S particles can be obtained by modeling the system as if binding occurred 

without configurational interconversion. The model used for this approximate analysis is that 

developed by Martin et al.[14], which assumes that mass transfer occurs by pore diffusion with 

highly favorable adsorption isotherms. According to this model, for a three-component mixture of 

strongly, but competitively bound species, there will be three sharp fronts: the adsorption front of 

the most-weakly bound species (fragment 1, in our case), the fragment 2-fragment 1 displacement 

front, and the intact-fragment 2 displacement front. Assuming that each species completely 
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displaces the other (which is only approximate in our case), the radial position of these fronts is 

given as a function of time by the following equations: 

      (6.6) 

    (6.7) 

   (6.8) 

where  is the dimensionless radial position of each adsorption front, , , and 

are, respectively, the binding capacity, the effective pore diffusivity, and the solution concentration 

of component i, and  is the radius of the particle. Subscripts I, , and  in these equations 

indicate the intact species, fragment 2, and fragment 1, respectively. In order to compare these 

equations to the experimental results, approximate positions of the adsorption fronts were 

determined graphically along with the radius of each individual particle. The results are shown in 

Fig. 6.11 with each value of  plotted as a function of 2
pt r . Lines corresponding to eqs. 6.6-8 

are also shown. These lines were calculated using the values predicted by eq. 6.4 for single-

component adsorption capacities, ,m iq , and using effective diffusivities regressed to these 

experimental data.  
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Figure 6.11.  Dimensionless position of the adsorption fronts vs. reduced time for the adsorption 
of a mixture containing 1.48 mg/ml of the intact species, 0.24 mg/ml of fragment 2, and 0.28 mg/ml 
of fragment 1 on Nuvia HR-S in 10 mM Na2PO4 at pH 7. The lines correspond to the three-front 
model according to eqs. 6.6-6.8 with = 118, 105, and 95 mg/ml and ,e iD = 7.02x10-8, 12.9x10-

8, and 10.1x10-8 cm2/s for the intact species, fragment 2 and fragment 1, respectively. The panels 
on the right-hand-side show the predicted adsorption fronts at  = 0.92x108 s/cm2 and the 

corresponding CLSM images at t = 615 s for a particle with  = 25.8 µm for fragment 1, fragment 
2, and the intact species shown from top to bottom. 
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The corresponding values of ,e iD  were (7.02±0.14)x10-8 cm2/s, (12.9±1.1)x10-8 cm2/s, and 

(10.1±0.3)x10-8 cm2/s for the intact species, for fragment 2, and for fragment 1, respectively. These 

values are comparable to those obtained for diffusion of an antibody monomer and dimer in the 

same resin for comparable conditions (8.0x10-8 and 4.1x10-8 cm2/s, respectively) [12]. As seen in 

Fig. 6.11, while not exact, the model appears to capture the main trends observed experimentally. 

What is not captured, of course, is the actual relative smoothness of the adsorption fronts, which 

is attributed to the existence of multiple binding configurations for each species as shown in 

Chapter 4. 
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7 Conclusions and Recommendations 

Bivalent bispecific antibodies were studied for their complex adsorptive and chromatographic 

behavior. Slow interconversion between major configurations caused multiple peak elution on 

both cation exchange and hydrophobic interaction chromatography columns. A wide range of 

biophysical techniques were utilized to determine the underlying mechanism including 

intramolecular crosslinking, autofluorescence, and enzyme proteolysis to determine domain 

contributions to binding. Phenomenological models were developed to predict column behavior 

during linear gradient elution and adsorption kinetics within macroporous particles at high load 

conditions.  BiSAb fragments, which contain one less scFv, were found to have small differences 

in binding strength compared to the intact molecule. However, high selectivity and nearly full 

displacement was observed at high load conditions. More specific conclusions, as well as 

recommendations for future work, are presented below. 

7.1 Chromatographic Behavior on Cation Exchange Columns 

The goal of this work was to explore the complex elution behavior of BiSAbs where a pure protein 

feed eluted three reversible peaks on high resolution cation exchange columns. In-line dynamic 

light scattering measured all three peaks to be monomer-sized, showing that the underlying 

mechanism was not due to on-column aggregation. Residence time, temperature, and hold time 

were found to significantly alter elution profiles. When gradients were operated at short residence 

time, ~ 2 min, and room temperature, three peaks eluted with high resolution. When either the 

residence time was elongated to ~ 40 min or temperature was elevated to 55 °C, a single peak 

eluted. When the protein was held bound on the resin prior to elution, the third, strongest binding 

peak increased in relative size. The observed phenomena is due to the relative time scales of 
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transitions between three major binding forms and column time. When transitions are slow relative 

to column time, at short residence time and room temperature, the different binding states elute as 

separate peaks. When transitions between binding states are fast relative to column time, at 

elongated residence time or increased temperature, the binding states are in equilibrium with one 

another and move down the column with average retention and elute as a single peak. The 

biophysical nature of the three binding states is studied in Chapter 3 with conclusions discussed in 

section 7.2.  

A phenomenological column model was developed including three interconvertible binding states 

and was able to capture the trends observed experimentally. Column models of this type contain a 

large number of parameters to describe interconversion, binding, and mass transfer. To increase 

robustness of the model, parameters were fit to experiments where they were most impacful. For 

example, adsorbed phase kinetic rate and equilibrium parameters were fit to hold time data, which 

were measured with very short columns to minimize back exchange in solution. Isotherm 

parameters governing binding strength of each of three states were measured at short residence 

time to minimize effects of interconversion. Solution phase equilibrium constants were fit to 

equilibrium analysis to deconvolute the relative amounts of the three species at the long residence 

time of 185 min.   

Recommendations for future work would be to utilize the column model to optimize productivity 

for a separation of the intact monomer species from product related variants such as fragments or 

aggregates. Obviously, finding chromatography resins or mobile phase conditions where the 

multiple peak elution does not occur is a first priority in method development as the multiple peaks 

cause very broad elution pools. However, if multiple peak elution is unavoidable, depending on 

the nature of the contaminant, the key parameters observed can be taken advantage of to increase 

196



productivity. One hypothetical example is the separation of a fragment that elutes prior to the first 

peak of the intact BiSAb molecule. Adding a hold step would cause interconversion of the intact 

molecule toward stronger binding forms which may increase resolution from the weaker binding 

fragment. Another effect that could be utilized is that of temperature. Kinetic rate parameters could 

be fit at varying temperatures for temperature predictability to increase the sharpness of the peaks 

by increasing both interconversion rates between binding states and mass transfer rates.  Multiple 

peak elution behavior greatly complicates process development, however using the developed 

model would allow parameters to be varied in silico, decreasing the development time and amount 

of protein required for experimentation. 

7.2 Biophysical Basis 

The biophysical nature of the three reversible binding states was studied using homology 

modeling, intramolecular crosslinking, enzyme proteolysis to determine domain contributions, and 

autofluorescence. Results indicate that the observed complex elution behavior is directly caused 

by the flexible linker allowing extreme scFv configurations. The scFvs can either be in a collapsed 

configuration, where they interact with the framework mAb, or the scFvs can be outstretched, and 

have greater freedom to bind to the resin with greater strength. Enzyme proteolysis of different 

BiSAb formats produced fragments with and without linked scFvs. Based on the chromatographic 

response of these fragments, the scFvs were determined to contribute the largest share of binding 

strength, as well as the number of linked domains was found to directly determine the number of 

reversible peaks. Fragments with two scFvs showed reversible three peak elution, fragments with 

one linked scFv showed reversible two peak elution, and fragments without linked scFvs eluted as 

a single peak. When residence time was elongated, all cases of multiple peaks merged to a single 

eluted peak reflecting the intact BiSAb behavior. Intramolecularly crosslinking BiSA, which 
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“freezes” the molecule in its conformation, removed the multiple peak elution behavior. Homology 

modeling supported our domain response observations as large patches of positive charge were 

observed on the scFv domains which bind strongly to the cation exchange surface. Homology 

modeling also identified multiple solvent exposed tryptophan residues in the scFv and the Fab 

domains. Different configurations of the scFv attached to the N-terminus of the framework mAb, 

as in BiSA, would cause differences in the microenvironment of these tryptophans. Indeed, we 

measured differences in autofluorescence between the peaks, with the stronger binding peaks 

having greater solvent accessibility of these tryptophans compared to the weaker binding peaks.  

Homology modeling in these studies was used in a qualitative manner to match surface properties 

with experimental chromatographic binding strength data and locate surface exposed tryptophan 

residues that could have differences in solvent exposure between different molecular 

configurations. Future computational work can further probe the inter-domain interactions using 

protein docking simulation servers such as ClusPro [1][2][3][4] or HawkDock [5][6][7]. These 

servers calculate favorable protein docking orientations by assuming an implicit solvent and 

minimizing free energy. To simulate domain-domain interactions, major domains such as the Fab 

and scFv can be input with restrictive statements requiring the termini of each domain to be less 

than the distance of the flexible linker [8]. Analyzing the most favorable docked structures for 

interacting amino acid residues between domains informs how favorable the interaction is and the 

nature of interaction, whether it is based on electrostatic charged pairs or hydrophobic interactions. 

Screening these docking models could also assist in rationally mutating single amino acids to 

weaken or strengthen the domain-domain interaction.  
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7.3 Interconversion Effects on Mass Transfer 

The adsorption kinetics of BiSAbs in a macroporous cation exchanger is affected by the 

configurational flexibility of these molecules leading to multiple binding forms that interconvert 

at finite rates. The interplay of transport, adsorption, and interconversion between different 

molecular forms led to complex patterns of bound protein within the particle.  While the adsorption 

kinetics of a simple mAb is very well described by the classical shrinking core model, a complex 

model accounting for these combined effects is needed to describe the experimental trends 

observed with BiSAbs. Since transport is limited by pore diffusion and the interconversion follows 

first order kinetics, the transient adsorption behavior is linearly related to the protein concentration 

in solution. Thus, the results observed at different protein concentrations are the same when 

compared at times that scale in inverse proportion to the protein solution concentration. The buffer 

salt concentration and pH affect the BiSAb adsorption kinetics by altering the relative strength of 

binding of the different molecular configurations. At either lower salt concentrations or lower pH, 

binding becomes stronger for all of the different binding forms leading to patterns of total bound 

protein within the particles that conform again to the classical shrinking core behavior. 

Temperature also affects the BiSAb binding kinetics in unique ways. For a simple mAb, the only 

significant effect of temperature is on the diffusivity and, thus, on the adsorption rate. For BiSAb 

molecules, temperature affects not only the diffusivity but also, to a greater extent, the 

interconversion rates between different binding forms leading to faster equilibration. The model 

developed in this work is consistent with these experimental observations and provides the means 

to understand how the distribution of the different binding forms affects the overall adsorption 

kinetics.  
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The primary method used in this chapter, confocal microscopy, allows visualization of the 

intraparticle adsorption profiles using a small amount of protein. Mechanistic models, that can be 

used to speed up process development, require an understanding of the mass transfer mechanism. 

Without further study, the complex profiles of BiSAbs appeared to follow a solid diffusion or 

parallel pore diffusion transport mechanism [9][10]. However, the rate at which the protein front 

penetrated the particle was directly related to protein concentration in the bulk, showing that the 

correct mechanism is pore diffusion. Varying critical parameters, such as protein concentration, 

ensures an accurate interpretation of the mass transfer mechanism.  

7.4 Chromatographic Behavior on Hydrophobic Interaction Columns 

BiSAb linear gradient elution behavior was evaluated on a range of HIC columns varying by resin 

functional ligand, particle structure, and particle size. HIC complex elution behavior fully matched 

that observed for CEX despite the mobile phase composition and protein-surface interaction 

mechanisms being completely different. BiSAbs eluted three reversible peaks, regardless of resin 

characteristics, at room temperature and short residence times. Elongating the residence time or 

increasing temperature caused a merger of the peaks and elution of a single peak. Increasing hold 

time caused an enrichment of the strongest binding peaks. A phenomenological column model was 

developed in the same manner as the CEX model. The developed column model successfully 

captured the behavior and assisted with comparisons between CEX and HIC. Interestingly, the 

interconversion kinetic rates were found to be very similar across modalities. One example is 

reflected in the hold time experiments shown in Figs. 2.9 and 5.5. An apparent equilibrium between 

the forms is reached after hold times of about 60 min for HIC and about 40 min for CEX. One 

major difference between modalities was the solution phase equilibrium constants. The 

favorability of the weakest binding form in solution was much greater for CEX compared to HIC. 
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This effect may be due to the higher salt content in the mobile phase of HIC, which could shield 

the electrostatic contribution to the domain-domain interaction. Because the favorability of the 

domain-domain interactions was weakened, but this form was still favored overall in solution, the 

interaction between scFv and framework IgG is likely a combination of both electrostatic and 

hydrophobic interactions.    

We found great utility in studying the experimental resin PPG-S, which is similar to a commercial 

resin, Toyopearl PPG-M, but had a smaller particle size. The reduced particle size decreased mass 

transfer resistance and allowed greater resolution to more accurately quantify the relative size of 

each peak, even at short residence times. The added resolution increased confidence in 

measurements of peak area after set hold times necessary to measure the kinetic rates and 

equilibrium constants. Because the PPG-S and PPG-M resins consisted of the same structure and 

functional ligand, the model for PPG-S was able to be applied to PPG-M by only changing the 

particle size. Our recommendation is to utilize resins with matching properties and smaller particle 

size when studying complex elution behavior to gain as much resolution as possible.  

7.5 Fragment Separation 

The chromatographic and adsorptive behavior of BiSB and two associated fragments were studied 

on two cation exchange resins – ProPac WCX-10, which is pellicular and suitable for analytical 

use, and Nuvia HR-S, which is macroporous and suitable for preparative and process scale uses. 

Both fragments were identified by mass spectrometry as missing one of the two scFv domains and 

its flexible linker, but one of them also contains an additional C-terminal lysine. On both of the 

cation exchangers considered in this work, the intact species containing two scFv domains is 

retained more strongly compared to the clipped fragment containing a single scFv domain. 

Retention of the clipped variant with an additional C-terminal lysine is intermediate between the 
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intact and the single-scFv species.  Interestingly, the addition of a single charged amino acid, a C-

terminal lysine, provided a significant difference in binding strength and caused the variant to be 

resolved for both resins. For the ProPac WCX-10 column, multiple peak elution behaviors are 

observed, as a result of the linker flexibility. This results in two peak elution for the fragments, 

which contain a single linked scFv, and three peak elution for the intact molecule, which contains 

two linked scFvs. This behavior is affected by residence time, temperature, and hold time in the 

same manner as that observed for the intact molecules. The behavior of the fragments containing 

the full framework IgG and a single scFv reflect the results obtained in our prior work in Chapter 

3 for fragments generated through enzyme proteolysis containing either the Fc or Fab domain and 

a single linked scFv. These findings further our understanding that the flexibly linked scFv domain 

is responsible for the multiple peak behavior. 

As a result of the band broadening associated with the structure and larger particle size of the resin, 

the multiple peak elution behavior is obfuscated for the Nuvia HR-S column. Nevertheless, the 

effects of multiple binding configurations are still evident at the particle scale. For this resin, the 

patterns of protein binding observed by CLSM show that competitive adsorption of the three 

species occurs within the resin beads with kinetics controlled by macropore diffusion. The 

selectivity strongly favors binding of the intact species over the fragments following the trends 

observed for the gradient elution experiments. However, the binding patterns are much smoother 

than the sharp fronts expected for a pore-diffusion based displacement process. It appears likely 

that the multiple binding configurations that exist for each species is responsible for the patterns 

observed, as shown in Chapter 4. An approximate model for the adsorption kinetics that neglects 

the multiple binding configurations and assumes that binding occurs through a series of full 

displacement fronts, shows that the intraparticle effective diffusivities in this resin are relatively 
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large considering the large molecular mass of the intact species and fragments and are comparable 

to the effective diffusivities reported previously for ordinary monoclonal antibodies in this resin. 

The high selectivity observed by CLSM, ability of the intact species to displace the fragments, and 

the relatively fast kinetics suggest that separation at high loadings will be effective for the 

separation of these fragments from the desired intact product. Future work could focus on altering 

parameters for this multicomponent case which were found to affect the smoothness of profiles in 

Chapter 4 such as temperature, salt concentration in the mobile phase, and pH. If selectivity 

between protein species persists at stronger binding conditions, altering the mobile phase may 

sharpen the displacement fronts between protein species. The effect of temperature would also be 

of interest to determine how the displacement profiles are affected by altering the rates of mass 

transfer and interconversion kinetics.  
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