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ABSTRACT 

 

DEVELOPMENT OF BIOCOMPATIBLE POLYMER MONOLITHS FOR THE 

ANALYSIS OF PROTEINS AND PEPTIDES 

 

Yun Li 

Department of Chemistry and Biochemistry 

Doctor of Philosophy 

 

Biocompatibility is an important issue for the development of chromatographic 

stationary phases for the analysis of biomolecules (including proteins and peptides). A 

biocompatible stationary phase material is a material that resists nonspecific adsorption of 

biomolecules and does not interact with them in a way that would alter or destroy their 

structures or biochemical functions.  

The monolithic column format is a good alternative to typical spherical particle 

packed columns for capillary liquid chromatography of biomacromolecules. Several novel 

anion-exchange polymer monoliths for the analysis of proteins were synthesized for 

improved biocompatibility. Two novel polymeric monoliths were prepared in a single step 

by a simple photoinitiated copolymerization of 2-(diethylamino)ethyl methacrylate and 

polyethylene glycol diacrylate (PEGDA), or copolymerization of 2-(acryloyloxy)ethyl 

trimethylammonium chloride (AETAC) and PEGDA, in the presence of selected porogens. 

The resulting monoliths contained functionalities of diethylaminoethyl (DEAE) as a weak 



 

anion exchanger and quaternary amine as a strong anion exchanger, respectively. An 

alternative weak anion exchange monolith with DEAE functionalities was also synthesized 

by chemical modification after photoinitiated copolymerization of glycidyl methacrylate 

(GMA) and PEGDA. The dynamic binding capacities of the three monoliths were 

comparable or superior to values that have been reported for various other monoliths. 

Chromatographic performances were also similar to those provided by a modified 

poly(GMA-co-ethylene glycol dimethacrylate) monolith. Separations of standard proteins 

were achieved under gradient elution conditions using these monolithic columns. This 

work represents a successful attempt to prepare functionalized monoliths via direct 

copolymerization of monomers with desired functionalities. Compared to earlier 

publications, laborious surface modifications were avoided and the PEGDA crosslinker 

improved the biocompatibility of the monolithic backbone. 

Protein separations by capillary size exclusion chromatography (SEC) require a 

monolith that is biocompatible, has sufficient pore volume, has the appropriate pore size 

distribution, and is rigid. Most polymer monoliths have not possessed a biomodal pore-size 

distribution, i.e., especially with one distribution in the macropore region and the other in 

the mesopore region. Furthermore, non-specific adsorption of proteins in these stationary 

phases has persisted as a major unresolved problem. To overcome these difficulties, a 

porous poly[polyethylene glycol methyl ether acrylate (PEGMEA)-co-PEGDA] monolith 

which can resist adsorption of both acidic and basic proteins when using an aqueous buffer 

without any organic solvent additives was developed. Based on this biocompatible 

monolith, surfactants were introduced as porogens with the hope of significantly increasing 

the mesopore volume within the polymer. Two types of surfactants were studied, including 



 

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) or 

PPO-PEO-PPO and Brij. Pore size distributions were examined using a well-defined 

molecular weight range series of proteins and peptides by inverse size exclusion 

chromatography, which indicated relatively large volume percentages of mesopores and 

micropores. The two new monoliths demonstrated different SEC behaviors, low 

nonspecific adsorption of proteins, and high mechanical rigidity. 

High density lipoprotein (HDL) is a heterogeneous class of lipoprotein particles 

with subspecies that differ in apolipoprotein and lipid composition, size, density, and 

charge. In this work, I developed a new capillary SEC method for size separation of native 

HDL particles from plasma using a capillary packed with BioSep-SEC-4000 particles, 

Three major sizes of HDL particles were separated. Additionally, capillary SEC and 

capillary strong anion-exchange chromatography of non-delipidated HDL were 

accomplished using poly(PEGMEA-co-PEGDA) and poly(AETAC-co-PEGDA) 

monoliths. These new LC methods using packed and monolithic stationary phases 

provided rapid separation of HDLs and excellent reproducibility. 
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CHAPTER 1 BACKGROUND AND SIGNIFICANCE 

1.1 Introduction 

The term "biocompatible" is typically used in reference to medical devices. It 

indicates that the material of which the device is constructed does not produce a toxic, 

injurious, or immunological response in living tissue.1,2 Many materials have been 

identified that are compatible with tissue to varying degrees, e.g., titanium (implants), 

polymethylmethacrylate (contact lenses), ceramics (dental prosthesis), polyurethanes 

(artificial heart), and pyrolytic carbon (heart valve implants).3 A good review concerning 

biocompatibility was recently published.4  

During the last 20 years, polymer-based monolithic supports have been introduced 

into separation science,5,6 as well as into the field of organic catalysis and biocatalysis.7-11 

Major contributions have been made by Svec, Fréchet, and co-workers, who initially 

developed radical polymerization systems for these purposes.12 Polymer monolithic media 

represent uniformly structured matrices with large interpenetrating pores (usually in the 

low micrometer range), which provide unique advantages such as fast kinetics, high 

reactivity, and high throughput. Other advantages of monoliths are that they can be created 

in virtually any form by a simple molding process, and they demonstrate reasonable 

mechanical strength. All of these advantages qualify the monolith format as excellent for 

biochemical and medical applications if it possesses the added quality of good 

biocompatibility. For example, biocompatible, highly porous monolithic scaffolds for use 

in both cell cultivation and tissue engineering have been prepared from hydrophilic 

monomers by electron-beam-initiated free-radical polymerization and ring-opening 
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metathesis polymerization.13A novel implantable, wireless, monolithic passive pressure 

sensor for ophthalmic application was microfabricated using parylene as a biocompatible 

structural material.14 A polyamide rate-modulated monolithic drug delivery system with 

biocompatible and biodegradable properties was recently patented.15 A monolithic 

pH-sensitive hydrogel valve for biochemical and medical applications was designed, 

constructed and tested in a microfluidic device.16 

The definition of “biocompatible” when used to describe a chromatographic 

property differs somewhat from its use to describe medical devices. To date, a specific 

definition of a biocompatible stationary phase for chromatographic applications has not 

been proposed. In this chapter, I begin with a general description of biocompatibility as it 

relates to a chromatographic stationary phase. Then, the characteristics and molecular 

structures of protein-resistant surfaces are explored. Finally, I review the polymeric 

monoliths which demonstrate negligible non-specific adsorption of proteins in 

chromatographic separations. Selected applications in liquid chromatography (LC) and 

microfluidics for protein and peptide separations are described.  

1.2 Biocompatibilty in Chromatography 

1.2.1 Definitions 

The word “biocompatibility” seems to have been mentioned for the first time by 

Hegyeli and Homsy in the early 1970s.17,18 Since then, biocompatibility has been redefined 

several times for biomaterials, and its definition is very contextual.4,19,20 The most recent 

definition was given by Williams in 2008: “Biocompatibility refers to the ability of a 

biomaterial to perform its desired function with respect to a medical therapy, without 

eliciting any undesirable local or systemic effects in the recipient or beneficiary of that 
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therapy, but generating the most appropriate beneficial cellular or tissue response in that 

specific situation, and optimizing the clinically relevant performance of that therapy.” 4 

And most importantly: “····the sole requirement for biocompatibility in a medical device 

intended for sustained long-term contact with the tissues of the human body is that the 

material shall do no harm to those tissues, achieved through chemical and biological 

inertness.”  

The concept of biocompatibility can be transferred to chromatographic stationary 

phases such as monoliths. I define a biocompatible stationary phase material as a material 

that resists nonspecific adsorption of biomolecules (including proteins and peptides) and 

does not interact with them in a way that would alter or destroy their structures or 

biochemical functions. For example, various chromatographic interactions or size 

exclusion effects should allow high recoveries of proteins and enzymes, and good retention 

of their enzymatic activities after the chromatographic procedures.21-23 The 

biocompatibility of a stationary phase can be achieved through control of surface chemistry 

and protein adsorption. The closely related term “inertness” reflects the resistance of the 

stationary phase to protein adsorption and denaturation.24 

1.2.2 Protein Adsorption 

The 20 naturally occurring amino acids found in proteins/peptides vary 

dramatically in properties of their side-chains (such as polarity and charge).25 Protein 

molecules can be characterized by their size (molecular weight) and shape, amino acid 

composition and sequence, isoelectric point (pI), hydrophobicity, and biological affinity. 

Differences in these properties can be used as the basis for separation methods applied in 

purification strategies.26 However, proteins tend to adsorb nonspecifically to most solid 
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surfaces due to various hydrophobic domains, charged sites and hydrogen bond 

donor/acceptor groups. Protein adsorption occurs at different types of interfaces, and 

protein-surface interactions are important in bioseparations and other biomedical 

applications.  

The adsorption of a protein on a surface is a complex process. Both the kinetics of 

the adsorption and the structure of the layer of adsorbed protein is important in this 

process.27,28 The adsorption process generally involves the following steps: transport 

towards the interface by diffusion or diffusion/convection, binding to the surface, 

detachment from the interface, and transport away from the interface.29-31 When adsorbed 

at interfaces, proteins may undergo conformational changes or structural rearrangements. 

A significant conformational change would result in protein denaturation, i.e., the complete 

loss of activity.  

The major types of interactions that are relevant in protein adsorption are: (1) 

hydrophobic interaction between protein and hydrophobic sites on the surface,32 (2) 

electrostatic interaction between charged protein molecules and oppositely charged sites 

on the surface,33 (3) hydrogen bonding between protein and hydrogen donor/acceptor,34 

and (4) affinity binding between protein and specific functional groups on the surface.35 

Hydrophobic interaction plays a major role in protein adsorption, and increasing the 

surface hydrophilicity to some extent is expected to lessen the adsorption. Most polymer 

surfaces have some hydrophobic characteristics. An adsorbed layer of protein typically 

contains more ions and water than protein, and the presence of a chaotropic agent not only 

destabilizes the structure of the protein but also influences its adsorption properties.36 For 

example, detergents or chaotropic salts can weaken hydrophobic interactions.37 
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Additionally, most surfaces acquire some charge when exposed to ionic solution. In such 

cases, electrostatic interaction becomes more important, even dominating protein 

adsorption kinetics. Even if the overall charge of a protein is zero, i.e., at its isoelectric 

point, electrostatic interaction between the protein and a surface may still exist, because the 

charge distribution on the protein surface is not uniform. In most cases, affinity binding 

contributes to the specific interaction between a protein and immobilized ligand, whereas 

hydrophobic, electrostatic and hydrogen bonding interactions are nonspecific. 

In the above-mentioned protein-surface interactions, the governing factors are 

determined both by the physical and chemical states of the adsorbing material, protein 

surface, and solution environment,38 including the hydrophobicites, electrostatic charges 

and potentials of the material and protein surface (which can be controlled by varying the 

pH and ionic strength in the system), and the chemical composition of the material. Other 

factors that may also influence protein adsorption by surfaces include intermolecular 

forces between adsorbed molecules, solvent-solvent interactions, strength of functional 

group bonds, and chemistry, topology and morphology of the solid surface. Additionally, 

the adsorption of proteins at the liquid-solid interface often exhibits features that are 

irreversible on experimental time scales. Results are negligible desorption, slow surface 

diffusion, or surface-induced conformational or orientational changes.39 

1.2.3 Non-specific Adsorption of Proteins 

As the name suggests, specific adsorption indicates adsorption of a target protein to 

an immobilized ligand or otherwise specially prepared surface due exclusively to 

biospecific interactions.40 Non-specific adsorption may be regarded as “foreign,” leading 

to undesirable properties or reactions.41,42 Consider a surface that contains specific 
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functional groups but is inherently “sticky” and permits nonspecific adsorption. Such a 

surface may lead to excessive protein-surface interaction, resulting in the loss of activity. In 

addition, a substantial percentage of protein molecules can adsorb on the surface with their 

active sites inaccessible to target molecules. Finally, a target molecule can also adsorb 

nonspecifically on the “sticky” surface, thus contributing to the background signal. 

Therefore, for technologies that involve contact of surfaces with biomolecules, it is 

fundamentally desirable to maintain inert surfaces and reduce non-specific adsorption of 

proteins. Examples include: (1) sensitive solid-phase immunoassays that retain selectivity 

even in the presence of high concentrations of serum proteins,43 (2) biochemical 

separations using media that are resistant to biofouling,44 (3) quantitative optical 

biosensors for protein characterization,45 (4) surgically implanted prostheses that are 

biocompatible,46 and (5) solid-phase supports for the growth of adherent cells.47 The 

mechanisms underlying nonspecific protein adsorption are still not completely understood. 

Electrostatic interaction and hydrophobic interaction are two main mechanisms involved in 

non-specific protein adsorption.48 Of course, a combination of these two effects may occur. 

Many studies and reviews have focused on properties of surfaces that lead to hydrophobic 

adsorption of proteins.49,50 

1.2.4 Nondesirable Adsorption in Chromatography 

Size-exclusion (SEC), ion-exchange (IEC), reversed-phase (RPC) and hydrophobic 

interaction (HIC) chromatography are the most widely employed chromatographic 

techniques for separation of proteins and peptides.51 Ideal SEC occurs only when there is 

no interaction between the analytes and the column matrix. Unfortunately, SEC columns 

may exhibit some interaction with solutes, resulting in deviation from ideal size-exclusion 
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behavior, i.e., non-ideal SEC.52,53 Although these non-ideal, mixed-mode effects may 

provide increased selectivity, they must be suppressed if predicable solute elution behavior 

is required. Thus, electrostatic effects (or hydrophobic effects) between analytes and the 

column matrix can be minimized by adding salt to the mobile phase or changing its pH.  

IEC is a very useful chromatographic mode for protein/peptide separations. 

Although IEC is based on electrostatic interaction between analyte and matrix, the matrix 

may often exhibit significant hydrophobic characteristics, leading to mixed mode 

contributions to solute separations.54 Mixed-mode effects can enhance peptide or protein 

separation because proteins are polyions with both hydrophobic and hydrophilic 

surfaces.55 However, the removal of non-specific hydrophobic interactions may be 

necessary in order to elute solutes in the specifically desired separation mode. A low 

polarity organic solvent such as acetonitrile can be added to the mobile phase buffer to 

suppress hydrophobic interactions between the solute and the ion-exchange matrix.56 The 

excellent resolving power of RPC has resulted in it becoming the predominant LC 

technique for peptide and protein separations (particularly the former) in recent years. 

Protein denaturation is a common problem in RPC due to the strong hydrophobic 

interactions. Similarly, HIC of proteins is based on the strength of hydrophobic interactions 

between proteins and a non-polar stationary phase. However, compared to RPC, the mobile 

phase conditions utilized are milder, and the relative hydrophobicity and density of the 

bonded ligands are lower. Additionally, in HIC, the stationary phases and operating 

conditions are designed to preserve proteins in their native conformations. Thus, proteins 

in their native states are eluted in order of surface hydrophobicity.57  
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It is important to minimize non-specific interactions in chromatographic 

separations to (1) obtain predicable solute elution behavior, (2) obtain good recovery of 

sample mass and bioactivity, and (3) avoid slow adsorption-desorption kinetics that lead to 

important band broadening. As is well known, denaturation of sample proteins during 

separation and irreversible attachment to the matrix results in poor recovery.58 The 

preservation of native conformation (and bioactivity) is often a primary consideration in 

method development and may restrict the separation conditions within certain limits. 

1.3 Known Materials That Resist Protein Adsorption 

Soft gel media, typically crosslinked dextran, cellulose, polyacrylamide, agarose 

and polysaccharides, have demonstrated low non-specific interactions with peptides and 

proteins, and have been widely applied in gel electrophoresis and gel permeation 

chromatography.59-62 Composite materials, such as highly crosslinked polyacrylamide- 

polysaccharide, polyacrylamide-dextran, and dextran-agarose composites have been 

developed to provide more rigid backbones.63 Other neutral hydrophilic polymers were 

also investigated and found useful in preventing protein adsorption, such as polyvinyl 

alcohol,64 polyethylene oxide,65 polyvinylpyrrolidinone66, and a copolymer of 

polyethylene glycol and polypropylene glycol.67 All of these polymers are neutral (i.e., no 

ionic interactions possible) and hydrophilic, and their surfaces share the following 

structural features: (1) hydrophilic, (2) overall electrically neutral, and (3) hydrogen bond 

acceptors, but (4) not hydrogen bond donors. Other materials used in gel electrophoresis 

reported in 1992 by Zewert and Harrington are polyhydroxy methacrylate, polyhydroxy 

acrylate, polyethylene glycol methacrylate and polyethylene glycol acrylate. Successful 

electrophoresis of proteins demonstrated the protein compatibility of such polymers.68 
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However, these inert polymers and gels are too soft to be used for LC. Biocompatible 

hydrogels can be prepared by copolymerization of hydrophilic monomers, or crosslinking 

of hydrophilic polymers.69  

1.4 Biocompatible Polymer Monoliths for Bioseparations 

Usually, polymer monoliths are prepared by polymerization of monomer solutions, 

which are composed of monomer, crosslinker, porogen and initiator. They can be initiated 

either by a redox system, e.g., tetramethylethylenediamine (TEMED) and ammonium 

persulphate (APS), or by a free radical initiator, e.g., 2-dimethoxy-2-phenyl acetophenone 

(DMPA) or azobisisobutyronitrile (AIBN). An alternative way to initiate the radical 

polymerization process is by high energy irradiation. Compared to silica monoliths, 

polymeric monoliths, in particular, offer the advantage that by choosing the right functional 

monomer, monoliths for a variety of chromatographic purposes can be designed, such as 

for improved biocompatibility.  

Generally, there are two ways to obtain biocompatible polymer monoliths. One is 

through surface modification (e.g., grafting) to create a hydrophilic surface within the 

monolith that resists the adsorption of proteins, including chemical reactions of surface 

functionalities and grafting of chains of functional polymers. Separation of the monolith 

synthesis and surface modification processes allows each process to be optimized 

independently. Neutral hydrophilic polymers such as acrylamide, and poly(ethylene glycol) 

methacrylate monomers have been used to prepare protein-resistant surfaces on polymer 

monoliths via surface grafting.70 Hydrophilic-grafted monoliths seem well-suited for use 

as inert enzyme-immobilization matrices for flow-through enzymatic microreactors. The 

other more direct way to form biocompatible polymer monoliths is by direct 
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copolymerization of hydrophilic monomers, leading to the formation of hydrophilic 

network structures. Most commonly used monomers are hydrophilic methacrylamides and 

methacrylates, as shown in Figure 1.1. The chemistry of a monolith is largely controlled by 

choice of the monomers used in its preparation. Polymerization of vinyl monomers is most 

frequently initiated via radical initiators (peroxides, azo-compounds). Radicals are 

generated by heating, by the use of a redox initiator or a photoinitiator.  

1.4.1 Polyacrylamide-based Monoliths 

  Acrylamide (AAm) is a moderately hydrophilic co-monomer which imparts some 

hydrophilicity in monolithic materials. It is typically polymerized with a crosslinker to 

build some rigidity into the skeletal structure of the polymer. The most common 

cross-linker is N, N'-methylenebisacrylamide (MBAA). Continuous rods made from a 

crosslinked polyAAm were initially the first monolithic materials for chromatography 

purposes,71,72 and they were based on solvent-swollen poly(acrylic acid-co-MBAA). 

Despite the lack of a permanent pore structure, this material was used in the separation of 

proteins by an ion-exchange mechanism. A more rigid poly(AAm-co-MBAA) monolith 

was prepared by copolymerization of the hydrophilic monomers in the presence of a 

porogenic solvent for potential use in separation of biological polymers, solid-phase 

extraction, or for immobilization of proteins.73 A new monolithic immobilized pH 

gradient (M-IPG) was achieved using poly(AAm-co-MBAA) monolith.74 Compared with 

poly(methacrylate ester) based M-IPG, the hydrophilicity of the new material was 

improved, and the adsorption of proteins was avoided. A rigid, porous poly(AAm- 

co-butyl methacrylate-co-MBAA) monolith containing up to 15% butyl methacrylate 

(BuMA) units was prepared by direct polymerization and used as a separation medium 
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for rapid HIC of proteins.75 Palm and Novotny76 developed a porous polymer monolithic 

trypsin microreactor for fast peptide mass mapping, which offered high flow permeability 

as well as biocompatibility. The monolith was prepared by polymerization of AAm, 

N-acryloxysuccinimide and MBAA in an electrolyte buffer with PEG as molecular 

template. Incorporation of AAm and MBAA certainly helped to improve the 

biocompatibility. The material did not irreversibly bind proteins and, thus, did not foul 

easily, so that it could be reused for the analysis of human plasma without loss of 

efficiency. A continuous bed matrix from a monomer solution (piperazine diacrylamide 

and methacrylamide) containing allyl glycidyl ether and 2-hydroxyethyl methacrylate 

(HEMA) was derivatized with C18 ligands for RPC of proteins and peptides.77 

Furthermore, additional dimethyldiallylammonium chloride could be added to the 

monomers to create charged ligands for reversed-phase electrochromatography of 

proteins.78 Highly crosslinked rigid polyAAm can serve as a platform for the preparation of 

specific separation media for chromatographic modes such as HIC and affinity 

chromatography of proteins, both of which require biocompatible surfaces endowed with 

ligands or functionalities.  

Additionally, due to their hydrophilicity in chromatographic behavior, 

polyAAm-based monoliths were successfully used in hydrophilic-phase 

electrochromatography of neutral (oligo)saccharides.79, 80 However, the main use of the 

AAm networks has been in electroseparation methods, mainly for SDS-PAGE in slightly 

crosslinked gels, and electrochromatography of small molecules in highly crosslinked 

gels.81-83 The fundamental polymerization procedure and its kinetics in AAm porous 

systems have been extensively discussed.84-86 PolyAAm-based supermacroporous 
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monolithic cryogel beds can be prepared by radical cryogenic copolymerization under 

freezing-temperature conditions.87 Recently, semi-interpenetrating polymer networks 

using biocompatible polyurethane and AAm were synthesized from different isocyanate 

-terminated polyurethane prepolymers derived from polytetramethylene ether glycol. 

Compared to a pure polyAAm network, the mechanical and thermal properties were 

enhanced due to higher crosslinking density imparted by the hard segments.88 However, 

the resulting structure was not suitable for chromatographic applications. 

1.4.2 Polymethacrylate or polyacrylate-based Monoliths 

Polymethacrylate-based materials comprise the largest and most examined class 

of monolithic sorbents. The main advantage of current macroporous methacrylate-based 

monoliths is their suitability for separation of large molecules, such as proteins and 

polynucleotides, as well as large particles such as viruses.89 Excellent reviews were 

recently published that summarize the preparation and the application of 

polymethacrylate-based monolithic columns for separation, purification and analysis of 

low and high molecular mass compounds in micro- and large-scale LC formats.90, 91 

PolyHEMA is a known biocompatible material used in the production of contact 

lenses.92 2-Hydroxyethyl acrylate (HEA) is also a biocompatible monomer, which can be 

introduced into the monolith backbone in order to increase its biocompatibility. For 

example, increasing the HEA monomer content in the comonomer mixture (up to 18 vol%) 

in the preparation of the hydrophilic poly(HEA-co-diethylene glycol dimethacrylate) 

monolith by radiation-induced polymerization resulted in monoliths with increased 

hydrophilic character.93,94 However, further increase of HEA monomer content 

transformed the monolith into a soft gel. The resulting monoliths were tested as 
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chromatographic columns, and were found suitable for separation of nucleic acids and 

amino acids. An important advantage of separation using this copolymer monolith is that it 

is environmentally friendly, since water instead of organic solvent can be used.  

As mentioned above, weakly hydrophobic monolithic microcolumns are suitable 

for separation of proteins in the HIC mode. Neither poly(BuMA-co-glycerol 

dimethacrylate) nor poly(BuMA-co-butanediol dimethacrylate) was useful for HIC of 

proteins due to the significant hydrophobicities of the monoliths. To achieve the desired 

hydrophilicity of the stationary phase, HEMA was added to the polymerization mixture 

with the intention of decreasing retention in dilute aqueous buffers to a level useful for 

HIC.95 The resulting poly(BuMA-co-HEMA-co-butanediol dimethacrylate) monolith was 

used for the separation of a protein mixture consisting of myoglobin, ribonuclease A and 

lysozyme under linear gradient conditions and at a flow rate of 2.5 μL/min. The 

functionalized monolith by direct copolymerization of ethylene dimethacrylate (EDMA), 

HEMA, and 2-vinyl-4,4-dimethylazlactone was used to prepare microreactors for 

immobilization of trypsin and assay of enzymatic activity.96-98 As a result of their high 

digestion rate, these reactors could be easily coupled in-line with liquid chromatography or 

electrochromatography to enable the separation of digested proteins. A highly porous (up 

to 80% pore volume) open-cellular monolithic polymer was prepared from HEMA and 

MBAA (or EDMA) using a high internal phase emulsion. This property may be 

particularly valuable in chromatographic applications involving biomolecules such as 

proteins.99 

PEG is a neutral, non-toxic polymer that has an affinity for water, which helps to 

create a microenvironment conducive for protein stabilization and improved biomolecular 
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interactions.100 Oligoethylene glycol is the most common functional group used to resist 

non-specific adsorption of proteins and other biological materials. This protein-resistant 

characteristic is probably caused by a steric stabilization effect or low van der Waals 

interaction with proteins.101,102 

Poly(glycidyl methacrylate-co-EDMA) is one of the most prevalent copolymer 

systems, since the epoxy groups can be easily modified with functionalities for specific 

interactions, such as hydrophobic, ion exchange, affinity and reversed phase separations. 

Additionally, the remaining epoxy groups can be hydrolyzed into diol functionalities to 

increase the hydrophilicity of the monolith. However, even if the epoxy groups are blocked, 

there is not sufficient hydrophilicity to minimize non-specific protein adsorption in an 

aqueous mobile phase without an organic additive. Recently, Krenkova et al. grafted a 

poly(glycidyl methacrylate-co-EDMA) monolith with PEGMA in order to eliminate 

non-specific adsorption of proteins and peptides before reacting with azlactone 

functionalities for enzyme immobilization.103 Surface-modified macroporous poly(BuMA- 

co-EDMA) monoliths that resist adsorption of proteins can be prepared using either single- 

or two-step photografting of a series of hydrophilic monomers,70,104 such as AAm, HEMA, 

vinyl pyrrolidinone, and PEGMA. Photografted layers of PEGMA reduced protein 

adsorption to less than 2% relative to unmodified surfaces. The sequential two-step 

photografting process consisted of (1) formation of covalently bound surface photoinitiator 

sites followed by (2) surface-localized graft polymer. Monomer concentration and 

irradiation time during photografting were found to be the most important parameters for 

optimization of the two-step process. Surface modification using a two-step sequential 

photografting technique leads to a substantial increase in surface hydrophilicity and a 
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large reduction in protein adsorption. This photografting technique should allow 

monoliths to be used for a variety of bioanalytical applications that require minimal 

nonspecific adsorption of biomolecules. Hydrophilic photografting should also be useful 

for creating nonfouling surfaces in applications such as mixers, valves, and filters. 

Oligo(ethylene glycol) dimethacrylates with different lengths of PEG bridging 

moieties between methacrylate units have been used to copolymerize with BuMA for RPC 

of proteins. However, the hydrophilic crosslinkers do not significantly change the retention 

behavior of the column since the hydrophobicity of the stationary phase originates mainly 

from the butyl groups in the monomer and the hydrocarbon polymer backbone.105 However, 

three PEG molecules (PEG-methacrylate, -diacrylate and -dimethacrylate) could be 

incorporated into galactose-based polyacrylate hydrogels to reduce non-specific protein 

binding.106 

Recently, PEG-acrylates and PEG-diacrylates containing three or more moieties in 

the PEG chains were used to synthesize monoliths with improved biocompatibility. The 

monomers polyethylene glycol methyl ether acrylate (PEGMEA) and polyethylene glycol 

diacrylate (PEGDA) were copolymerized for a porous monolith that resists adsorption of 

both acidic and basic proteins when using an aqueous buffer without any organic solvent 

additives.107 Clean fluorescent images obtained after flushing PEGDA-based monoliths 

loaded with fluorescein isothiocyanate (FITC)-labeled BSA were demonstrated to show 

negligible nonspecific adsorption of proteins. Based on these results, SEC monoliths with 

various molecular weight separation ranges for proteins or peptides were prepared.108,109 

These monoliths are expected to be useful for biological sample preparation and 
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purification, such as removal of nonprotein contaminants (e.g. DNA and viruses), protein 

aggregate removal, the study of biological interactions, and protein folding. 

An strong cation-exchange column that possesses negligible non-specific 

interactions (i.e., hydrophobic interactions) was prepared from copolymerization of 

vinylsulfonic acid and the biocompatible crosslinker, PEGDA.110 Excellent peak shapes for 

peptides and proteins were obtained without addition of acetonitrile in the eluent. The 

reduced hydrophobicity of the stationary phase originates mainly from the low 

hydrocarbon content of the functional monomer and the PEG units in the biocompatible 

crosslinker. The hydrophobicities of the monoliths were compared under RPC conditions, 

yielding capacity factors of almost zero for a poly(PEGDA) monolith and 4.4 for a 

poly(EDMA) monolith. EDMA is the most widely used crosslinker used for synthesizing 

polymethacrylate-based monoliths. When EDMA was replaced by PEGDA, the new poly 

(GMA-co-PEGDA) monolith provided better resolution between conalbumin and 

ovalbumin, largely due to the reduced tailing of the conalbumin peak.111 High recovery of 

proteins could be obtained on the monoliths incorporating PEGDA as crosslinker. 

Additionally, two novel polymeric monoliths for anion exchange capillary LC of proteins 

were prepared in a single step by a simple photoinitiated copolymerization of two 

amine-containing monomers with the biocompatible crosslinker, PEGDA, in the presence 

of selected porogens. A poly(HEMA-co-PEGDA) monolith was incorporated in an electric 

field gradient focusing micofluidic device to reduce the bandwidths of focused proteins in 

the channel. The focused protein bands were symmetrical due to negligible interaction 

between the monolith and proteins.112 A poly(methacrylic acid-EDMA) monolith was 

shown to be biocompatible when used for in-tube solid-phase microextraction (SPME) of 
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several antibiotics and angiotensin II receptor antagonists.113,114 The SPME columns could 

be reused without loss of extraction efficiency since they did not foul easily. 

Recently, Courtois et al. proposed the utilization of PEG as a constituent of the 

porogen solution to obtain a more biocompatible monolithic support.115 The idea was to 

produce a monolithic support with large protein-compatible pores characterized by a 

protein-friendly surface, which would not cause unfolding or denaturation of the 

separated proteins. The authors used 1.5–20 kDa PEGs dissolved in 2-methoxyethanol 

and a series of co-porogens as a porogen system.  

1.5 Monoliths for Analysis of Proteomic Samples 

Proteomics is the study of how information coded in a cell is expressed and 

regulated at the protein level to achieve the function of an organism.116 Among the goals of 

proteomics are the following: the identification of all the proteins in a given cell, tissue or 

organisms; determination of how these proteins interact; and, finally, to understand the 

mechanism of the function of these proteins. An ultimate result of proteomics is the 

understanding of complex biological systems, which can lead to new diagnostics and 

therapy. The first step toward this end is the identification of all proteins in a given system 

by protein mapping or profiling. Typically, this is considered the discovery phase of 

proteomics and involves the comparison of different states of a cell or tissue, such as 

diseased vs. normal, mature vs. immature, or drug-treated vs. non-treated. Traditionally, 

this profiling has been accomplished by two-dimensional gel electrophoresis.117-119 

Although two-dimensional polyacrylamide gel electrophoresis has successfully resolved 

proteomes, it is labor-intensive, time-consuming, and, at best, semi-quantitative. 
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One of the bottlenecks for proteomics research is the sample throughput. Sample 

separation is time-consuming, often taking several hours per sample. Development of 

stationary phases for LC has taken place for more than 35 years, however, the field has not 

come to saturation, since the need for columns for high-speed and high-resolution LC is 

enormous, especially in proteomics. “All separations in chromatography would benefit 

from high resolution, high column capacity, fast separations and low back pressure.” 120 

The use of monolithic columns for separations in proteomics provides a simple approach to 

achieve these goals, mostly due to enhanced mass transfer, high column efficiency and 

easy preparation and functionalization.121 

Another important aspect of future development is the miniaturization of 

instrumentation, including the separation column. There are many publications describing 

miniaturized chips and their use for separation of proteins and peptides. Large monolithic 

columns are desirable for preparative-scale separations. However, due to the small sample 

volumes and low concentrations encountered in proteomics analysis, capillary monolithic 

columns for use in nano-LC have recently grown in interest.122 Nano-LC using flow rates 

of 200-300 nL/min to separate peptides in 75-100 µm i.d. columns dominates the field. The 

capillary format also provides two other advantages: first, immobilization of the monolith 

at the capillary wall eliminates the necessity of preparing a tiny retaining frit; second, direct 

on-line coupling of capillary LC to mass spectrometry becomes easier.123 Certainly, 

enhancements in separation techniques must be followed by improvements in the filed of 

mass spectrometry, enabling it to keep pace with fast-developing separation technology. 
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1.6 Conclusions 

The concept of “biocompatibility” was applied successfully to chromatographic 

stationary phases. A biocompatible stationary phase material should be able to resist 

nonspecific adsorption of biomolecules and preserve their bioactivities. The characteristics 

of a biocompatible material that resist protein adsorption were also summarized. Generally, 

there are two methods to obtain a biocompatible stationary phase: surface modification of a 

suitable polymer and direct copolymerization of hydrophilic monomers. The two main 

classes of biocompatible monoliths were reviewed, including polyacrylamide-based and 

polymethacrylate (or polyacrylate)-based polymer monoliths. Integration of PEG into the 

polymethacrylate or polyacrylate monolith network proved beneficial in the reduction of 

non-specific protein interaction.  

Two of the most significant advantages of monoliths are easy fabrication and 

abundance of chemistry. However, the surface modification approach, which is the most 

complex, is the most widely used. Recent introduction of surface-reactive monomers or 

biocompatible monomers could simplify this process. It is anticipated that in addition to 

developing more convenient and effective surface modification techniques for monolith 

fabrication from conventional commodity polymers, the use of functional monomers with 

inherent properties suitable for specific chromatographic applications, including improved 

biocompatibility, will receive more attention in the future. Additionally, development of 

new monoliths with improved biocompatibility and built-in functionalities would 

introduce new tools for selective sample cleanup and enrichment, and therefore enable 

researchers to dig deeper into the proteome. 
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1.7 Dissertation Overview 

Chapters 2 to 4 describe my research on the development of biocompatible polymer 

monoliths for protein and peptide analysis. Chapter 2 describes the development of a series 

of novel anion-exchange monoliths for high-resolution separation of proteins, in which 

PEGDA was incorporated in the monolithic backbone to improve its resistance to protein 

adsorption. This chapter also demonstrates a new AEC method for analysis of whole cell 

lysates of proteins using these monoliths. Chapters 3 and 4 report developments of 

biocompatible monolithic stationary phases for capillary SEC separations of proteins and 

peptides. This work represents a breakthrough in SEC monolith synthesis. Surfactants 

were introduced as porogens with the hope of significantly increasing the mesopore 

volume within the polymer. Two types of surfactants were studied, including 

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) and 

PPO-PEO-PPO (Chapter 3), and Brij (Chapter 4). Chapter 5 presents the analysis of HDL 

using a capillary packed with BioSep-SEC-4000 particles, as well as capillaries containing 

poly(PEGMEA- co-PEGDA) and poly(AETAC-co-PEGDA) monoliths. Chapter 6 

presents proposed future directions in monolith development for protein and peptide 

separations. 
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CHAPTER 2  PREPARATION OF POLYMERIC MONOLITHS BY 
COPOLYMERIZATION OF ACRYLATE MONOMERS WITH 

AMINE FUNCTIONALITES FOR ANION-EXCHANGE 
CAPILLARY LIQUID CHROMATOGRAPHY OF PROTEINS  

2.1 Introduction 

Anion exchange chromatography (AEC) is often used for analyzing proteins 

because it is typically performed under neutral or slightly basic pH conditions where 

proteins remain in their native states.1-3 The technique is based on the reversible binding of 

negatively charged functional groups on biomolecules to positively charged groups in the 

stationary phase and their subsequent displacement by either increasing the ionic strength 

or pH of the mobile phase. Commonly used anion exchangers are functionalized with 

amines.4-6 Typically, weak anion exchangers contain diethylaminoethyl (DEAE) or 

polyethyleneimine (PEI) functionalities, while strong anion exchangers are quaternary 

amines. As for stationary phase support materials, silica and organic polymers have 

replaced polysaccharides (such as cellulose, agarose and dextran) because of their 

excellent mechanical stabilities.7,8 Additionally, polymers, such as highly cross-linked 

polystyrene divinylbenzene (PSDVB), are popular because they have a wider pH stability 

range than silica, while possessing comparable mechanical stability if highly 

crosslinked.8,9 

Monolithic stationary phases have grown in interest because of their characteristic 

enhanced mass transfer and simple preparation. Polymeric monoliths, in particular, offer 

the advantage that by choosing the right functional monomer, monoliths for various 

chromatographic applications can be designed, such as reversed-phase and affinity 

chromatography.10,11 DEAE, which is used to prepare weak anion-exchangers (WAX), was 
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introduced into a monolithic stationary phase after thermally initiated polymerization of a 

rod of poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) (GMA-co-EDMA) 

by reaction of the epoxy groups on the rod with diethylamine (DEA).12,13 Similarly, a PEI 

modified weak anion-exchanger was also prepared based on a poly(GMA-co-EDMA) 

monolith.14 In another report, WAX functionalities were introduced into poly(GMA) 

chains grafted onto a porous-fiber membrane by radiation-induced graft polymerization 

and subsequent functionalization.15 Based on poly(GMA-co-DVB) monoliths, DEAE or 

quaternary ammonium functionalities were introduced to provide WAX or strong 

anion-exchange (SAX) stationary phases for the separation of oligonucleotides, or 

oligonucleotides and nucleosides, respectively.16,17 Acetonitrile was added to the mobile 

phase to suppress the hydrophobic interaction mainly from divinylbenzene. By this surface 

modification approach, only a single functionality could be introduced. Additionally, when 

conducting the in situ reaction, in order to achieve maximum surface coverage and high 

reproducibility, special care had to be taken with respect to compatibility of the solvent 

adsorbed on the matrix surface, reaction temperature, and reaction time. In another 

approach, an SAX stationary phase was prepared by coating a porous poly(butyl 

methacrylate-co-ethylene dimethacrylate -co-2-acrylamido-2-methyl-1-propanesulfonic 

acid) (BMA-co-EDMA-co-AMPS) monolith by electrostatic attachment of quaternary 

amine (QA)-functionalized latex particles for the separation of saccharides.18 However, 

pore size and flow permeability were decreased after coating with a layer of latex particles. 

Surface grafting is another effective approach for introducing ionizable groups onto 

the surface of monoliths, which also involves two main steps, matrix formation and 

functionality attachment. For example, anion exchange polymer chains of poly[2- 
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(dimethylamino)ethyl methacrylate] (pDMAEMA) and poly[(2-(methacryloyloxy) ethyl 

trimethylammonium chloride] (pMETAC) have been grafted onto macroporous 

polyacrylamide gels by free-radical polymerization. These monoliths achieved protein 

binding capacities of up to 6-12 mg/mL, but no separation was demonstrated.19 The 

ionizable monomers AMPS and METAC were also grafted onto macroporous polymer 

monoliths for fabricating electroosmotic pumps.20 Surface grafting can introduce multiple 

functionalities onto a single monolith. However, this approach usually suffers from low 

grafting efficiency, swelling of grafted polymer and, therefore, reduced permeability of the 

final monolith.21 

Direct copolymerization of functional monomers undoubtedly provides the 

simplest approach for preparation of functionalized monoliths. Using this technique, Gu 

et al. designed and synthesized a series of strong cation-exchange (SCX) monoliths by 

incorporating different sulfonic acid-functionalized monomers with decreasing 

hydrophobicity.22,23 High-performance separations of peptides and proteins were achieved 

using these columns. A poly(AMPS-co-PEGDA) monolith exhibited a dynamic binding 

capacity (DBC) that exceeded 150 μequiv/mL of peptides or 300 mg/mL of proteins, 

which were much higher than for an AMPS grafted poly(GMA-co-EDMA) monolith.24 

However, the preparation of such monoliths using direct copolymerization of functional 

monomers is not always successful because of difficulties experienced in finding a 

porogen system that dissolves all of the monomers while enabling the formation of 

monoliths with desired pore structure. Despite advances in the theoretical understanding 

of polymerization processes,25,26 the selection of porogens still remains largely empirical. 
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Minimal nonspecific interaction between analytes and stationary phase is very 

desirable in order to keep proteins in their native states and to allow reversible 

adsorption.27,28 Polyethylene glycol (PEG) is a hydrophilic, biocompatible polymer. 

Surface-bound PEG can resist the non-specific adsorption of proteins and other biological 

species,29 which has been achieved by incorporating PEG monomers into polymer 

networks by graft polymerization,30
 or by attaching PEG chains directly to polymer 

surfaces by various coupling reactions.31 Recently, reaction of PEG functionalized 

monomers, such as polyethylene glycol methyl ether acrylate (PEGMEA) and 

polyethylene glycol diacrylate (PEGDA) yielded monoliths that demonstrated negligible 

non-specific adsorption of proteins.32 Krenkova et al. reported the grafting of 

poly(GMA-co-EDMA) monolith with poly(ethylene glycol) methacrylate before attaching 

reactive azlactone functionalities for enzyme immobilization in order to minimize 

non-specific adsorption of proteins and peptides.33 

Based on previous work in Dr Lee’s laboratory,22,23 the design of successful 

functionalized monoliths has followed two main strategies: (1) incorporation of monomers 

that simultaneously provide functionalities with high selectivity, and (2) application of a 

biocompatible crosslinker (PEGDA) that forms monoliths with decreased non-specific 

adsorption. In this paper, two functional monomers containing anion-exchange 

functionalities, 2-(diethylamino)ethyl methacrylate (DEAEMA) and 2-(acryloyloxy)ethyl 

trimethylammonium chloride (AETAC) were utilized, as shown in Figure 2.1. Two novel 

anion-exchange polymeric monoliths were prepared by direct copolymerization of 

DEAEMA and PEGDA, and copolymerization of AETAC and PEGDA. The resulting 

monoliths contained DEAE (a WAX group) and QA (a SAX group), respectively. Both  
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Figure 2.1. Reaction scheme and monomers involved in synthesizing the anion-exchange 

monoliths. 
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demonstrated comparable chromatographic properties and did not require additional 

surface functionalization. An alternative WAX monolith was also obtained by 

copolymerization of GMA and PEGDA (replacing EDMA) and subsequent 

functionalization. These anion-exchange monolithic columns were prepared in a capillary 

format using 75 µm i.d. capillaries by photoinitiated polymerization and then were 

evaluated for LC separation of standard proteins. 

2.2 Experimental Section 

2.2.1 Chemicals   

2,2-Dimethoxy-2-phenylacetophenone (DMPA, 99%), 2,2’-azobisisobutyronitrile 

(AIBN, 98%), 3-(trimethoxysilyl)propyl methacrylate (TMSPMA, 98%), PEGDA (Mn 

~258), EDMA (98%), GMA (> 97%), DEAEMA (99%), and AETAC (80 wt. % solution in 

water) were purchased from Sigma-Aldrich (Milwaukee, WI). DEA (99+ %) was obtained 

from Acros Organics (Morris Plains, NJ). All of the monomers were used without further 

purification. Porogenic solvents, cyclohexanol, methanol, ethyl ether, and hexanes, and 

chemicals for use in mobile phases were LC grade. Buffer solutions were prepared with 

deionized water from a Millipore water purifier (Billerica, MA) and filtered through a 

0.22-μm membrane filter. 

Proteins, myoglobin (MYO) from equine skeletal muscle, conalbumin (CON) from 

chicken egg white, ovalbumin (OVA), bovine serum albumin (BSA), and soybean trypsin 

inhibitor (STI) were purchased from Sigma-Aldrich. The total protein from lysate of the 

host Escherichia. coli DH5α was obtained as described previously.34 
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2.2.2 Polymer Monolith Preparation  

First, a fused silica capillary with UV-transparent fluorinated hydrocarbon polymer 

(75 μm i.d., 375 μm o.d., Polymicro Technologies, Phoenix, AZ) was silanized using 

TMSPMA in order to anchor the polymer monolith on the capillary wall as previously 

described.23 In this study, PEGDA was chosen as the only crosslinker because of its 

effectiveness in reducing non-specific adsorption of proteins on the monolith. Then the 

polymer precursor was prepared by mixing monomer, crosslinker, porogens, and initiator 

(see Table 2.1 for reagent compositions). The mixture was ultrasonicated for ~20 s 

considering the volatility of ethyl ether. Subsequently, the reaction mixture was introduced 

into the silanized capillary by capillary action, and irradiated using a UV curing system as 

previously reported.22 After polymerization was complete, the monolithic column was 

connected to an LC pump and extensively flushed with methanol to remove the porogenic 

solvents and unreacted reagents. As mentioned in the introduction, DEAE functionalities 

could be introduced after polymerization of the rod of poly(GMA-co-PEGDA) by reaction 

of the epoxy groups with DEA. Typically, DEA was pumped through the column to 

completely “wet” the polymer first, and then the column was sealed at both ends by a 

closed loop filled with DEA, and heated at 55˚C for 12 h in an oven. Residual epoxy groups 

were blocked by washing the column with 1.0 M Tris buffer, pH 8.0. After preparation, 

both ends of the monolithic column were placed in water to keep the monolith wet. For 

reference, a DEA modified poly(GMA-co-EDMA) monolith was also prepared. 

Monolithic columns were characterized by scanning electron microscopy (SEM, 

FEI Philips XL30 ESEM FEG, Hillsboro, OR). SEM images of the monolith inside the 

capillary provided information on the pore structure, i.e., approximate globule and pore 
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sizes. Monomer conversion is an important measurement used to evaluate polymerization 

efficiency. To measure monomer conversion, a bulk monolith was prepared under the same 

polymerization conditions as used to prepare the same monolith in a capillary except that 

the bulk monolith was prepared in a mold.23 The monolith formed was Soxhlet extracted 

with methanol overnight, and then dried under vacuum at ~60˚C for 5 h. Monomer 

conversion was calculated by comparing the weight of polymer monolith to the weight of 

the total monomers. 

2.2.3 Capillary Liquid Chromatography  

Chromatographic separations were carried out using a system previously 

described.22 It consisted of two syringe pumps (ISCO model 100 DM, ISCO, Lincoln, NE), 

a static mixer, a Valco splitting tee, and a Valco sample injector with an internal 60-nL loop 

(Valco, Houston, TX). The mobile phases in the two pumps were 10 mM Tris buffer, pH 

7.6 (buffer A), and sodium chloride plus buffer A (buffer B), respectively. The splitter had a 

33-cm fused-silica capillary (30 μm i.d., 375 μm o.d.) connected to its third outlet to 

provide a ~1:1000 split ratio between the analytical column and waste. Flow rates were 

measured at the exits of the column and the splitter capillary using empty Hamilton 

syringes (Hamilton, Reno, NV). Both pumps were operated in the constant flow mode to 

deliver the desired gradient program, and they were set to deliver solvents at a constant 

flow rate in the range of 70-200 nL/min. Standard proteins dissolved in buffer A were used 

for testing these monolithic columns. On-line UV detection at 214 nm was used. The 

chromatographic conditions are given in the figure captions. 

To investigate the permeability of these monolithic columns, pressure drop 

measurements were made at room temperature (~23˚C) using pure water as the permeating 
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fluid at flow rates ranging from 50 to 200 nL/min. Each column pressure was obtained by 

subtracting the system pressure from the measured value on the read-out display.  

2.2.4 Dynamic Binding Capacity and Mass Recovery Measurements  

Dynamic binding capacity (DBC) is one of the most important properties of an 

ion-exchange column, which determines the resolution, column loadability, and gradient 

elution strength. The DBC was examined via open-loop frontal analysis.35 Specifically, the 

monolithic column was first equilibrated with buffer A, and then a solution of 3.0 mg/mL 

BSA in buffer A that had been preloaded in a sample loop (~3 m long, 320 μm i.d.) was 

pumped through the monolithic column (~10 cm long, 75 μm i.d.) at a flow rate of 150 

nL/min. One end of the sample loop was connected to the pump and the other end was 

connected to the column using a True ZDV Union (Upchurch Scientific, Oak Harbor, WA). 

The volume of protein solution needed to saturate the column was measured by a 

breakthrough curve which could be recorded directly by monitoring the UV absorbance. 

Protein mass recovery was determined by a direct comparison of the protein peak areas 

obtained with and without the analytical column as described previously.36 

2.2.5 Safety Considerations  

The GMA, DEAEMA and AETAC monomers, and the PEGDA and EDMA 

crosslinkers may act as sensitizers. Additionally, DEA is a severe eye and respiratory tract 

irritant. Relative MSDS information about these reagents should be consulted and special 

care should be taken for handling these reagents. Caution must be taken (such as wearing 

glasses and gloves) during polymerization steps, since high power UV radiation can cause 

severe burns to skin and eyes.  
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2.3 Results and Discussion 

2.3.1 Polymer Monolith Preparation  

Various monomers (DEAEMA, AETAC and GMA) containing anion-exchange 

groups or reactive groups were selected for co-polymerization with the biocompatible 

crosslinker, PEGDA. Usually, good solvents serve as microporogens to provide high 

surface area, while poor solvents act like macroporogens to provide good bulk flow 

properties. Whether a solvent is good or poor mostly depends on its relative polarity 

compared to the polymer. Polymerization conditions optimized for one system cannot be 

transferred directly to another since different monomers with different polarities are 

involved. 

The reference monolith poly(GMA-co-EDMA) reported by Svec et al. was chosen 

as a starting point.12,13 This monolith was prepared in a mixture of cyclohexanol 

(microporogen) and dodecanol (macroporogen) by thermally initiated polymerization. The 

ratio of monomer to crosslinker was fixed at 3:2 (Table 2.1). When replacing EDMA with 

PEGDA as crosslinker, methanol was selected as the macroporogen instead of dodecanol 

since it was proven efficient for the formation of macroporous throughpores in a 

poly(PEGDA) monolith. As a result, the new poly(GMA-co-PEGDA) monolith could be 

formed in 10 min using photoinitiated polymerization instead of thermally initiated 

polymerization. Compared to the poly(GMA-co-EDMA) monolith (Figure 2.2A), an SEM 

image of the modified poly(GMA-co-PEGDA) monolith inside a capillary (Figure 2.2B) 

showed a similar porous structure and somewhat larger globule (~2 μm) and pore sizes (~3 

μm), Ethyl ether was found to be another effective porogen for synthesizing monoliths 

from PEG-based monomers. With optimized combination of methanol and ethyl ether as 
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Table 2.1. Reagent composition of several monoliths used in this study. 

Monolith Reagent composition 
UV 

Time 
(min) 

 
DMPA 

(g) 
Monomer

(g) 
PEGDA

(g) 

Cyclo- 
hexanol

(g) 

Methanol 
(g) 

Ethyl 
Ether  
(g) 

Hex- 
anes 
(g) 

 

GMAa 0.01a  0.48 0.32a 1.1 0.10a  / / /a 

GMA 0.008 0.48 0.32 1.1 0.1 / / 10 

DEAEMA 0.008 0.48 0.32 / / / 0.4 10 

AETAC 0.0008 0.4 0.48 / 0.9 0.9 / 5 

a Poly(GMA-co-EDMA) was prepared as a reference material; 0.01 g AIBN was used as initiator, 

0.10 g dodecanol was used as co-porogen, and 22 h heat exposure was applied12,13.  
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Table 2.2. Physical properties of several monoliths used in this study. 

Monolith Physical propertiesb 

 
DBC 

(mg/mL) 
 

Recovery 
(%) 

 

Monomer 
convsn 
(wt%) 

 

Permeability 
(× 10-14m2) 

 

Porosity 
(%) 

GMAa 36±2 89±2 - 1.1±0.1 63 

GMA 32±3 102±3 83±3 1.9±0.1 69 

DEAEMA 24±2 98±3 48±2 6.2±0.2 82 

AETAC 56±4 100±2 100±4 1.0±0.2 59 

aAs described in Table 2.1. bThe physical properties are reported as mean±standard 

deviation and caculations were based on 95% confidence level, n = 3.  
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porogens, a poly(AETAC-co-PEGDA) monolith was formed as shown in Figure 2.2D. 

However, in this polymerization system, methanol was a microporogen, while ethyl ether 

was a macroporogen. Absence of ethylether or excess methanol led to a glassy, transparent 

structure. A favorable mass ratio (i.e., 2:3) of AETAC to PEGDA was found for this 

monolithic column. This polymerization reaction was so fast that only 0.0008 g (~0.03 wt. 

%) DMPA was enough for initiating the reaction. 

Unfortunately, neither methanol nor ethyl ether, nor other combinations of common 

solvents were successful in producing flow-through poly(DEAEMA-co-PEGDA) 

monoliths. A flow-through monolith was finally formed using a single porogen, hexanes. 

There are two possible reasons for this result. One is that most polar solvents cannot be 

used because they are such good microporogens that poor flow-through monoliths are 

produced even in the presence of a macroporogen. The second reason is that unreacted 

monomers can serve in part as microporogens since they are relatively good solvents for 

the polymer compared to the macroporogen. The application of a single macroporogen was 

also in agreement with the SEM image of poly(DEAEMA-co-PEGDA) (see Figure 2.2C), 

which demonstrated large globule (~3.6 μm) and pore sizes (~5 μm) and, consequently, 

much higher permeability (Table 2.2). 

From these images, it can be immediately seen that poly(GMA-co-PEGDA) and 

poly(DEAEMA-co-PEGDA) have structures that are similar to poly(GMA-co-EDMA) 

reported earlier, i.e., clusters of congregated irregular micro-globules with voids between 

them (pores). However, the morphology of the poly(AETAC-co-PEGDA) monolith was 

very different from the others, but quite similar to the SCX poly(vinylsulfonic acid- 

co-PEGDA) monolith synthesized previously,23 i.e., a labyrinth of tortuous cavities of  
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Figure 2.2. SEM photographs of (A) DEA modified poly(GMA-co-EDMA); (B) DEA 

modified poly(GMA-co-PEGDA); (C) poly(DEAEMA-co-PEGDA); (D) poly(AETAC- 

co-PEGDA). 
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different sizes formed by aggregated chains of particles. 

2.3.2 Biocompatibility 

In two previous papers, clean fluorescence images obtained after flushing 

PEGDA-based monoliths with fluorescein isothiocyanate (FITC)-labeled BSA were 

demonstrated to show negligible nonspecific adsorption of proteins.32 Furthermore, the 

hydrophobicities of the monoliths were compared under reversed-phase chromatography 

conditions, yielding retention factors of almost zero for the poly(PEGDA) monolith and 

4.4 for the poly(EDMA) monolith.23 To further evaluate non-specific protein adsorption, 

protein mass recoveries were examined. A recovery of more than 98% of protein STI was 

obtained using monoliths incorporating PEGDA as crosslinker, compared to a recovery of 

89% when using modified poly(GMA-co-EDMA) (Table 2.2). These tests indicate that 

polymer monoliths that incorporate PEGDA as crosslinker are more biocompatible. 

2.3.3 Chromatographic Performance  

The anion-exchange monoliths reported in this study demonstrated efficient 

separations of proteins of varying molecular weights and pI values. The modified 

poly(GMA-co-PEGDA) monolith was able to separate OVA, BSA, and STI, which differ 

by as little as ~0.1 pI value (Figure 2.3A). In isoelectric focusing (IEF), conalbumin 

separates into 3 major components with pI values of 6.2, 6.6 and 7.2, representing different 

metalloforms (diferric, monoferric and ion-free, respectively). Similarly, the WAX 

poly(DEAEMA-co-PEGDA) monolith showed similar separation of conalbumin (Figure 

2.3B), which indicates its potential for separating protein isoforms or variants. Compared 

to other monoliths, faster separation of standard proteins was achieved using the 

poly(DEAEMA-co-PEGDA) monolith due to a much lower back pressure (data not 
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Figure 2.3. Anion-exchange chromatography of standard proteins. Conditions: (A) 75 µm i.d. × 13 cm DEA modified 

poly(GMA-co-PEGDA), (B) 75 µm i.d. × 16 cm poly(DEAEMA-co-PEGDA), and (C) 75 µm i.d. × 17 cm poly(AETAC-co-PEGDA) 

monolithic columns; (A) 20 min linear gradient from 0 to 1.0 M NaCl (50 mM/min) in buffer A, (B) 30 min linear gradient from 0 to 

0.5 M NaCl (17 mM/min) in buffer A, and (C) 30 min linear gradient from 0 to 1.0 M NaCl (33 mM/min) in buffer A; UV detection at 

214 nm; Peak identifications: 1. MYO, 2. OVA, 3. STI, 4. BSA, 5. CON. 
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shown). The SAX poly(AETAC-co-PEGDA) monolith also demonstrated good separation 

of standard proteins, MYO, OVA and STI (Figure 2.3C). Both poly(GMA-co-PEGDA) and 

poly(AETAC-co-PEGDA) afforded higher retention and resolution compared to 

poly(DEAEMA-co-PEGDA) even under stronger elution strength, which was presumably 

due to their higher binding capacities for proteins. Furthermore, poly(AETAC-co-PEGDA) 

provided better protein separations due to a higher peak capacity of 58 compared to peak 

capacities of 34 and 36 for poly(DEAEMA-co-PEGDA) and poly(GMA-co-PEGDA), 

respectively. 

2.3.4 Dynamic Binding Capacity  

Using frontal analysis, the DBC values for the two WAX poly(GMA-co-PEGDA) 

and poly(DEAEMA-co-PEGDA) monoliths, and one SAX poly(AETAC-co-PEGDA) 

monolith were measured as 32±3, 24±2 and 56±4 mg/mL of column volume, respectively. 

These data are comparable or superior to the DBC values that have been reported for 

various monoliths (Table 2.3). The DBC of the modified poly(GMA-co-EDMA) monolith 

developed by Svec et al. was 35 mg/mL.12 Hahn et al. reported BSA binding capacities in 

the range of 20-30 mg/mL on CIM-DEAE disks from BIA Separations, which were 

presumably fabricated from ~1 μm diameter particles.37 My results are also much higher 

than the DBC of 14 mg/mL reported for a PEI modified weak ion-exchanger based on a 

poly(GMA-co-EDMA) monolith,14 or 6-12 mg/mL that was reported for pDMAEMA- 

grafted pAAm cryogels.19 For SAX monoliths, Iberer et al. reported a BSA DBC of ~30 

mg/mL for a BIA CIM-QA Disk and ~40 mg/mL for a Bio-Rad UNO-Q monolith,38 which 

are lower than the value of 56±4 mg/mL for poly(AETAC-co-PEGDA). 
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Table 2.3. Comparison of DBCs of various anion-exchangers. 

WAX media 
Data 

source 
DBC 

(mg/mL) 
SAX media 

Data 
source 

DBC 
(mg/mL)

DEAE-GMA-PEGD
A 

This work 32±3 AETAC-PEGDA This work 56±4 

DEAEMA-PEGDA This work 24±2 BIA CIM-QA [38] 30 

DEAE-GMA-EDMA [12] 35 Bio-Rad UNO-Q [38] 40 

BIA CIM-DEAE [37] 20-30 
TSK-Gel 

Q-5PW-HR 
[40] 42 

PEI-GMA-EDMA [14] 14 Q Sepharose FF [40] 54 

DMAEMA-pAAm 
cryogels 

[19] 6-12 Q HyperD 20 [40] 85 

Toyopearl DEAE 
650M, MacroPrep 

DEAE 
[39] 20, 16    

DEAE Sepharose FF,  
DEAE Ceramic 

HyperD 20 
[39] 59, 76    

 

 

 

 

 

 

 

 

 

 

 



 48

The DBC values of 24±2 and 32±3 mg/mL for the WAX monoliths in this work are 

superior to those measured for some commercial anion-exchange resins (e.g., 20 mg/mL 

and 16 mg/mL for Toyopearl DEAE 650M and MacroPrep DEAE Support, respectively), 

but lower than 59 mg/mL and 76 mg/mL for DEAE Sepharose FF and DEAE Ceramic 

HyperD 20, respectively.39 The DBC value of 56±4 mg/mL for the SAX monolith is 

superior to 42 mg/mL and 54 mg/mL for TSK-Gel Q-5PW-HR and Q Sepharose FF, 

respectively, but lower than 85 mg/mL for Q HyperD 20.40 The lower values could be due 

to less solid phase in the column. For particulate chromatographic media, the total mass of 

solid is approximately 2~3 times that of a highly porous monolith.41 The good DBCs of 

these monoliths are attributed, in part, to their high-through pore structures that afford good 

pore accessibility by proteins. A high incorporation of functional monomer could also 

contribute to high DBC. 

The sharpness of the breakthrough curve is indicative of the efficiency of mass 

transfer within the pores of the separation media. As shown in Figure 2.4, all three new 

anion-exchange monolithic columns achieved very steep breakthrough slopes (b, c, and d) 

and, hence, highly efficient binding of proteins that provides efficient peaks and high 

resolution. This is attributed to decreased non-specific interaction of proteins with the 

monolith backbone when using PEGDA as crosslinker. 

2.3.5 Column Characterization 

Run-to-run and column-to-column reproducibilities of the three new monoliths 

were investigated (Table 2.4). For three consecutive runs, the percent relative standard 

deviations (RSD%) of the retention times of OVA and STI were less than 1.4%, 1.2%, and 

2.0% for the modified poly(GMA-co-PEGDA), poly(DEAEMA-co-PEGDA) and 
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Figure 2.4. Breakthrough curves obtained by fontal analysis. Conditions: 75 µm i.d. × 10 

cm (a) DEA modified poly(GMA-co-EDMA), (b) DEA modified poly(GMA-co- 

PEGDA), (c) poly(DEAEMA-co-PEGDA), and (d) poly(AETAC-co-PEGDA) 

monolithic columns, 3.0 mg/mL BSA in buffer A as loading phase; 0.15 μL/min; UV 

detection at 214 nm. 
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poly(AETAC-co-PEGDA) monoliths, respectively, which indicates that reproducible 

separations can be achieved using these monolithic capillary columns. Column-to-column 

reproducibility measurements gave retention time RSD% values (n = 3) ranging from 1.7 

to 3.8%. Additionally, these monolithic capillary columns were stable during continuous 

use for at least two months with constant back pressure. Of course, this is dependent on 

good attachment of the monolith to the capillary wall and keeping the monolith filled 

with buffer solution. 

Permeability represents the ease or difficulty of mobile phase flow through a 

chromatographic column. Pure water was pumped through the monoliths to measure their 

permeabilities since only aqueous buffers were used as mobile phases in this work. Good 

linearity between pressure drop and flow rate clearly demonstrated that the monoliths 

were mechanically stable at pressures up to 3000 psi. Calculated permeabilities according 

to Darcy’s Law are listed in Table 2.2.42 The permeability of the poly(GMA-co-EDMA) 

monolith was 1.1 ×10-14 m2, which is in good agreement with a commercial CIM DEAE 

disk monolithic column from BIA Separations.43 The poly(GMA-co-PEGDA) monolith, 

and especially the poly(DEAEMA-co-PEGDA) monolith, gave even higher 

permeabilities due to larger globule and pore sizes. A ~5 fold increase in permeability 

makes fast separations using the poly(DEAEMA-co-PEGDA) monolith possible. In 

addition, since these three monoliths share similar pore structures, their permeabilities did 

increase with increase in globule and pore sizes (Figure 2.2). Furthermore, as shown in 

Figure 2.5, a linear dependency of flow rate on back pressure for poly(AETAC-co- 

PEGDA) and poly(DEAEMA-co-PEGDA) monoliths was also achieved using different 

pH aqueous Tris buffers (pH = 7.0, 8.0 and 9.0), which reveals minimal swelling of these
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Table 2.4. Reproducibilities of the new monolithic columns.a 

Run-to-run Column-to-column 
Reproducibilities 

(RSD% of retention time) 

 OVA STI OVA STI 

Poly(GMA-co-PEGDA) 0.9 1.4 2.0 2.9 

Poly(DEAEMA-co-PEGDA) 0.3 1.2 1.7 2.3 

Poly(AETAC-co-PEGDA) 2.0 0.9 3.8 3.0 

a For LC conditions, see Figure 2.3. 
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functional monoliths in aqueous buffers within this pH range. Increasing the pH from 7.0 

to 9.0 increased the permeability of these functional monoliths. This observation is 

consistent with reported data and is probably a consequence of the lower association of 

anion-exchange groups.44 The monomer conversions of these monoliths were relatively 

high, except for poly(DEAEMA-co-PEGDA) which gave 48% monomer conversion 

(Table 2.2). This is likely due to poor copolymerization resulting from unfavorable 

monomer reactivity ratio. Such a low monomer conversion may be responsible for its 

relatively low DBC (24±2 mg/mL), and probably its high permeability. 

Using inverse size-exclusion chromatography (ISEC), total porosities were 

estimated from retention volumes of an unretained molecular tracer (uracil, MW = 112 

g/mol) and the geometrical volumes of the columns.45 The porosity does not seem to be 

directly related to permeability. A high porosity combined with relatively large volumetric 

through-pore fraction yields monolithic columns with high permeability. Unfortunately, 

the PEGDA-based monoliths usually crack or deform during drying, which likely changes 

the original pore structure. Because of this, mercury intrusion porosimetry was abandoned 

for investigating the pore properties in this work. 

2.3.6  Application  

SAX chromatography of the total protein fraction from a lysate of the host E. coli 

DH5α was achieved using a poly(AETAC-co-PEGDA) monolith (Figure 2.6). Although 

these peaks were not identified, the separation power of the monolithic column was 

demonstrated. Of course, only acidic proteins could be separated using this column. The 

baseline drift was mostly due to the presence of a large amount of cellular material other 

than proteins in the sample, such as RNA and DNA. 
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Figure 2.5. Backpressure dependency on linear velocity for the AETAC and DEAEMA 

functionalized monoliths. Conditions: 15 cm × 75 µm i.d. monolithic columns; 20 mM 

Tris buffer with pH 7.0, 8.0 and 9.0. Only one measurement for each column was made.  
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2.4 Conclusions 

Two porous monolithic columns were prepared by direct copolymerization of 

functional monomers with a biocompatible crosslinker, PEGDA, in 75 μm i.d. capillaries 

in the presence of suitable porogens. They were then evaluated as stationary phases in 

anion-exchange capillary LC of proteins. The resulting poly(DEAEMA-co-PEGDA) and 

poly(AETAC-co-PEGDA) monoliths contain DEAE and QA functionalities that are 

required for WAX and SAX chromatography, respectively. Even without additional surface 

functionalization, these monoliths produced comparable chromatographic efficiencies and 

resolution for standard proteins compared to most anion-exchange monoliths reported 

previously. Compared to the more common poly(GMA-co-EDMA) monolith, the 

poly(GMA-co-PEGDA) and poly(DEAEMA-co-PEGDA) monoliths were synthesized 

faster by photoinitiated polymerization (10 min), provided comparable DBC, 

demonstrated faster kinetic adsorption of proteins, and provided higher permeability. The 

SAX poly(AETAC-co-PEGDA) monolith provided partial separation of a complex protein 

mixture, mostly due to its superior binding capacity and separation efficiency. 
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Figure 2.6. Strong anion-exchange (SAX) chromatography of total protein lysate of E. 

coli DH5α. Conditions: 75 µm i.d. × 18 cm poly(AETAC-co-PEGDA) monolithic 

column; buffer A was 20 mM Tris (pH 7.6) and buffer B was buffer A plus 0.5 M NaCl, 

linear AB gradient from 2 to 98% B in 30 min, and held for 5 min; 100 nL/min flow rate; 

1.0 mg/mL analyte concentration; UV detection at 214 nm. 
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CHAPTER 3  PREPARATION OF POLYMER MONOLITHS THAT 
EXHIBIT SIZE EXCLUSION PROPERTIES FOR PROTEINS 
AND PEPTIDES  

3.1 Introduction 

Size exclusion chromatography (SEC), also known as gel filtration 

chromatography, has long been one of the most widely used techniques for the separation 

and purification of biological macromolecules, especially proteins.1-3 The separation is 

based exclusively on the hydrodynamic sizes of the molecules. Consequently, an ideal 

size-exclusion medium for protein (or peptide) separation should have no interaction with 

the analytes, and it must have sufficient pore volume and pore size distribution to resolve 

the molecular weight range of proteins (or peptides).4 A soft gel medium (typically 

polyacrylamide, dextran or agarose) has conventionally been used at low pressure. To be 

applicable in high-performance liquid chromatography (HPLC), additional stationary 

phase requirements of rigidity and stability must be met. In this respect, columns packed 

with hydrophilic bonded silica or highly crosslinked polymeric particles are typically used 

for SEC separation of proteins or peptides in aqueous solution.5,6 Commercially available 

SEC columns from analytical to preparative scale typically have pore sizes ranging from 

120 to 500 Å.7 Even capillary SEC was demonstrated in the early years of microcolumn 

separations.8,9 Compared to conventional SEC, capillary SEC offers several advantages, 

such as low eluent consumption, ease of interfacing with a mass spectrometer, and ability 

to prepare long columns. In addition, they have achieved more efficient separations than 

conventional columns after optimization.10 However, care must be taken to minimize dead 
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volume in the capillary LC system, since the capillary column bed is only a few microliters 

in total volume.11 

A monolithic column structure would be advantageous as an SEC stationary phase 

in view of its ease of preparation and low cost, as well as good stability.12,13 To be suitable 

for the SEC of biopolymers, such as proteins, it must also be biocompatible, rigid, and have 

sufficient mesopore volume (i.e., pore diameters ranging from 2 to 50 nm). Although 

monoliths have been applied successfully in various chromatographic separation modes for 

proteins, such as reversed phase (RPC), ion exchange (IEC) and affinity 

chromatography,14-16 no reports have described their use in aqueous SEC of proteins, 

mostly because of problems with non-specific adsorption of proteins and difficulty 

experienced in the synthesis of monoliths having a bimodal pore-size distribution, with one 

pore size in the macropore region (> 50 nm) and the other in the mesopore region (2-50 

nm).  

Generally, monoliths can be divided into two categories: silica and organic polymer. 

Silica monoliths are prepared by a sol-gel process with subsequent dissolution- 

precipitation, resulting in a bimodal pore structure, i.e., with macropores that provide 

mobile phase flow through the monolith and mesopores that provide chromatographic 

retention.17,18 Inverse SEC experiments using polystyrene standards have confirmed the 

existence of a relatively large volume of mesopores (10-12%) with a proper size range for 

SEC.19,20 However, the high degree of non-specific interactions between silanol groups and 

proteins limits its application for SEC separation of proteins. Organic polymer monoliths 

are prepared by in situ polymerization of monomers and crosslinkers in the presence of 

porogens and initiators. Using conventional one-step free-radical polymerization, 
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macopores and micropores (< 2 nm) are typically produced in the case of a binary or 

ternary porogenic mixture of poor and good solvents, respectively; however, few 

mesopores are observed.21-23 Hence, the resulting polymer monoliths provide almost no 

separation in the size exclusion mode due to the absence of mesopores. Although great 

effort has been made to produce mesopores by systematically varying the composition of 

the polymerization mixture, resultant monoliths have not been able to provide efficient and 

selective SEC separation.24  

Recently, attempts have been made to utilize new polymerization methods to 

synthesize polymer monoliths for SEC. A porous poly(styrene-co-divinylbenzene) 

(PSDVB) polymer prepared by stable free radical (SFR) mediated polymerization 

demonstrated marginal separation of a mixture of three polystyrene standards with MWs of 

3 200 000, 210 500, and 580.25 However, the inherent hydrophobic character of this 

hydrocarbon-based polymer prevents its use for SEC separation of proteins. In another 

report, a poly(cyclooctene)-based monolithic column was synthesized for SEC by 

ring-opening metathesis polymerization (ROMP).26 The chromatograms of polystyrene 

standards in the range of MWs from 2 600 to 3 280 000 indicated insufficient mesopore 

volume. Furthermore, it was also too hydrophobic to be applied directly for aqueous SEC 

of proteins. Aoki et al. synthesized a poly(glycerol dimethacrylate)-based polymer 

monolith via viscoelastic phase separation that was induced by monodisperse ultra high 

MW poly(styrene) as a porogen.27 Although BET and Hg intrusion measurements 

demonstrated a sharp bimodal pore distribution for the crushed monolith, the paper did not 

report the SEC performance of the monolith. While surface modifications of silica, 

polystyrene, and polycyclooctene-based monoliths could render them somewhat 
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hydrophilic,28-30 it would be very challenging to mask the silanol or hydrophobic groups 

completely via on-column reactions so that they could effectively resist non-specific 

adsorption of proteins.  

We recently reported the synthesis of a biocompatible monolithic material by 

polymerizing two PEG-based monomers in the presence of ethyl ether and methanol using 

one-step free radial polymerization.31 The PEG monolith provided SEC separation of 

several peptides because of its 10.9% micropore volume; however, no separation of 

proteins was observed due to a minimal mesopore volume. Further attempts to create 

mesopores by optimizing some key parameters, such as the composition of the porogenic 

system and ratio of monomer to crosslinker, were not successful. Therefore, I have spent 

considerable time and effort searching for new methods to create mesopores within 

polymeric monoliths.  

Surfactants were introduced some years ago as porogens to create small pores of 

defined size within a polymeric hydrogel or a polymer.32-34 Using this approach, 

polymerization is conducted in the presence of high concentrations of specific 

macromolecules or surfactants, and then pores are generated by removing the porogenic 

reagents from the polymer. Differences in protein mobilities between gels prepared with 

sodium dodecyl sulfate (SDS) and their normal gel counterparts were observed in a manner 

consistent with the creation of approximately 5 nm pores.32 These hydrogels demonstrated 

a network of internal pores that could be size selected independently of polymer and 

crosslinker concentrations.33 Non-ionic surfactants with relatively large MWs were used to 

generate 6.7-10.8 nm pore sizes in the polymer matrix.34  
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Inverse size exclusion chromatography (ISEC) uses SEC measurements to 

characterize the pore structures of porous materials when the probe sizes are known.35 In 

order to provide reliable results, there should be no adsorption of the probe compounds on 

the stationary phase, since pure size exclusion data are required. For silica or PSDVB- 

based matrices, a series of polystyrenes in tetrahydrofuran (THF) as mobile phase have 

been used for characterization.19,20,36 Dextrans in NaCl-phosphate buffer have also been 

used to investigate pore size distribution of a set of cation-exchange adsorbents based on 

methacrylate, dextran-silica and agarose.37 My PEG monolith can resist adsorption of 

proteins and peptides even when using an aqueous buffer without any organic solvent 

additives.31 Thus, it is possible, in principle to use proteins and peptides as probe 

compounds and an aqueous solution as mobile phase for ISEC characterization of the PEG 

monoliths. I would expect to obtain a pore size distribution which corresponds to the 

chromatographic distribution of macromolecules in the SEC mode.  

The objective of this study was to prepare monoliths for SEC separation of proteins 

(or peptides). Two main strategies were considered: first, poly(ethylene glycol) methyl 

ether acrylate (PEGMEA) and poly(ethylene glycol) diacrylate (PEGDA) (structures 

shown in Figure 3.1) were used as monomer and crosslinker, respectively, for a 

biocompatible stationary phase; second, non-ionic surfactants poly(propylene 

oxide)-block- poly(ethylene oxide)-block- poly(propylene oxide) (PPO-PEO-PPO, 

abbreviated as PEP) or PEO-PPO-PEO (abbreviated as EPE) were introduced as porogens 

to create a considerable portion of mesopores for size exclusion of proteins. These tri-block 

copolymers contained different lengths of PPO and PEO blocks, which yielded different 

MWs and slightly different polarities.38 SEC monolithic columns were prepared in fused  
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Poly(ethylene glycol) methyl ether acrylate

(PEGMEA, Mn 454) 

 

Poly(ethylene glycol) diacrylate 

(PEGDA, Mn 258) 

 

Poly(propylene oxide)-poly(ethylene 
oxide)-poly(propylene oxide) 

(PPO-PEO-PPO) (PEP) 

 

Poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide) 

(PEO-PPO-PEO) (EPE) 

 

2,2-Dimethoxy-2-phenylacetophenone 

(DMPA) 

 

Figure 3.1. Structural formulas of reagents for synthesizing the monoliths. 
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silica capillary columns by photoinitiated polymerization and then evaluated for SEC 

separation of proteins and peptides. 

3.2 Experimental Section 

3.2.1 Chemicals and Reagents  

PEGDA (Mn ~258), 3-(trimethoxysilyl)propyl methacrylate (TMSPMA, 98%), 

PEP (Mn ~2 700, 3 300) and EPE (Mn ~4 400, 5 800), and LC water (CHROMASOLV®) 

were purchased from Sigma-Aldrich (Milwaukee, WI). Anhydrous ethyl ether was 

obtained from Fisher Scientific (Fair Lawn, NJ). All of the monomers were used without 

further purification. Phosphate buffer solutions were prepared with LC water and filtered 

through a 0.22-μm membrane filter. Table 3.1 gives a list of the proteins and peptides used 

in the experiments. All proteins and peptides were purchased from Sigma-Aldrich, except 

lactate dehydrogenase (Calbiochem, San Diego, CA).  

3.2.2 Polymer Monolith Preparation 

First, fused silica capillaries clad with UV-transparent fluorinated hydrocarbon 

polymer (Polymicro Technologies, Phoenix, AZ) were silanized using TMSPMA in order 

to anchor the polymer monolith to the capillary wall as described previously.39 Then the 

polymerization mixture for monolith M-1 (see Table 3.2) was prepared by dissolving 0.006 

g DMPA in 2.0 g solution (0.3 wt. %) containing 0.15 g PEGMEA, 0.45 g PEGDA, and 1.4 

g total porogen (0.6 g PEP and 0.8 g ethyl ether). Other monoliths (i.e., M-2 to M-8) were 

prepared by varying the ratios of total monomer/total porogen, or PEGMEA/PEGDA, or 

copolymer/PEP (EPE). Each reagent mixture was ultrasonicated for ~40 s considering the 

volatility of ethyl ether. Subsequently, the reaction mixture was introduced into the 
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silanized capillary by capillary action, and irradiated for 10 min using a UV curing system 

previously described.31 

Monolithic columns were characterized by scanning electron microscopy (SEM, 

FEI Philips XL30 ESEM FEG, Hillsboro, OR). The morphologies of the monoliths were 

observed from the SEM images. 

3.2.3 Size Exclusion Chromatography  

After polymerization, the monolithic columns were connected to an LC pump and 

extensively washed with methanol to remove the porogenic solvents and unreacted 

reagents. The columns were equilibrated first with water and then with buffer. An Eksigent 

Nano 2D LC system (Dublin, CA) was used to conduct all chromatographic experiments 

with a K-2600 UV detector (Sonntek, Upper Saddle River, NJ). The detection cell was a 

3-nL ULT-UZ-N10 from LC Packings (Sunnyvale, CA). The column was connected to the 

detection cell using a zero dead volume P-720 Union (Upchurch, Oak Harbor, WA), and 

the detection wavelength was 214 nm. The LC system for experiments consisted of two 

pumps and a six-port electronic valve as injector, controlled by the Eksigent v2.08 software. 

Standard proteins dissolved in buffer were used to evaluate the monolithic columns. The 

chromatographic conditions are given in the figure captions. In addition, a packed capillary 

(57 cm × 150 µm i.d.) was prepared and investigated for comparison. The packing material 

was removed from a commercial BioSep-SEC-4000 guard column purchased from 

Phenomenex (Torrance, CA). The specifications of the packing material were listed as: 

hydrophilic bonded silica, 5 μm particle size, 500 Å pore size, 15 000-2 000 000 Daltons 

exclusion range for native proteins.
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Table 3.1. Proteins and peptides used in this study. 

Proteins and peptides Abbreviation MW (Daltons)a pIb Diameter (nm)c Sourcea 

Thyroglobulin TG 670 000 4.6 ~15.7 Porcine thyroid gland 

Catalase CAT 250 000 6.7 ~10.9 Bovine liver 

Lactate dehydrogenase LDH 143 000 8.5 ~8.9 Rabbit muscle 

Albumin BSA 66 000 4.9 ~6.7 Bovine serum 

Ovalbumin OVA 44 000 4.7 ~5.8 Chicken egg white 

Trypsin inhibitor STI 20 100 4.5 ~4.3 Soybean 

Aprotinin AP 6 500 10.5 ~2.8 Bovine lung 

β-Calcitonin Gene Related Peptide  βCGRP 3 793 --- --- Synthetic 

Angiotensin Ι ANG Ι 1 296 7.8 --- Synthetic 

Leucine enkephalin LE 555 5.9 --- --- 

Uracil  U 112 --- --- --- 

aAs specified by suppliers. bFrom Ref. 28 and 43. cBased on the Stokes’ radius calculated from log (Rs) = 0.369 log (MW) - 

0.254.44 
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To investigate the permeability and rigidity of these monolithic columns, pressure 

drop measurements were made at room temperature (~23˚C) using pure water as the 

permeating fluid at flow rates ranging from 50 to 300 nL/min.  

3.2.4 Inverse Size-Exclusion Chromatography  

ISEC was carried out using the same LC instrument as described in section 3.2.3. 

ISEC experiments were performed with aqueous buffer as solvent. Protein and peptide 

standards with molecular weights of 555, 1 296, 3 793, 6 512, 20 100, 44 000, 68 000, 143 

000 to 670 000 (listed in Table 3.1) were used as probe molecules and they were dissolved 

in 20 mM phosphate, pH 7.0. Uracil was used to determine the total accessible porosity of 

the column. Experiments were carried out with a flow rate of 100 nL/min and a sample 

injection volume of 60 nL. All experiments were repeated in triplicate and the mean values 

of the retention data were reported. 

3.2.5 Safety Considerations 

The PEGMEA and PEGDA monomers may act as sensitizers. Ethyl ether is 

extremely flammable. Relative MSDS information for these reagents should be consulted, 

and precautions should be taken for handling them. Additionally, caution must be taken 

(i.e., wearing glasses and gloves), since high power UV radiation can cause severe burns to 

skin and eyes.  

3.3 Results and Discussion 

The porosity of a polymeric monolith is primarily dictated by the nature and 

amount of porogenic solvent employed. The composition and proportion of monomers in 

the polymerization mixture are two other important parameters that influence porosity. In 

this study, I mainly investigated the influence of the surfactant as a porogenic solvent on 
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the SEC properties of the monolith, since the separation is directly influenced by the 

monolith porosity. The separation of BSA and TG was chosen as a model pair for 

investigation, which represents an order of magnitude difference in MWs (i.e., 66 000 and 

670 000, corresponding to hydrodynamic sizes of 6.7 nm and 15.7 nm).  

Generally, polymeric monoliths are designed to maximize the flow-through pore 

volume to increase column permeability, at the expense of mesopore volume. Polymeric 

monoliths that contain a considerable mesopore volume typically do not contain sufficient 

macropores to allow acceptable flow under low back pressure. To avoid high back pressure, 

a compromise was sought between good permeability and relatively large mesopore 

volume. 

3.3.1 Effect of Surfactant as Porogen 

Based on a previous PEG monolith M-0,31 a total monomer/total porogen weight 

ratio of 60:140 and a PEGMEA/PEGDA weight ratio of 15:45 were initially selected. 

Methanol was replaced with a tri-block copolymer PEP (or EPE). The compositions in 

Table 3.2 were selected on the basis of experience gained in preliminary experiments. 

Photoinitiated polymerizations are typically carried out at room temperature; therefore, 

solvents with low boiling points, such as ethyl ether and methanol, can safely be used even 

in unsealed capillaries. Thermally initiated radical polymerizations are typically allowed to 

proceed for 6-24 h, whereas our photo-polymerizations were completed in only 10 min.  

When ethyl ether was used as the only porogen for polymerization, a pure white 

monolith was obtained, suggesting that light was scattered by the large pores created with 

this formulation. In contrast, a monolith created using PEP or EPE as the only porogen 

provided opaque gels, suggesting that the gel was comprised of small, closed pores which 
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 Table 3.2. Physical characteristics of SEC monoliths  

  Reagent composition  Performance  

Monolith 
Total monomer 
/ total porogen 

PEGMEA 
/PEGDA 

Copolymer
/ethyl ether

Copolymer Mn 
Resolutionc 

mean±SD 

Efficiencyd 
(plates/m) 
mean±SD 

Permeabilitye 
(× 10-15 m2) 
mean±SD 

M-0 60/140 15/45 30/110 MeOH na na 14.6±0.5 

M-1 60/140 15/45 60/80 2700a 0.52±0.02 39 100±900 5.8±0.4 

M-2 60/140 15/45 70/70 2700a 0.61±0.03 48 900±1200 5.4±0.3 

M-3 60/140 15/45 80/60 2700a 0.62±0.04 50 400±1400 3.9±0.2 

M-4 60/140 15/45 70/70 3300a 0.53±0.02 43 000±1300 4.5±0.2 

M-5 60/140 15/45 70/70 4400b 0.84±0.03 40 900±1000 4.0±0.2 

M-6 60/140 15/45 70/70 5800b 0.73±0.01 22 500±700 3.5±0.1 

M-7 60/140 36/24 70/70 4400b 0.64±0.02 48 400±1300 4.2±0.2 

M-8 40/160 24/16 80/80 4400b 0.41±0.02 20 000±800 11.3±0.5 
 

a PEP. bEPE. cAs described in Figure 3.2. dMeasured for uracil in an aqueous mobile phase at a flow rate of 0.1 µL/min. 

eCalculated according to Darcy’s law.45 c,d,eCalculations were based on 95% confidence level, n = 3. All ratios are weight ratios.
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prevented flow. The combination of ethyl ether and PEP yielded a porous monolith that 

allowed constant flow. Monoliths prepared in 5-cm long UV transparent capillaries were 

used to study the relationship of pressure drop with the percent PEP in the porogenic 

system. The flow resistance of the monolith was found to increase with an increase in ratio 

of PEP to ethyl ether, which also indirectly confirms that ethyl ether produces large pores 

and the tri-block copolymer produces small pores. As seen in Figure 3.2A and Table 3.2, 

when increasing the PEP to EE ratio from 60:80 to 70:70 to 80:60 (M-1, M-2 and M-3), the 

resolution between BSA and TG increased, accompanied with a decrease in permeability. 

This is due to an increase in either mesopore volume or separation efficiency, or both.  

Given that considerable differences in the pore structure can be obtained by varying 

the amount of copolymer, I were also interested in knowing if varying the molecular weight 

would have a similar effect. To examine this, tri-block copolymers with Mn values of 2 700, 

3 300, 4 400, and 5 800 were combined with ethyl ether as porogens (see Table 3.2 and 

Figure 3.2B). The weight ratios of other reagents in the polymerization mixture were kept 

the same. As the molecular weight of the copolymer increased, the permeability and 

column efficiency of the monolith decreased. The resolution did not follow any trend since 

both large mesopore volume (related to low permeability, to some extent) and good column 

efficiency are needed for high resolution. For example, compared to M-5, the resolution of 

M-6 was lower due to the decreased plate numbers even though the mesopore volume was 

higher. Conversely, SEC columns of high plate numbers may not necessarily provide good 

resolution unless the mesopore volume is sufficient. According to these experiments, EPE 

4 400 and an equivalent ratio of EPE to EE afford the best resolution. 
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Figure 3.2. SEC separations on PEG monoliths synthesized with (A) different ratios of 

copolymer to EE (M-1, M-2 and M-3), and (B) different MWs of copolymer (M-2, M-4, 

M-5 and M-6). Conditions: 18 cm × 150 μm i.d. monolithic columns; 20 mM phosphate 

containing 0.15 M NaCl, 0.1 μL/min; 60 nL injection volume; UV detection at 214 nm. 
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3.3.2 Effect of Monomer Composition and Proportion 

Decreasing the proportion of crosslinker (PEGDA) in the monomer mixture 

resulted in slightly increased efficiency and permeability but decreased resolution due to  

decreased mesopore volume (see M-7). Consequently, a high crosslinker/monomer ratio 

(3:1) is preferred for both better resolution and greater rigidity. This is consistent with 

reports that a high proportion of crosslinker in the monomer mixture decreases the average 

pore size by early formation of highly cross-linked globules with a reduced tendency to 

coalesce.40 The experimental results imply that, in this case, the pore-size distribution is 

also controlled by limitations in swelling of cross-linked nuclei.  

Decreasing the total monomer to total porogen ratio was a straightforward 

approach to increase the permeability (see M-8); however, the resolution was decreased 

mainly due to decreased column efficiency resulting from a decrease in the monolith 

homogeneity. 

3.3.3 Morphology of PEG Monoliths  

Figure 3.3 shows SEM images of M-0, M-1, M-2 and M-6 PEG monoliths prepared 

with various amounts and MWs of copolymers (see Table 3.2). In M-0, it appears that 

globules are clumped together, however, individual globules are clearly visible. In M-1 and 

M-2, the globules are more fused together and only a few individual globules can be seen in 

the photograph. In M-6, the globules are completely merged together and there is no 

evidence of individual globules. According to these observations, as the amount or MW of 

the tri-block copolymer increased, the morphology of the PEG monolith was transformed 

from an aggregated globule form to complete merging of fused globules. The 

fused-globule morphology was found to be less permeable than the aggregated-globule  
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Figure 3.3. SEM images of M-0, M-1, M-2 and M-6 using a magnification of 10 000. 
 

 

 

 

 

 

 

 

 

M-0 M-1 

M-2 M-6 



 75

structure. Unfortunately, the PEGDA-based monoliths usually crack or deform during 

drying that likely change the original pore structure. Because of this, mercury intrusion 

porosimetry and BET measurements cannot be used for investigating the pore properties 

of these monoliths. 

3.3.4 Effect of Column Diameter, Column Length and Flow Rate  

As shown in Figure 3.4A, the 150-μm i.d. column provides better resolution than 

the 75-μm i.d. column, probably due to increased mesopore volume. However, further 

increase to 250-μm i.d. led to decreased resolution. There are two possible reasons for this 

result: first, the pore size distribution changed, since the pore structure had some 

dependence on the i.d. of the monolithic column;41 and second, the monolithic matrix in the 

large diameter column may be less uniform. Free-radical polymerization used for the 

preparation of porous polymer monoliths is an exothermic process that creates heat. This 

appears to be a problem in the preparation of larger diameter monolithic columns, since 

accurate control of the polymerization temperature is more problematic.42 Inefficient heat 

dissipation and low light penetration inside the capillary lead to monoliths with 

heterogeneity in their pore structures and significantly reduced performance.  

The resolving power of SEC separations increases with column length due to 

increased separation efficiency; however, longer columns also lead to longer separation 

times at a given pressure (Figure 3.4B). The resolution between TG and BSA increased 

from 0.50, 0.70 to 0.81 when the column length increased from 17 cm, 33 cm to 45 cm. 

This almost follows the proportional relationship between resolution and square foot of 

column length. I studied the effect of flow rate on the resolution of proteins and peptides 

using a 150-μm i.d., 45-cm-long column. As shown in Table 3.3, the resolution between 



 76

 

Figure 3.4. SEC separations on M-2 with different column i.d.s (A) and lengths (150 μm 

i.d.) (B). Conditions as in Figure 3.1. Peak identifications: 1 TG, 2 BSA, 3 STR, 4 βCGRP, 

and 5 LE.  
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Table 3.3 Influence of flow rate on resolutions.  

Flow rate 
(nL/min) 

Resolution between two successive peaksa 
mean±SD 

Efficiency* 
(N/m)b 

mean±SD 

 TG/BSA BSA/STR STR/ANG I ANG I/LE LE/U BSA LE 

100 0.72±0.02 0.82±0.03 2.29±0.06 3.23±0.07 --- 
18900
±600 

26900
±700 

60 0.80±0.02 0.96±0.04 2.43±0.06 3.50±0.07 1.10±0.03 
34100
±800 

29300
±700 

*Condition: 45 cm × 150 μm i.d. M-2 monolith; other conditions as in Figure 3.2. 

a,bCalculations were based on 95% confidence level, n = 3. 
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small molecules (peptides) increased by less than 8% as flow rate decreased from 100 to 

60 nL/min, because the increased contribution of axial diffusion on efficiency 

counteracted the more favorable mass transfer, leading to almost constant column 

efficiency. This was not true for larger molecules, such as BSA, since considerably lower 

diffusion had much less effect at low flow rate, producing an increase in separation 

efficiency. The resolution between proteins, especially BSA and STR, increased by as 

much as 17% as flow rates decreased. 

3.3.5 Chromatographic Evaluation 

Compared to columns packed with spherical materials with well-defined 15 000- 

2000 000 exclusion range, my monolithic column demonstrated a broader MW application 

range from 112 to 670 000, but less resolution for the range from 66 000 to 670 000 (Figure 

3.5). Besides proteins, my monolithic column can also separate peptides. If the peptides are 

loaded on the packed column, it is expected that the peptides would be coeluted out without 

any separation and after the proteins due to a limited exclusion range for proteins. The 

main drawbacks of the monolithic column were the relatively low resolution achieved in 

this range and the extremely long time necessary to carry out the separation. This is due to 

much lower mesopore volume in this range and high back pressure of the monolith.  

The column porosity is determined by the interstitial volume between the particles 

in a packed column and the volume of the through-pores (macropores) in a monolithic 

column. Generally, polymer monolithic columns possess much higher macropore volume 

and lower mesopore volume compared to packed columns, which makes them less suitable 

for SEC.24 The synthetic methods described in this work led to increased mesopore volume 

and a relatively broad pore size distribution, corresponding to the size range of proteins and  
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Figure 3.5. Comparison of resolution obtained for protein mix using (top) a packed 

column and (bottom) a monolithic column. Conditions: 57 cm × 150 µm i. d. BioSep- 

SEC-4000 particles packed column, 10 mM phosphate containing 0.10 M NaCl, pH 7.0, 

0.3 µL /min; and 17 cm × 150 µm i. d. M-5 monolithic column, 10 mM phosphate + 0.15 

M NaCl, pH 7.0, 0.06 µL/min; 60 nL injection volume; UV detection at 214 nm. 
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Figure 3.6. Plot of pressure drop against flow rate of mobile phase. Conditions: 18 cm × 

150 µm i.d. monolith column (M5); water. Three measurements were made.  
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peptides. Hence, the resultant monolithic columns could be used for SEC. However, they 

demonstrated relatively high flow resistance due to their reduced macroporosity. 

Decreasing the flow rate significantly improved the resolution of larger molecules, 

however, this led to longer analysis time. To further characterize the SEC monolith, the 

flow rate dependence on applied pressure was monitored. Good linearity between 

pressure drop and flow rate clearly demonstrated that the monoliths were mechanically 

stable at pressures up to 4 000 psi (see Figure 3.6). In this regime, the monoliths are 

incompressible and, therefore, behave reproducibly. 

3.3.6 Inverse Size Exclusion Chromatography Characterization 

ISEC was carried out using a set of protein and peptide standards with widely 

varying but well-defined sizes to determine the mesopore distribution (Table 3.1). This 

examination is analogous to molecular mass calibration in SEC. It provides an alternative 

to mercury intrusion porosimetry or nitrogen-adsorption measurements for the 

determination of pore size distribution. With ISEC, the total porosity (69.0%) was 

calculated from the retention volumes of a small molecule (uracil, MW = 112 g/mol) and 

the geometrical volumes of the columns. Similarly, the fractional volume of the pores in a 

certain range was obtained from the pore volume interval. As shown in Table 3.4, a 

micropore porosity of 11.9% and a mesopore porosity of 8.5% in the range from 2.8 to 15.7 

nm could be responsible for the size separation of peptides and proteins, respectively. The 

porosity contributed from pores larger than 15.7 nm was 48.6%. The additional mesopore 

volume fraction in the range of 15.7 ~ 50 nm is unknown because of the absence of larger 

probe molecules. In a plot of log MW versus elution volume (Figure 3.7), generally, the 

steeper the line, the worse the separation. For example, the large slope of the segment  
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Figure 3.7. SEC calibration curve for M5 monolithic column. Conditions: 30 cm × 150 

µm i.d. monolithic column (M5); 20 mM phosphate (pH 7.0) containing 0.15 M NaCl, 

0.1 µL/min; analytes, protein and peptide standards in Table 3.1; 60 nL injection volume; 

UV detection at 214 nm. Three measurements were made. 
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Table 3.4 Pore volume distribution for M-5. 

 Pore range 
Pore volume fraction 

mean±SDa 

Micropore < 2 nm 11.9±0.2% 

Mesopore 2.8 ~ 15.7 nm 8.5±0.2% 

 15.7 ~ 50 nm unknown 

Macropore > 50 nm ~ 48.6±0.7% 

aCalculations were based on 95% confidence level, n = 3. 
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between TG and BSA indicates a lower fractional mesopore volume in this range and, 

hence, poorer SEC separation. 

3.4 Conclusions 

I have presented the first promising results showing the possibility of developing 

polymeric monolithic columns for SEC separation of proteins and peptides. The monolith 

was prepared in a single step by simple copolymerization of mixtures of PEGMEA and 

PEGDA in the presence of mixtures of ethyl ether and PEP or EPE having various 

molecular weights as porogenic solvents. The porous properties of the monolithic columns 

can easily be controlled through changes in the amount or molecular weight of the 

surfactant. Separations of several proteins and peptides were achieved with efficiencies of 

up to 40 900 plates/m. ISEC data using protein and peptide analytes as probes 

demonstrated a reasonable pore size distribution. SEC separation in the range between 66 

000 and 670 000 should be improved by discovering more effective surfactants as 

porogens. A significant challenge is to improve protein resolution, while at the same time 

reducing flow resistance and, hence, analysis time. To achieve this, new meso-porogenic 

solvents or methods must be explored. 
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CHAPTER 4  PREPARATION OF POLYMER MONOLITHS WITH 
TARGET MESOPORE SIZE DISTRIBUTIONS FOR SIZE 

EXCLUSION CHROMATOGRAPHY OF PROTEINS 

4.1 Introduction 

Monoliths, which comprise a new generation of stationary phases for liquid 

chromatography (LC), consist of a continuous, porous material that can be synthesized in 

situ in a chromatographic column.1,2 The monolithic column format is a good alternative to 

typical spherical particle packed columns for capillary LC in view of ease of preparation 

and low back pressure, combined with continually improving performance.3,4 Polymer- 

based monoliths, in particular, have covered all popular biomolecule separation modes, 

including size exclusion,5 ion-exchange,6,7 affinity,8 reversed-phase,9 hydrophobic 

interaction (HIC)10 and hydrophilic interaction chromatography (HILIC) 11, as a result of 

the availability of a wide variety of functional monomers and easily achievable 

biocompatibility. For example, the epoxide groups on a macroporous poly(glycidyl 

methacrylate-co-ethylene dimethacrylate) monolith can be coupled with various functional 

groups for particular bioapplications;12,13 the incorporation of poly(ethylene glycol 

diacrylate) (PEGDA) into the monolith backbone increases its biocompatibility.5,6 Such 

surface compatibilization is of particular importance in various bioapplications, since it 

reduces or even prevents nonspecific surface adsorption.  

Porosity represents an important structural feature of monolithic material. It may be 

used to vary important material properties, such as density, mechanical strength, and 

refractive index. Additionally, porosity may be used to enhance transport processes as well 

as molecular recognition, which are related to the essential parameters of chromatographic 
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columns, such as permeability, efficiency, selctivity and retention.14-18 Three types of pores 

have been involved in monolithic structures, macropores (>50 nm), mesopores (2-50 nm) 

and micropores (< 2 nm). Macropores serve as flow-through pores that enable superior 

transport properties, allowing access to micropores or mesopores. The average size of these 

throughpores usually controls the column permeability.14,15 Also relevant to column 

permeability are tortuosity and constriction of channels formed by these throughpores and 

their connectivity. Mesopores (diffusional pores) provide the needed surface area for 

molecular recognition sites, which are important for chromatographic retention. The 

structure of the mesopore network significantly affects the mass transfer kinetics and, 

hence, column efficiency.16 It also controls the phase ratio in the column and may influence 

the retention ability of the monolith.17 Additionally, mesopores are also important for size 

exclusion of larger protein molecules.6 In contrast, the presence of micropores in a 

monolith is not favorable for chromatographic performance as the adsorption energy in 

micropores is high and the mass transfer kinetics through micropores are slow.18  

Monoliths can be divided into two main categories based on their chemical 

compositions: inorganic oxides and organic polymer-based monoliths. Silica monoliths 

prepared by the sol-gel process exhibit a distinct bimodal pore volume distribution with 

macropores and mesopores.19,20 However, micropores are rare in silica-based monoliths. 

One of the important advantages of silica monoliths is the possibility to control and 

optimize separately the dimensions of the macropores and the porons (i.e., globules of 

porous silica).21 In contrast, organic polymer monoliths are now primarily prepared using 

free radical polymerization, initiated thermally or through ultraviolet light. Generally, the 

microstructures of such materials are characterized by a comparably broad distribution of 
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micro- and macropores, which are generated by means of solvent-induced phase separation. 

However, most polymer monoliths have few mesopores in their pore size distribution, 

which provides almost no separation in SEC.22-24 Actually, for most polymeric monoliths, 

mesopores are suppressed to obtain a adequate flow through the monoliths.  

The pore size distribution of a monolith is extremely important and should be 

designed properly to fit each type of application. SEC requires the monolith to have the 

right mesopore pore size distribution and large pore volume to achieve high separation 

selectivity and resolution. This is different from interactive LC, in which the separation 

performance is mainly dependent on the surface area and surface properties of the 

stationary phase material. Of course, for high column efficiency, the monolithic material 

for SEC should be uniform as in interactive LC. SEC is typically conducted using large 

columns connected in series because large pore volume is desirable for high resolution and 

accurate molecular weight (MW) measurements.25 However, long analysis time 

accompanied with significant solvent consumption are disadvantages of this approach. In 

recent years, there has been increasing interest in developing high-speed SEC using a 

single column with small dimensions.26 Small diameter SEC columns would enable the 

preparation of long columns for improved column efficiency. For this reason, the 

monolithic capillary column format would be a good alternative to typical spherical 

particle packed columns for SEC due to ease in preparation and low back pressure. The use 

of a temperature gradient during the polymerization process could even possibly yield 

polymer monoliths with porosity gradients, however, no successful study of producing 

SEC monoliths in this manner has been reported.27 
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I have recently reported the preparation of porous poly(polyethylene glycol methyl 

ether acrylate-co-polyethylene glycol diacrylate) [poly(PEGMEA-co-PEGDA)] monoliths 

that exhibit size exclusion properties. The polymerization process includes mono- and 

divinylic monomers as well as a porogenic solvent containing a high MW copolymer and a 

conventional free radical polymerization initiator.5 The pore size distributions of these 

monolithic polymers differ fundamentally from the typical pore size distribution of 

poly(PEGMEA-co-PEGDA) monoliths prepared without the high MW copolymer in the 

polymerization mixture.28 In contrast to these “classical” monoliths using low MW organic 

liquids as porogens, the pore size distribution for the SEC material is more appropriate for 

separating proteins and peptides by SEC. I attribute this porosity mainly to the use of a high 

MW copolymer as porogen. Despite these promising characteristics, my initial use of high 

MW porogenic solvents led to porous polymers with relatively high flow impedance, 

which limits their usefulness for fast analysis. At this point, the discovery of new 

mesoporogens producing monoliths with low back pressure is key to preparation of 

materials with the desired properties.  

Brij is another polyoxyethylene surfactant that has been used in developing 

polyacrylamide media with appropriate pore size distributions for improved globular 

protein separation.29 In this chapter, I report a poly(PEGMEA-co-PEGDA) monolith with 

higher permeability, suitable for SEC of proteins by using Brij 58 P as the mesoporogen.  

4.2 Experimental Section 

4.2.1 Chemicals and Reagents 

2,2-Dimethoxy-2-phenylacetophenone (DMPA, 99%), PEGMEA (Mn ~454), 

PEGDA (Mn ~258), 3-(trimethoxysilyl)propyl methacrylate (TMSPMA, 98%), Brij® 30 
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(Mn ~362), Brij® 56 (Mn ~683), Brij® 58 P (Mn ~1124), Brij® 700 (Mn ~4670), 

1-dodecanol, hexanes and LC water (CHROMASOLV®) were purchased from 

Sigma-Aldrich (Milwaukee, WI). All of the monomers were used without further 

purification. Phosphate buffer solutions were prepared with LC water and filtered through 

a 0.22-μm membrane filter. Table 4.1 gives a list of the proteins and peptides used in the 

experiments. All proteins and peptides were purchased from Sigma-Aldrich.  

4.2.2 Preparation of Polymer Monoliths 

Fused silica capillaries clad with UV-transparent fluorinated hydrocarbon polymer 

(Polymicro Technologies, Phoenix, AZ) were silanized using TMSPMA in order to anchor 

the polymer monolith to the capillary wall as described previously.6 The polymer 

precursors were prepared by dissolving DMPA in a solution containing PEGMEA and 

PEGDA (1:3 weight ratio) and porogen, consisting of a ternary mixture of varying amounts 

of Brij, 1-dodecanol and hexanes. For example, the polymer precursor corresponding to 

M2 in Table 4.2 contained 0.006 g DMPA, 0.15 g PEGMEA, 0.45 g PEGDA, and 1.4 g 

total porogen (0.5 g 1-dodecanol, 0.6 g hexanes and 0.3 g Brij 58 P). After sonication for 

~10 min, the polymer precursor was heated for several min at 50 oC until a clear solution 

was observed. Subsequently, the reaction mixture was introduced into the silanized 

capillary by vacuum, and irradiated for 6 min using a PRX 1000-20 Exposure Unit 

(TAMARACK Scientific, Corona, CA).  

4.2.3 Size Exclusion Chromatography  

After polymerizations were completed, the monolithic columns were connected to 

an LC pump and extensively washed with methanol to remove porogenic solvents and 

unreacted reagents. During flushing, the monolithic columns were placed in a stirred water
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Table 4.1. Proteins and peptides used in this study. 

Proteins and peptides Abbreviation MW 
(Daltons)a

pIb Diameter  
(nm)c 

Sourcea 

Thyroglobulin TG 670 000 4.6 ~15.7 Porcine thyroid gland

Catalase CAT 250 000 6.7 ~10.9 Bovine liver 

Albumin BSA 66 000 4.9 ~6.7 Bovine serum 

Trypsin inhibitor STI 20 100 4.5 ~4.3 Soybean 

Leucine enkephalin LE 555 5.9 --- --- 

Uracil  U 112 --- --- --- 

aAs specified by suppliers. bFrom Ref. 28 and 30. cBased on the Stokes’ radius calculated from 

log (Rs) = 0.369 log (MW) – 0.254.31 

 

 

 

 

 

 

 

 

 

 

 



 94

bath (~50 oC) in order to increase the solubility of Brij in the eluent. The columns were 

then equilibrated first with water and then with buffer. An Eksigent Nano 2D LC system 

(Dublin, CA) was used to conduct all chromatographic experiments with a K-2600 UV 

detector (Sonntek, Upper Saddle River, NJ). The detection cell was a 3-nL ULT-UZ-N10 

from LC Packings (Sunnyvale, CA). The column was connected to the detection cell using 

a zero dead volume P-720 Union (Upchurch, Oak Harbor, WA). Standard proteins or 

peptides dissolved in 20 mM phosphate (pH 7.0) were used to evaluate the monolithic 

columns. The solutions were injected through a six-port electronic valve as injector with a 

1 µL capillary injection loop, and injection timing was controlled by switching the valve. 

Ultraviolet absorbance detection was carried out at 214 nm, and the detector signal was 

recorded using Eksigent v2.08 software. Furthermore, SEC calibration curves were 

determined for the monoliths using the protein and peptide standards listed in Table 4.1, 

and 20 mM phosphate buffer containing 0.15 M NaCl as mobile phase. All SEC 

experiments were carried out at room temperature (~23 oC) and the chromatographic 

conditions are given in the figure captions. 

To investigate the permeability and rigidity of these monolithic columns, pressure 

drop measurements were made at room temperature (~23 oC) using pure water as the 

permeating fluid at flow rates ranging from 50 to 300 nL/min. Additionally, the total 

porosity, of the monolithic stationary phase, defined as εT = VM/VC, was determined from 

inverse size-exclusion chromatography data. VM is the elution volume of uracil (a small 

non-retained, totally permeating compound; Mr = 112 g/mol) and VC is the geometrical 

volume of an empty cylindrical column. Thyroglobulin (TG) with a molecular weight of 

670 000 was the largest protein used in this study. The porosity representing pores that 
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exclude TG (εTG) was measured from the elution time of TG, which was assumed to be 

totally excluded from those smaller pores. Hence, the mesopore porosity that is useful for 

size separation of smaller proteins and peptides (εpp) was calculated as the difference 

between the total and TG flow-through porosities, εpp = εT – εTG. ISEC experiments were 

performed with aqueous buffer as solvent. 

4.2.4 Scanning Electron Microscopy  

A section of monolithic polymer in a capillary was cut and placed on a sticky 

carbon foil, which was attached to a standard aluminum specimen stub. Monolithic 

columns were characterized by scanning electron microscopy (SEM, FEI Philips XL30 

ESEM FEG, Hillsboro, OR). The morphologies of the monoliths were observed from the 

SEM images. 

4.2.5 Safety Considerations 

The PEGMEA and PEGDA monomers may act as sensitizers. Relative MSDS 

information for these reagents should be consulted, and precautions should be taken for 

handling them. Additionally, caution must be taken (i.e., wearing glasses and gloves), since 

high power UV radiation can cause severe burns to skin and eyes.  

4.3 Results and Discussion 

4.3.1 Flow Properties of Monolithic Columns  

My previous work demonstrated the generation of mesopores within 

poly(PEGMEA-co-PEGDA) monoliths for size separation of proteins using high MW 

copolymers as porogens.5 However, the size-exclusion selectivity for proteins was not very 

high, and a relatively high proportion of mesopores resulted in decreased permeability of 

the monolithic bed. For further optimization, I evaluated another option, the use of Brij 
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surfactants as porogenic solvents. In search of the best porogen, I found that Brij 58 P with 

MW of 1124 in a mixture with a long chain alcohol (such as 1-dodecanol) and hexanes as 

the porogen system could result in a good monolith. The use of lower molecular weight of 

Brij polymers (i.e., 362 and 683) usually resulted in transparent or translucent monolithic 

structures that did not allow flow, and Brij with a higher molecular weight of 4670 was 

difficult to dissolve in most organic solvents.  

The flow resistance of monolithic columns is conveniently characterized by the 

column permeability, K, using Darcy’s equation:32  

pA

LQ
K





 

Where Q is the flow rate, η is the viscosity of the fluid, L is the column length, Δp is the 

pressure drop along the length of the column, and A is the cross sectional area of the 

column. K can be estimated from monitoring the flow rate dependence on applied 

pressure.  

Column permeability is usually controlled by the average size of the throughpores. 

Polymer monoliths having a large proportion of small pores always exhibit excessively low 

permeabilities due to the typical monomodal pore size distribution. Hence, permeability 

data can provide useful information relating to pore structure. As shown in Table 4.2, the 

polymerization mixtures contained 0.006 g DMPA, 0.6 g monomers (PEGMEA and 

PEGDA; 0.15:0.45) and 1.4 g porogenic solvent mixture (Brij 58 P, 1-dodecanol and 

hexanes). To investigate the influence of porogen composition on permeability, the weight 

fraction of one porogen was kept constant, while the weight fractions of the other two 

porogens were varied. The data for M1-M3 show that an increase in ratio of hexanes to 

dodecanol (0.3/0.8, 0.6/0.5, and 0.7/0.4, w/w) while keeping the Brij concentration 



 97

constant increased the permeability. However, an increase in ratio of Brij to hexanes 

(M3-M5; 0.3/0.7, 0.5/0.5, and 0.7/0.3) resulted in a decrease in permeability. Additionally, 

when the content of hexanes was kept constant, the permeabilities of the monoliths 

remained almost constant, even when changing the weight ratio of Brij 58 P to docecanol 

(M6, 0.5/0.2; M3, 0.3/0.4; and M7, 0.2/0.5). These data show that both Brij 58 P and 

dodecanol serve as microporogens to produce small pores, while hexanes produce 

macropores for good bulk flow properties. To investigate the role of Brij in generating 

mesopores, another column, M0, was also prepared without the addition of Brij 

(dodecanol/hexanes, 0.5/0.6) for reference. Comparing M2 to M0, the column 

permeability decreased by adding Brij 58 P to the porogenic mixture, which indicates that 

Brij may produce more mesopores. 

4.3.2 Pore Properties of Monolithic Columns  

Since the monolithic materials in this study were used in combination with liquids 

in LC, determination of their pore properties in the wet state was deemed to be more 

valuable than properties measured in the dry state with techniques such as mercury 

intrusion porosimetry. Inverse size exclusion chromatography (ISEC) was chosen as a 

convenient method to use, since it is based on liquid chromatography. Since the 

poly(PEGMEA-co-PEGDA) monoliths exhibit negligible interaction with proteins and 

peptides, the real analytes (proteins and peptides) could be used as probes to estimate pore 

size distributions.  

Generation of mesopores within monolithic columns in this work was aimed at the 

separation of proteins and peptides smaller than TG (see Table 4.1). Therefore, ISEC could 

be used to determine porosities for the monoliths that were prepared. Changes in the ratios 
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of porogen components enabled fine-tuning of the pore size distribution. As shown in 

Table 4.2, the total porosity (εT) was determined according to the elution volume of uracil, 

and the porosity representing pores that permit passage of the largest protein (TG) through 

the monolith (εTG) was determined from the elution volume of TG. Therefore, the porosity 

that represents pores that are useful for size separation of the smaller proteins and peptides 

than TG (εpp) can be calculated as the difference between the total and TG porosities. Using 

this technique, I systematically investigated the relative porosities of the monoliths listed 

in Table 4.2. Monolithic columns M1, M2, M4 and M5 gave εpp values larger than 0.10, 

which could include micropores and small mesopores (below the diamter of TG, 17 nm). 

Permeabilities were greatly reduced by an increasing proportion of smaller pores in the 

monolith. Figure 4.1 shows SEM images of M-0 and M-2 monoliths prepared without Brij 

and with 0.3 g Brij in 1.4 g total porogens, respectively. The micrographs clearly show the 

effect of porogen composition on porosity. In M-0, globules are clumped together, however, 

individual globules are clearly visible. In M-2, the monolithic structure is more compact 

and the globules are fused together. The fused-globule morphology was found to be less 

permeable than the aggregated-globule morphology. 

4.3.3 ISEC Curves of Monolithic Columns 

ISEC curves are similar to SEC calibration curves. The slope of the SEC calibration 

curve provides information related to the practical pore size distribution. Figure 4.2 shows 

SEC calibration curves for poly(PEGMEA-co-PEGDA) monoliths prepared with and 

without Brij. The preparation of poly(PEGMEA-co-PEGDA) monoliths using low MW 

solvents (M0) often yields materials that are unable to separate proteins according to their 

molecular weights due to the steep slope for the MW range between STI and TG. The SEC
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Table 4.2. Efficiency, resolution and flow permeability values of the poly(PEGMEA-co-PEGDA) monoliths.a 

Monolith 1-Dodecanol Hexanes Brij 58 P εT 

 
εTG 

 
εpp 

 
Permeabilityc

(× 10-15 m2) 

mean±SDd
 

Efficiency 
(plates) 

mean±SDd 

Resolution 
(TG/BSA) 
mean±SDd 

M0b 0.5 0.6 0 0.70 0.63 0.07 26.1±0.6 41300±800 0.2±0.1 

M1 0.8 0.3 0.3 0.62 0.45 0.17 7.7±0.2 35100±700 1.0±0.1 

M2 0.5 0.6 0.3 0.72 0.56 0.16 18.4±0.4 68400±1600 1.6±0.1 

M3 0.4 0.7 0.3 0.76 0.67 0.09 24.2±0.5 43400±900 0.4±0.1 

M4 0.4 0.5 0.5 0.64 0.53 0.11 9.8±0.3 53100±1300 0.7±0.1 

M5 0.4 0.3 0.7 0.59 0.45 0.12 5.9±0.2 32400±700 0.8±0.1 

M6 0.2 0.7 0.5 0.73 0.65 0.08 23.0±0.5 57600±1500 0.6±0.1 

M7 0.5 0.7 0.2 0.71 0.62 0.09 19.4±0.5 54300±1400 0.6±0.1 
 

aThe polymerization mixture contained 30% (W/W) monomers (PEGMEA and PEGDA; 0.15:0.45) and 70% porogenic 

solvent (Brij 58, 1-dodecanol and hexanes), and the polymerization was carried out in 20 cm × 150 µm i.d. columns for 6 min. 

bA reference polymer was polymerized without Brij. cPermeability data were caculated according to Darcy’s law.32 

dCalculations were based on 95% confidence level, n = 3. 
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Figure 4.1. SEM images of M0 and M2 monoliths (see Table 4.2).

M0(a) M0(b)

M2(a) M2(b)
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Figure 4.2. SEC calibration curves for proteins and peptides using an M2 column (23 cm 

× 150 µm i.d.). A reference sample (M0) polymerized without Brij at a 1-dodecanol/ 

hexanes ratio of 0.5:0.6 is also included (see Table 4.2). Only one measurement was 

made. 
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curves show that a monolith containing larger mesopores was obtained with porogenic 

mixtures that included Brij. The addition of even a small amount of Brij in the porogen 

mixture significantly improved the separation for proteins with molecular weights 

between STI and TG. Addtionally, proteins larger than STI (4.3 nm diameter) could not 

enter micropores (< 2 nm) or mesopores smaller than 4.3 nm. On the other hand, 

micropores were accessible to low MW peptides, such as LE. Hence, the difference 

between the elution volumes of STI and uracil can be considered to be the volume of 

micropores. Obviously, for this monolithic column, the micropore volume fraction from U 

to STI was decreased greatly, while the mesopore volume fraction in the range from STI to 

TG (7-17 nm) was increased, compared to the previous SEC monolith synthesized using a 

triblock copolymer.5 It should be emphasized, that the pore structures of monolithic beds 

determined by ISEC in this way assumes negeligible interaction between the bed and 

proteins or peptides in an aqueous buffer without organic additives. Swelling or shrinking 

of the polymeric phase in any other media would alter its pore structure and change the 

pore size distribution. 

4.3.4 SEC Separation of Proteins  

A combination of the properties of monoliths, i.e., the large mesopore volume, with 

the high efficiency that small particles can generate would be optimal for SEC. Separation 

of BSA and TG was used for evaluation, since this pair represents an order of magnitude 

difference in MWs (i.e., 66 000 and 670 000, corresponding to hydrodynamic sizes of 6.7 

and 15.7 nm). M2 gave the best resolution between TG and BSA due to a combination of 

large εpp and high efficiency. Other monolithic columns do not provide good resolution 

between TG and BSA because of either low εpp or low efficiency. 
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Figure 4.3 demonstrates the separation of a mixture of three proteins and one 

peptide using a 23 cm long poly(PEGMEA-co-PEGDA) monolithic column. Both the 

column efficiency for this short SEC column and its selectivity were good. Considering the 

relatively low back-pressure experienced for this SEC separation, the column length can be 

easily extended for more efficient separations. As discussed above, these monoliths 

possess a broad size exclusion separation range, evident from their SEC calibration curves. 

Compared to monoliths prepared using triblock copolymers, better permeability was 

obtained for even higher proportion of mesopores.  

4.3.5 Effect of flow rate and column length 

As shown in Figure 4.4, reducing the flow rate from 200 to 100 nL/min did not 

increase the resolution significantly because increased axial diffusion counteracted the 

more favorable mass transfer, leading to almost constant separation efficiency. Of course, a 

longer column improves the separation mainly by increasing the column efficiency, but at 

the expense of longer analysis time (Figure 4.5). The resolution between TG and BSA 

increased from 1.5 to 1.9 when the column length increased from 23 cm to 40 cm. This 

obeys the proportional relationship between resolution and square foot of column length. 

4.4 Conclusions 

Porous poly(PEGMEA-co-PEGDA) monoliths using a novel ternary porogenic 

solvent consisting of Brij 58 P, 1-dodecanol and hexanes have been synthesized. The 

resulting monoliths were suitable for SEC separation of proteins. The newly developed 

porogenic system containing Brij produced pore properties in poly(PEGMEA-co-PEGDA) 

monoliths that are more appropriate for SEC separation of proteins compared to 

monoliths produced by polymerization involving other polymeric porogens or low MW 
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Figure 4.3. SEC separation of a protein mixture using a poly(PEGMEA-co-PEGDA) 

monolith (M2, see Table 4.2). Conditions: 23 cm × 150 μm i.d. monolithic column; 20 

mM phosphate buffer (pH 7.0) containing 0.15 M NaCl, 0.15 μL/min; 60 nL injection 

volume; UV detection at 214 nm; Peak identifications: 1 TG, 2 CAT, 3 BSA, 4 LE, 5 U. 
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Figure 4.4. Influence of mobile phase flow rate on SEC resolution. Peak identifications: 1 

TG, 2 CAT, 3 BSA, 4 STI, 5 LE, 6 U. Conditions as in Figure 4.3. 
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Figure 4.5. Influence of column length on SEC resolution. Peak identifications: 1 TG, 2 

CAT, 3 BSA, 4 STI, 5 LE, 6 U. Conditions as in Figure 4.3. 
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organic solvents. The use of Brij 58 P produced a relatively large fraction of mesopores 

that resulted in improved SEC of proteins. 
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CHAPTER 5  CAPILLARY LIQUID CHROMATOGRAPHY OF 
HIGH DENSITY LIPOPROTEINS  

5.1 Introduction  

Lipoproteins are macromolecular complexes that contain both lipids and globular 

proteins. Non-polar lipids, such as triglycerides and cholesterol esters, are located in the 

core. Polar lipids, such as phospholipids and free cholesterol, and one or several proteins, 

the so-called apolipoproteins, are located on the surface. The primary function of 

lipoproteins is to transport triglycerides and cholesterol from sites of absorption and 

formation through the vascular and extravascular body fluids to sites of storage and usage.1 

Abnormal lipid transport processes are critical in etiology of several disease states such as 

coronary heart disease and atherosclerosis. According to density, human lipoproteins are 

classified into three major groups: high-density (HDLs, 5-12 nm), low-density (LDLs, 

18-25 nm), and very low density lipoproteins (VLDLs, 30-80 nm).2 LDL is the primary 

carrier of cholesterol through plasma, and is considered to be "bad cholesterol." A high 

LDL level is a positive risk factor for heart disease and atherosclerosis. HDL is the 

so-called "good cholesterol." The determination of HDL subpopulations provides more 

power to predict recurrent cardiovascular disease events than traditional risk factors.3  

HDL is also a heterogeneous class of lipoprotein particles with subspecies that 

differ in apolipoprotein and lipid composition, size, density, and charge, and different 

subspecies appear to have different physiological functions.4,5 Traditionally, HDL has been 

separated into major subclasses based on either density, size or apolipoprotein content 

(charge). Differences in these properties can be used as the basis for separation methods 

applied in purification strategies. For example, ultracentrifugation can separate HDL into 
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two main subclasses with approximate hydrated densities of 1.075 and 1.12 g/mL, which 

are labeled HDL2 and HDL3.
6 However, this technique takes a long time to perform and 

structural modifications of the lipoproteins may occur. HDL also separates into additional 

distinct subclasses of particles with different electrophoretic mobilities on nondenaturing 

polyacrylamide gradient gels.7 Using segmented gradient gel electrophoresis (GGE) 

pioneered by Krauss,8 Berkeley HeartLab breaks HDL into five distinct categories with 

different diameters.9 Based on size, high performance size exclusion chromatography 

using two gel permeation columns in series was also applied for separation of HDL, and 

three major sizes of native HDL particles were detected.10 

Besides the methods mentioned above, lipoprotein identification on the basis of 

apolipoprotein composition is also very important because diverse apolipoproteins exist 

within one lipoprotein and they serve different functions. Separation techniques based on 

charge, such as capillary electrophoresis (CE), isoelectric focusing (IEF), and ion exchange 

chromatography (IEC), could provide this type of information. CE has been reported to be 

a rapid and sensitive method for the determination of apo A-I in clinical samples, which 

reflects the level of HDL.11 A method has been developed using CE to quantitate plasma 

levels of apo A-I and apo A-II in HDL samples.12 Hu et al. foresaw the potential of 

CE-based methods to separate and determine the concentration of each class of 

lipoproteins simultaneously and to differentiate the isoforms of Lp (a).13 Analytical IEF of 

HDL apolipoproteins provided evidence for multiple isoproteins in the apo A-I range, with 

nine different bands being detected instead of the usual four bands observed in normal 

objects.14 Six distinct subpopulations of HDL were obtained by von Hodenberg et al. using 

preparative IEF, and the major difference between the subfractions was in the molar ratio of 
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apo A-I to apo A-II, ranging from 2.1 to 0.5.15 IEF, which separated delipidated HDLs due 

to their different pI values, resulted in 8 peaks with corresponding pI values of 7.40, 6.92, 

6.64, 5.48, 5.30, 5.18, 4.92 and 4.63.16 In a later report by Farwig et al., 25 bands of HDL 

were characterized by a combination of high-accuracy pI measurements.17 A survey 

analysis of 12 of these bands by MALDI mass spectrometry indicated that they were 

associated with the known HDL apolipoproteins. This technique was claimed to be an 

efficient method to characterize the complex mixture of apolipoproteins. Rapid isolation of 

urea-soluble apolipoproteins from delipidated human HDLs has been achieved using fast 

anion-exchange chromatography (AEC).18 Here apo A-I and A-II were identified by 

comparing their chromatographic, electrophoretic and immunological behaviors with 

those of purified standards of each protein. In another interesting report,19 delipidated HDL 

was fractionated by AEC using a continuous NaCl gradient of 0.06-0.13 M. The elution 

pattern had 3 main characteristics: a small peak at an NaCl concentration of 0.076, 

followed by a large peak, and finally a slowly eluting fraction which began at an NaCl 

molarity of 0.096. However, the 3 fractions isolated by AEC were not the same as those 

isolated by centrifugation (HDL1, HDL2 and HDL3).  

Compared to single-dimension methods, two-dimensional separation methods 

should provide greater resolution and more detailed sample information. A two- 

dimensional gel electrophoresis (2D-GE) system was developed to identify apo 

A-I-containing subclasses in HDL.20 In the first dimension, separation by charge was 

measured by comparing particle mobilities to endogenous albumin (Rf); they classified 

particles as α (median Rf = 1), preα (median Rf > 1), and preβ (median Rf 0.3 to 0.8). This is 

also in accordance with the fact that 3 particles with charge differences were fractionated 
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by AEC.19 In the second dimension, particles were differentiated according to their modal 

diameters. Twelve sub-populations were detected. Despite the high resolving power 

achieved, this technique was very labor-intensive and difficult to automate. Additional 

challenges in maintaining good reproducibility and quantitation have stimulated efforts to 

find alternative techniques.  

Different separation techniques have been coupled together in various system 

combinations such as liquid chromatography-capillary electrophoresis (LC-CE) and 

capillary isoelectric focusing-liquid chromatography (CIEF-LC),21,22 where separation by 

charge (i.e., CE or IEF) is one of the dimensions. Two-dimensional liquid chromatography 

(2D LC) is an excellent alternative because of its greater flexibility (different separation 

modes are available), speed, and ease of automation.23,24 Recently, IEC based on charge 

separation has also been combined with selected LC modes, including reversed phase 

liquid chromatography (RPC) and size exclusion chromatography (SEC), i.e., IEC-RPC 

and IEC-SEC.25 As mentioned above, the beauty of 2D-GE as a separation technique for 

HDL separation is the orthogonality of the two separation dimensions - separation by 

charge (isoelectric point, pI) in the first dimension and separation by size in the second 

dimension. For a chromatographic approach to provide comparable separation power, two 

modes must be selected that have different separation selectivities.26 Coupling SEC and 

IEC as the first and second dimensions, respectively, has two appealing advantages. The 

first advantage is that the two modes have complementary selectivities that are similar to 

those of 2D-GE. IEC separation is roughly equivalent to IEF, and SEC provides separation 

according to molecular size. Therefore, the resolving power of the coupled modes is 

expected to approximate, even exceed, that of 2D-GE. The second advantage of this 
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approach is the solvent compatibility of the two modes. The elution solvents for IEC 

(aqueous buffers with varying concentrations of a neutral salt) are the right solvents for 

SEC.  

Porous polymer monoliths have attracted significant attention as versatile, 

high-surface-area matrices useful for chromatography of large biomolecules, such as 

proteins and polynucleotides, as well as large particles such as viruses.27 The first 

polymeric monolith was a soft polyacrylamide gel used as a continuous sorbent bed in LC 

in 1989.28 In the early 1990s, Svec and coworkers introduced rigid macroporous monoliths 

obtained via a very simple “molding” process.29 Typically, the polymerization of a 

monolith involves a mixture of monomers, porogens and free-radical initiator, which is 

triggered by heating or by UV irradiation. In the presence of porogens, a porous structure is 

formed as a result of phase separation initiated by precipitation of the polymer. The surface 

chemistry and porous properties of the monoliths can be tailored to suit a variety of 

applications by adjusting the composition of the initial monomer solution and the 

polymerization conditions.30 The vast majority of polymeric monoliths are poly(styrene- 

co-divinylbenzene) (PSDVB) developed by Huber’s group,31 or polymethacrylate-based 

copolymers, such as poly(glycidyl methacrylate-co-ethylene dimethacrylate) (GMA- 

co-EDMA), which have been extensively exploited by Svec’s group.32 A new method of 

ring-opening metathesis polymerization (ROMP) was recently reported by Buchmeiser et 

al. for the preparation of polycyclooctene-based monoliths.33 Recently, PEG- 

functionalized acrylic monomers have been used to reduce non-specific protein 

adsorption.34,35 This has been especially meaningful for monolithic LC separation of 

lipoproteins, since lipoproteins are extremely “adherent” toward most column supports and 
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matrices. In addition, I should mention that most references concerning HDL separation by 

charge focus on delipidated HDL, since very hydrophobic lipids destroy the separation of 

lipoproteins through non-specific interactions. This is not a major problem in my case 

because I use PEG monoliths that exhibit the lowest non-specific adsorption of proteins.  

Large monolithic columns are desirable for preparative-scale separations. However, 

due to the small sample volumes and low concentrations encountered in proteomics 

analysis, capillary monolithic columns for use in nano-LC have recently grown in 

interest.34-36 The capillary format also provides two other advantages: first, immobilization 

of the monolith at the capillary wall eliminates the necessity of preparing a tiny retaining 

frit; second, direct on-line coupling of capillary LC to mass spectrometry becomes easier.37 

In this chapter, a new capillary SEC method for size separation of native HDL 

particles from plasma using a packed capillary column was developed. Then, capillary 

SEC and capillary strong AEC of non-delipidated HDL were perfomed using the 

developed poly(polyethylene glycol methyl ether acrylate-co-polyethylene glycol 

diacrylate) [poly(PEGMEA-co-PEGDA)] and poly[2-(acryloyloxy)ethyl 

trimethlyammomium chloride-co-polyethylene glycol diacrylate] [poly(AETAC-co- 

PEGDA)] monoliths, respectively.  

5.2 Experimental Section 

5.2.1 Chemicals and Reagents  

Sodium dodecyl sulfate (SDS), poly(vinyl alcohol) (PVA, MW 89,000-98,000), 

poly(propylene oxide)-block-poly(ethylene oxide)-block-poly(propylene oxide) 

(PPO-PEO-PPO, Mn 2,500), dimethylformamide and HPLC water (CHROMASOLV®) 

were purchased form Sigma-Aldrich (Milwaukee, WI). Phosphate and tris buffer solutions 



 116

with surfactant additives were prepared by adding SDS into buffer salt solutions. HPLC 

water was used for buffer and sample preparation, and all solutions were filtered through 

0.22-μm membrane filters before use. The HDL solution standard (human plasma, 22.6 

mg/mL) was from Calbiochem (San Diego, CA), which is described as HDL in 150 mM 

NaCl, 0.01% EDTA, pH 7.4 (Composition: 50% lipid, 50% protein). The high HDL2b 

fraction from a real blood sample was provided by Berkeley HeartLab (Alameda, CA). 

High molecular weight protein standards used for identifying 5 different subclasses of 

HDLs, including thyroglogulin, apoferritin, catalase, lactate dehydrogenase, and bovine 

serum albumin were purchased from Sigma-Aldrich. Table 5.1 provides a list of the 

characteristics of these proteins. 

5.2.2 Column Preparation 

The size exclusion monolithic poly(PEGMEA-co-PEGDA) column was prepared 

as described previously. DMPA (0.008 g, 1 wt % with respect to the monomers) was 

dissolved in 0.8 g of a mixture of PEGDA (40 wt %) and PEGMEA (60 wt %). A ternary 

porogen solvent (1.4 g) consisting of PPO-PEO-PPO copolymer (20 wt %), 

dimethylformamide (20 wt %), and ethyl ether (60 wt %) were admixed with the 

monomers. A small part of the polymerization mixture was removed using a 100 µL 

syringe for capillary preparation. A 25 cm × 75 µm i.d. silanized capillary was attached to 

the syringe inlet and filled with the polymerization mixture. Then the capillary was 

irradiated using a UV curing system as previously reported.34 The bulk polymerization 

solution in the vial was also irradiated for easy disposal.  

Additionally, several packed capillary columns were prepared and studied for SEC 

of HDL. The packing material was removed from a commercial BioSep-SEC-4000 guard 
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column purchased from Phenomenex (Torrance, CA) with the following specifications: 

hydrophilic bonded silica, 5 μm particle size, 500 Å pore size, 15,000-2,000,000 Daltons 

exclusion range for native proteins. A high-pressure packing system used to prepare 

columns for this study was described previously.38 The inner walls of 75 µm, 150 µm and 

200 µm i.d. fused silica capillaries clad with polyimide (Polymicro Technologies, Phoenix, 

AZ) were coated with PVA using procedures published previously to reduce adsorption of 

proteins.39 Slurries of silica particles were made by mixing porous particles in 100 mM 

phosphate buffer solution (pH 7.0). Then the slurry was transferred to the packing reservoir. 

Liquid carbon dioxide from a compressed cylinder was used to drive the silica particle 

slurry into the capillary column. Both the column and the reservoir were placed in an 

ultrasonic bath (Branson Ultrasonic, Danbury, CT) during packing. The pressure was 

increased gradually from 900 psi to 2500 psi and kept constant at high pressure until the 

column was completely filled with packing material. After packing, high pressure was 

applied for at least a half hour before depressurizing slowly. Frits were sintered at the ends 

of the column using a resistive heating device (InnovaTech, Hertfordshire, UK) while 

water was flushed through the column to dissipate the heat. The flushing pressure should 

be the same as, or close to, the packing pressure. A poly(AETAC-co-PEGDA) monolith for 

strong AEC of HDL was also prepared as described in Chapter 2. 

5.2.3 LC of High Density Liporotein  

All LC experiments were carried out using an Eksigent Nano 2D LC system 

described in Chapter 3. The detection cell was a 3-nL ULT-UZ-N10 from LC Packings 

(Sunnyvale, CA). The column was connected to the detection cell using a zero dead 

volume P-720 union (Upchurch, Oak Harbor, WA), and the detection wavelength 
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Table 5.1. Five proteins used in this study. 

Proteins  Abbreviation MW 
(KD)a

pIb Diameter 
(nm)c 

Sourcea 

Thyroglobulin TG 670 4.6 ~15.7 Porcine thyroid 
gland 

Apoferritin  APF 444 5.2 ~12.3 Horse spleen 

Catalase CAT 250 6.7 ~10.9 Bovine liver 

Lactate dehydrogenase LDH 143 8.5 ~8.9 Rabbit muscle 

Albumin BSA 66 4.9 ~6.7 Bovine serum 

aAs specified by suppliers. bFrom Refs. 34 and 41. cBased on the Stokes’ radius calculated 

from log (Rs) = 0.369 log (MW) – 0.254.42 
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volume P-720 union (Upchurch, Oak Harbor, WA), and the detection wavelength was 214 

nm. Data acquisition and processing were accomplished using Eksigent v2.08 software. 

After complete flushing, the capillary column was connected to the LC instrument 

and equilibrated with buffer. SEC separations of HDL were performed on the packed 

BioSep-SEC-4000 or the poly(PEGMEA-co-PEGDA) monolithic columns, and the AEC 

separation of HDL was performed on the poly(AETAC-co-PEGDA) monolithic column. 

The chromatographic conditions are given in the figure captions.  

5.3 Results and Discussion 

5.3.1 SEC Separation Using Packed BioSep-SEC-4000 Columns 

Berkeley HeartLab divided HDL fractions into five subclasses according to size 

varying from 5 to 12 nm using density gradient electrophoresis. SEC should be a good 

alternative for resolving HDLs according to size. High molecular weight protein standards 

were used for identifying 5 different subclasses of HDLs, including thyroglogulin, 

apoferritin, catalase, lactate dehydrogenase, and bovine serum albumin (see Table 5.1). 

The size range of these five proteins is in accordance with that of HDLs (5-12 nm). 

One of the difficulties of lipoprotein analysis by LC is the high propensity for the 

analytes to adsorb on the separation column, leading to peak broadening or even compound 

loss. Poly(vinyl alcohol) has been utilized as a coating material to diminish protein 

adsorption on the bare fused-silica capillary. At the beginning of my experiments, I 

investigated the use of PVA coating to reduce protein adsorption. As shown in Figure 5.1A, 

broad peaks and peak tailing resulted when using a bare capillary containing the packing 

material. However, when the capillary column was coated with PVA, lower adsorption of 

proteins and improved peak shapes were obtained (see Figures 5.1B and C). At the same 



 120

time, the influence of column diameter on protein resolution was investigated. Figure 5.1 

shows the separations of high molecular weight proteins on columns with internal 

diameters of 75, 150, 250 µm. The BioSep-SEC-4000 capillary columns, however, 

separated only three major bands (peaks). The three peaks most likely belong to TG, 

coelution of APF, CAT and LDH, and to BSA. It was found that the packed capillary 

columns with 200 μm i.d. provided better resolution than the 75 μm i.d. and 150 μm i.d. 

packed capillary columns due to increased pore volume in the stationary phase.  

HDL 2b from fresh human plasma sample (provided by Berkeley HeartLab) separated 

into at least three distinct peaks of HDL on the 150 μm i.d. BioSep-SEC-4000 column. As 

shown in Figure 5.2, the first peak, representing the largest apo A-I- containing species, 

eluted at the approximate position as TG and contained particles of ~670 KDa (~15.7 nm 

diameter). The second peak, which eluted at the approximate position as the coelution of 

APF, CAT and LDH, included particles of 143-444 KDa (~8.9-12.3 nm diameter). The 

third peak, which eluted at the approximate position as BSA, included HDL particles of 

66 KDa in size (~6.7 nm diameter). Actually, the high intensity of the third peak is mostly 

attributable to the existence of the highly abundant albumin in the HDL sample from 

human plasma. I also believe that the large amount of albumin in the sample adheres to 

the wall of the detection cell and causes adsorption of the HDL components, resulting in 

decreased resolution of the second and the third peaks. These results showed that the PVA 

coating could not effectively suppress HDL adsorption on the capillary wall. Therefore, 

for accurate quantitative analysis, depletion of the highly abundant albumin from the 

HDL sample must be done before injecting the sample onto the column. Additionally, the 

small peaks after the main three peaks were probably from impurities in the sample, and  
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Figure 5.1. Separations of high MW protein standards using BioSep-SEC-4000 particle- 

packed SEC columns. Conditions: (A) 25 cm × 75 µm i.d. bare capillary, 0.06 µL/min, (B) 

59 cm × 150 µm i.d. PVA-coated capillary, 0.3 µL/min, (C) 59 cm × 200 µm i.d. PVA- 

coated capillary; 20 mM phosphate containing 0.10 M NaCl mobile phase (0.3 µL/min); 

60 nL injection volume; UV detection at 214 nm. 
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Figure 5.2. Separation of HDL using a BioSep-SEC-4000 particle-packed capillary SEC 

column. Conditions: 59 cm × 200 µm i.d. PVA-coated capillary; 20 mM phosphate 

containing 0.10 M NaCl, 0.4 µL/min; 60 nL injection volume; UV detection at 214 nm. 

 

 

 

 

 

 

 

 

 

 

 

 



 123

they did not belong to the HDL species. 

In addition to their adhesiveness to column supports and matrices, HDL particles, 

once eluted off the columns, continued to adsorb strongly on the detection cell made from a 

bare silica capillary. To suppress such strong analyte-wall interaction, an anionic surfactant 

(SDS) was added to the running buffer to form complexes with the lipoproteins due to the 

presence of apolipoproteins on the surface. As a result, lipoproteins became negatively 

charged and adsorption was suppressed due to electrostatic repulsion. However, care had to 

be taken becasue too much SDS denatured the lipoproteins due to strong hydrophobic 

interactions between the alkyl chains and very hydrophobic liporoteins.    

5.3.2 SEC Separation Using the Monolithic Column 

Challenges in developing SEC polymer monolithic columns stem mainly from two 

aspects. First, a nonadsorptive monolith must be synthesized since SEC is a non-interactive 

chromatography mode. Second, the monolith must have appropriate pore size distribution 

for effective size exclusion of HDLs. The first issue was solved by the synthesis of a novel 

protein-nonadsorptive monolith (Figure 5.3). The monolith was based on the 

copolymerization of polyethylene glycol methyl ether acrylate (PEGMEA) and 

polyethylene glycol diacrylate (PEGDA). This monolith was found to resist the adsorption 

of proteins and HDLs. At present, the second requirement is the most challenging, since no 

precedent can be used for reference. After much investigation, surfactants were introduced 

as porogens to create mesopores of defined size within the polymeric matrix in chapters 3 

and 4.  

Using PPO-PEO-PPO, dimethylformamide and ethyl ether as porogens, the 

resulting monolith gave different retention for three proteins: BSA, catalase subunit and 



 124

 

 

 

 

 

Figure 5.3. Low adsorption of proteins on a PEG monolith. (A) Background; (B) After 

loading with FITC-BSA; (C) After flushing with aqueous buffer. 
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α-lactalbumin (LCA) (Figure 5.4). This indicates that the pore size that provides SEC 

separation is mainly the small mesopores (below 7 nm), while the larger mesopores (7 – 50 

nm) are not abundant enough for separation of larger proteins. However, the results are 

very promising, since this mesopore-forming method can produce an acceptable column 

back-pressure, even with a significant number of small mesopores.  

SEC separation of the HDL standard from Calbiochem was also carried out using 

the same monolithic column, as shown in Figure 5.5. Similarly, at least four distinct peaks 

were identified. The first peak, representing the largest apo A-I-containing species, eluted 

in the BSA and CAT subunit fractions and included particles of 58-66 KDa (~5.9-6.7 nm 

diameter). The second peak, which eluted between the CAT subunit and LCA, included 

particles of 14-58 KDa (~4.3-5.7 nm diameter). The third peak, which eluted at the 

approximate position as LCA, included HDL particles of 14 KDa in size (~4.2 nm 

diameter). The peak after the main three peaks was probably an impurity in the sample, and 

it did not belong to the HDL species. The adsorption of HDL on the column matrix was 

reduced, but not completely eliminated, due to the use of PEG in the monolith. The 

components of the HDL standard from Calbiochem were different from the high HDL 2b 

sample provided by Berkeley HeartLab. My results showed that the particle sizes of the 

former are smaller than the latter. As shown in Figure 5.6, a separation using gradient gel 

electrophoresis indicates that most of the particle sizes in the HDL standard were 6.7-10.9 

nm (MW 66-250 KDa). Further investigations are still needed to prove the usefulness of 

this monolithic SEC column for separation of native HDL. Of course, the other two SEC 

monoliths with improved exclusion range for HDL described in Chapters 3 and 4 should be 

investigated in the future. 



 126

 

 

 

Figure 5.4. Chromatograms of individual proteins: (1) BSA (MW, 66,000), (2) Catalase 

subunit (MW, 58,100), (3) α-Lactalbumin (MW, 14,200), (4) Uracil (MW, 112). 

Conditions: 17 cm × 75 µm i.d. poly(PEGMEA-co-PEGDA) monolithic column, 10 mM 

phosphate (pH 7.0) containing 0.5 M NaCl, 80 nL/min, on-column UV detection at 214 

nm. 
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Figure 5.5. Chromatogram of an HDL standard. Conditions: the same as in Figure 5.4. 
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Figure 5.6. Separation of HDL standard using gradient gel electrophoresis (provided by 

Berkeley Heartlab). 

 

 

 

 

 

 

 

 



 129

5.3.3 Anion-exchange Chromatography of HDL 

The apolipoproteins of HDL are comprised mainly of apo A-I and -II and apo C-I, 

and –III. Recent MALDI analysis of this mixture has shown that each of these 

apoliporoteins exists in different isoforms due to posttranslational modification.40 

Considering pI values smaller than 7 for most apolipoproteins in HDLs, an anion-exchange 

monolith in LC should resolve HDLs when operated in physiological buffer pHs (e.g., pH 

7 to 8). The column was synthesized by copolymerizing AETAC and PEGDA. The 

resolution and column efficiency for protein standards were comparable to commercially 

available packed columns and other polymer monolithic columns. The separation of a 

native HDL standard was carried out using this column as shown in Figure 5.7. Here, 

native HDL was fractionated by AEC using a continuous NaCl gradient of 0.01-0.35 M. 

The elution pattern had 3 main characteristics: two sharp peaks at NaCl concentration of 

0.01, followed by a large peak eluted at NaCl concentration of 0.12 M, and finally a slowly 

eluting fraction using an NaCl molarity of 0.17 to 0.25 M. Approximately 12 small peaks 

appeared, despite the fact that the resolution was destroyed due to the tailing of very 

hydrophobic and bulky lipids. The repeatable profiles indicate that these peaks may belong 

to apolipoproteins or other proteins in the sample. 
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Figure 5.7. Strong anion-exchange chromatography of HDLs. Conditions: 16 cm × 75 µm 

i.d. poly(AETAC-co-PEGDA) monolithic column; buffer A: 10 mM Tris (pH 8.0), buffer 

B: buffer A plus 1.0 M NaCl, 2 min isocratic elution of 1% B, followed by a linear AB 

gradient (0.7 % B/min) to 35% B and 2 min isocratic elution of 50% B; UV detection at 

214 nm. 
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5.4 Conclusions and Perspective 

In this chapter, I developed a new capillary SEC method for size separation of 

native HDL particles from plasma using a capillary packed with BioSep-SEC-4000 

particles, Three major sizes of HDL particles were separated. Additionally, capillary SEC 

and capillary strong AEC of non-delipidated HDL were accomplished using the 

poly(PEGMEA-co-PEGDA) and poly(AETAC-co-PEGDA) monoliths. According to my 

findings, the fractions separated by size were not the same as those separated by charge. 

The subfractions obtained using SEC were dependent on the lipid content, while those 

obtained using AEC were dependent on the protein content. These new LC methods using 

packed or monolithic stationary phases have the following advantages: (1) rapid separation 

of HDLs, (2) easy automation of instrument operation and data analysis, and (3) easy 

preparation of LC columns that could be reused without regeneration. 

In order to relate my findings using AEC to known subclass separations by size or 

density, a second dimension based on particle size is needed. My suggestion is that SEC 

using the optimized monolithic column should be applied to HDL samples provided by BL. 

Again, the results should be compared directly with GGE analyses of the same samples by 

Berkeley HeartLab in terms of resolution, recovery, robustness, stability, reproducibility, 

and time. Additionally, future samples should be selected by BHL, designed to validate our 

IEC methods for charge separation by comparison to the IEF results published by 

Asztalos33 et al. Coupling of two-dimensional monolithic IEC-SEC would be the final goal.  
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CHAPTER 6  FUTURE DIRECTIONS 

6.1 Investigation of New Meso-porogens for Developing Monoliths for Size 

Exclusion Chromatography (SEC) of Proteins 

 Challenges in developing SEC polymer monolithic columns stem mainly from 

two aspects. First, a non-adsorptive monolith must be synthesized. Second, the monolith 

must have appropriate pore size distribution for effective size exclusion of HDL. The first 

issue was solved by synthesizing a novel non-adsorptive monolith containing significant 

polyethylene glycol (PEG) functionality. This monolith was based on copolymerization of 

polyethylene glycol methyl ether acrylate (PEGMEA) and polyethylene glycol diacrylate 

(PEGDA).1 

At present, the second requirement has been the most challenging, since no 

precedent can be used for reference. After much investigation, surfactants were introduced 

as porogens to create mesopores of defined size within the polymeric matrix.2,3 Two types 

of surfactants have been investigated and found effective in producing mesopores. The 

resulting monoliths showed SEC separation in the range from bovine serum albumin (BSA, 

66 000) to thryglobulin (TG, 670 000). 

The first surfactant porogen is a tri-block copolymer, poly(propylene 

oxide)-poly(ethylene oxide)-poly(propylene oxide) (PPO-PEO-PPO) or PEO-PPO-PEO 

having molecular weights (MWs) ranging from 2 700 to 5 800. I mainly investigated the 

influence of the porogen copolymer on the separation properties of the monolith by 

changing its MW or proportion in the porogenic system. The effect of monomer 

composition on the separation properties was also investigated. In addition, the influence 
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of monolithic column diameter and length on resolution, and the influence of flow rate on 

resolution have been investigated. To use a copolymer with MW of 8 400, a new porogenic 

system was employed to create a homogeneous monolith with low pressure drop. However, 

this method did not lead to further increased resolution or increased mesopore volume. 

Compared to the spherical packing material with well-defined 15 000-2 000 000 

exclusion range, the new SEC monolithic column demonstrated an extended lower 

separation range from 112 to 670 000, but less resolution in the range from 66 000 to 670 

000. The pore size distribution was examined using a well-defined MW range series of 

proteins and peptides by inverse size-exclusion chromatography (ISEC). From these data, 

an optimized monolith should have a micropore (< 2 nm) porosity of 11.9% and a 

mesopore porosity of 8.5% in the range from 2.8 to 15.7 nm, which would provide good 

size-exclusion separation of peptides and proteins. However, the mesopore porosity in the 

range from 7 to 17 nm so far has been only 3.8%, which provides poor separation of TG 

and BSA. Of course, a long column or reduced flow rate would improve the separation by 

increasing the column efficiency, but at the expense of long analysis time. Additionally, if 

the current pore size range could be shifted to the larger mesopores (7-17 nm), the 

separation of larger proteins would be possible.  

Another porogen surfactant, Brij, proved to be effective in creating larger 

mesopores in the poly(PEGMEA-co-PEGDA) matrix. Similarly, compared to the tri-block 

copolymer, a different porogenic system was applied to create a homogeneous monolith 

with relatively low pressure drop. Chapter 4 describes the separation of TG, catalase and 

BSA on a 23 cm × 150 µm i.d. monolithic column synthesized using Brij 58 P. Obviously, 

for this monolithic column, the micropore volume fraction was decreased greatly (< 5.0%), 
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while the mesopore volume fraction in the range from BSA to TG (7-17 nm) was increased 

to 9.7%, compared to 3.8% for the SEC monolith synthesized using PEO-PPO-PEO. 

Combining two SEC monolithic columns with different exclusion ranges in series is 

expected to provide further improved resolution and an extended separation range.  

A micelle templating mechanism has been described for the use of surfactants in 

producing micropores or mesopores in a hydrogel matrix, such as polyacryamide and 

poly(2-hydroxyethylmethacrylate).4 Although this hypothesis cannot be verified at this 

stage of my studies, differences in molecular weight separation ranges between monoliths 

prepared with PEO-PPO-PEO or Brij and their monolith counterparts prepared without 

these porogens were observed to be consistent with the creation of approximately 7-17 nm 

pores. Based on these findings, a series of surfactants with different micellar diameters are 

expected to produce the desired pore diameters for SEC of biomolecules. Table 6.1 lists 

some surfactants previously used for templating polyacrylamide and poly(2-hydroxyethyl 

methacrylate). For example, the small micelle-forming surfactants (such as SDS and 

DTAB) may be applied to produce micropores within the poly(PEGMEA- co-PEGDA) 

matrix for SEC separation of peptides or small proteins. Larger micelle-forming 

surfactants (such as Brij and Tween) should be useful in producing mesopores for SEC 

separation of proteins. Figure 6.1 gives the chemical structures of the proposed surfactants 

(Pluoronic, Brij and Tween) for synthesizing new monoliths. Of course, other factors, such 

as the compostion of monomers, the proportion of monomers in the polymerization 

mixture, and the composition of porogenic system, will influence the porous properties of 

the monoliths.  
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Table 6.1. Physical micelle parameters of some surfactants used for templating polyacrylamide and poly(2-hydroxyethyl 

methacrylate).11 

Surfactant Type 
Average 

molecular 
weight 

Aggregation
number 

CMC (mM) 
Micelle 
shape 

Micelle 
radius (nm)

Sodium dodecylsulfate (SDS) Anionic 289 64 8.16×10-3
 (25oC) Elliptical 2.1  

Dodecyltrimethylammonium 
(DTAB) 

Cationic 228 53 1.56×10-2
 (25oC) Spherical 1.8 

Tetradecyltrimethylammonium 
(TTAB) 

Cationic 256 71 3.5×10-3 (30oC) Spherical 2.1 

Cetyltrimethylammonium 
(CTAB) 

Cationic 284 91 9.8×10-4 (35oC) Spherical 2.3 

Pluoronic 25R4 Neutral 3600 - 5×10-1 (49oC) (wt %) - 6.7 

Pluoronic F127 Neutral 12600 - 

5×10-3 (42oC) 

7×10-1 (15oC) 

（wt %） 

Spherical 9.0 

Brij 30 Neutral 362 20-40 4.0×10-5 Spherical 2.6 

Brij 56 Neutral 683 70 
1.25×10-2

 (25oC) (wt 
%) 

- 4.0 
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Brij 58 Neutral 1122 - 3.9-13×10-6 (25oC) - 7.0 

Brij 35 Neutral 1200 - 6.0×10-5 (25oC) - 7.2 

Brij 700 Neutral 4670 - - - 26.4 

Tween 20 Neutral 1228 - 6.0×10-5 (25oC) - 7.5 

Tween 40 Neutral 1277 - 2.7×10-5(20-25oC) - - 

Tween 80 Neutral 1310 60 1.2×10-5 (25oC) - - 
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Pluoronic 

 

Brij 

 

Tween 20 

Figure 6.1. Chemical structures of the proposed surfactants for synthesizing new 

monoliths. 
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The hard template technique using particles such as silica is the most popular 

strategy for synthesizing a mesoporous polymer. The monolith porosity is dictated by the 

size of the spherical silica particle templates.5,6 In addition to tailoring the pore size, this 

method offers the ability to influence the surface characteristics of the finished polymer by 

employing silica beads with specific surface chemistry. However, these silica beads are not 

biocompatible and it is diffcult to remove the templates for generating well-ordered 

mesopores without destroying the monolithic structure.  

 Recently, the use of dendrimers for generation of uniform mesopore structures has 

been investigated in a methacrylate-based monolith.7 Dendrimers represent an exciting 

class of macromolecule templates. Unlike classical polymers, dendrimers have a high 

degree of molecular uniformity, narrow molecular weight distribution, specific size and 

shape characteristics, and a highly-functionalized terminal surface. Most importantly, they 

have the same dimensions as biomolecules ranging from approximately 1 to over 10 nm. 

For example, polyamidoamine dendrimers are manufactured by a divergent repetitive 

growth technique and are typically based on an ethylenediamine core with repeating 

tertiary amine/amide branching units. Theoretically, the macromolecules can be 

incorporated in the non-adsorptive poly(PEGMEA-co-PEGDA) by free-radical initiated 

polymerization. The removal of solvent and dendrimers produces a continuous rod of 

polymer with uniform porosity and dendrimer-influenced surface characteristics.  

6.2 Further Improvement in Anion-exchange Monolithic Columns 

The weak anion-exchange monolith obtained from copolymerization of 

2-(diethylamino)ethyl methacrylate (DEAEMA) and PEGDA only gave 48% monomer 

conversion. This is likely due to poor copolymerization resulting from unfavorable 
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monomer reactivity ratio between methacrylate monomer and acrylate crosslinker. It was 

found that acrylate is much more reactive than methacrylate and their reactivity ratios are 

quite different from unity.8 Such low monomer conversion resulted in a relatively low 

dynamic binding capacity (24 mg/mL), refered to chapter 2. A copolymer of 

2-(diethylamino)ethyl acrylate (replacing DEAEMA) and PEGDA is expected to give 

higher monomer conversion so that more functionalities are incorporated, which will 

provide improved binding capacity and separation efficiency (Figure 6.2). Obviously, 

functional monomers with low hydrocarbon content incorporated in the monolithic 

backbone will decrease its hydrophobicity.9 Elimination of a methyl group from the 

monomer is also expected to decrease the hydrophobicity of the monolith. 

   Although current ion-exchange monoliths developed have provided highly 

efficient separations, further effort is still needed for decreasing the back pressure to 

achieve fast analysis. Obviously, this can be achieved by increasing the content of large 

pores, since the average through-pore size usually controls the column permeability.10 

Decreasing the content of crosslinker in the polymerization mixture, increasing the ratio of 

poor solvent to good solvent in the porogenic system, or increasing the ratio of porogens to 

monomers are the most common approaches to accomplishing this. Changing the type of 

porogen can also be effective. However, large surface area mainly from small pores is still 

required for chromatographic application. Therefore, a compromise must be found 

between these two requirements.  

6.3 Prepareation of Other Types of Polymer Monoliths Using PEGDA as 

Crosslinker 

 As noted in Chapter 2, the design of new ion-exchange monoliths has followed 
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2-(Diethylamino)ethyl methacrylate (DEAEMA)

 

2-(Diethylamino)ethyl acrylate (DEAEA) 

Polyethylene glycol diacrylate (PEGDA) 

Figure 6.2. Monomers involved in synthesizing weak anion-exchange monoliths. 
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two strategies: (1) use of a new crosslinker, PEGDA, for formation of the monolithic 

stationary phase with the lowest non-specific adsorption, and (2) inclusion of functional 

monomers that simultaneously provide functionalities with high selectivity. Low 

non-specific adsorption and high selectivity are two very important features of a stationary 

phase for protein chromatography. Further monolith development must continue to focus 

on both of these properties. 

  New momomers containing various functional groups (see Figure 6.3) for 

chromatographic retention mechanisms should be explored. For example, 2-carboxyethyl 

acrylate contains a weak cation-exchange group, the carboxymethyl group, which provides 

selectivity for protein separations. 2-Cyanoethyl acrylate contains a cyano group that can 

retain small polar molecules. A poly(2-cyanoethyl acrylate-co-PEGDA) is expected to 

have low hydrophobicity for rapid elution of hydrophobic analytes, significantly less 

retention than C18, excellent retention of strongly basic analytes, and be compatible with 

highly aqueous organic phases. Phenyl groups provide selectivity through π-π interactions 

and phenyl LC columns provide superior separations of hetero-aromatic compounds and 

other pi acceptors in the reversed-phase mode. Such a monolith may be obtained by 

copolymerization of poly(ethylene glycol) phenyl ether acrylate and PEGDA. 

Incorporation of PEG units in the monomer should help to reduce non-specific adsorption. 

6.4 Two-dimensional LC of High Density Lipoproteins 

It is proposed that a size exclusion column be used for the first dimension and an 

anion (or cation) exchange column for be used the second dimension in a two-dimensional 

LC configuration. SEC selection is based on size and shape of a solute with respect to 

stationary phase pore size. SEC typically produces low peak capacity and relatively wide 
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2-Carboxyethyl acrylate 

 

2-Cyanoethyl acrylate 

Poly(ethylene glycol) phenyl ether 
acrylate  

Figure 6.3. Chemical structures of proposed monomers. 
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peak widths. In comparison, ion-exchange chromatography produces a relatively large 

peak capacity and is based on charge-charge interactions between the proteins in the 

sample and the charges immobilized on the stationary phase surface. A combination of 

SEC and IE meets the requirement of orthogonality, which means that the separation 

mechanisms of the individual dimensions are totally different. If an SEC peak contained 

multiple components of similar size but different surface charge, then the components 

would be separated by the ion-exchange column. 

Eluent compatibility is an important issue for successful 2D separation. In principle, 

the eluent from the first dimension should be miscible with the sample solvent in the 

second dimension. An aqueous buffer with or without salt should be used for both SEC and 

IEC of lipoproteins, so eluent compatibility is not a problem. However, when transferring 

from the first to the second column, the sample volume must be minimized to reduce any 

interference of the sample or salt solution with the subsequent gradient elution. This would 

be the first attempt to combine SEC in the first dimension and IEC in the second dimension 

for 2D LC separation. 
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