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ABSTRACT 

Recent advances in the design of multimodal (MM) chromatographic resins have 

produced unique classes of materials capable of providing alternative and improved selectivities 

as compared to traditional single mode chromatographic materials such as ion exchange (IEX) 

resins. While MM resins offer the potential to streamline bioseparation processes, the complex 

nature of the interactions increases the development time required to achieve the optimal use of 

these materials, hindering their widespread use. This work explores the underlying binding 

mechanisms in MM chromatographic materials and then uses this knowledge to improve 

selectivity through a variety of fluid phase modifiers and operating conditions. 

Column chromatography experiments are used to analyze protein retention behavior on 

IEX and MM chromatographic resins using several protein libraries. MM resins are found to 

provide stronger protein adsorption and different selectivities and protein elution orders as 

compared to IEX. These resin studies are supplemented by nuclear magnetic resonance (NMR) 

experiments to provide insight into protein-ligand binding in solution. A preferred binding 

region is identified on the surface of the protein ubiquitin for binding to a MM ligand. The 

solution NMR results directly corroborate chromatography results obtained with a library of 

ubiquitin mutants where mutations at certain amino acid residues located within the preferred 

binding region are found to exhibit different protein adsorption behavior as compared to the wild 

type. A key residue in the proposed preferred binding region of ubiquitin is then altered using 

site-directed mutagenesis to enable direct NMR evaluation of a ubiquitin mutant as compared to 

the wild type. The ubiquitin mutant is found to exhibit weaker chromatographic retention and 

substantial decreases in the magnitude of the ligand-induced NMR chemical shift perturbations 

relative to those detected for the wild type, confirming the importance of this site.  

Several approaches are used to improve the binding selectivity of a wide range of proteins 

with a MM resin. Isocratic chromatography experiments carried out at multiple operating 

temperatures are used to determine thermodynamic parameters for MM, IEX, and hydrophobic 

interaction chromatography resins using a van’t Hoff analysis. In contrast to IEX, temperature is 

found to play an important role in determining protein binding affinity and selectivity in MM 

chromatography. Improved selectivity in MM chromatography is also achieved using a 

controlled pH gradient for elution instead of a salt gradient. Chromatography experiments 

carried out with a variety of fluid phase modifiers demonstrate the ability to tune protein 

adsorption strength and selectivity through appropriate mobile phase conditions. Urea is shown 

to decrease protein binding affinity in MM and IEX systems while providing major changes in 

selectivity and protein elution order in the MM system. Ethylene glycol and propylene glycol are 
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found to increase the binding affinity of some proteins while decreasing the binding affinity of 

other proteins based on a balance between increased electrostatic interactions and decreased 

hydrophobic interactions in the presence of these modifiers. The relative electrostatic and 

hydrophobic contributions to binding are also determined for various mobile phase conditions. 

Other MM ligand chemistries are explored using adsorption and desorption experiments 

carried out in a batch screening mode. Ligands containing electrostatic moieties in conjunction 

with a hydrophobic moiety, particularly an aromatic group, are shown to exhibit the strongest 

adsorption and require the highest ionic strength for desorption. 

The knowledge gained from these studies provides insight into the underlying binding 

mechanisms and demonstrates a variety of approaches for improving selectivity in MM 

chromatographic systems. An improved understanding of MM resins may reduce the 

development time and cost for incorporating these materials into industrial downstream 

processes. 
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