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Abbreviations 

 

AAm  - acrylamide 

AC  - alternating current 

ACN  - acetonitrile 

AIBN  - ,’-azoisobutyronitrile 

BS3  - bis(sulfosuccinimidyl)suberate 

C-trap  - curved ion trap 

CCCA  - -cyano-4-chlorocinnamic acid 

CHCA  - -cyano-4-hydroxycinnamic acid 

CID  - collision-induced dissociation 

Co-IP  - protein complex immunoprecipitation 

DC  - direct current 

DHB  - 2,5-dihydroxybenzoic acid 

EDMA  - ethylene glycol dimethacrylate 

ESI  - electrospray ionization 

FA  - frontal analysis 

FSC  - fused silica capillary 

GC  - gas chromatography 

GMA  - glycidyl methacrylate 

HIC  - hydrophobic interaction chromatography 

HPLC  - high-performance liquid chromatography 

IEX  - ion exchange chromatography 

IMER  - immobilized monolithic enzyme reactor 

ISEC  - inverse size exclusion chromatography 

LID  - laser-induced dissociation 

LIT  - linear ion trap 

m/z  - mass-to-charge ratio 

MACMA - monolithic affinity columns with immobilized monomeric avidin 

MALDI - matrix-assisted laser desorption/ionization 

γ-MAPS - γ-methacryloxypropyl trimethoxysilane 

MS  - mass spectrometry 

MSP  - monolithic stationary phase 

NHS  - N-hydroxysuccinimide 



Abbreviations 

 V

NIR  - near infrared 

NMR  - nuclear magnetic resonance 

LC  - liquid chromatography 

oa-TOF  - orthogonal acceleration time-of-flight 

PEEK  - polyether ether ketone 

PEG  - poly(ethylene glycol) 

PTFE  - poly(tetrafluoroethylene) 

Q  - quadrupole 

RF  - radio frequency 

ROMP  - ring-opening metathesis polymerization 

RP  - reversed phase 

SEC  - size exclusion chromatography 

SEM  - scanning electron microscopy 

skMLCK - skeletal muscle myosin light chain kinase 

SP  - stationary phase 

SPE  - solid phase extraction 

TEM  - transmission electron microscopy 

TIS  - timed ion selector 

TLC  - thin layer chromatography 

TOF  - time-of-flight 

UHPLC - ultra-high-performance liquid chromatography 

UV  - ultraviolet 

Y2H  - yeast two-hybrid 
 

Proteinogenic amino acids: 

A - Ala - alanine M - Met - methionine 

C - Cys - cysteine N - Asn - asparagine 

D - Asp - aspartate P - Pro - proline 

E - Glu - glutamate Q - Gln - glutamine 

F - Phe - phenylalanine R - Arg - arginine 

G - Gly - glycine S - Ser - serine 

H - His - histidine T - Thr - threonine 

I - Ile - isoleucine V - Val - valine 

K - Lys - lysine W - Trp - tryptophane 

L - Leu - leucine Y - Tyr - tyrosine 
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1 Summary 

Proteins play a key role in all processes of living organisms. Biological processes, such as 

supplying an organism with energy, repairing damages, producing compounds for sustaining the 

cell cycle, disposing threats to the organism or signal transduction would be impossible without 

proteins [1]. Despite this multitude of tasks all proteins are composed of only 20 amino acids, the 

so called proteinogenic amino acids. The high diversity of proteins is realized by their primary 

structures (amino acid sequences) resulting in different secondary structures (e.g. -helices,  

-sheets), tertiary structures (3D conformation), and quaternary structure. Most tasks cannot be 

performed by a single protein alone, but proteins act as part of complexes, composed of only two 

proteins or creating huge assemblies [1]. 

In the course of this work, monolithic stationary phases (MSPs) were developed and validated for 

improving protein analysis using multi-dimensional liquid chromatography coupled with mass 

spectrometry (LC/MS/MS). Monolithic columns possess an enhanced mass transfer compared to 

particle based stationary phases resulting in an improved performance [2, 3]. Based on existing 

preparation protocols [4-6] an immobilized monolithic enzyme reactor (IMER) with trypsin was 

prepared and digestion conditions were optimized using simple protein systems [7]. Recent 

reports on trypsin IMERs only optimized certain aspects of digestion conditions, such as content 

of chaotropic agent [4, 8] or digestion temperature [9]. Here, all relevant parameters (protein 

concentration, interaction time, concentration and type of chaotropic agent, and digestion 

temperature) were optimized. Complete digestion of cytochrome c and BSA was achieved within 

only 80 s. The trypsin IMER presented herein exhibited a high tolerance for acetonitrile (ACN) 

and urea. Integration of the trypsin reactor into an online 2D nano-HPLC/nano-ESI-LTQ-

Orbitrap-MS/MS system enabled an automated digestion, separation, and analysis of proteins 

within 90 minutes. 
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For the targeted enrichment of biotinylated proteins and peptides, avidin was immobilized onto a 

monolithic column and monomerized in an additional step [10]. Biotin binding capacities were 

determined using fluorescein-labeled biotin as well as biotin- and fluorescein-labeled BSA. 

Additionally, the latter served to determine non-specific binding of the monolithic affinity 

columns. The enrichment parameters were optimized using biotinylated cytochrome c and 

biotinylated cytochrome c peptides. Enrichment performance of the monomeric avidin 

immobilized on the monolithic medium was superior compared to that of commercially available 

monomeric avidin beads. 

For the enrichment of cross-linked peptides, a novel trifunctional cross-linker with a biotin 

moiety and two amine reactive N-hydroxysuccinimide (NHS) esters was used [11]. After the 

cross-linking reaction, the protein of interest was digested in solution and the resulting peptide 

mixtures were analyzed using a 2D nano-HPLC/nano-ESI-LTQ-Orbitrap-MS/MS system with the 

monomeric avidin affinity column in the first dimension. The second dimension consisted of a 

reversed phase (RP) column for the separation of enriched cross-linked peptides. Several cross-

links were identified within cytochrome c as well as within a complex of calmodulin and a 

peptide derived from skeletal muscle myosin light chain kinase (skMLCK). Finally, both 

monolithic columns (trypsin IMER and affinity column) were successfully integrated into an 

online 3D nano-HPLC/nano-ESI-Q-TOF-MS/MS system for an automated digestion of 

biotinylated protein, an enrichment of biotinylated peptides, and a subsequent separation by RP 

chromatography and MS analysis.  
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2 Basic Principles 

2.1 Liquid Chromatography (LC) 

In chromatography, analytes are percolated through a stationary phase (SP) by a mobile phase. In 

case of LC, the SP is commonly placed within a column, while the analyte is dissolved in the 

mobile phase. Thereby, LC is suitable for the separation of non-volatile substances in contrast to 

gas chromatography (GC), which is only capable to separate volatile compounds [12]. 

LC was introduced by the Russian Mikhail Tsvett at the beginning of the 20th century who 

separated leaf extracts using inulin as SP [13, 14]. In the middle of the 20th century, Martin and 

Synge investigated chromatographic separations of amino acids [15-17] laying the path for the 

advent of modern high-performance liquid chromatography (HPLC), which was introduced in the 

late 1960s by Huber [18], Horvath [19], and Kirkland [20].  

The mode of action in LC is quite simple. The analyte is delivered through the column containing 

the SP and is allowed with the SP. An equilibrium is established between the analyte that is 

absorbed on the SP and the analyte that is dissolved in the mobile phase. The analyte moves 

through the column more slowly compared to a compound that does not, or only to a limited 

extent, interact with the SP. Thus, it is possible to separate compounds with different 

physicochemical properties from each other. Most commonly, ultraviolet (UV) detectors are 

employed for monitoring the separation [21]. HPLC can also be coupled to MS analysis, which 

will give additional structural information about the analyte [21]. The most important components 

of an HPLC system are indicated in Figure 1. 

The SP usually consists of silica gel particles, which carry modifications on their surface 

determining the separation mechanism [21]. For RP applications, silica gel particles are modified 

with alkylsilanes, such as octadecylsilane, for the separation of small molecules or peptides. As 

separation efficiencies are improved when using small particles, a pump is required to percolate 

the mobile phase through the SP. In the early years of HPLC, the particle size was limited to  

3 µm as most HPLC systems did not withstand the high backpressure generated by smaller 
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particles. This was overcome at the beginning of the 21st century with the development of 

chromatographic equipment capable of withstanding pressures up to 1,000 bar. This enabled to 

use particles with diameters smaller than 2 µm, which further increased separation efficiency. The 

term ultra-high-performance liquid chromatography (UHPLC) was established for this develop-

ment [22]. The invention of monolithic materials also resulted in better separation efficiencies, 

without the need for special instrumentation because of the lower backpressure of these SPs. Over 

the recent years, monolithic stationary phases MSPs have advanced into a valid alternative to 

particle columns [23, 24]. 

 

pumpsamples

separation
column
in oven

UV detector

autosampler
sample loop

fraction
collection

data
acquisition Flow rate1              0.3 µL/min

Pump1 pressure              325 bar

Column1 pressure          112 bar

Column1 temp.                    37°C

Flow rate2                    0.3 µL/min

Pump2 pressure              386 bar

Column2 pressure          243 bar

Column2 temp.                     37°C

Valve                                         elute

UV absorption              ok

 

Figure 1: Scheme of an HPLC setup. 
 

2.2 Monolithic Materials – Definition, History, and Platforms 

The term ‘monolith’ is derived from the Greek expression ‘’ (mono) – ‘single’ and ‘ίς’ 

(lithos) – ‘stone’, reflecting the idea of a chromatographic medium that is derived from a single 

piece of material. However, this definition hints a solid medium, which would not be suitable for 

LC as it lacks pores. In contrast to particulate SPs where the mobile phase is flowing around the 

particles, MSPs exhibit a highly interconnected network of pores, similar to that of leuconoid 

sponges (Figure 2). Therefore, the mobile phase flows through the skeleton of the monolith and 

the analytes that are transported by the mobile phase come into close contact with the monolith’s 
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surface. This and the tortuosity of the pores are responsible for the exceptionally fast mass 

transfer kinetics of monolithic columns [3, 25]. Monoliths are prepared from monomers using 

polymerization reactions in the presence of inert solvents, the so called porogens. 

 

 

Figure 2: (A) Organic monolith in a fused silica capillary; (B) sponge, with kind permission of 
Mr. E. Murkett (www.emmette.com); (C) sub 2-µm silica particles, reproduced with permission 
from [26], copyright 2007, Elsevier. 
 

The idea of monolithic beds for the separation of compounds dates back to the 1950s when Nobel 

Prize laureate Robert Synge postulated materials with similar characteristics as they are realized 

in monolithic materials [27, 28]. Initial efforts using polyurethane foams did not yield high 

separation efficiencies as the structures were not sufficiently rigid and tended to collapse under 

the pressure induced by the flow of a mobile phase [29, 30]. At the beginning of the 1990s, 

several novel separation media emerged: Hjerten et al. performed separations with compressed 

acrylamide gels, however, the preparation of the separation beds was barely reproducible [31-33]. 

The group of Švec developed methacrylate-based monolithic columns, a highly versatile and 

successful subset of monolithic materials [23, 34-36], and in 1996 monoliths prepared from 

inorganic silica were reported by the group of Tanaka [24, 37]. Polymeric and silica-based 

monoliths have been patented and are now commercially available: Polymeric monoliths can be 

obtained from BIA Separations (CIM®), Agilent Technologies (Bio-Monolith®), and Dionex (now 
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ThermoFisher Scientific; ProtSwift® and PepSwift®); silica monoliths are commercialized by 

Merck KgA (Chromolith®) and Phenomenex (Onyx®). However, available surface chemistries are 

limited to mainly RP and ion exchange (IEX) materials. Therefore, when specific analytical needs 

have to be met, researchers have to access either unmodified MSPs as they are sold by Merck and 

BIA Separations or, alternatively, they have to prepare MSPs by themselves. 

 

 

Figure 3: Formats of monoliths for AC: (a) cryogel in carrier; (b) cryogel microcolumns; (c) 
capillary electrophoresis microchip, position of monolith marked red; (d) CIM® disc and holder 
(image kindly provided by BIA Separations); (e) monoliths prepared in fused silica capillaries. 
Reproduced with permission from [38], copyright 2010, John Wiley and Sons. 
 

To date, monolithic columns are used in numerous applications in all fields of LC and electro 

chromatography with a great variety of surface chemistries [25, 38-47]. They have been reported 

in column [3, 48, 49], capillary [3, 44, 48, 50], chip [51-54], pipette tip [52, 55-58], solid phase 



Basic Principles 

 7

extraction (SPE) spin bars [59-64], and thin layer chromatography (TLC) plate formats [65-67]. 

In order to combine advantages of particulate SPs and MSPs, hybrid materials have been 

prepared, in which the monolithic structure fixes the particles [68-72]. Several examples of 

housings for MSPs are presented in Figure 3. 

 

2.2.1 Preparation of Organic Monoliths 

Monoliths prepared from organic monomers were the first MSPs to emerge and up to date, they 

present the most versatile platform for chromatographic applications [23, 38, 73, 74]. The 

preparation process is straightforward and a multitude of monomers can be incorporated into the 

MSP. Glycidyl methacrylate (GMA) and ethylene glycol dimethacrylate (EDMA) were among 

the first monomers to be used for the preparation of monoliths (Figure 4) [34]. These two 

monomers are still widely used as they enable the introduction of a great variety of surface 

chemistries resulting in a multitude of chromatographic applications [38, 42]. However, the range 

of monomers is not limited to methacrylates. Every vinyl containing compound (e.g. divinyl 

benzene, acrylamide) can be copolymerized if it can be dissolved in the polymerization mixture 

[75].  Although a large number of preparation protocols exist for various monomers, conditions, 

especially the porogenic solvent mixture, have to be carefully optimized for each application to 

obtain optimum results [74, 75]. 

Generally, monoliths are prepared via polymerization reactions; radical polymerization is most 

commonly employed for polymeric monoliths [23, 34, 75], but alternative strategies, such as 

addition polymerization [76] and ring-opening metathesis polymerization (ROMP) [77-79], have 

been reported. At least two monomers are necessary: the functional monomer, which carries the 

functionality needed for LC (e.g. butyl methacrylate) [80] or a reactive group for ligand 

immobilization (e.g. GMA) [5, 7, 10], and the cross-linker (in most cases EDMA), which 

determines rigidity and mechanical properties of the MSP. 
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Figure 4: Monomers, porogenic solvents, and initiator used in this work. 
 

When initializing the polymerization reaction, the monomers are dissolved in the porogenic 

solvents, which are responsible for creating the porous structure of the monolith [81]. Usually, 

mixtures of two solvents are used (Figure 4) [3, 75], but for tailoring the porous properties of the 

MSP the use of polymers, such as polyethylene glycols (PEGs) of varying chain lengths, has also 

been reported [82-84]. Free radical polymerization can be initiated by a multitude of strategies 

[75]: The routinely employed UV light-induced polymerization [85] and heat-induced polymeri-

zation [23] require initiators, such as ,’-azoisobutyronitrile (AIBN; Figure 4). Less commonly 

used initiation by -rays [86-88] or electrons [89-92] results in polymers that are absent of any 

functional groups at the chain ends as these are introduced by the initiator. 

Usually, the polymerization mixture is a homogeneous solution and phase separation determines 

the final pore structure of the MSP. However, monoliths can in principle be obtained from 

biphasic systems. Monolithic cryogels are prepared at sub-zero temperatures and the resulting ice 

crystals as well as the freezing and thawing speed determine the porous properties of the MSP 

[93-95]. Monoliths prepared from high internal phase emulsions also rely on a biphasic system 
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[96, 97]. The small droplets of the aqueous phase serve as a template resulting in MSPs with high 

surface areas [98]. 

During the preparation process, several parameters influence the porous properties of the MSP. 

As all parameters highly affect each other, manipulating one parameter can result in a completely 

different morphology of the MSP and subtle changes can have a huge impact on the MSP’s 

structure and properties [99]. A multitude of studies have been published to elucidate the 

influences of specific parameters [3, 44, 75, 82, 99, 100], which can be divided into four main 

groups: 

I.) The porogenic solvents, their ratio in respect to each other and to the monomers – Each 

porogenic solvent mixture consists of a thermodynamically poorer solvent (the so called 

macroporogen) and a thermodynamically favored solvent for the polymer chains, which 

keeps them in solution for a longer period of time. If a larger amount of macroporogen is 

present, the through pores become large (due to an earlier onset of phase separation) and 

vice versa. Higher amounts of macroporogen also result in large microglobules, and 

therefore lower surface areas [3, 75, 99, 101]. 

II.) The monomers, their ratio in respect to each other and to the porogenic solvents – The 

monomers also act as thermodynamically favorable solvents for the polymer chains, which 

results in a delayed onset of phase separation. If high amounts of cross-linker are present, 

phase separation starts earlier, but due to the higher number of initial polymer nuclei the 

resulting microglobules and through pores are smaller. As such, this effect is opposite to 

that when using high amounts of macroporogen, which will also result in an early onset of 

phase separation [85, 100, 102]. 

III.) Polymerization temperature – UV light-initiated polymerization usually takes place at 

ambient temperature, whereas heat-induced polymerization requires temperatures between 

50°C and 70°C. Higher temperature corresponds to a better solubility and therefore a later 

onset of phase separation. The resulting through pores are smaller as are the microglobules, 
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and higher surface areas are obtained. Additionally, the kinetics of the polymerization 

reaction and that of the transfer of monomers from solution into the growing nuclei are 

affected [81, 100]. 

IV.) The polymerization initiation method and the reaction rate – The impact of the reaction 

kinetics can be easily determined by initiating the polymerization reaction with UV light. 

The reaction proceeds much faster compared to heat-initiated reactions indicating a larger 

amount of nuclei to be formed. However, differences in the separation performance of 

MSPs prepared via photo-initiation and temperature-initiation are insignificant [80, 103]. 

Organic monoliths have been prepared in a great variety of sizes, ranging from capillary format 

up to columns with a volume of 8 liters. This impressively demonstrates the high flexibility of the 

preparation process, but one should note that temperature control during the synthesis of large 

monolithic columns is challenging. 

 

2.2.2 Preparation of Inorganic Monoliths 

To date, silica particles are state-of-the-art SPs in LC and consequently, the first monoliths 

synthesized from inorganic precursors were silica monoliths [24, 37, 104]. The first generation of 

silica monoliths was prepared from aqueous solutions of tetraalkoxysilanes (Figure 5) in a sol-gel 

process via condensation polymerization in the presence of water, which served as porogenic 

solvent and for generating silanol groups via hydrolysis of the precursors, polymers, such as PEG 

(to determine the pore structure of the monolith), and acid (catalyst) [24, 41, 104]. Recently, 

trialkoxy(methyl)silane precursors (Figure 5) have gained increasing importance [41, 105, 106]. 

Compared to monoliths prepared from tetraalkoxysilanes, better separation performance is 

obtained using trialkoxy(methyl)silanes [105].  

Mesopores are introduced in a second step by etching the silica network with a basic solution 

resulting in the large surface areas of silica monoliths [24, 104]. The resulting monoliths are 

highly hydrophilic due to the presence of surface hydroxyl groups, which serve to immobilize 
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functional groups in an additional step. In contrast to silica monoliths prepared within fused silica 

capillaries (FSCs), larger silica monoliths with diameters of several mm are prepared in molds 

and have to be clad in a polyether ether ketone (PEEK) or poly(tetrafluoroethylene) (PTFE) tube 

to obtain the final separation column [24, 104]. 

 

 

Figure 5: Precursors for silica 
monolith preparation. 
 
 

 

Shrinking of the monolith during the aging step is still a major issue as radial inhomogeneities are 

created in the MSP, which detrimentally affect separation efficiencies of the columns [3]. 

Additionally, silica materials are not stable at elevated pH values. Therefore, other metal oxides 

have moved into the focus of research [107, 108]. Monoliths have been prepared from titania 

(TiO2) [109], zirconia (ZrO2) [110, 111] and hafnia (HfO2) [108], however, hydrolysis rates of 

their precursors is faster as for silanes and make the preparation process even more difficult to 

handle. So far, separations of small molecules have been reported using these novel monolithic 

materials [108, 110].  

 

2.2.3 Functionalization of Monoliths 

Surface functionalization is an important topic as each chromatographic application requires a 

different functional group to be attached to the MSP [38, 42]. The simplest way to introduce a 

functional group is the copolymerization of a monomer bearing the required functionality, such as 

alkyl methacrylates [80, 112, 113]. Yet, this strategy is not always applicable when preparing 

monolithic media for affinity chromatography. It is only beneficial when the functional monomer 

is sufficiently stable during the polymerization process and readily available, as a certain amount 
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of functional groups are buried within the monolithic matrix during the preparation process and 

do not take part in the chromatographic separation [76, 114]. Additionally, preparation conditions 

of the MSP have to be optimized for each individual functional monomer. The attachment of 

proteins onto the monolith’s surface is virtually impossible with this strategy as the proteins will 

denature in the polymerization mixture. 

Therefore, the use of template MSPs, which are subsequently derivatized based on the needs of a 

specific application, is receiving increasing attention [38, 42, 45]. Three main strategies for the 

introduction of functional groups on MSPs have evolved over the recent years:  

I.) Preparation of MSPs using living polymerization, such as ROMP, enables the introduction 

of a functional monomer after the polymerization of the template MSP as the 

catalyst/initiator remains on the surface of the monolith [101, 115, 116]. 

II.) Different functionalities can be immobilized even in different regions of a monolithic 

column using photografting and photomasks [117, 118]. However, as UV light cannot 

penetrate into the center of the MSP, the homogeneity of the surface modification is a 

matter of debate. 

III.) Immobilization of functional groups using reactive groups on the MSP’s surface is the 

most commonly used strategy [38, 42, 45]. Usually, poly(GMA-co-EDMA) monoliths are 

employed because of the high reactivity of the epoxy groups with a multitude of functional 

groups, e.g. primary amines or H+ [5, 7, 10, 38]. Other reactive groups, such as 2-vinyl-4,4-

dimethylazlactone, have also been reported [119, 120]. Although a single-step immobili-

zation of ligands is possible, higher ligand densities are obtained when employing more 

elaborate and time consuming multi-step immobilization strategies [121, 122]. 
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Figure 6: Overview of immobilization strategies for the preparation of affinity chromatography 
media from (A) organic monoliths, (B) monolithic cryogels, and (C) silica monoliths. 1, epoxy 
method; 2, hydrazide method; 3, Schiff base method; 4a, carbonyldiimidazole. 
 

An overview of different immobilization strategies is presented in Figure 6. In contrast to organic 

MSPs, inorganic monoliths usually have to be modified after the preparation of the monolithic 

matrix. Direct entrapment of proteins in silica monoliths has been reported, but the release of 

alcohols during the hydrolysis of the alkoxysilane precursors might denature the protein [123-

126]. For the derivatization of silica monoliths, the silanol groups on the surface are used for 

immobilizing functional groups [24, 105, 127]. This enables the preparation of monolithic 
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columns for a large variety of applications from a single MSP, thereby eliminating the need to 

optimize the MSP for every application. 
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Figure 6, continued: 4b, disuccinimidyl carbonate method; 5, glutaraldehyde method; 6, reductive 
amination; 7, maleimide method; 8, azlactone method; immobilization using 9, N-
hydroxyphatalimide ester or 10, 2-cyanoethanol ester as leaving group; 11, direct 
copolymerization of (e.g. vinyl terminated) ligand. Reproduced with permission from [38], 
copyright 2010, John Wiley and Sons. 
 

2.2.4 Characterization of MSPs 

The chromatographic performance of an MSP is directly related to its porous properties. The size 

of the through pores and the mesopores, the pore size distribution, their geometry, and the surface 

area influence the hydrodynamic properties, column capacity or ligand density, and the mass 

transfer kinetics [3, 75]. A brief overview of the most important methods providing insight into 

the physical properties of the MSPs is presented below. 
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Morphology: This feature is commonly studied by scanning electron microscopy (SEM) [3, 84, 

105, 114, 128] and to a lesser extent by transmission electron microscopy (TEM) [129, 130]. As 

the images obtained by these methods are acquired in the dry state they only provide an 

estimation of the morphology. 

Porosity and pore size distribution: Mercury porosimetry [81, 84, 100, 130, 131], inverse size 

exclusion chromatography (ISEC) [98, 130-133], near infrared (NIR) spectroscopy [134, 135], 

and (ultra) small angle neutron scattering [136] have been used for the investigation of porosity, 

determination of pore sizes, and pore size distribution. ISEC is the only method where these 

parameters can be assessed under chromatographic conditions, the other methods are employed in 

the dry state. 

Specific surface area: This parameter is determined by nitrogen adsorption via the Brunauer-

Emmett-Teller method [84, 98, 130, 133]. Mercury porosimetry [84], ISEC [130], and NIR 

spectroscopy [134] also yield information about the surface area of MSPs. 

Permeability: The permeability K of an MSP directly depends on the macroporous structure. 

Although ISEC [130, 131] can be used, Darcy’s law (E1.1) [137, 138] is commonly used for 

calculating the permeability: 

       (E1.1) 

u – linear velocity,  – viscosity of the solvent, L – length of the column, and Δp – pressure drop 

across the chromatographic medium. 

Separation efficiency: For the separation of analytes, by e.g. RP-LC, the efficiency of the SP is 

commonly described by the parameters summarized below. It should be noted that these 

parameters do not describe the properties of enzyme reactors or affinity media, described in this 

work. 

The number of theoretical plates (N) and their respective heights (H) give insight into the 

efficiency of a separation medium. The column performance depends on the flow velocity (u) and 

is estimated by the van Deemter equation (E1.2) [80, 139]. 
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u
BH = A + C  u+ .      (E1.2) 

This equation summarizes the parameters that contribute to peak broadening with A – Eddy 

diffusion, B – longitudinal diffusion, and C – resistance to mass transfer.  

The minimum of the curve described by the van Deemter equation represents the optimum flow 

velocity. 

For comparing separation efficiencies of particle-packed columns and monolithic columns 

column impedance (quotient of plate height square H2 and permeability K) has gained popularity 

over the recent years [3, 140].  

Loading capacity: The loading capacity is determined by elution chromatography and frontal 

analysis (FA; dynamic binding capacity). In contrast to FA, the first method is not compatible 

with affinity chromatographic media. However, the amount of non-specific binding is difficult to 

assess by FA [141]. The binding capacity of affinity media can also be determined by tagging 

specific binding partners of the ligand, e.g. with a fluorescent dye [10]. The labeled binding 

partner is infused into the affinity column and non-bound and non-specifically retained molecules 

are removed. In the next step, the specifically retained binding partner is eluted, collected, and 

quantified. 

Enzyme activity: In case enzymes are immobilized onto an MSP, the enzyme activity is 

commonly investigated using a model substrate [7, 119, 120, 142]. The substrate is flushed 

through the reactor and collected before spectroscopic methods are used to quantify the created 

product and to estimate the enzyme activity. Additionally, kinetic parameters of the enzymatic 

reaction can be investigated [119, 121]. However, in many cases enzyme activities were not 

determined, but only the ability of the prepared enzyme reactors to proteolytically cleave proteins 

was evaluated [9, 143]. 
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2.2.5 Applications of Monoliths – Benefits and Challenges 

The first applications of MSPs to be published in the first half of the 1990s were protein 

separations by IEX [23, 36], RP [36, 112, 144], and hydrophobic interaction chromatography 

(HIC) [36], as well as the use of molecularly imprinted (MIP) monolithic materials for separating 

regioisomers or enantiomers of template molecules [145]. Over the following two decades, the 

scope of applications was extended over all fields of LC: separation of small molecules [3, 44, 

146], SEC [77, 147], SPE [52], enzyme reactors [6, 45], affinity enrichment [38, 42, 49, 148, 149]  

(using aptamers [150, 151], metal ions [152, 153], or binding proteins such as antibodies [154-

156], lectins [157] or avidin [10]), and chiral separations [47]. Due to the ease of preparation and 

the great variety of available modification methods monoliths prepared from organic monomers 

are especially popular. Monolithic cryogels and hydrogels constitute a subclass of organic 

monoliths, which are usually prepared from acrylamides. Because of their large pores they find 

numerous applications for the enrichment of large analytes, e.g. viruses and bacteria [93, 158-

161], or for the analysis of particle containing solutions [162], which would result in column 

blocking if conventional monoliths were used. 

Silica monoliths are commonly used for RP separations [3, 41], but affinity separations and 

applications as enzyme reactors have also been reported [38, 42, 45, 127]. Due to the low back 

pressure of MSPs, very long columns (up to 4 m have been reported) can be used without the 

need of using equipment that is able to withstand the high pressures as they are required in 

UHPLC [163-166]. Monoliths are not limited to LC applications. MSPs have also been employed 

for capillary electrochromatography [47, 146, 167-169] and GC applications [170-172]. 

Compared to particulate SPs, all monolithic applications benefit from the fast mass transfer 

kinetics characteristic of MSPs [2, 173-175]. The life times of monolithic columns are high (in 

the order of months or even years) without losing their separation efficiency [80, 176-178]. The 

trypsin reactors prepared in the course of this work were operated for several months and were 

shown to be active even after two years of storage [7, 11]. Although the surface area of organic 
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MSPs is rather low compared to particulate SPs, similar ligand densities have been reported for 

poly(GMA-co-EDMA) monoliths [179, 180]. 

Almost all our knowledge about physicochemical and chromatographic properties of monolithic 

columns is derived from monolithic silica columns. However, separation performance of the  

1.7 µm particulate separation media used in UHPLC is superior [181] compared to monolithic 

columns, which are comparable with 3 to 5 µm particles [3, 104, 182, 183]. For improved 

separation efficiencies smaller domain sizes (i.e. sum of the average through pore size and 

skeleton thickness) are required, however, this leads to higher back pressures. Using these 

monolithic silica materials, efficiencies are comparable to particle-based columns packed with  

2-2.5 µm particles [184, 185]. 

Previous experiments indicate that silica monoliths exhibit a certain degree of radial 

inhomogeneity, with domain size (average of skeleton thickness plus through pore size) varying 

over the column cross section [175, 186]. This negatively affects the separation performance of 

monolithic columns, mainly in ‘classical’ applications, i.e. RP separations of small molecules [3]. 

For other applications, such as affinity chromatography, where the analyte of interest is retained 

on the MSP and contaminating molecules are removed, radial inhomogeneity does not give rise to 

lower separation efficiencies. 

For both particle-based and monolithic columns it is crucial that the total mobile phase is 

percolated through the SP. In the case of particle columns, channeling is the main problem, while 

the weakest point for monolithic columns is the interface between the wall of the support and the 

MSP. When glass containers are used, such as FSCs, this challenge can be easily met by a direct 

attachment of the MSP to the wall using trialkoxy silanes with vinyl groups, e.g.  

γ-methacryloxypropyl trimethoxysilane (γ-MAPS, Figure 7) [187, 188]. Silica monoliths with 

diameters of several millimeters are commonly clad in heat-shrinkable PEEK or PTFE tubes, 

which ensure for a tight seal between the tubing material and the MSP [24, 104]. In case other 

containers are employed, such as stainless steel tubes, the authors do not give detailed 
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information about how they prevented the formation of void volumes between the MSP and the 

container wall [5, 23, 189]. 
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Figure 7: Glass wall modification with γ-MAPS. 

 

2.3 Mass Spectrometry 

Mass spectrometers enable the analysis of ionized molecules yielding information that assist in 

the identification of analytes. Fragmentation of the molecular ion is an important technique as it 

enables the identification of functional groups or, in case proteins or peptides are analyzed, the 

assignment of the amino acid sequence. In the following, only the mass spectrometric techniques 

are described that were used in the course of this work. 

 

2.3.1 Ionization Mechanisms 

For protein and peptide analysis, matrix-assisted laser desorption/ionization (MALDI) and 

electrospray ionization (ESI) are the most commonly used ionization methods as they enable the 

“soft ionization” of these macromolecules. 

 

2.3.1.1 Matrix-Assisted Laser Desorption/Ionization (MALDI) 

To enable the ionization of biopolymers by MALDI, the analyte molecules have to be embedded 

into a matrix compound, which is usually achieved by the dried-droplet method [190-192]. The 

analyte solution is mixed with the matrix solution at a ratio of 1:100 to 1:10,000 and spotted onto 

a target plate. When a laser shot hits the crystals matrix molecules absorb the laser energy, are 
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excited, and transfer the laser energy into the crystal structure causing local disruptions [193]. 

Eventually, excited matrix and analyte molecules are liberated into the gas phase [190]. During 

this process, only a small part of the energy seems to be transferred into vibrational energy as 

even labile biopolymers remain intact. 

Commonly used matrices for protein analysis are sinapinic acid [194] and 2,5-dihydroxybenzoic 

acid (DHB, Figure 8) [195, 196], while peptide analysis is usually performed using -cyano-4-

hydroxycinnamic acid (CHCA, Figure 8) [197]. Higher sensitivity is achieved when using 

matrices with lower proton affinity, such as -cyano-4-chlorocinnamic acid (CCCA, Figure 8) 

[198, 199]. However, due to the hypsochromic shift of the absorption maximum upon 

introduction of the halogen substituent ND:YAG-lasers ( = 355 nm) are not suitable. Instead, N2 

lasers ( = 337 nm) have to be used in order to benefit from the improved ionization efficiencies 

of halogen substituted matrices [199]. 
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Figure 8: MALDI matrices DHB and CHCA that were used in this work and the novel matrix 
CCCA. 
 

During the MALDI process, mainly singly charged ions are generated. Experimental observations 

confirmed not only a contribution of matrix molecules during the ionization process (proton 

transfer) [200-202], but suggested that analyte ions are already transferred into the gas phase 

(therefore called “lucky survivor”) [202]. When peptides are analyzed with CHCA as matrix, 

about 90% of the analyte ions are generated according to the “lucky survivor mechanism” [202].  
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MALDI is not suitable for online coupling with LC as the analytes have to be crystallized on the 

target plate prior to analysis, however, offline LC/MALDI coupling is performed via spotting 

robots.  

 

2.3.1.2 Electrospray Ionization (ESI) and Nano-ESI 

ESI was introduced in the late 1980s by John B. Fenn [203-205] based on previous observations 

made by Malcolm Dole [206]. In contrast to MALDI, ESI is readily coupled with HPLC as it 

continuously generates ions from a stream of liquid that is delivered by an HPLC system or 

syringe pump with a flow rate of up to several hundreds of µL/min [204]. The ion source consists 

of the spray emitter, e.g. a stainless steel or metal-coated glass capillary ending in a tip with an 

orifice of several tens of µm, and a supply for a heated drying gas (Figure 9A). High voltage  

(3-5 kV) is applied between the spray emitter and the sample inlet of the mass spectrometer a 

resulting in the formation of an electric field, which assists in the generation of charged droplets 

(several µm diameter) and guides them towards the orifice of the mass spectrometer. 

As in LC applications, miniaturization of ESI results in increased sensitivity [207]. For nano-ESI, 

the inner diameter of the spray emitter is decreased to ca. 20 µm with an orifice diameter of 

several µm [208, 209]. Lower flow rates (100-300 nL/min) as delivered by a nano-HPLC system 

are sufficient for creating a stable electrospray. In static nano-ESI, the orifice is even smaller 

(approximately 2 µm) allowing capillary forces that are created by the release of droplets to 

deliver the analyte solution towards the spray emitter tip [208]. As the droplets formed by  

nano-ESI are one order of magnitude smaller than in ESI, the ionization efficiency is significantly 

increased [210]. 
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Figure 9: (A) Scheme of an ESI-source coupled to a quadrupole mass spectrometer, reproduced 
with permission from [205], copyright 1989, AAAS; (B) ESI process, illustrating several fission 
steps; N – number of elementary charges, R – droplet radius [µm], adapted with permission from 
[211], copyright 2000, John Wiley and Sons; (C) outline of a flash shadowgraph showing a 
droplet during the fission process, adapted with permission from [212], copyright 1994, American 
Institute of Physics. 
 

In contrast to MALDI, ESI creates multiply charged species. In the positive ionization mode, 

which is commonly employed for analyzing proteins and peptides, positively charged ions move 

to the end of the spray emitter tip causing the meniscus of the liquid to be warped into the so 

called Taylor cone [213]. From the tip of the Taylor cone small droplets are ejected due to the 

charge rejection that is caused by an excess of positively charged ions [214, 215]. These droplets 

are attracted by the counter electrode and travel in its direction. In ESI, a stream of gas is 

commonly employed to assist the nebulization and evaporation of the droplets, however, for 

nano-ESI this is not required due to the smaller droplet size. As the diameter of the droplets 

decreases upon evaporation, the charge density of the droplets increases until it reaches the 

Rayleigh limit and the droplets become unstable (Figure 9B) [216, 217]. Then, smaller droplets 

are released from the end of a droplet filament (Figure 9C) [218-220]. Several fissions have to 

take place until solvent-free ions are formed. 
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Formation of the solvent-free ions can be explained by the charged residue model by Dole [206, 

221, 222] (small droplets of approximately 1 nm diameter contain only one remaining analyte 

ion) and the ion evaporation model by Iribarne and Thomson [223, 224] (ions are ejected from 

droplets with radii of ~ 8 nm). Experiments revealed that solvent-free ions of small analytes are 

predominantly formed by the ion evaporation model. For large analytes, such as proteins, the 

charged residue model is favored for the generation of solvent-free ions [221, 222]. 

 

2.3.2 Time-of-Flight (TOF) Mass Spectrometry 

TOF analyzers make use of the kinetic energy Ekin of ions (E2.1) and the fact that heavy ions 

possess lower velocities than light ions (when both ions have the same charge; E2.2).  

   (E2.1) 

 

     (E2.2) 

 

with m – mass of the analyte, v – velocity, L – length of the flight path, t – time of flight,  

q – elementary charge, and U – acceleration voltage. 

 

To ensure that heavy ions are not overtaken by light ions it is of crucial importance that ions enter 

the TOF analyzer at defined time intervals. This makes TOF analyzers highly compatible with 

MALDI, a pulsed ionization technique [225]. 

The simplest TOF analyzers exhibit a linear geometry. The generated ions are accelerated by an 

electrode at a given voltage until they reach a certain kinetic energy (E2.1). By measuring the 

time interval necessary for the ions to reach the detector at the end of the flight tube their m/z 

values can be calculated (E2.2) [226, 227]. For the protein analysis, linear TOF analyzers are 

commonly used as they guarantee high sensitivity. Fragment ions and/or neutrals originating from 
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one precursor ion conserve the kinetic energy of the precursor ion and therefore reach the detector 

at the same time  [228]. However, resolution is limited in the linear mode. 

In order to enable higher resolution and better mass accuracy, state-of-the-art TOF instruments, 

such as the Ultraflex III MALDI-TOF/TOF mass spectrometer (Figure 10; Bruker Daltonik, 

Bremen) can be operated in the reflectron mode [229-231]. The reflectron compensates for 

differences in starting time, starting point, kinetic energy, and drift vectors of the generated ions 

and increases the flight path of ions resulting in multiplying the achievable resolution [232]. It is 

located at the end of the field-free drift region of the flight tube and consists of several ring 

electrodes. These ring electrodes are operated with increasing voltage, generating an electric field 

that decelerates ions until their kinetic energies reach zero. The ions are ejected and reach their 

initial kinetic energies when leaving the reflectron. As ions of higher kinetic energy penetrate 

deeper into the reflectron’s electric field they also take longer to leave the reflectron compared to 

ions of the same m/z value, but lower kinetic energy (Figure 10). Ions of the same m/z value, but 

with different kinetic energies reach the reflectron detector at the same time. Usually, the 

reflectron voltage is 1.05 to 1.1 times higher than the acceleration voltage to ensure that all ions 

are ejected from the reflectron [227]. 

 

 

Figure 10: Scheme of the MALDI-TOF/TOF mass spectrometer Ultraflex III (Bruker Daltonik), 
reproduced with permission from [229], copyright 1993, Springer. 
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An additional strategy to obtain high resolution mass spectra is the application of delayed 

extraction. This technique compensates for initial differences in the kinetic energy of the 

generated ions. Instead of switching on the acceleration voltage during the ion formation process, 

the acceleration voltage is applied after a short time interval in the 100-200 ns range after 

ionization has already taken place.  

 

2.3.3 Q-TOF Mass Spectrometry 

Q-TOF mass spectrometers belong to the family of hybrid instruments comprised of two mass 

analyzers, which can be operated independently: a quadrupole mass analyzer with limited mass 

accuracy and resolution and a TOF analyzer with high mass accuracy and resolution [233, 234]. 

During the acquisition of mass spectra the quadrupole is operated in RF (radio frequency)-only 

mode and ions are analyzed in the TOF analyzer. When tandem MS experiments are performed, 

the quadrupole is used for the isolation of precursor ions, which are fragmented in the hexapole 

collision cell by collision-induced dissociation (CID) using a collision gas, e.g. nitrogen and 

analyzed in the TOF analyzer (Figure 11). Q-TOF mass spectrometers are usually equipped with 

ESI ion sources. 

Quadrupole mass analyzers consist of four rods with either cylindrical or hyperbolical cross 

section (Figure 12) [235, 236]. The rod pairs, which are opposite to each other, are held at the 

same potential containing a direct current (DC) and an alternating current (AC) component. Ions 

entering the quadrupole experience an attractive force by the rods exhibiting the opposite charge. 

As the AC component changes periodically, the charge of the rods does the same and the ions are 

forced on an oscillating flight path along the axis of the quadrupole [237]. In RF-only mode the 

DC component equals zero making the quadrupole function as ion guide [238, 239]. When the 

quadrupole is used as a mass analyzer, the DC component is ramped and only trajectories of ions 
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with defined m/z values remain stable according to the Mathieu equations allowing them to pass 

the quadrupole towards the detector or the collision cell [240]. 

 

Figure 11: Schematic illustration of a Q-TOF mass spectrometer. Reproduced with permission 
from [233], copyright 1996, Wiley-VCH. 
 

- (U + V cos ωt)

+ (U + V cos ωt)

       

Figure 12: Scheme of a linear quadrupole mass analyzer with cylindrical rods (left) and image of 
a quadrupole from a Thermo Finnigan TSQ 700 triple quadrupole mass spectrometer with 
hyperbolic rods (right). 
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As described in section 2.3.2, TOF analyzers require a pulsed ion source. ESI sources and 

quadrupole mass analyzers deliver ions continuously making axial acceleration TOF analyzers 

less suitable for Q-TOF instruments. In order to render TOF analyzers compatible with 

continuous ion sources, the orthogonal acceleration TOF analyzer (oa-TOF) was developed [241-

243]. Here, a certain length of the ion beam (lP) is accelerated in orthogonal direction to its flight 

path into the flight tube by applying an acceleration voltage at a sharp pulse of 2-4 kV (Figure 

11). During the ions’ drift time they still move in their original direction requiring detectors of a 

certain length (lD) and wider flight tubes to ensure a high sensitivity. Reflectrons are used to 

improve the resolution. Additional strategies for enhancing the resolution are focusing the ion 

beam by collisional cooling with residual gas molecules in the quadrupole and/or hexapole of the 

instrument, and by electrostatic lenses [244, 245]. 

 

2.3.4 Linear Ion Trap (LIT)-Orbitrap Mass Spectrometry 

As the Q-TOF mass spectrometer the LTQ-Orbitrap instrument (ThermoFisher Scientific) is a 

hybrid instrument composed of a linear ion trap (LIT, or LTQ – the trade name by ThermoFisher 

Scientific) and an orbitrap mass analyzer (Figure 13).  

 

 

Figure 13: (A) cut-away view of the orbitrap, Reproduced with permission from [246], copyright 
2005, John Wiley and Sons; (B) scheme of the hybrid LTQ-Orbitrap mass spectrometer. 
Reproduced with permission from [247], copyright 2006, American Chemical Society. 
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The LIT is used for accumulation of ion packages, precursor ion isolation, and CID 

fragmentation, which is not possible in the orbitrap. It also shields the ultrahigh vacuum that is 

necessary for optimum performance of the orbitrap analyzer. The analysis of MS and MS/MS 

data can be performed either in the LIT or the orbitrap analyzer. Mass accuracy and resolution of 

the LIT are limited, which is in sharp contrast to the high mass accuracy and excellent resolution 

of the orbitrap. 

The LIT represents a quadrupole mass analyzer with additional cap electrodes at the entry and the 

exit of the quadrupole (Figure 14) [239, 248]. By applying a voltage between these two electrodes 

ions are trapped in an RF quadrupole field, leading to an oscillating ion movement. To avoid 

overfilling of the LIT the LTQ-Orbitrap instrument uses automatic gain control. In short prescans 

the total ion current is determined in a pre-set mass range, thus regulating the filling time of the 

LIT. For generating a homogeneous electric field, the quadrupole is separated in three segments 

with the first and last segments taking over the part of the trapping electrodes. This enables 

detection of ions by radial excitation. An additional AC voltage is applied on two rods opposite to 

each other, by which ions are selected, activated, and ejected towards the detectors. Ions are 

transferred towards the orbitrap analyzer by axial ejection after lowering the potential of the back 

section trapping electrode (Figure 14) [248]. 

 

 

Figure 14: Scheme of the 2D-
linear ion trap of the LTQ mass 
spectrometer. By ion ejection 
along the x-axis (radial 
ejection) through the slits in the 
centre section detection of the 
ions is performed. Ions are 
transmitted to the orbitrap 
analyzer by axial ejection 
along the z-axis. Reproduced 
with permission from [248], 
copyright 2002, Elsevier. 
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Another attractive feature of quadrupole ion traps is the option to focus ions into packets by 

collisional cooling [239, 244]. This is not only achieved in the LIT, but also in the C-trap (a 

curved quadrupole ion trap), and is of major importance as the ions have to be injected as small 

ion packet into the orbitrap to ensure maximum performance. A nitrogen pressure of 1 mbar in 

the C-trap ensures that no CID takes place. 

The orbitrap belongs to the group of electrostatic traps. It was developed based on the work of 

Kingdon who was the first one to describe ion trapping on orbits around a central electrode [249] 

and Knight who optimized the outer electrode of the Kingdon trap [250]. However, no mass 

spectra were recorded with these first traps. The design was further optimized by Makarov and 

consists of a barrel-shaped outer electrode (split into two symmetrical halves) and a spindle-

shaped inner electrode (Figure 13A) [246, 247, 251]. These electrodes generate an electrostatic 

quadrologarithmic field. Ions are injected tangential to the inner electrode into the orbitrap and 

start oscillating in axial direction in the orbitrap while rotating around the inner electrode. The 

frequency of an ion oscillating axially within the orbitrap is proportional to its m/z value (equation 

E2.3) [246, 251]. 

 

       (E2.3) 

with  - frequency, k – instrument constant, m – mass of the analyte, q – elementary charge. 

 

Mass spectra are obtained by a fast Fourier transformation of the image current, which is induced 

in the outer electrodes, and recorded. As the axial frequency is independent of the energy and 

spatial distribution of the ions, high mass resolution and accuracy can be obtained in the orbitrap. 

Resolution can be increased by recording the image current for a longer time or by increasing the 

size of the inner electrode, while sensitivity can be increased by using compact orbitraps or by 

optimizing the ion transfer optics [252, 253]. 
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2.3.5 Peptide Sequencing by Mass Spectrometry 

In this work, peptides were fragmented by laser-induced dissociation (LID) in the MALDI-

TOF/TOF mass spectrometer and by CID in the Q-TOF and LTQ-Orbitrap mass spectrometers. 

Both techniques generate similar fragment ions, mainly y- and b-type-ions by fragmentation of 

the labile peptide bonds (Figure 15).  

For LID, laser fluency is increased resulting in higher ion yields. The initial acceleration voltage 

is lower (8 kV), ensuring longer drift times of the ions (10 to 20 µs) during which fragmentations 

take place [229]. All precursor ions move at velocities determined by equation E2.1, which is also 

the case for all fragment ions formed after acceleration. Therefore, a precursor ion and its 

fragment ions comprise an “ion family” as they reach the timed ion selector (TIS) together. By 

switching off the TIS, the selected ion family enters the LIFT cell (Laser-induced fragmentation 

technology, trade name by Bruker Daltoniks) where the ions are focused according to their 

velocity by applying a potential lift. Finally, the ions are accelerated towards the detector where 

they are focused in the reflectron. 

CID requires a collision gas (nitrogen in the Q-TOF and helium in the LTQ) with which the 

isolated precursor ions collide [254, 255]. This results in the conversion of a part of the precursor 

ion’s kinetic energy into internal energy, e.g. vibrational energy, causing the generation of 

fragment ions. 

For the denomination of fragment ions, the Roepstorff-Biemann nomenclature was used [256, 

257]. If the charge resides on the N-terminal fragment, the ions are termed a-, b- and c-type 

fragment ions, while the corresponding C-terminal fragments are named x-, y- and z-type 

fragment ions. To allow for a straightforward distinction between different cross-linked peptides 

(section 2.4), fragment ions created from the heavier peptide chain are marked with the index , 

while the fragment ions of the peptide chain with lower molecular weight are denoted with  

(Figure 15) [258]. 
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Figure 15: Nomenclature of peptide fragments according to Roepstorff [256], Biemann [257], and 
Schilling [258]. 
 

2.4 Chemical Cross-Linking 

For a detailed understanding of cellular processes it is essential to gain insight into the 

interactions of proteins – the nature of their binding partners, the stoichiometry of the complexes, 

their topologies, and their kinetic data [259, 260]. 

Several methods are employed to answer these questions, among the most popular are protein 

complex immunoprecipitation (Co-IP) [261, 262] and the yeast two-hybrid system (Y2H) [263-

265], which are employed for the identification of protein interaction partners. However, neither 

method yields information about the stoichiometry and the 3D-structure of the protein complexes 

and especially the Y2H method is prone to identifying false positives. On the other hand, weakly 

binding interaction partners might be lost during washing steps in Co-IP experiments. 

X-ray crystallography [266] and nuclear magnetic resonance (NMR) spectroscopy [267, 268] 

yield highly resolved 3D structures of protein complexes, but both methods require large amounts 
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of purified protein. To make things worse, not all proteins or protein complexes can be 

investigated using these high-resolution techniques. For X-ray crystallographic studies, proteins 

have to form highly ordered structures to yield analyzable spectra. The high protein concen-

trations as well as the fact that 3D structures are determined in the solid state may result in 

artifacts. For NMR, the protein has to be present in mM concentrations, which might not be 

available for low-abundant proteins. 

Chemical cross-linking employs chemical reagents that are able to form covalent bonds between 

amino acid side chains and as such can be used to derive low-resolution information. Artificial 

amino acids with photo-reactive diazirine moieties can be incorporated in vivo into proteins by 

the cell’s translation machinery and upon irradiation with UV-light, spatially close reactive 

groups are cross-linked [269]. Other strategies for the in vivo cross-linking of proteins have been 

reported [270, 271] but to date in vivo cross-linking is challenging. 

In more commonly used in vitro experiments, solutions with protein concentrations in the µM 

range yield low-resolution protein 3D structures. A great variety of cross-linking reagents are 

available for this task, in most studies homobifunctional amine-reactive compounds are used, 

which target nucleophilic groups in the proteins, e.g. the N-terminus or lysine side chains [272-

276]. The cross-linked proteins are commonly analyzed using a “bottom-up” strategy (a 

proteolytic peptide mixture is generated and analyzed by MS and MS/MS) [259, 260, 276-279]. 

The advantage of the bottom-up approach consists in the fact that it does not pose high demands 

for MS instrumentation. Yet, for the bottom-up strategy it is crucial to separate the complex 

peptide mixtures prior to MS by gel electrophoresis and/or LC [260, 273, 280]. 

The obtained distance constraints can be used to confirm existing models of protein complexes or 

can serve as basis to create 3D structures by molecular modeling [281-283]. Cross-linking has 

successfully been employed to characterize small proteins and protein complexes (e.g. 20 kDa-

complexes of calmodulin with its target peptides) [272, 278, 284-287] as well as protein 

assemblies with sizes of several 100 kDa to MDa [273, 282, 288]. Its low protein consumption 
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makes chemical cross-linking an affordable method and the analysis of cross-linking products by 

MS and MS/MS allows for a high throughput. To date, the bottleneck of this approach is the 

identification of cross-linked peptides and the assignment of the amino acid residues, which are 

connected with each other. 

 

2.4.1 Cross-Linking Reagents 

Cross-linking reagents consist of two reactive groups connected by a spacer and can be divided 

into three groups: Homobifunctional reagents possess only one type of reactive group (e.g. NHS 

esters) and target specific functional groups of amino acid side chains (in case of NHS esters: 

nucleophilic groups, such as amines or alcohols) [273, 277, 284, 289, 290]. Heterobifunctional 

reagents possess two different reactive groups. Very common are combinations of amine-reactive 

with photo-reactive groups, which allow conducting the cross-linking reaction in a two-step 

fashion [278]. Trifunctional reagents consist of a homo- or heterobifunctional body bearing the 

reactive groups for the cross-linking reaction and a third group, e.g. biotin, which allows for a 

subsequent enrichment of cross-linked species [275, 291]. Cross-linkers facilitating identification 

of cross-linked products, such as chemically or MS/MS cleavable reagents might also be 

considered to be trifunctional reagents, however, they are usually classified according to their 

reactive groups [289, 292-294]. In this work, the following cross-linkers were used: 

BS3 – Bis(sulfosuccinimidyl)suberate is a homobifunctional reagent (Figure 16A), which mainly 

reacts with lysine residues or the protein’s N-terminus [272, 273, 284]. Reactions with other 

nucleophilic amino acids (tyrosine, threonine, serine) occur to a lower extent [277, 295]. The 

spacer length of BS3 is 11.4 Å, but C distances of up to 25 Å can be assumed for cross-linked 

amino acids. 

PEG4-biotin-(NHS)2 is a novel trifunctional cross-linker with two amine reactive NHS-esters and 

a biotin group connected via a PEG-linker of four units (Figure 16B). The PEG4-linker enhances 
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the reagent’s solubility, while the biotin group enables the enrichment of cross-linked species by 

affinity chromatography. The cross-linker possesses a spacer length of 16.5 Å. 
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Figure 16: Cross-linkers used in this work. 
 

2.4.2 Strategies for Identification of Cross-Linked Products 

Three types of cross-links are found after the reaction (Figure 17): Type 0 cross-links are mere 

modifications of single amino acids as the second reactive group of the cross-linker has been 

hydrolyzed or aminolyzed. These modifications give information about the solvent accessibility 

of the respective amino acid residue [296]. In Type 1 cross-links, the reagent has reacted with two 

amino acid residues, however, both residues are located on a single proteolytic peptide. In Type 2 

cross-links two different proteolytic peptides are linked to each other. This can either occur 
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intramolecularly (within on protein) or intermolecularly (between interaction partners), therefore 

these cross-links carry the most valuable information in regard to 3D structure determination of 

the protein or the protein complex. The strategies described below aim for an easier identification 

of the Type 2 cross-links. 
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Figure 17: Different types of cross-links. 
 

Cross-linked peptides are usually of low abundance in the proteolytic peptide mixtures. 

Therefore, methods to facilitate identification or enrichment of the cross-linked species have 

gained importance over the last years. Cross-linking reagents with stable isotope labels (e.g. 

deuterium or 13C) enable the identification of cross-linked peptides based on their characteristic 

isotopic patterns in the mass spectra [274, 278, 284, 297]. As MS signals of all cross-linker-

containing fragment ions also exhibit this characteristic pattern, this strategy also helps to 

pinpoint the cross-linked amino acids by MS/MS experiments. A similar approach makes use of 

cross-linkers, which fragment preferentially upon activation by CID in MS/MS experiments. This 

results in a characteristic fragment ion pattern, by which cross-linked peptides are identified [289, 
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290, 292, 293, 298]. Finally, MS3 experiments of these fragment ions yield the sequence 

information needed for the assignment of amino acids that have been cross-linked. 

Enrichment of cross-linked peptides using cation exchange chromatography makes use of the 

high charge state of type 2 cross-links [273, 297]. As proteolytic cleavage is usually performed 

with the serine protease trypsin, cleaving C-terminally at lysines and arginines, the resulting 

tryptic peptides exhibit at least two groups which can be protonated – the N-terminus and the  

C-terminal basic amino acid. Therefore type 2 cross-links usually carry three or more charges, 

while unmodified peptides, type 0, and type 1 cross-links are less charged and are therefore not 

enriched. 
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In this thesis, the novel three-functional cross-linker PEG4-biotin-(NHS)2 was used for the 

enrichment of cross-linked species by affinity chromatography using immobilized monomeric 

avidin (Figure 18) [10]. Similar approaches using particle-based affinity media have been 

published [274, 275, 291]. 

Identification of cross-links from the large MS data sets is assisted by specific software tools 

[299, 300]. An in-silico cross-linking experiment is performed and the theoretical masses of 

cross-linking products are compared with experimental MS data. However, this step is still time-

consuming and requires the skilled eye of the researcher [299-301]. Especially the assignment of 

the MS/MS signals to the corresponding fragment ion is difficult to automate. Assignments of the 

software tools offer mere hints [300] and have to be reviewed carefully. 
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3 Publications 

In the following sections, three original papers and two review articles are summarized, which are 

the basis of this work. 

 

3.1 Review Article 1 (Trend Article including Preliminary Results): 

Immobilized monolithic enzyme reactors for application in proteomics and pharmaceutics 

Jens Sproß and Andrea Sinz 

Analytical and Bioanalytical Chemistry, 2009, 6, 1583–1588 

 

Abstract: The use of monolithic supports for a wide variety of applications has rapidly expanded 

during the past few years. The examples for applications of monoliths presented herein show that 

the chromatographic performance of bioreactors and affinity media prepared from monolithic 

media is superior to that of conventional particle-based systems. The ease of fabrication and 

modification combined with the long lifetime of the monolithic columns and their potential to be 

used in fully automated analytical systems make them attractive tools for an increasing number of 

applications. 
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3.2 Original Paper 1: 

A Capillary Monolithic Trypsin Reactor for Efficient Protein Digestion in Online and 

Offline Coupling to ESI and MALDI Mass Spectrometry 

Jens Sproß and Andrea Sinz 

Analytical Chemistry, 2010, 82, 1434–1443 

 

Abstract: We describe the preparation of a capillary trypsin immobilized monolithic enzyme 

reactor (IMER) for a rapid and efficient digestion of proteins down to the femtomole level. 

Trypsin was immobilized on a poly(glycidyl methacrylate-co-acrylamide-co-ethylene glycol 

dimethacrylate) monolith using the glutaraldehyde technique. Digestion efficiencies of the IMER 

were evaluated using model proteins and protein mixtures as well as chemically cross-linked 

lysozyme regarding the addition of denaturants and increasing digestion temperature. The trypsin 

IMER described herein is applicable for the digestion of protein mixtures. Even at a 1000-fold 

molar excess of one protein, low-abundance proteins are readily identified, in combination with 

MS/MS analysis. An online setup of the IMER with reversed phase nano-HPLC separation and 

nano-ESI-MS/MS analysis was established. The great potential of the trypsin IMER for 

proteomics applications comprise short digestion times in the range of seconds to minutes, in 

addition to improved digestion efficiencies, compared to in-solution digestion. 
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3.3 Review Article 2: 

Monolithic media for applications in affinity chrom atography 

Jens Sproß and Andrea Sinz 

Journal of Separation Science, 2011, 34, 1958–1973 

 

Abstract:  Affinity chromatography presents a highly versatile analytical tool, which relies on 

exploiting highly specific interactions between molecules and their ligands. This review covers 

the most recent literature on the application of monoliths as stationary phases for various affinity-

based chromatographic applications. Different affinity approaches as well as separations using 

molecularly imprinted monoliths are discussed. Hybrid stationary phases created by embedding 

of particles or nanoparticles into a monolithic stationary phase are also considered in this review 

article. The ease of preparation of monoliths and the multitude of functionalization techniques, 

which have matured during the past years, make monoliths interesting for an increasing number 

of biochemical and medical applications. 
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3.4 Original Paper 2: 

Monolithic Columns with Immobilized Monomeric Avidin: Preparation and Application for 

Affinity Chromatography 

Jens Sproß and Andrea Sinz 

Analytical and Bioanalytical Chemistry, 2012, 402, 2395–2405 

 

Abstract: A poly(glycidyl methacrylate-co-acrylamide-co-ethylene dimethacrylate) monolith and 

a poly(glycidyl methacrylate-co-ethylene dimethacrylate) monolith were prepared in fused silica 

capillaries (100 µm ID) and modified with monomeric avidin using the glutaraldehyde technique. 

The biotin binding capacity of monolithic affinity columns with immobilized monomeric avidin 

(MACMAs) was determined by fluorescence spectroscopy using biotin (5-fluorescein) conjugate, 

as well as biotin- and fluorescein-labeled bovine serum albumin (BSA). The affinity columns 

were able to bind 16.4 and 3.7 µmol biotin/mL, respectively. Columns prepared using the 

poly(glycidyl methacrylate-co-ethylene dimethacrylate) monolith retained 7.1 mg BSA/mL, 

almost six times more than commercially available monomeric avidin beads. Protocols based on 

MALDI-TOF mass spectrometry monitoring were optimized for the enrichment of biotinylated 

proteins and peptides. A comparison of enrichment efficiencies between MACMAs and 

commercially available monomeric avidin beads yielded superior results for our novel monolithic 

affinity columns. However, the affinity medium presented in this work suffers from a significant 

degree of nonspecific binding, which might hamper the analysis of more complex mixtures. 

Further modifications of the monolith's surface are envisaged for the future development of 

monoliths with improved enrichment characteristics. 
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3.5 Original Paper 3: 

Multi-dimensional Nano-HPLC Coupled with Tandem Mass Spectrometry for Analyzing 

Biotinylated Proteins 

Jens Sproß*, Sebastian Brauch, Friedrich Mandel, Moritz Wagner, Stephan Buckenmaier, 

Bernhard Westermann and Andrea Sinz* 

* Corresponding authors 

Analytical and Bioanalytical Chemistry, 2013, 405, 2163–2173 

 

Abstract:  Multidimensional high-performance liquid chromatography (HPLC) is a key method in 

shotgun proteomics approaches for analyzing highly complex protein mixtures by complementary 

chromatographic separation principles. Here, we describe an integrated 3D-nano-HPLC/nano-

electrospray ionization quadrupole time-of-flight mass spectrometry system that allows an 

enzymatic digestion of proteins followed by an enrichment and subsequent separation of the 

created peptide mixtures. The online 3D-nano-HPLC system is composed of a monolithic trypsin 

reactor in the first dimension, a monolithic affinity column with immobilized monomeric avidin 

in the second dimension, and a reversed phase C18 HPLC-Chip in the third dimension that is 

coupled to a nano-ESI-Q-TOF mass spectrometer. The 3D-LC/MS setup is exemplified for the 

identification of biotinylated proteins from a simple protein mixture. Additionally, we describe an 

online 2D-nano-HPLC/nano-ESI-LTQ-Orbitrap-MS/MS setup for the enrichment, separation, and 

identification of cross-linked, biotinylated species from chemical cross-linking of cytochrome c 

and a calmodulin/peptide complex using a novel trifunctional cross-linker with two amine-

reactive groups and a biotin label. 
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4 Discussion 

4.1 Monolithic Trypsin Reactor 

Trypsin IMERs are the most commonly reported monolithic enzyme reactors with trypsin activity 

being the only parameter, which was investigated by all researchers. Digestion performance is 

usually assessed by proteolytic cleavage of a simple protein without considering parameters 

[119], which are state-of-the-art in protocols for in-solution digestion, such as concentration of 

chaotropic agent [9] or digestion temperature [302, 8, 4]. In this work, digestion conditions were 

optimized for a trypsin IMER prepared according to the protocol published by Duan et al. [4]. 

The poly(GMA-co-AAm-co-EDMA) monolith reported by Duan et al. contains acrylamide for a 

more hydrophilic surface. Using N-benzoyl-L-arginine ethyl ester the enzymatic activity of the 

immobilized trypsin was determined in dependence of interaction time, i.e. flow rate, and 

temperature. The prepared reactors were 420 time more active than a solution containing 1 µg 

trypsin/mL and more than twice as active as the trypsin IMER reported by Duan et al. [4]. Using 

cytochrome c the protein concentration was adjusted and digestion efficiency was evaluated in the 

presence of different chaotropic agents using bovine serum albumin. Optimum results were 

obtained when using 2 M urea and 10% ACN in the protein solution. 

By integrating the trypsin IMER into an online 2D-nano-HPLC/nano-ESI-MS/MS system, the 

process of analyzing proteins was automated and cytochrome c or bovine serum albumin were 

enzymatically cleaved, separated and analyzed within two hours. In comparison, in-solution 

protein digestion and mass spectrometric analysis require up to 18 hours. By minimizing the need 

for manual sample handling, potential sample contamination during the digestion step is largely 

eliminated. 

Using the optimized digestion conditions simple protein mixtures were digested and analyzed by 

offline MALDI-TOF/TOF-MS/MS resulting in an identification of all proteins from a simple 

mixture. The same was true when analyzing a mixture, in which one protein was present in a 

1000-fold molar excess. However, the performance of trypsin IMER was not equally convincing 
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when analyzing cross-linked lysozyme. Only two cross-links originating from the N-terminus of 

the protein were identified although the flow rate was reduced to 100 nL/min, thereby increasing 

the interaction time from 232 seconds to 693 seconds. There are two potential explanations for 

this finding:  

I.) Potential trypsin cleavage sites are blocked by reaction with the amine-reactive cross-linker 

BS3 making cross-linked proteins difficult to digest. 

II.) The protein’s 3D structure is fixed by the introduction of chemical cross-links. Therefore, 

potential cleavage sites remain buried within the protein and are not accessible to the 

enzyme. 

Although the proteolytic cleavage of cross-linked proteins has to be optimized, the prepared 

trypsin IMERs exhibited a high enzymatic activity and were successfully used for protein 

digestion. Low abundant proteins were identified even in the presence of on protein in a  

1000-fold molar excess. 

 

4.2 Monolithic Affinity Column with Immobilized Monomeric Avidin 

Although the interaction of avidin and biotin is highly specific, the avidin/biotin pair cannot be 

used for the enrichment of analytes because of the tight binding of biotin to avidin. Therefore, 

avidin and the closely related bacterial protein streptavidin are commonly used for the 

immobilization of ligands for affinity chromatography [38, 151, 303]. The avidin/biotin 

interaction is only weakened in the presence of strong denaturing agents, such as 8 M 

guanidinium chloride [304, 305]. However, biotinylated analytes can be eluted without the 

addition of denaturants when monomeric avidin is employed as its association constant for biotin 

is significantly lower compared to native avidin in its tetrameric form [306, 307]. Therefore, 

avidin was immobilized onto a SP and subsequently monomerized using denaturing agents. 

Based on the experience gained during preparation of the trypsin IMERs we chose the same MSP 

for the preparation of monolithic affinity columns with immobilized monomeric avidin 
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(MACMAs). In addition to the acrylamide-containing monolith that was used for preparing the 

trypsin IMER, a poly(GMA-co-EDMA) monolith was employed for preparing the affinity 

columns. Immobilization of avidin was performed via the glutaraldehyde technique according to 

the protocol established for the immobilization of trypsin. 

For the assessment of reversible biotin and protein binding capacities a novel assay was 

established using fluorescein as probe and fluorescence spectroscopy for quantification elimi-

nating the use of radioactive 14C labeled biotin [307, 308]. Reversible biotin and protein binding 

was highly reproducible, however, affinity columns prepared using the poly(GMA-co-EDMA) 

monolith suffered from a high degree of non-specific protein binding, most likely because of the 

hydrophobicity of the monolith’s backbone. Pretreatment of the MACMAs with bovine serum 

albumin in order to minimize non-specific binding was not successful. Nonetheless, when 

analyzing a mixture of biotinylated and non-biotinylated cytochrome c, no biotinylated 

cytochrome c was found in flow-through and washing fractions. Acetonitrile was used to reduce 

non-specific binding, but when more than 5% ACN were present in the solution, biotinylated 

cytochrome c was eluted during the washing step. For unknown reasons protein enrichment of 

MACMAs prepared from the poly(GMA-co-AAm-co-EDMA) monolith was insufficient and they 

were excluded from further experiments. 

Enrichment on the peptide level was far more successful. Biotinylated peptides were rarely 

present in the flow-through and during the washing step 15% ACN were tolerated with hardly any 

elution of biotinylated peptides, which were almost exclusively present in the elution fraction. 

The enrichment efficiency was further investigated using five pairs of peptides, which were found 

to be both biotinylated and non-biotinylated. In most cases, a complete depletion of unmodified 

peptides was achieved during the enrichment procedure. It has to be noted that biotinylated 

peptides were also identified with an additional oxidation. Using fragmentation experiments the 

location of the oxidation was pinpointed to the biotin group itself. However, the oxidation of the 

biotin tag did not hamper the enrichment of the respective peptides. Our hypothesis that the heme 
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group of cytochrome c is involved in the oxidation of the biotin label was supported by 

observation of oxidations in myoglobin (another heme-containing protein) and their absence in 

the case of lysozyme (contains no heme group). This hypothesis was further validated during 

online 3D-nano-HPLC/nano-ESI-MS/MS analysis of biotinylated cytochrome c, where oxidized 

biotin modifications were only identified in peptides containing the heme group. 

Compared to commercially available particle based monomeric avidin, protein binding capacity 

of the MACMAs was six times higher, whereas information about non-specific binding of the 

commercial product is not available. When biotinylated cytochrome c peptides were enriched 

using monomeric avidin beads, biotinylated peptides were identified in all fractions and no 

enrichment was achieved. Although sample preparation was the same as for the experiments 

using the MACMAs and benzamidine was used to inhibit residual trypsin, mass spectra obtained 

from the enrichment using the monomeric avidin beads were dominated by signals, which were 

assigned to tryptic avidin peptides. In contrast, only a few low-intensity signals of avidin peptides 

were identified in mass spectra from the enrichment on the MACMAs. 

It can be concluded that the prepared MACMAs show a better performance when enriching 

biotinylated peptides, compared to a commercially available particle based affinity medium. 

However, choosing a more hydrophilic monolith or using deglycosylated avidin might be 

advantageous in respect to the rather high degree of non-specific binding. 

 

4.3 Online 3D- and 2D-nano-HPLC/nano-ESI-MS/MS Setups 

As for the trypsin IMER, integration of the MACMAs into a 2D-nano-HPLC/nano-ESI-MS/MS 

system enables an automated enrichment and analysis of cross-linked peptides minimizing 

manual sample treatment. For testing the applicability of this setup for analysis of cross-linked 

proteins, the novel trifunctional cross-linker PEG4-biotin-(NHS)2 was used, possessing two 

amine-reactive NHS-esters and a biotin group for the affinity enrichment. Several cross-links 

were identified in cytochrome c and a complex between calmodulin and a peptide derived from 
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skMLCK. Tandem mass spectrometry experiments allowed to pinpoint the cross-linked amino 

acids. The bridged distances were in agreement with existing crystal structures, however, because 

of the inherent flexibility of its spacer, this novel cross-linker is not perfectly suited for obtaining 

distance restraints to model protein 3D structures. 

Analysis of biotinylated proteins was further automated by establishing an online 3D-nano-

HPLC/nano-ESI-MS/MS system, comprised of the trypsin IMER as the first dimension, the 

MACMA as the second dimension, and a reversed phase separation as the third dimension. A  

Q-TOF mass spectrometer was used for analysis of the generated, enriched, and separated 

biotinylated peptides. Using the optimized instrument configuration, injection of a protein 

mixture in 2 M urea containing 20% ACN and 0.1 M ammonium bicarbonate was sufficient as 

pretreatment prior to the identification of ca. 20 biotinylated cytochrome c peptides. A sequence 

coverage of almost 100% was achieved for cytochrome c. Automation was further improved by 

increasing the temperature in the trypsin IMER compartment to 50°C resulting in the identify-

cation of more than 30 biotinylated cytochrome c peptides. All non-biotinylated peptides that 

were identified in these experiments were modified by a heme group and were thus rather 

hydrophobic. 

When analyzing a simple a protein mixture composed of biotinylated cytochrome c, lysozyme,  

-lactoglobulin, and bovine serum albumin, mainly biotinylated cytochrome c peptides were 

identified. A maximum of three peptides were observed that did not originate from cytochrome c; 

two peptides originated from lysozyme, one peptide originated from -lactoglobulin. Using the 

automated setup, analysis and identification of biotinylated peptides was performed within  

125 minutes compared to 24 hours using in-solution digestion and commercially available 

monomeric avidin beads. 
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Abstract The use of monolithic supports for a wide variety
of applications has rapidly expanded during the past few
years. The examples for applications of monoliths pre-
sented herein show that the chromatographic performance
of bioreactors and affinity media prepared from monolithic
media is superior to that of conventional particle-based
systems. The ease of fabrication and modification com-
bined with the long lifetime of the monolithic columns and
their potential to be used in fully automated analytical
systems make them attractive tools for an increasing
number of applications.

Keywords Monolithic column . Enzymatic digestion .

Trypsin . Proteome analysis

Abbreviations
ASP affinity stationary phase
CYP cytochrome P450
ESI-MS/MS electrospray ionization tandem mass

spectrometry
HPLC high-performance liquid chromatography
IMER immobilized monolithic enzyme reactor
MS mass spectrometry
MSP monolithic stationary phase
PEGMA polyethoxylated hydroxyethyl methacrylate
RP reversed phase

Introduction

For proteome analysis, high-throughput methods for protein
analysis are of outstanding importance. This has lead to
novel developments, such as immobilizing enzymes on a
solid support, so-called enzyme reactors, that allow an
efficient and rapid digestion of protein mixtures. Enzyme
immobilization with the aim of preparing bioreactors is a
technique that was introduced almost 100 years ago,
whereas the immobilization of ligands for affinity chroma-
tography can be traced back to the early 1950s [1, 2].
Initially, particle materials were used as a stationary phase
[3, 4]; yet these materials suffer from several deficiencies.
Firstly, particle-based stationary phases exhibit a high back
pressure limiting the flow rates to be applied. Secondly,
because of diffusion-limited interaction of sample mole-
cules with the stationary phase or an immobilized molecule,
particle-based systems are characterized by a flow rate
giving optimal interaction of the analyte with the stationary
phase as is determined by the van Deemter equation.
Finally, the preparation of microfluidic systems, using
column inner diameters below 200µm, is challenging
owing to the rather complicated packing procedure. Micro-
fluidic devices, however, are of enormous interest in the
field of analytical sciences, where only minute amounts of
analyte might be available for one experiment. Micofluidic
devices are also essential in fields of biological research
dealing with low sample amounts where samples are often
difficult to obtain—as in proteomics or metabolomics. They
are also required for high-throughput applications using a
microflow apparatus to save costs when enzymes are
expensive and/or difficult to handle or to obtain.

Especially for microfluidic applications, the develop-
ment of monolithic stationary phases (MSPs) in the early
1990s proved to be highly beneficial for overcoming these

J. Sproß :A. Sinz (*)
Department of Pharmaceutical Chemistry & Bioanalytics,
Institute of Pharmacy, Martin-Luther-Universität
Halle-Wittenberg,
Wolfgang-Langenbeck-Straße 4,
06120 Halle / Saale, Germany
e-mail: andrea.sinz@pharmazie.uni-halle.de

Anal Bioanal Chem (2009) 395:1583–1588
DOI 10.1007/s00216-009-2998-z



limitations [5, 6]. MSPs exhibit low back pressure even at
high flow rates owing to their spongelike constitution
composed of mesopores (approximately 50 nm) providing a
large surface area and macropores (1–3µm) for the
transport of the mobile phase. The dominating transport
mechanisms of analytes towards the monolith are deter-
mined by a rapid mass transfer caused by the convective
flow. Therefore, chromatographic systems and bioreactors
based on monolithic materials maintain their excellent
performance over a wide range of flow rates, making these
materials extremely useful for high-throughput applications.
Moreover, MSPs are made from homogenous solutions,
which can be transferred with ease in housings of nearly
any desired shape and dimension, making microfluidic
applications straightforward.

Modification of MSPs

MSPs are highly interconnected, macroporous polymeric
materials (Fig. 1) prepared from inorganic (e.g., tetrame-
thoxysilane) or organic (e.g., styrene, acrylates, or meth-
acrylates) precursors dissolved in an inert porogenic
solvent. Inorganic silica monoliths offer excellent separa-
tion power in reversed-phase (RP) high-performance liquid
chromatography (HPLC); in contrast, organic monoliths
can be directly prepared using the desired functional
monomer [5, 7, 8]. At present, monolithic RP separation
media are commercially available, whereas MSPs for
affinity chromatography or for application as immobilized
monolithic enzyme reactors (IMERs) are prepared in a
number of laboratories worldwide. Immobilization of the
respective affinity ligands, such as small molecules or
antibodies, or enzymes is achieved by matrix entrapment
during the preparation process of the monolith or a

subsequent physical adsorption or covalent bonding of the
ligand to the MSP after polymerization. There are only a few
examples using inorganic, silica-based monolithic materials
for immobilization owing to their difficult preparation; yet,
immobilization of affinity ligands or enzymes via matrix
entrapment is easily achieved because of the mild preparation
conditions [9]. Organic methacrylate-based monoliths are
more commonly used for the preparation of affinity stationary
phases (ASPs) or IMERs, in which the respective functional
species is covalently bound to the surface of the monolith. For
this, a reactive monomer—usually glycidyl methacrylate—is
copolymerized in the MSP. Afterwards, the epoxy group can
be derivatized using several chemistries. Most common is the
aminolysis of the epoxide and coupling of the functional
species via a dialdehyde linker, which is followed by a
subsequent reduction of the imine to a secondary amine, but
other techniques have also been reported (Fig. 2) [6, 10–12].
By attaching the functional species via an inert covalent
bond to the MSP, one eliminates leaching of the functional
species. Also, the ASP or IMER can be used several times or
even over a period of several months because most proteins
exhibit an enhanced stability after immobilization [10, 11].

ASPs and IMERs prepared in capillaries offer the
advantage of direct coupling with HPLC and mass
spectrometry (MS), thus eliminating sample loss and
contamination caused by manual handling and adsorption
to surfaces. Because of the convective flow within the
monolithic material and the resulting high mass transfer, the
local concentrations of immobilized affinity ligands or
enzymes are used to their upmost extent. Although the
residence time of the analyte within an ASP or IMER is
only in the range of seconds to several minutes, complete
binding to the affinity ligand (in the ASP) or high sequence
coverage after enzymatic cleavage of the protein (in the
IMER) is readily obtained. Compared with classic digestion

Fig. 1 Scanning electron micro-
graph of a poly(glycidyl
methacrylate-co-acrylamide-co-
ethylene dimethacrylate) monolith
(a) and insight into a macropore
(b). The structure and mode of
operation of a monolith exhibit
strong similarities to those of a
sponge (c)
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protocols employing soluble proteases with incubation
times of approximately 12 h, a drastic decrease in digestion
time is achieved using IMERs. The enzyme activity is
important for the evaluation of the IMER performance.
Recently, it was shown by Ma et al. [13] that there is no
difference between kM of trypsin in solution and immobi-
lized on a MSP, whereas Vmax of the immobilized trypsin is
6,600 times higher than for the free trypsin. Moreover,
autodigestion of the enzyme is completely eliminated when
the enzyme is immobilized on a solid support.

IMERs in proteomics

At present, trypsin is the most commonly used protease in
proteomics and therefore several reports dealing with the
preparation of trypsin-IMERs have been published [6, 10].
The advantages of using trypsin are its high specificity of
cleaving peptide bonds at the C-terminal side of lysine and

arginine and the fact that a reversible inhibitor, benzamidine,
is known to prevent autodigestion of the enzyme during
the immobilization, yielding an IMER with high activity.
Also, automated protein identification using customized
software applications is well established. However, trypsin
may not be the protease of choice for lysine- and arginine-
rich proteins, for which a large number of small peptides
are obtained that are difficult to separate and therefore to
identify. Smaller peptides have fewer internal ionizable
basic groups, making electrospray ionization tandem MS
(ESI-MS/MS) analysis difficult. However, only a few
other proteases, such as chymotrypsin, pepsin, and papain,
and the protease mixture pronase have been introduced for
the preparation of IMERs [14–17]. Chymotrypsin has a
lower specificity than trypsin for cleaving at the C-
terminal side of phenylalanine, tyrosine, tryptophan,
methionine, valine, and leucine. Pepsin (at pH values
between 1.5 and 2), papain, and pronase exhibit only low
specificities, so short residence times have to be used to

Fig. 2 Immobilization of an
enzyme to a monolithic
stationary phase using a the
glutardialdehyde method or b
the azlactone method.
Alternative methods have been
described in the literature
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obtain analyzable, longer peptides. One should consider
that identification of the digested protein(s) is difficult if
enzymes with low specificity are employed.

Fused-silica capillaries are a common housing of
IMERs for microfluidic applications. A trypsin-IMER

(210 mm×100µm) was prepared in our laboratory and
integrated into a fully automated nano HPLC/nano ESI-
MS/MS system. The protein solution was directly injected
onto the trypsin-IMER and the resulting peptide mixture
was loaded on a C18 trapping column. Afterwards, the

Fig. 3 Left: 5 pmol cytochrome c after in-solution digestion (20 h).
Thirty-five peptides were identified, yielding a sequence coverage of
91%; Mascot score 3,415. Right: 5 pmol cytochrome c was digested
within 231 s using a trypsin-immobilized monolithic enzyme reactor
(210 mm×100µm). Twenty-nine peptides were identified, giving a

sequence coverage of 94%: Mascot score: 4, 493. Top: chromatograms
of the total ion current. Middle: mass spectrometry (MS) survey scans.
Bottom: tandem mass spectra (MS/MS) of the precursor ion at m/z
735.85 corresponding to peptide TGQAPGFTYTDANK, amino acids
40–53
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peptides were separated on a RP-C18 capillary column
(75-µm inner diameter) and analyzed by nano ESI-MS/MS.
This setup of a fully automated and integrated protein
identification workflow minimizes manual handling and can
be used for high-throughput applications. The residence time
of the proteins on the IMER was just 231 s. The analysis of 5
pmol cytochrome c is presented in Fig. 3. A sequence
coverage of 94% was obtained, compared with 91%
sequence coverage by analysis of the same amount of
cytochrome c that was digested in-solution for 20 h.

Recently, Krenkova et al. [11] reported the preparation
of an IMER with immobilized LysC that cleaves highly
specifically at the C-terminal side of lysine residues. To
prevent unspecific protein adsorption to the MSP leading to
sample carryover, the monolith’s surface was first hydro-
philized by photografting of polyethoxylated hydroxyethyl
methacrylate (PEGMA) (n=11). After the PEGMA modi-
fication, the monolith had to be activated by photografting
of 2-vinyl-4,4-dimethylazlactone, which reacts with prima-
ry amines by a ring-opening transamidation (Fig. 2b).
Using the LysC-IMER, three model proteins (cytochrome c,
bovine serum albumin, and polyclonal human immuno-
globulin G) were digested and the resulting peptide
mixtures were analyzed using matrix-assisted laser desorp-
tion/ionization time-of-flight MS. Although reasonable
sequence coverages were obtained, a trypsin-IMER pre-
pared in the same manner showed better performance in all
cases. Compared with the same enzymes in solution,
similar sequence coverages were obtained with the IMERs
at residence times of 270 s. Further optimization of the
immobilization process of LysC might yield better results,
yet the great potential of the LysC-IMER for proteomics
applications is apparent.

Furthermore, complex mixtures of proteins can be
handled with IMERs. The excellent performance of a
trypsin-IMER based on a silica monolith was shown by
Ma et al. [13] by digestion of 20µg Escherichia coli protein
extract: 208 proteins were identified after a digestion time of
150 s, compared with 176 proteins after 24 h of in-solution
digestion.

IMERs in pharmaceutics

Additional enzymes have been immobilized on MSPs as well.
Recently, IMERs containing pharmaceutically relevant
enzymes such as cytochrome P450 (CYP) isoforms,
β-secretase, acetylcholinesterase, and butyrylcholinesterase
have been described [18–21]. Whereas CYP-IMERs have
been employed for the evaluation of drug metabolites, β-
secretase, acetylcholinesterase and butyrylcholinesterase have
been used for inhibitory studies of drugs employing affinity
chromatography. IC50 values were obtained for a variety of

drugs, such as donepezil, physostigmine, and bisnorcymser-
ine. The CYP-IMERs and the three IMERs used for affinity
chromatography showed great potential for the pharmaceutical
industry since they are reusable (e.g., the acetylcholinesterase
ASP was continuously employed for 7 months) and coupling
with HPLC offers the possibility of an almost fully automated
screening process.

For investigating unspecific interactions of drugs with
nontarget proteins, affinity chromatography is employed
[22]. For this reason, human serum albumin was immobi-
lized on monolithic silica columns [23]. Human serum
albumin is known to nonspecifically interact with drugs,
such as the calcium antagonist verapamil [22, 24–26]. These
studies are of great value as they may lead to improved
models for the mechanisms underlying drug transport in
body fluids, e.g., blood, or to further characterization of
drug-drug interactions.

Future applications

In conclusion, MSPs are a versatile tool which can be
designed to fit the needs of nearly every application. The
examples presented herein prove that the chromatographic
performance of bioreactors and affinity media prepared
from monolithic media is superior to that of conventional
particle-based systems. Also, the ease of fabrication and
modification combined with a long lifetime of the
columns prepared and their potential to be used in fully
automated analytical systems make them not only inter-
esting for proteomics research, but also for pharmaceutical
research.
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A Capillary Monolithic Trypsin Reactor for Efficient
Protein Digestion in Online and Offline Coupling to
ESI and MALDI Mass Spectrometry

Jens Sproß and Andrea Sinz*

Department of Pharmaceutical Chemistry & Bioanalytics, Institute of Pharmacy, Martin-Luther-Universität
Halle-Wittenberg, Wolfgang-Langenbeck-Str. 4, D-06120 Halle (Saale), Germany

We describe the preparation of a capillary trypsin im-
mobilized monolithic enzyme reactor (IMER) for a rapid
and efficient digestion of proteins down to the femtomole
level. Trypsin was immobilized on a poly(glycidyl meth-
acrylate-co-acrylamide-co-ethylene glycol dimethycrylate)
monolith using the glutaraldehyde technique. Digestion
efficiencies of the IMER were evaluated using model
proteins and protein mixtures as well as chemically cross-
linked lysozyme regarding the addition of denaturants and
increasing digestion temperature. The trypsin IMER
described herein is applicable for the digestion of protein
mixtures. Even at a 1000-fold molar excess of one
protein, low-abundance proteins are readily identified, in
combination with MS/MS analysis. An online setup of the
IMER with reversed phase nano-HPLC separation and
nano-ESI-MS/MS analysis was established. The great
potential of the trypsin IMER for proteomics applications
comprise short digestion times in the range of seconds
to minutes, in addition to improved digestion efficiencies,
compared to in-solution digestion.

INTRODUCTION
The aim of proteome research consists of a comprehensive

identification of the proteins that are present in a cell or an
organism at a specified state under specific conditions. To achieve
this goal, a variety of methods are available. Separation of the
complex protein mixtures is usually achieved using gel electro-
phoretic or liquid chromatographic techniques. One strategy for
protein identification, which is only briefly mentioned herein,
because it has not yet developed into a generally applicable
technique for global proteomics studies, is the so-called “top-down”
approach. This strategy is based on the identification of a protein
by measuring the mass of the intact protein using matrix-assisted
laser desorption/ionization (MALDI) or electrospray ionization
(ESI) mass spectrometry (MS) and a subsequent fragmentation
of the protein inside the mass spectrometer using different
fragmentation techniques.1 Despite its elegance by eliminating
the need for an enzymatic digestion of the intact protein, the “top-
down” approach has special demands on the scientist and
instrumentation, which usually requires Fourier transform ion
cyclotron resonance (FTICR) or orbitrap mass spectrometry.

For the majority of proteomics studies, a so-called “bottom-
up” approach is employed for protein identification, which involves
in-solution or in-gel digestion of proteins by a proteolytic enzyme
before the resulting peptide mixtures are analyzed by mass
spectrometry.2 The respective protein is identified by comparison
of the experimental peptide masses with in-silico digestions of
proteins deposited in protein databases by peptide mass finger-
print (PMF) analysis. Tandem mass spectrometry (MS/MS)
experiments confirm the identity of the peptides.3 The mainly used
enzyme in proteomics studies is trypsinsin rare cases, LysC and
AspN also might be usedswhich is characterized by highly
specific cleavage sites. Most digestion protocols employ extended
incubation times to achieve the best possible digestion of the
protein(s) of interest. Also, only minute amounts of enzyme are
used to avoid the detection of peptides originating from trypsin
proteolysis.

To circumvent long digestion times, the proteolytic enzyme
can alternatively be immobilized on a solid support. Enzyme
immobilization has been performed as early as 1916 by Nelson
and Griffin, who used charcoal particles.4 Since the introduction
of monolithic stationary phases (MSPs) in the 1990s by Svec and
Tanaka, these have been employed for the immobilization of
several different enzymes.5-14 MSPs combine the advantages of
low back pressure at high flow rates with an excellent mass
transfer, thus allowing the reduction of digestion times from
several hours to a few minutes or even seconds. Today, trypsin
immobilized on particles is commercially available by several
companies, whereas monolith-based products are not available yet.
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5525170. Fax: +49-345-5527026. E-mail: andrea.sinz@pharmazie.uni-halle.de.
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In a recent publication, Nicoli et al. compared the digestion
performance of their in-lab-prepared monolithic trypsin reactor
with that of one of these products.12 With their monolithic trypsin
reactor, a higher sequence coverage was obtained for all five
model proteins, compared to the particle-based trypsin reactor.
The integration of an immobilized monolithic enzyme reactor
(IMER) into an HPLC system coupled to a mass spectrometer
allows further automation of the analysis and diminishes sample
contamination caused by manual handling.

For functional proteomics studies, which intend to gain insight
into the specific interactions of a specific protein with its binding
partners, chemical cross-linking of proteins, combined with a
subsequent digestion of the cross-linked protein(s) and a mass
spectrometric analysis of the created peptide mixture, presents a
valid strategy.15,16 By identifying intermolecular crosslinks be-
tween two proteins, interaction regions are determined, whereas
intramolecular cross-links within one protein offer insights into
its three-dimensional structure. For the digestion of cross-linked
protein(s), short digestion times, using immobilized enzymes,
should be beneficial, because they would allow the cross-linking
approach to be conducted in a high-throughput fashion for
determining low-resolution three-dimensional protein structures
and for mapping protein interfaces.

In this study, a poly(glycidyl methacrylate-co-acrylamide-co-
ethylene glycol dimethycrylate) monolith was used for the trypsin
immobilization. Digestion conditions were optimized with NR-
benzoyl-L-arginine ethyl ester (BAEE), cytochrome c, and
bovine serum albumin (BSA) as model compounds. The effects
of the chaotropic agents, urea and guanidinum hydrochloride
(GdnHCl), as well as acetonitrile (ACN), in the protein-
containing solution on the digestion efficiencies were evaluated,
as only a few publications exist that evaluated the influence of
digestion temperature on IMER performance so far.17,18 Opti-
mized digestion conditions served as the basis for identifying
proteins down to low femtomole amounts from protein mixtures
and for identifying cross-linked products from hen egg lysozyme,
combining IMER digestion with a direct analysis of the digestion
products by reversed phase (RP)-HPLC-MS/MS.

EXPERIMENTAL SECTION
Materials. Fused-silica capillaries (outer diameter (OD) of 360

µm, inner diameter (ID) of 100 µm) were obtained from Ziemer
Chromatographie(Mannheim,Germany).Ethyleneglycoldimethacry-
late (EDMA, 98%), γ-methacryloxypropyl trimethoxysilane (γ-
MAPS, 98%), cyclohexanol (99%), glutaraldehyde solution (50%),
bovine serum albumin (BSA), cytochrome c (horse heart),
lysozyme (chicken egg white), �-lactoglobulin B (bovine milk),
myoglobin (horse heart), tris(hydroxymethyl) aminomethane
hydrochloride (TRIS, 99%), potassium phosphate (98+%), am-
monium bicarbonate (99%), 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES, 99.5%), dimethyl sulfoxide (99.5%), DL-
dithiothreitol (DTT, 99%), iodoacetamide (99%), formic acid (FA,
mass spectrometry grade), and 2,5-dihydroxy benzoic acid (gen-

tisic acid, DHB, 99+%) were from Sigma (Taufkirchen, Germany).
Benzamidine hydrochloride (97%) was obtained from Calbiochem
(Darmstadt, Germany). Acrylamide (AAm, 99.5%), glycidyl meth-
acrylate (GMA, 97%), sodium cyanoborohydride (>95%), and
1-dodecanol (99.5%) were purchased from Fluka (Buchs, Switzer-
land). NR-benzoyl-L-arginine ethyl ester (BAEE) was obtained
from Applichem (Darmstadt, Germany) and trypsin (bovine
pancreas) from VWR (Darmstadt, Germany). R,R′-Azobisisobu-
tyronitrile (AIBN) was purified via recrystallization from etha-
nol. Ammonia solution (30%-33%) and guanidinium hydrochlo-
ride (GdnHCl, 99%) were from Roth (Karlsruhe, Germany) and
trypsin (sequencing grade) from Roche Diagnostics (Mann-
heim, Germany). Urea (99.5%), trifluoroacetic acid (TFA,
UvaSolv), and acetonitrile (ACN, LiChroSolv) were obtained
from Merck (Darmstadt, Germany). Potassium hydroxide (85%)
was obtained from Grüssing (Filsum, Germany). Bis(sulfosuc-
cinimidyl)suberate (BS3) was obtained as nondeuterated (D0)
and four-times-deuterated (D4) derivative from Pierce, Inc.
(Rockford, IL). Water was purified using a Milli-Q5 system and
YM-10 Microcon filtration units were from Millipore (Schwal-
bach, Germany). The C-terminally His-tagged ligand-binding
domain of the human peroxisome proliferator-activated receptor
R (hPPARR) was expressed in Escherichia coli as previously
published.19

Preparation of Monolithic Columns. Fused-silica capillaries
(FSCs) were prepared according to a previously published report,
in which different silanization procedures were evaluated.20 First,
the capillaries were rinsed with ACN and water before they were
activated with 1 M potassium hydroxide at 120 °C for 3 h, and
flushed with water and acetone. Afterward, a 10% (v/v) solution
of γ-MAPS in dry toluene was filled into the capillaries and
incubated overnight at room temperature, followed by washing
with acetone and water. The capillaries were dried and stored at
4 °C.

The composition of the polymerization mixture has been
published elsewhere:8 90 mg GMA, 150 mg EDMA, 60 mg AAm,
595 mg cyclohexanol, 105 mg 1-dodecanol, and 3.0 mg AIBN
(1 wt %, with respect to the monomers) were mixed, followed by
degassing and sonicating the solution for 15 min. Subsequently,
the solution was manually filled into the pretreated capillaries
(30 cm length) by a syringe. Both ends of the capillaries were
sealed with silicon rubbers and the capillaries were heated at 55
°C in a water bath for 16 h. After the polymerization was complete,
each column was inspected under a light microscope to check
the homogeneity of the stationary phase. ACN was pumped
through the monoliths to wash out porogenic solvents and other
compounds. Further investigation of the monolithic support was
performed via scanning electron microscopy (SEM), using a JEOL
Model JSM-6701F scanning electron microscope (JEOL, Tokyo,
Japan).

Immobilization of Trypsin. Trypsin was immobilized on the
monolithic support, according to an existing procedure that was
used with slight modifications.8 The monolithic columns were
flushed overnight with 15% (v/v) ammonium hydroxide solution
containing 50% (v/v) ACN. After a 2-h wash with a 25% (v/v) ACN(15) Sinz, A. J. Mass Spectrom. 2003, 38, 1225–1237.

(16) Sinz, A. Mass Spectrom. Rev. 2006, 25, 663–682.
(17) Krenkova, J.; Bilkova, Z.; Foret, F. J. Sep. Sci. 2005, 28, 1675–1684.
(18) Calleri, E.; Temporini, C.; Perani, E.; De Palma, A.; Lubda, D.; Mellerio,

G.; Sala, A.; Galliano, M.; Caccialanza, G.; Massolini, G. J. Protein Res. 2005,
4, 481–490.

(19) Müller, M. Q.; Roth, C.; Sträter, N.; Sinz, A. Protein Expression Purif. 2008,
62, 185–189.

(20) Courtois, J.; Szumski, M.; Byström, E.; Iwasiewicz, A.; Schukarev, A.; Irgum,
K. J. Sep. Sci. 2006, 29, 14–24.

1435Analytical Chemistry, Vol. 82, No. 4, February 15, 2010



solution, a 10% (v/v) glutaraldehyde solution in 25% (v/v) ACN
was pumped through the columns for 4 h. The activated support
was equilibrated by pumping 100 mM phosphate buffer (pH 8.0)
through the capillaries for 2 h. Trypsin was coupled to the support
by continuously introducing 2.5 mg/mL trypsin in 100 mM
phosphate buffer (pH 8.0) containing 50 mM benzamidine into
the capillaries overnight. To prevent leaching of trypsin from the
column, the labile Schiff base was reduced with an 80 mM sodium
borohydride solution (6 h) to form a stable secondary amine (see
Figure 1). All steps were performed at room temperature. Glass
syringes from ILS (Stützerbach, Germany) and a Fusion400
syringe pump from Chemyx (Stafford, TX) were used to deliver
the liquids through the capillaries. The capillaries were filled with
100 mM ammonium bicarbonate, cut to a length of 7 or 21 cm,
and stored at 4 °C before use.

Enzymatic Activity Assay. The enzymatic activity of soluble
trypsin (1 µg/mL) in 100 mM sodium bicarbonate (pH 8.0) was
determined spectrophotometrically at 253 nm with 0.1 mM BAEE
as the substrate. Activity of the immobilized enzyme was deter-
mined by the hydrolysis of 20 mM BAEE in 100 mM sodium
bicarbonate (pH 8.0) at volumetric flow ratessgenerated with a
syringe pumpsranging between 200 nL/min to 600 nL/min at
22 °C. The generated product was separated from nonreacted
BAEE by capillary electrophoresis (CE). CE experiments were
performed using an in-house system equipped with a fused-silica
capillary of 75 cm length and 75 µm ID/360 µm OD (detection
window after 50 cm). The samples were injected hydrodynamically
for 10 s, separated at a voltage of 21 kV, and detected at 253 nm
using a 50 mM Tris-HCl buffer (pH 7.5). The activity of the
immobilized trypsin was also determined spectrophotometrically,
using an Ultrospec 1100pro (GE Healthcare, Munich, Germany).
Enzymatic activity was expressed in BAEE-units (BAEE-U), which
is defined as ∆A253 of 0.001 AU/min.

Protein Preparation Prior to IMER Digestion. The perfor-
mance of the IMER was evaluated by digesting cytochrome c
solutions (0.01 µM to 10 µM) in 100 mM sodium bicarbonate
buffer (pH 8.0). Digestion efficiencies were first evaluated by
MALDI-TOF-MS measurements (see below) in the linear mode

by checking for the presence of residual intact cytochrome c. A
comparative study of protein digestion in 100 mM sodium
bicarbonate buffer (pH 8.0) containing different denaturants (ACN,
urea, GdnHCl) was performed with a 0.1 µM BSA solution. The
compositions of the solutions are given in Table 1. Prior to
digestion, BSA was reduced and alkylated using the following
protocol: 10 µL of a 10 µM aqueous BSA solution were mixed
with 20 µL 0.4 M ammonium bicarbonate and 5 µL 8 M urea.
Disulfide bridges in BSA were reduced with 5 µL of a solution
containing 45 mM DTT and 0.4 M ammonium bicarbonate
(15 min at 50 °C) and free sulfhydryl groups were alkylated with
5 µL of a solution containing 0.1 M iodoacetamide and 0.4 M
ammonium bicarbonate (15 min at room temperature in the dark).
For detergent removal, C4-ZipTips (Millipore, Schwalbach, Ger-
many) were used, according to the procedure suggested by the
manufacturer. After digestion of BSA in the IMER, digests were
collected, desalted with C18-ZipTips (Millipore), directly spotted
onto an AnchorChip target (Bruker Daltonik, Bremen, Germany),
and analyzed via MALDI-TOF/TOF-MS/MS (see below).

IMER Digestion of Protein Mixtures. Two protein mixtures
were subjected to digestion with the trypsin IMER. The first
protein mixture (PM-1) contained the proteins BSA, lysozyme,
cytochrome c, hPPARR, �-lactoglobulin, and myoglobin, while the
second protein mixture (PM-2) contained all proteins of PM-1,
except myoglobin. For PM-1, 100 pmol of each protein were added
to 5 µL of 8 M urea and 20 µL of 0.4 M ammonium bicarbonate.
For PM-2, 500 pmol BSA and 500 fmol of lysozyme, cytochrome
c, hPPARR, and �-lactoglobulin were added to 5 µL of 8 M urea
and 20 µL of 0.4 M ammonium bicarbonate, yielding a 1000-fold
molar excess of BSA over the other four proteins in the mixture.
All proteins were reduced and alkylated as described above, and
the volume was adjusted to 100 µL with 20 µL of 8 M urea, 10 µL
of ACN, and 29 µL of water. Conclusively, final protein concentra-
tions of 1 µM for each protein (in mixture PM-1), as well as 5 µM
BSA and 5 nM for the four other proteins (in PM-2) were obtained.
Both mixtures were digested on a 21-cm trypsin IMER at 37 °C,
and the resulting peptides were analyzed by offline nano-HPLC/
MALDI-TOF/TOF-MS/MS (see below).

Figure 1. Immobilization of trypsin on a monolithic stationary phase
(MSP) using the glutaraldehyde method.

Table 1. Denaturants Added to Protein Solutionsa

protein denaturant T [°C]
offline

MALDI-MS
online

ESI-MS
cytochrome c 22 × ×
cytochrome c 2 M urea 37 ×
cytochrome c 2 M urea + 10% ACN 37 ×

BSA 22 ×
BSA 5%, 10%, and 20% ACN 22 ×
BSA 2 M, 4 M, 6 M urea 22 × ×
BSA 1 M, 2 M, 3 M GdnHCl 22 ×
BSA 2 M urea + 10% ACN 22 and 37 × ×

PM-1 2 M urea + 10% ACN 37 ×
PM-2 2 M urea + 10% ACN 37 ×

lysozyme
(cross-linked)

2 M urea + 10% ACN 37 ×

a PM-1: BSA, lysozyme, cytochrome c, hPPARR, �-lactoglobulin, and
myoglobin in equal molar ratios; PM-2: BSA, lysozyme, cytochrome c,
hPPARR, and �-lactoglobulin with molar ratios of 1000:1:1:1:1. All
solutions contained 0.1 M NH4HCO3, flow rate through the IMER
300 nL/min.
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In-Solution Protein Digestion. Ten microliters (10 µL) of a
10 µM protein solution (cytochrome c or BSA) were mixed with
20 µL of 0.4 M ammonium bicarbonate and 5 µL of 8 M urea.
Before in-solution digestion, BSA was reduced and alkylated
following the procedure described above and 60 µL of water were
added after the alkylation. No reduction and alkylation was
performed in case of cytochrome c; instead, 70 µL water were
added to the digestion mixture. In-solution digestion was per-
formed by adding trypsin (sequencing grade) at an enzyme-to-
substrate ratio of 1:60 (w/w) and incubating the mixture at 37 °C
for 16 h.

Chemical Crosslinking. Hen egg lysozyme (10 µM) in a
solution containing 20 mM HEPES (pH 7.5) was chemically cross-
linked with a 50-fold molar excess of BS3-D0/D4 at room
temperature. The ratio of nondeuterated (D0) to deuterated (D4)
BS3 was 2:1. After 45 min, the reaction was stopped with 20 mM
ammonium bicarbonate and the cross-linking reaction mixture
was reduced and alkylated as described above. The detergents
were removed through the use of Microcon filtration units
(YM-10), employing the protocol provided by the manufacturer
(Millipore). After adjusting the protein concentration to ∼1 µM
and adding the denaturants (Table 1), cross-linked lysozyme
was digested on the trypsin reactor (37 °C) and the resulting
peptides were analyzed by offline nano-HPLC/MALDI-TOF/TOF-
MS/MS (see below).

MALDI-TOF-MS. MALDI-TOF-MS measurements for the
detection of undigested cytochrome c were performed by
spotting 1 µL of the desalted mixture onto a polished stainless
steel target (Bruker Daltonik). The samples were mixed with
1 µL of matrix solution (50 mg/mL DHB in 50% (v/v) ACN/0.1%
(v/v) TFA). Mass spectra were externally calibrated using a
mixture of cytochrome c and myoglobin (10 µM each). MS
analyses were conducted with an Ultraflex III MALDI-TOF/TOF
mass spectrometer equipped with a 200 Hz SmartBeam Laser
(Bruker Daltonik) in the positive ionization and linear mode by
accumulating 5000 laser shots in the range of m/z 5000-30000
into one mass spectrum. Data acquisition was done manually with
FlexControl 1.3, and data processing was performed with Flex-
Analysis 3.0 (both Bruker Daltonik).

Proteolytic peptide mixtures of BSA and cytochrome c from
the trypsin IMER were also analyzed with the Ultraflex III MALDI-
TOF/TOF mass spectrometer. One microliter (1 µL) of the
desalted peptide mixtures (between 100 fmol and 2 pmol) were
spotted onto an 384 MTP 800-µm AnchorChip target (Bruker
Daltonik) and mixed with matrix solution (0.7 mg/mL R-cyano-
4-hydroxycinnamic acid (CHCA) in 95% (v/v) ACN/0.1% (v/v)
TFA, 1 mM NH4H2PO4). MS analyses were conducted in the
positive ionization and reflectron mode by accumulating 5000
laser shots in the range m/z 700-5500 into one mass spectrum.
Mass spectra were externally calibrated using Peptide Calibra-
tion Standard II delivered from the manufacturer (Bruker
Daltonik). Data acquisition was done manually with the MS
data acquisition (FlexControl 1.3) and data processing (Flex-
Analysis 3.0) software.

Offline Nano-HPLC/MALDI-TOF/TOF-MS/MS. Analyses
of protein mixtures and cross-linked lysozyme that had been
digested with the trypsin IMERs were performed by offline
coupling of a nano-HPLC system (Ultimate 3000, Dionex, Idstein,

Germany) to the MALDI-TOF/TOF mass spectrometer. Samples
were injected onto a precolumn (Acclaim PepMap, C18, 300 µm
× 5 mm, 5 µm, 100 Å, Dionex) and desalted by washing the
precolumn for 15 min with 0.1% TFA before the peptides were
eluted onto the separation column (Acclaim PepMap, C18, 75 µm
× 150 mm, 3 µm, 100 Å, Dionex), which had been equilibrated
with 95% solvent A (A: 5% (v/v) ACN, 0.05% (v/v) TFA). Peptides
of mixture PM-1 and cross-linked lysozyme were separated with
gradient A (0-30 min, 5%-50% B; 30-33 min, 50%-100% B; 33-38
min, 100% B; 38-39 min, 100%-5% B; and 39-45 min: 100% B,
with solvent B: 80% ACN, 0.04% TFA) at a flow rate of 300 nL/
min with UV detection at 214 and 280 nm. Eluates were fraction-
ated into 24-s fractions using the fraction collector Proteineer fc
(Bruker Daltonik), mixed with 1.1 µL of CHCA matrix solution,
and directly prepared onto a 384 MTP 800-µm AnchorChip target
(Bruker Daltonik). The peptides originating from mixture PM-2
were separated with gradient B (0-50 min, 5%-50% B; 50-53 min,
50%-100% B; 53-58 min, 100% B; 58-59 min, 100%-5% B; and
59-65 min, 100% B, with solvent B: 80% ACN, 0.04% TFA), using
the flow rates and UV detection previously described. Fraction-
ation of the eluates into 21-s fractions was performed as described
above. All devices were controlled using HyStar 3.2 (Bruker
Daltonik). MS data were acquired using the Ultraflex III MALDI-
TOF/TOF mass spectrometer in the positive ionization and
reflectron mode by accumulating 2000 laser shots in the range
m/z 700-5500 into one mass spectrum. Signal selection for laser-
induced fragmentation was performed manually for cross-linked
lysozyme and PM-2. For mixture PM-1, all signals with a signal-
to-noise ratio of >15 were subjected to laser-induced fragmentation.
Data acquisition was done automatically by the WarpLC 1.1
software (Bruker Daltonik) coordinating MS data acquisition
(FlexControl 1.3) and data processing (FlexAnalysis 3.0) software.

Online IMER-Nano-HPLC/Nano-ESI-MS/MS. Online di-
gestion experiments were performed on a nano-HPLC system
consisting of a Famos autosampler, a Switchos II (loading pump
and valves), the Ultimate (two nano-HPLC pumps, all Dionex LC
Packings, Idstein, Germany), and an U3000 variable wavelength
UV detector (Dionex). Five microliters (5 µL) of the protein
solution in 0.1 M sodium bicarbonate (pH 8.0) containing different
amounts of denaturant (see Table 1) were injected into a 5 µL-
sample loop and digested on the trypsin IMER at a flow rate of
300 nL/min. Digestion temperatures were 22 or 37 °C, respec-
tively. Directly after the IMER, the flow of the loading pump
(15 µL/min, 0.1% (v/v) TFA) was added to the flow from the IMER
with a T-shaped connection, and the digestion mixture was loaded
onto the C18 trapping column (Acclaim PepMap, C18, 300 µm ×
5 mm, 5 µm, 100 Å, Dionex). The scheme of the online IMER-
nano-HPLC/nano-ESI-MS/MS setup is presented in Figure 2.
After 25 min, the 10-port valve was switched to elute the peptide
mixture from the trapping column onto the 75-µm ID separation
column (Acclaim PepMap, C18, 75 µm × 150 mm, 3 µm, 100 Å,
Dionex) where it was separated by RP-nano-HPLC at 37 °C using
a gradient with solvent C (5% ACN, 0.1% FA) and solvent D (80%
ACN, 0.1% FA). The linear gradient started with 100% C for 25
min, from 0% D to 50% D in 50 min, to 100% D in 2 min, 100% D
for 20 min, to 100% C in 2 min, and then 100% C for 21 min at a
flow rate of 300 nL/min. Peptides were detected by their UV
absorption at 214 nm.
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Nano-ESI-MS/MS was performed on a LTQ-Orbitrap XL mass
spectrometer (ThermoFisher Scientific, San Jose, CA) equipped
with a nano electrospray ionization source (Proxeon, Odense,
Denmark). A spray voltage of 1.6 kV was employed and the
temperature of the transfer capillary was set to 200 °C. MS data
were acquired over 95 min in data-dependent MS/MS mode. The
full-scan mode in the orbitrap analyzer covered the range m/z
300-2000 at a resolution of 60 000 and was followed by product
ion scans of the five most-intense signals in the full-scan mass
spectrum (isolation window 2 u). Dynamic exclusion with a
duration of 180 s (exclusion window -1/+2 Th) was used to
detect less-abundance ions. All signals with a charge state of +1
were rejected from collision-induced dissociation (CID) in the
linear ion trap (LTQ). MS/MS collision energy was set to 35%,
and the fragment ions were detected either in the orbitrap analyzer
at a resolution of 7500 or in the LTQ, respectively. Chromatograms
of the total ion current (TIC) and mass spectra were recorded on
a personal computer with the Xcalibur software version 2.07
(ThermoFisher Scientific). Mass calibration and tuning of the
mass spectrometer were performed in the positive ionization
mode, using the ESI source delivered by the manufacturer by
direct infusion (3 µL/min) of a solution of caffeine (Sigma),
methionyl-arginyl-phenylalanyl-alanine, and Ultramark 1621 (both
ThermoFisher Scientific).

Protein Identification. PMF and PFF (peptide fragment
fingerprint) MALDI-MS and MS/MS analyses for protein identi-
fication were performed with BioTools 3.1 (Bruker Daltonik) using
the Mascot software and the SwissProt database (www.
expasy.ch). Protein identification based on online nano-HPLC/
nano-ESI-MS/MS experiments was achieved by conversion of raw
data to mgf-files, using the Proteome Discoverer 1.0 SP1 (Ther-
moFisher Scientific). The mgf-files were used to search the
SwissProt database with BioTools 3.1 (Bruker Daltonik). MS/
MS data were also included in the Mascot search. For database
searches of digested cytochrome c, the heme modification (with
a formal charge of +1, a sum formula of C34H31N4O4Fe, and a
mass of 615.1694) was included as modification. Cross-linking
products were identified using the GPMAW (General Protein
Mass Analysis for Windows, version 8.10) software by Light-
house Data (Odense, Denmark, available at www.welcome.to/
gpmaw).

RESULTS AND DISCUSSION
IMER Preparation and Characterization. The monolithic

mixture optimized by Duan et al. was used for IMER preparation.8

The resulting MSP is composed of GMA for trypsin immobilization
and AAm, which is copolymerized for obtaining a more hydrophilic

surface. This results in a better accessibility of the reaction sites
on the monolithic support and, thus, in higher digestion efficien-
cies. SEM was employed to examine the morphology of the
prepared trypsin IMER (see Figure 3). Apparently, the monolith
is perfectly anchored to the inner wall of the fused-silica capillary
and exhibits a highly interconnected network of macropores with
small-sized microglobules, providing an optimal interaction of the
proteins with the immobilized trypsin. The trypsin IMERs were
able to withstand flow rates up to 600 nL/min at back pressures
of ∼60 bar.

The immobilization of enzymes on GMA-based monoliths via
aminolysis of the oxirane groups, followed by modification with
glutaraldehyde, coupling of the enzyme, and reduction of the labile
iminegroups tosecondaryamines, isacommonlyusedtechnique.7,8

Although this presents a time-consuming multistep procedure, it
allows for a high capacity of the immobilized enzyme. Moreover,
the glutaraldehyde spacer yields an optimum accessibility of the
protein for the enzyme. Both features present keystones for a high
proteolytic activity of the prepared IMER.

IMER Digestion Efficiency. For a detailed evaluation of the
IMER’s proteolytic activity, NR-benzoyl-L-arginine ethyl ester
(BAEE) was digested at different flow rates between 200 and
600 nL/min. As trypsin possesses a pH optimum between pH
7.5 and 8.5, all solutions contained 0.1 M NH4HCO3 for pH
adjustment. The digests were collected and analyzed by CE
(see Figure 4A). The peak height ratios of digestion product NR-
benzoyl-L-arginine (BA) and substrate BAEE (BA/BAEE)
were taken as criterion to measure the digestion efficiencies
of the IMERs. BA/BAEE ratios exhibited their optima
between 250 nL/min and 350 nL/min, with the product peak
exhibiting an intensity that was ∼2.4 times higher than the
substrate peak (see Figure 4B). To maintain short digestion
times, a flow rate of 300 nL/min was used for all further
experiments. Using UV spectroscopy, the enzymatic activity for
the trypsin IMERs at a flow rate of 300 nL/min and 22 °C was
determined to be 6300 BAEE-U (RSD 10%; see Table 2). As direct
comparison, trypsin was used for an enzymatic digestion in-
solution (1 µg/mL), yielding an activity of 15 BAEE-U. This result
indicates a ∼420 times higher enzymatic activity of the im-
mobilized trypsin, compared to that of trypsin in solution at a
digestion temperature of 22 °C. Accordingly, the enzymatic activity
of the trypsin IMER is equivalent to that of a trypsin solution with
a concentration of 420 µg/mL. Raising the temperature to 37 °C
increased the enzymatic activity to 9600 BAEE-U (RSD 3%; see
Table 2 and Figure 4B), corresponding to an increase in enzymatic
activity of more than 50%, compared to that at 22 °C.

Figure 2. Scheme of the online IMER-nano-HPLC/nano-ESI-MS/MS setup; “LP” denotes loading pump, and “nP” denotes nano pump.
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Optimization of Protein Digestion Conditions. Cytochrome
c is a small protein (∼12.4 kDa) that is frequently used for
evaluating enzymatic digestion efficiencies. Cytochrome c contains
104 amino acids and 21 tryptic cleavage sites (i.e., Arg and Lys
residues). To evaluate the optimal protein concentration to be used
with the prepared IMERs, cytochrome c was dissolved in 0.1 M
sodium bicarbonate at concentrations ranging from 0.01 µM to
10 µM. The flow rate of 300 nL/min resulted in a residence time
of 77 s in the trypsin IMER. The effluent from the microreactor
was collected and analyzed by MALDI-TOF-MS in the linear mode,
to determine if intact protein was still present, and in the reflectron
mode, to analyze the proteolytic peptides. While protein concen-
trations above 2 µM yielded intense cytochrome c signals in the
mass spectra, intact protein was hardly detected below a protein
concentration of 1.5 µM. In the MALDI-TOF mass spectra of the
peptide mixtures obtained from the digestion of a 1-2 µM
cytochrome c solution, more than 10 signals were routinely
assigned to cytochrome c. At a protein concentration of 1 µM,
sequence coverages ranged between 60% and 70%. Protein
concentrations as low as 0.1 µM yielded signals that were still
sufficient for a correct identification of cytochrome c. Note that,
for MALDI-MS experiments, 1 µL of the digest was directly
spotted onto a MALDI target, demonstrating an efficient and rapid

Figure 4. (A) Electropherogram of the CE separation of a 20 mM
BAEE digest (digestion time ) 77 s). The peak at ∼210 s corresponds
to unreacted BAEE, whereas the peak at ∼315 s presents the
digestion product BA. Details of CE separation conditions are
described in the text. (B) Dependence of digestion product to substrate
(BA/BAEE) ratios on the flow rate during IMER digestion (legend for
digestion temperature data points: ([) 22 °C and (9) 37 °C).

Figure 3. Scanning electron microscopy (SEM) image of (A) a poly(glycidyl methacrylate-co-acrylamide-co-ethylene glycol dimethacrylate)
monolith and (B) insight into a macropore. (C) The structure of the monolith exhibits strong similarities to a sponge. Reprinted, with permission,
from ref 11. (Copyright 2009, Springer, Berlin, Germany).

Table 2. Enzymatic Activities of Three Trypsin IMERs
(15-1, 15-2, and 15-3) at 22 and 37 °C, Determined with
a Solution Containing 20 mM BAEE and 0.1 M NH4HCO3

Using a Flow Rate of 300 nL/min (Digestion Time )
77 s)

IMER activity at 22 °C [BAEE-U] activity at 37 °C [BAEE-U]

15-1 7200 9300
15-2 5610 9600
15-3 6100 9980
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protein identification by offline IMER/MALDI-TOF/TOF-MS
analyses.

For an optimum digestion of large and folded proteins, the
addition of denaturing agents, such as urea or GdnHCl, is
essential. However, most enzymes used for proteomic studies have
a limited tolerance against denaturants.21 Immobilization of
enzymes has been shown to be useful to increase the tolerance
of the enzyme against denaturing agents.22 Therefore, the influ-
ence of urea, GdnHCl, and ACN on the digestion efficiency of
the 66.4 kDa protein BSA was tested. Because BSA contains 17
disulfide bridges, the protein was reduced and alkylated prior to
digestion on the trypsin IMER. To exclude a potential inactivation
of immobilized trypsin by DTT and iodoacetamide, BSA samples
were purified with C4-ZipTips, dried under vacuum, and recon-
stituted in the digestion solution containing 0.1 M NH4HCO3 and
the denaturant, giving a BSA concentration of 0.1 µM (Table
1). After digestion on the trypsin IMER (flow rate ) 300 nL/min,
residence time ) 77 s), the peptide mixtures were desalted with
C18-ZipTips and analyzed via MALDI-TOF/TOF-MS and a data-
base search was performed.

The digestion of BSA on the trypsin IMER without the addition
of a denaturant resulted in an average sequence coverage of 18%,
with an average of 10 peptides identified per measurement (see
Table 3). The presence of ACN or urea gave a slightly higher
sequence coverage (Table 3) with a reasonably high number of
peptides (∼12) identified in most cases. However, the use of
GdnHCl as denaturant resulted in an unsatisfying sequence
coverage (Table 3). This decrease in enzymatic activity caused
by GdnHCl was not permanent, and the original activity of the
IMERs was easily restored by flushing the IMERs with a 0.1 M
NH4HCO3 solution. The presence of both ACN and urea in the
BSA solution yielded improved results (see Table 3), compared
to BSA without denaturing agents, but did not exceed the
digestion efficiencies obtained with only one of the two denatur-
ants present. Increasing the digestion temperature from 22 °C to
37 °C yielded a significantly higher sequence coverage and the
number of identified BSA peptides was almost doubled (see
Table 3).

Online IMER-Nano-HPLC/nano-ESI-MS/MS. The integra-
tion of the trypsin IMER into a nano-HPLC system allows a more
straightforward workflow. By directly coupling the separation
system to a mass spectrometer equipped with a nano-ESI source,
the resulting peptides can be analyzed using MSn-experiments,
yielding further information about the analyte. This online setup
allows for an automated high-throughput analysis of protein
samples for fast identification. To test our setup (see Figure
2), 1.3 pmol of reduced and alkylated BSA was desalted with C4-
ZipTips and injected onto the IMER (see Table 1). The liquid that
contained the tryptic BSA peptides (digestion time 231 s) was
mixed with the loading pump flow, transporting the peptides to
the C18-trapping column. In the second step, the trapped peptides
were separated and analyzed using a LTQ-Orbitrap XL mass
spectrometer that was equipped with a nano-ESI source. At a
digestion temperature of 22 °C, an average sequence coverage of
49% was obtained for BSA with ∼27 peptides identified. By raising
the temperature of the trypsin IMER to 37 °C, a mean number of
43 peptides was identified, with a sequence coverage of ∼67% (see
Figure 5). These results clearly demonstrate the beneficial
influence of an elevated digestion temperature on IMER digestion
efficiency.

Using the online setup for the analysis of 5 pmol cytochrome
c, ∼25 peptides were identified, giving a sequence coverage of
85% without the addition of denaturants. By adding urea (at a
concentration of 2 M) or ACN (10% (v/v) in combination with 2
M urea) to the cytochrome c solution, a sequence coverage of
100% was routinely obtained, with the number of identified
peptides increasing to ∼36. In-solution digestion of cytochrome c
yielded 38 peptides with a sequence coverage of 90% (see Figure
6).11 In summary, the trypsin IMER gives better results, with
shorter incubation times (by a factor of 250), compared to standard
in-solution digestion protocols.

IMER Digestion of Protein Mixtures. The trypsin IMER
performance was further evaluated with respect to its general
applicability to proteomics studies, where low-abundance proteins
must be digested in the presence of dominating proteins. For this,
two protein mixtures (PM-1 and PM-2) were digested with the
IMER. Mixture PM-1 contained six proteins: cytochrome c (12.4
kDa), lysozyme (14.3 kDa), myoglobin (16.9 kDa), �-lactoglobulin
(18.3 kDa), hPPARR (32.1 kDa), and BSA (66.4 kDa). The proteins
were reduced and alkylated prior to digestion, and the concentra-
tion was adjusted to 1 µM for each protein, as described
previously. Optimized digestion conditions were used (flow rate
) 300 nL/min, 2 M urea, 10% ACN, and 37 °C; see Table 1) with
a digestion time of 231 s. For separation and identification of the
six proteins, 1 µL of the digestion mixture containing 1 pmol of
each protein was diluted and analyzed by offline nano-HPLC/
MALDI-TOF/TOF-MS/MS, as described previously. All six pro-
teins were identified with excellent Mascot scores (see Table 4);
only myoglobin gave a low sequence coverage, with three peptides
identified.

To mimic serum samples, protein mixture PM-2 contained
BSA at a molar excess of 1000, compared to the other proteins
in the mixture. As such, BSA concentration was adjusted to 5
µM, whereas cytochrome c, lysozyme, �-lactoglobulin, and
hPPARR were present at 5 nM. The digestion conditions were
identical to those used for protein mixture PM-1 (see Table

(21) Harris, J. I. Nature 1956, 177, 471–473.
(22) Puvanakrishnan, R.; Bose, S. M. Biotechnol. Bioeng. 1980, 22, 2449–2453.

Table 3. Results of the Offline Digestion of BSA by
Adding Different Denaturants (Flow Rate ) 300 nL/min,
Digestion Time ) 77 s)a

conditions
Ø sequence
coverage (%)

number of
peptides

pure BSA 18.2 10
5% ACN 22.1 9
10% ACN 19.1 7
20% ACN 23.7 12
2 M urea 26.2 13
4 M urea 25.0 13
6 M urea 25.9 12
1 M GdnHCl 6.5 3
2 M GdnHCl 5.3 2
3 M GdnHCl 12.1 4
10% ACN/2 M urea 24.0 12
10% ACN/2 M urea (37 °C) 41.6 23

a Values are averages from three experiments. All solutions con-
tained 0.1 M NH4HCO3.
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1). Two microliters (2 µL) of the digest were diluted, and the
peptides were analyzed by offline nano-HPLC/MALDI-TOF/
TOF-MS/MS. With only 10 femtomoles of each low-abundance
protein being loaded onto the separation column, all four
proteins were readily identified, showing the excellent perfor-
mance of the trypsin IMER, even at very low protein amounts
in the presence of a highly abundant protein (see Table 4).
Figure 7 exemplarily shows a mass spectrum of one HPLC
fraction that is dominated by signals of BSA peptides; yet,
peptides from the four low-abundance proteins were success-
fully identified.

Digestion of Cross-Linked Lysozyme. To evaluate the
digestion efficiency of the IMER on a cross-linked protein, hen
egg lysozyme was cross-linked with the amine-reactive homo-
bifunctional cross-linker BS3. Because lysozyme contains four
disulfide bridges, it was reduced and alkylated prior to
digestion on the trypsin IMER. Urea and ACN were added
to the protein solution (see Table 1) and the IMER digestion
was performed at 37 °C. However, the flow rate of 300 nL/min

that had been determined to be optimal for the digestion of
single proteins and protein mixtures was not sufficient to create
enough peptides for an analysis of cross-linked products. This
is due to the modification of lysine residues by the amine-
reactive cross-linking agent: after the cross-linking reaction,
modified lysines are no longer available for tryptic cleavage.
Moreover, intramolecular crosslinks hamper the unfolding of
the protein upon the addition of denaturant and, thus, obstruct
the accessibility of trypsin at potential cleavage sites. Therefore,
the flow rate was reduced to 100 nL/min, prolonging the
digestion time to 11 min and 33 s for the cross-linked protein.
Offline nano-HPLC/MALDI-TOF/TOF-MS/MS experiments
were performed to identify two cross-linking products in
lysozyme: an intrapeptide and an interpeptide one (see Table
5). The use of a mixture of nondeuterated and four-times-
deuterated BS3 further aided in the confirmation of potential
cross-linked products, based on the distinct 4-u isotopic
pattern.

Figure 5. (A) Chromatogram of the total ion current (TIC) of a separation of 1.3 pmol online digested BSA (denaturants: 2 M urea and 10%
ACN, digestion temperature ) 37 °C) with the trypsin IMER (digestion time ) 231 s). (B) MS survey scan at a retention time of 44.5 min. (C)
Fragment ion mass spectrum (MS/MS) of the precursor ion [M+3H]3+ at m/z 623.349 (peptide LCVLHEKTPVSEKVTK, corresponding to BSA
amino acids 482-497).
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Table 4. Results of Protein Identification by Database Search after the Digestion of Protein Mixtures

parameter cytochrome c lysozyme myoglobin lactoglobulin hPPARR BSA

Protein Mixture PM-1
sequence coverage 73% 94% 26% 51% 34% 41%
MS/MS score 836 1113 67 532 352 915
number of peptides 17 19 3 15 10 28

Protein Mixture PM-2a

sequence coverage 46% 57% 17% 26% n.a.b
MS/MS score 124 248 11 157 n.a.b
number of peptides 6 11 2 6 n.a.b

a No myoglobin was present in protein mixture PM-2. b Not applicable, because BSA was present in 1000-fold molar excess to lysozyme,
cytochrome c, hPPARR, and �-lactoglobulin in mixture PM-2 and was not subjected to PMF and PFF analysis.

Figure 7. MALDI-TOF mass spectrum of the HPLC fraction at tR ) 48.8 min. The spectrum is dominated by signals of BSA peptides (B); yet,
peptides originating from three of the four low-abundance proteins were identified (C, cytochrome c; L, lysozyme; P, hPPARR).

Figure 6. TIC chromatograms of (A) a separation of 5 pmol cytochrome c in-solution digestion mixture and (B) an online digestion using the
trypsin IMER with a digestion time of 231 s. See text for details on the LC/MS/MS method.

1442 Analytical Chemistry, Vol. 82, No. 4, February 15, 2010



CONCLUSIONS
The trypsin IMERs described herein, which are based on a

poly(GMA-co-EDMA-co-AAm) monolith, allow for a rapid and
efficient digestion of proteins. The enzymatic activity of im-
mobilized trypsin activity was determined to be ∼6300 BAEE-U
at a digestion temperature of 22 °C, compared to the previously
reported of 2800 BAEE-U.8 We believe that the presence of
ammonium bicarbonate (pH 8) is responsible for the improved
performance of the trypsin IMERs. By raising the temperature to
37 °C, the activity of immobilized trypsin was determined to be
∼9600 BAEE-U, which is equivalent to a trypsin solution contain-
ing the enzyme at a concentration of 640 µg/mL. Digestion of
cytochrome c gave sequence coverages of 60%-70% in our offline
setup, using MALDI-TOF/TOF-MS/MS, and up to 100% in the
online IMER-nano-HPLC/nano-ESI-MS/MS setup. ACN and urea
(up to 6 M) in the protein mixture were observed to increase
digestion efficiencies without damaging the trypsin IMERs. Also,
the combination of urea and ACN yielded better results, compared
to protein digestion in an aqueous buffer. IMER digestion of BSA
using the online setup yielded sequence coverages of 49% at
22 °C and 67% at 37 °C, stressing the importance of elevated
temperatures for digestion. The trypsin IMERs are applicable for
the digestion of protein mixtures: even at a 1000-fold molar excess
of one protein, low-abundance proteins were readily identified by
MS/MS experiments, down to low-femtomole levels. Also, the
enzymatic digestion of the intramolecularly cross-linked protein
lysozyme was successfully conducted, resulting in the identifica-
tion of two cross-linked products. The greatest advantages of the
trypsin IMERs comprise their short digestion times in the range
of seconds to minutes with improved digestion efficiencies,
compared to in-solution digestion procedures over several hours.
Further optimization of the online IMER-LC/MS setup and
evaluation of the IMERs for digesting highly complex cross-linked
protein mixtures are currently performed.
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APPENDIX

Abbreviations

AAm acrylamide
ACN acetonitrile
AIBN R,R′-azobisisobutyronitrile
BA NR-benzoyl-L-arginine
BAEE NR-benzoyl-L-arginine ethyl ester
BS3 bis(sulfosuccinimidyl)suberate
BSA bovine serum albumin
CE capillary electrophoresis
CID collision-induced dissociation
DHB 2,5-dihydroxy benzoic acid (gentisic acid)
DTT DL-dithiothreitol
EDMA ethylene glycol dimethacrylate
ESI electrospray ionization
FA formic acid
FSC fused silica capillary
FTICR Fourier transform ion cyclotron resonance
GdnHCl guanidinium hydrochloride
GMA glycidyl methacrylate
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HPLC high-performance liquid chromatography
hPPARR human peroxisome proliferator-activated receptor R
ID inner diameter
IMER immobilized monolithic enzyme reactor
LTQ linear ion trap (ThermoFisher Scientific)
MALDI matrix-assisted laser desorption/ionization
γ-MAPS γ-methacryloxypropyl trimethoxysilane
MS mass spectrometry
MS/MS tandem mass spectrometry
MSP monolithic stationary phase
OD outer diameter
PFF peptide fragment fingerprint
PMF peptide mass fingerprint
RP reversed phase
SEM scanning electron microscopy
TIC total ion current
TFA trifluoroacetic acid
TRIS tris(hydroxymethyl) aminomethane hydrochloride
TOF time-of-flight
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Table 5. Identified Cross-Linked Products within Hen
Egg Lysozyme after IMER Digestion

cross-linking
product

observed
mass [M+H]+

sequence
(aa)

N-terminus - K1 744.43 KVFGR + XL
K13 - N-terminus 2132.01 CELAAAMKRHGLDNYR/K + XL
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Review Article

Monolithic media for applications in affinity
chromatography

Affinity chromatography presents a highly versatile analytical tool, which relies on

exploiting highly specific interactions between molecules and their ligands. This review

covers the most recent literature on the application of monoliths as stationary phases for

various affinity-based chromatographic applications. Different affinity approaches as well

as separations using molecularly imprinted monoliths are discussed. Hybrid stationary

phases created by embedding of particles or nanoparticles into a monolithic stationary

phase are also considered in this review article. The ease of preparation of monoliths and

the multitude of functionalization techniques, which have matured during the past years,

make monoliths interesting for an increasing number of biochemical and medical

applications.

Keywords: Affinity purification / Monolith / Preparation
DOI 10.1002/jssc.201100400

1 Introduction

Monolithic columns are used in a multitude of analytical

fields covering applications that rely on reversed phase (RP)

[1–3], ion exchange [4], size exclusion [1, 5], and affinity

chromatography (AC) [6, 7]. Monolithic materials have also

been successfully introduced as basis for immobilized

enzyme reactors [8–10]. In this review, we focus on

monolithic media for affinity-based chromatography as this

presents one of the most versatile fields for the application

of monoliths. There have been a number of excellent

reviews dealing with the various applications of monolithic

columns for AC. Specifically mentioned in this context

should be the reviews by Mallik and Hage covering the basic

principles and monolithic applications of AC [6], by Tetala

and Beek on bioaffinity chromatography [11] and by

Haginaka on the topics of molecular imprinting and chiral

separation [12, 13]. This review summarizes and discusses

the original literature on all of these topics published in the

years between 2007 and the beginning of 2011. Additionally,

functionalized particles embedded into monolithic materials

are reviewed.

1.1 Principles of AC

The term ‘‘affinity’’ is derived from the Latin word

‘‘affinitas’’ for ‘‘close relationship’’. In biochemistry, the

expression ‘‘affinity’’ is used for describing the interaction of

biomolecules, i.e., proteins, carbohydrates, polynucleotides,

with their ligands. Interactions of proteins with their

binding partners play a major role in various cellular events,

such as signal transduction and cell proliferation. Of course,

biomolecules do not exclusively interact with other biomo-

lecules, but they also undergo highly specific binding to

metal ions or artificial ligands, such as small-molecule

drugs [14–16]. The underlying molecular recognition

mechanisms are highly selective and as such, serve as basis

for the various affinity-based chromatographic methods.

AC makes use of specific interactions between analytes

and their ligands for enrichment, purification, or separation

of a target compound from a complex matrix, such as blood

or plasma. AC methods that rely on the numerous interac-

tion mechanisms between biomolecules are often referred

to as ‘‘bioaffinity’’ methods. The exploitation of interactions

between antibodies and their corresponding antigens is

summarized as ‘‘immunoaffinity’’ methods – an important

subclass of AC [6, 11].

In AC, one partner of the affinity pair is immobilized on

the stationary phase. This attachment should be covalent in

order to avoid leakage of the ligand from the stationary

phase and moreover, it should not affect the binding site

required for complex formation. Also mentioned in this
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context should be molecular imprinting, a technique in

which the stationary phase itself exhibits cavities for specific

interactions. This is achieved by polymerization of the

monolith-forming monomers in the presence of a template

molecule, which is incorporated into the stationary phase

exclusively by noncovalent interactions [17].

Nonspecific binding presents a major challenge for the

preparation of affinity supports, resulting in most cases from

a nonspecific interaction of molecules, present in the sample

matrix other than the analyte, with the immobilized ligand or

the stationary phase [18, 19]. Nonspecifically bound

substances are usually removed by several washing steps.

Elution of the analyte is mostly achieved either by changing

the polarity, pH value, and/or ionic strength of the buffer

(nonspecific elution) or by adding a competitor of the analyte

to the loading buffer (biospecific elution) [6]. The elution

method used has to be specifically adapted to each case.

Originally, particles mainly prepared from agarose or

silica were used for AC [15, 20, 21], but since the emergence

of monolithic stationary phases (MSPs) with their advanta-

geous properties, such as rapid mass transfer, high porosity,

and low backpressure at high flow rates, these materials are

becoming more and more popular [7, 22, 23]. Also, minia-

turization is easily achieved when MSPs are chosen as

supports for AC [24, 25].

2 MSPs

Monoliths are highly porous stationary phases. They are

prepared from monomeric precursors, which form a

skeleton with interconnected pores upon polymerization

in a solvent mixture. The pore size distribution and thereby

the chromatographic properties of the MSP are tailored by

the solvents, which are commonly referred to as porogens.

Monoliths exhibit a bimodal pore size distribution with

throughpores in the micrometer and mesopores in the

nanometer range, which are responsible for their high

surface area. Monolithic separation media possess a low

resistance to mass transfer resulting in exceptionally fast

mass transfer kinetics. A great variety of MSPs are available

for preparing the numerous affinity supports, which has

been the topic of a number of review articles [6, 11, 12,

26–30]. Therefore, the most popular MSPs will only be

briefly discussed in this section and the reader is referred

to the existing body of literature for more extensive

information.

2.1 Organic monoliths

Organic monoliths were introduced by the group of Svec

almost 30 years ago and up to date, they present the most

popular MSPs [6, 8, 11, 31, 32]. Their main advantage is

their straightforward preparation from a multitude of

monomers in a great variety of desired dimensions [33].

Glycidyl methacrylate (GMA) and ethylene glycol dimeth-

acrylate (EDMA) are the most commonly employed mono-

mers for the preparation of organic MSPs, which are

subsequently functionalized (Fig. 1A). The procedures for

preparing these monoliths are well established and the

epoxide group of GMA allows for a multitude of immobi-

lization strategies for various ligands (Fig. 2) [6, 11]. In

addition to monolithic columns, commercially available

Figure 1. Scanning electron micro-
scopy images showing (A) poly-GMA-
co-EDMA monolith, (B) monolithic
silica (reproduced with permission
from [59], copyright 1998, Wiley-
VCH), (C) monolithic cryogel (repro-
duced with permission from [143],
copyright 2010, Am. Inst. of Chem.
Engineers), and (D) particles
embedded in a MSP (reproduced with
permission from [57], copyright 2010,
Am. Chem. Soc.).
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monolithic discs (convective interaction media – CIMs,

BIA Separations) of poly(GMA-co-EDMA) are commonly

employed [34]. Other monomers, such as 2-vinyl-4,4-

dimethylazlactone (VDA) [35, 36] and 2-cyanoethyl meth-

acrylate (CEMA) [37, 38], are also used for MSP preparation

and even a direct copolymerization of functional monomers

is feasible [39, 40], yielding monolithic affinity columns in a

single step.

In order to prevent leakage of the monolithic support

and to enable high flow rates, it is crucial to covalently attach

the MSP to the container wall. In these cases where the

monolith is prepared in glass and fused silica containers, a

4b. - 7.

1.

2. 3.

4b. 5. 6.

8. 9. 10. 11.

BA C

7.

4a.

Figure 2. Overview of immobilization stra-
tegies for the preparation of AC media
from (A) organic monoliths, (B) monolithic
cryogels, and (C) silica monoliths. 1,
Epoxy method; 2, hydrazide method; 3,
Schiff base method; 4a and b, carbonyldii-
midazole or disuccinimidyl carbonate
method; 5, glutaraldehyde method; 6,
reductive amination; 7, maleimide meth-
od; 8, azlactone method; immobilization
using 9, N-hydroxyphthalimide ester or
10, 2-cyanoethanol ester as leaving group;
11, direct copolymerization of (e.g. vinyl
terminated) ligand.
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covalent attachment is usually done by silanization of the

container walls using (meth)acryl terminated trialcoxy-

silanes [41]. Organic monoliths have smaller surface areas

compared with silica monoliths (Section 2.2), resulting in a

lower ligand density, which might hamper separation effi-

ciency [42]. This can be circumvented by embedding of

particles or nanoparticles into the monolithic support

(Section 2.1.2) [43].

2.1.1 Monolithic cryogels and hydrogels

Cryogels and hydrogels are two similar classes of macro-

porous continuous chromatographic supports, which

present a subclass of organic monoliths [44, 45]. They are

usually hydrophilic stationary phases prepared form acryl-

amide (AAm), N,N0-methylenebisacrylamide (Bis), and allyl

glycidyl ether (AGE) in an aqueous buffer (Fig. 1C). During

the preparation of hydrogels, the buffer itself acts as

porogen, whereas in cryogels ice crystals, produced by

freezing the polymerization mixture, define the porous

properties of the stationary phase [44, 46, 47]. Ammonium

persulfate and N,N,N0,N0-tetramethyl ethylenediamine are

commonly used to initiate the polymerization reaction

underlining the similarity between cryogels and hydrogels

with acrylamide gels used for SDS-PAGE [48]. After

preparation of the monolithic cryogels, ligand immobiliza-

tion is commonly achieved using the epoxy group of AGE

(Fig. 2).

In contrast to methacrylate or silica monoliths (Section

2.2), cryogels and hydrogels are not rigid. This enables the

use of alternative elution strategies, such as mechanical

compression or temperature-induced shrinkage of the

monolithic supports. Especially for the elution of large

particles, such as whole cells or viruses, these elution stra-

tegies have proven beneficial [49–51]. Also, the pores of

monolithic cryogels and hydrogels are larger compared to

those of methacrylate and silica monoliths. This enables the

investigation of particle-containing fluids, such as tap water,

milk, serum or blood, without clogging of the column [31,

50, 52, 53]. Surface areas of these MSPs are generally small

resulting in relatively low amounts of ligand to be immo-

bilized on these supports. As for organic methacrylate

monoliths, embedding of particles or nanoparticles into the

cryogel or the hydrogel will result in a higher density of

ligand (Section 2.1.2) [54].

2.1.2 Hybrid materials – particles embedded into

monoliths

The small surface areas of organic monoliths and macro-

porous cryogels compared with silica monoliths or particles

result in lower ligand densities and limit their separation

efficiency. On the other side, nanoparticles have high

surface areas, but the preparation of analytical columns

using nanoparticles is not feasible. Therefore, hybrid

materials, in which nanoparticles are embedded into

monolithic matrices, can circumvent these drawbacks and

combine the advantages of both materials. The hybrid

materials reviewed herein are mainly prepared by entrap-

ment of particles during the polymerization of the mono-

lithic support (Fig. 1D) [43, 55]. The introduction of

nanoparticles after MSP preparation was also exemplified

for thiol groups on the MSP’s surface and gold nanoparti-

cles [56].

The monolithic bed minimizes leakage of particles from

the column and allows for an extensive interaction of

analytes in the mobile phase with the ligands introduced by

embedding of the particles. In the case of using nano-

particles, preparation of the hybrid material in capillary

columns is a straightforward procedure [57]. Also, particles

prepared from crushed monoliths have been incorporated

into monolithic cryogels [55]. The latter approach makes

additional use of the pores in the monolithic particles,

which further increases the surface area of the hybrid MSP.

2.2 Silica monoliths

Tanaka et al. first described silica monoliths in the mid-

1990s (Fig. 1B) [58, 59]. They are commonly prepared from

silane precursors, such as tetramethoxysilane, tetraethoxy-

silane, or methyl(trimethoxy)silane. The resulting bare silica

monoliths have become commercially available (e.g. Chro-

molith-Sis, Merck) and can be used for ligand immobiliza-

tion. Therefore, modification of silanol groups on the

surface of the monolithic silica skeleton by silylation

reagents, such as (3-aminopropyl)trimethoxysilane or (3-

glycidyloxypropyl)trimethoxysilane, is crucial (Fig. 2)

[60–62]. Alternatively, grafting of the monolithic surface

can be employed to introduce a variety of functionalities

[63]. Silica monoliths possess an excellent mechanical

stability and a high surface area, but their preparation is

challenging due to shrinking of the MSP during the gelation

process. In order to avoid disintegration of the MSP, the pH

has to be limited to a range between 2 and 8 [64].

Entrapment of ligands in silica monoliths is also feasible;

however, the release of alcohols during the gelation process

is not always compatible with labile proteins [65, 66].

3 Format of monolithic supports

One of the most striking advantages of monolithic supports

is that they are readily prepared in any container suitable for

the needs of the experiment (Fig. 3). As the main use of

MSPs is LC, these containers are mainly columns with

varying diameters. Not surprisingly, almost 75% of the

applications reviewed herein rely on monolithic supports in

column format (Fig. 3B and E), with almost one quarter of

the applications dealing with the preparation of MSPs in

capillaries. The latter is preferable when precious or rare

ligands have to be immobilized or when sample amount is

limited (Figs. 3C and E). Most of the remaining applications

(ca. 25%) use commercially available monolithic CIM discs
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(Fig. 3D). These are easily coupled to HPLC systems and

present an alternative format of monolithic supports.

Formats of monolithic supports used for batch-mode

applications are not as restricted as the ones used for

continuous-mode applications. Functionalized monoliths

prepared in carriers (Fig. 3A) enable a straightforward

removal of contaminants from stirred solutions, e.g. bio-

reactors [67]. Polymerization of MSPs in pipet tips allows a

rapid manual sample preparation [43] and microarrays

using monolithic supports exhibit an excellent sensitivity

due to the higher ligand density of a porous monolith

compared with a modified glass plate [68].

4 Types of AC

4.1 Immunoaffinity chromatography

Interactions between antibodies and their antigens are

highly selective and therefore immensely popular for AC.

Proteins as well as small molecules are common haptens,

which are targeted in immunoaffinity chromatography.

Immobilized protein A and protein G are used for capturing

antibodies. In the following, various immunoaffinity

chromatographic applications are discussed; an overview

of applications is presented in Table 1.

4.1.1 Antibodies

A large number of applications have been reported in the

past years on immobilizing antibodies on MSPs (Table 1).

An oriented immobilization of antibodies makes use of the

hydrazide strategy, which attaches the antibody via its

carbohydrate chains to the monolithic support.

Human serum albumin (HSA) and inter-a inhibitor protein

were selectively captured by specific antibodies that had

been immobilized on the MSP in this manner [69]. In

addition to the direct immobilization of antibodies via

the monolith’s epoxy groups, immobilization was

performed via streptavidin using biotinylated antibodies

(for comparison, see Section 4.2.2) [70], resulting in the

enrichment of myoglobin and N-terminal pronatriuretic

peptide from serum.

A number of reports describe the use of immobilized

mouse IgG and fluorescent dye-labeld goat anti-mouse IgG

for optimizing monolithic supports and experimental

conditions [37, 38, 68, 71]. The optimized conditions served

to detect osteopontin in cell culture medium [68].

Specific antibodies against fluorescein-5-isothiocyanate

(FITC) were used for the enrichment of FITC-labeled amino

acids [72] and proteins [73] by microchip CE (Figs. 3C and

4). Enrichment of V5-tagged blood-group antigens was

performed via their V5-tag [74]. The antibody directed

against the V5-tag was immobilized on a CIM disc. Several

groups investigated the enrichment of contaminants, such

as the mycotoxins ochratoxin A [75], aflatoxin B1 [76], and

bisphenol A [77], by immunoaffinity approaches. A 2-D

HPLC system was introduced by Liang et al., in which a

monolithic immunoaffinity column was used as the first

dimension for specifically capturing pyrethroids [78]. The

captured compounds were subsequently separated using

RP-HPLC.

Figure 3. Formats of monoliths
for AC; (A) cryogel in carrier
(reproduced with permission
from [143], copyright 2010,
Am. Inst. of Chem. Engineers);
(B) cryogel microcolumns
(reproduced with permission
from [50], copyright 2010, Am.
Inst. of Chem. Engineers); (C)
CE microchip, position of
monolith marked with arrow
(reproduced with permission
from [73], copyright 2010, Am.
Chem. Soc.); (D) CIM disc and
holder (image kindly provided
by BIA Separations); (E) mono-
liths prepared in fused silica
capillaries.
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A monolithic column with an immobilized polyclonal

antibody has been prepared for the quantification of

testosterone [35]. Testosterone was labeled with a fluor-

escent dye; yet, the site that was modified with the label had

to be carefully chosen because it influenced the interaction

with the antibody. Also, the purification of erythropoeitin

and several analogues was investigated using monolithic

microcolumns with immobilized antibodies, yielding higher

recoveries than conventional strategies relying on ultra-

filtration [79].

4.1.2 Proteins A and G

The bacterial immunoglobulin-binding proteins protein A

(from Staphylococcus aureus) and protein G (from Strepto-
cocci) are commonly used for the isolation or depletion of

antibodies. These proteins are able to bind to the Fc region

of different classes of antibodies, however, mainly IgGs are

captured by these two proteins [80, 81].

Direct coupling of monolithic discs with immobilized

protein G and a monolithic ion-exchange disc allowed

capturing bovine serum albumin (BSA) and IgG from

serum [82]. Using the same approach, insulin and trans-

ferrin were separated from IgG in cell culture medium,

additionally enabling a direct quantification of IgG [83].

Coupling of a monolithic RP C4-column with a monolithic

protein G column was highly effective for the depletion of

immunoglobulins and simultaneous enrichment of low-

abundant proteins [84].

A commercially available CIM disc with immobilized

protein A was used for the rapid quantification of IgG from

supernatants of Chinese hamster ovary cells [85]. Protein A

that had been immobilized on monolithic cryogels allowed

capturing IgG-labeled inclusion bodies [51], B lymphocytes,

and stem cells [86]. Compared with the biospecific elution

with protein A, elution of the IgG-labeled compounds by

mechanical compression yielded higher recovery rates

without affecting the proliferation capacity of the stem cells.

4.1.3 Tandem approaches using antibodies and

protein A and G

Several tandem approaches have been described for the

removal of antibodies and other high-abundant proteins

Table 1. Applications of immunoaffinity chromatography using monolithic supports

Ligand Analyte Monolithic support Ref.

Antibodies HSA, inter-a inhibitor protein GMA/EDMA [69]

Myoglobin, N-terminal pronatriuretic peptide GMA/EDMA [70]

Polyclonal antibody HPIEAA/GMA/EDMA [38]

Polyclonal antibody CEMA/EDMA and GMA/EDMA [68]

Polyclonal antibody GMA/EDMA [71]

FITC-labeled amino acids GMA/EDMA [72]

FITC-labeled proteins GMA/EDMA [73]

V5-tagged proteins GMA/EDMA [74]

Mycotoxins GMA/EDMA [75, 76]

Bisphenol A GMA/EDMA [77]

Pyrethroids GMA/EDMA [78]

Testosterone VDA/HEMA/EDMA [35]

Erythropoietin Not reported [79]

Protein G Immunoglobulin GMA/EDMA [82–84]

Protein A Immunoglobulin GMA/EDMA [85]

IgG-labeled inclusion bodies Cryogel [51]

Stem cells, lymphocytes Cryogel [86]

Protein A, Protein G,

antibodies

Immunoglobulins, serum albumin, transferrin, haptoglobulin,

a1-antitrypsin, a2-macroglobulin (all human)

GMA/EDMA [87–89]

CEMA, 2-Cyanoethyl methacrylate; HPIEAA, N-hydroxyphthalimide ester of acrylic acid; VDA, 2-vinyl-4,4-dimethylazlactone.

Figure 4. Microchip CE of FITC-labeled amino acids and green
fluorescent protein (GFP). (A) Before and (B) after affinity column
extraction. 1, FITC-Gly; 2, FITC-Phe; 3, FITC-Arg; 4, FITC; 5, green
fluorescent protein (reproduced with permission from [72],
copyright 2008, Wiley).
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from human serum or protein mixtures mimicking serum

[87–89]. The monolithic affinity columns were functiona-

lized with protein A and genetically engineered protein G’

and polyclonal antibodies against HSA, human transferrin,

human haptoglobulin, human a1-antitrypsin, and human

a2-macroglobulin. After online depletion of high-abundant

serum proteins, coupling of the affinity columns with a

monolithic trypsin reactor [87], RP column [88], and/or

monolithic immobilized metal ion affinity chromatography

(IMAC) columns (Fig. 5) [89] allowed an in-depth analysis of

serum proteins. Thus, this strategy has the potential to serve

as basis for a fully automated analysis of serum samples.

4.2 Bioaffinity chromatography

Methods that rely on the interactions between biomolecules

and their ligands are often summarized as ‘‘bioaffinity’’

methods. A comprehensive overview of these applications

using MSPs is summarized in Table 2.

4.2.1 Lectins and carbohydrates

Glycosylation is one of the most common post-translational

modifications of proteins and altered glycosylation patterns

have been related to various diseases [90–92] underlining

their biological importance [91, 93]. Due to the complexity of

glycosylation, the investigation of their composition and

structure remains a daunting analytical task [94], with many

of the analytical approaches relying on an enrichment of

glycoproteins and -peptides [95].

Sugars have been immobilized on monolithic supports

by two strategies, namely immobilization via a spacer [96]

and direct copolymerization of vinyl-terminated sugars [40].

The resulting affinity columns captured lectins, such as

concavacalin A (Con A) and a lectin from Arachis hypogaea,

but the binding capacity of the sugar monoliths prepared by

copolymerization was lower compared with that of those in

which the carbohydrate had been attached via a spacer.

Kinetic constants of the interaction between Con A and

a-mannose were determined by frontal analysis.

For the enrichment of antithrombin III, heparin was

immobilized on monolithic discs and the influence of the

spacer length was investigated [97]. The amounts of retained

antithrombin III were not affected by the length of the

introduced spacer, but the protein’s activity was higher

when using the short spacer. Influenza A virus particles

were captured by targeting hemeagglutinin, the main anti-

gen. Different carbohydrate ligands for hemeagglutinin

were evaluated and sialyllactose yielded optimum results for

capturing virus particles [98].

Lectin AC relies on the specificity of sugar-binding

proteins toward defined carbohydrate residues (see above)

[99–101]. Silica monoliths with immobilized Con A and

wheat germ agglutinin (WGA) were successfully applied for

separating glycoproteins based on their glycosylation

patterns [102]. A methacrylate monolith modified with

iminodiacetic acid (IDA) for the Cu21-mediated immobili-

zation of Con A was used for the enrichment of glycopro-

teins from diluted urine [103]. Analysis with nano-HPLC/

ESI-MS enabled the identification of 46 glycoproteins –

almost three times more than with Con A that had been

immobilized on agarose particles.

Macroporous monolithic cryogels with immobilized

Con A have been successfully applied to capture yeast cells

[50, 51] without compromising the ability of the captured

yeast cells to metabolize glucose. Subsequent elution of the

captured yeast cells was performed by mechanical [50] or

temperature-induced [51] compression of the soft mono-

lithic cryogels.

Boronate AC makes use of the interaction of boronic

acids with cis-diol-containing compounds, such as sugars

Figure 5. Setup of a multidimensional LC
system for the integrated depletion of high-
abundant proteins with a subsequent fractiona-
tion and concentration of medium- and low-
abundant proteins (reproduced with permission
from [89], copyright 2009, Am. Chem. Soc.).
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Table 2. Applications of bioaffinity chromatography using monolithic supports

Ligand Analyte Monolithic support Ref.

Con A, WGA Glycoproteins Silica [102]

Con A Glycoproteinsa) GMA/EDMA [103]

Con A Yeast cells Cryogel [50, 51]

Carbohydrates Lectins HEMA/PDA/DATD [40, 96]

Sialyllactose, etc. Hemeagglutinin, influenza A virus GMA/EDMA [98]

Heparin Antithrombin III NAT/GMA/EDMA [97]

Boronic acid Nucleosides VPBA/EDMA [18]

Boronic acid Nucleosides m-Aminophenylboronic acid/

1,6-hexamethylenediamine/TEPIC

[39]

Boronic acid Glycoproteins VPBA/Bis [105]

Boronic acid Glycopeptides, glycoproteins APBA/EDMA [16]

Boronic acid Glycoproteins BSPBA/Bis [106]

Boronic acid Catecholamines VBPA/EDMA [107]

Streptavidin Biotinylated antibodiesb) GMA/EDMA [70]

Streptavidin Biotinylated aptamersb) GMA/TRIM [109, 110]

Avidin Biotinylated cytochrome c,

biotinylated peptides

GMA/EDMA [111]

Nucleotides Cytochrome c, thrombin GMA/TRIM [109, 110]

Nucleotides Polycations GMA/EDMA [114]

Peptide Plasmid DNA GMA/EDMA [115, 116]

MAH Plasmid DNA MAH cryogel [117]

BSA Naproxen GMA/EDMA [119]

HSA Carbamazepine, R-warfarin Silica [42]

HSA Warfarin, diazepam, etc. Silica [120]

HSA Chiral separation of amino acids GMA/EDMA [125]

HSA Chiral separation of amino acids and drugs Silica, GMA/EDMA [126]

a1-Acid glycoprotein Chiral separation of drugs Silica, GMA/EDMA [127]

Zr41 Phosphopeptides EGMP/Bis [133]

IDA-Ti41 Phosphopeptides Silica [134]

Fe31 Phosphopeptides Silica [135]

Ni21, Co21 His-tagged vectors GMA/EDMA, cryogel [136]

Cu21, Ni21 His-tagged E. coli IDA cryogel [50]

Cu21 Lysozyme IDA cryogel [137]

Cu21 His-tagged lactate dehydrogenase,

Microparticles

IDA cryogel [51]

IDA-Zn21, Ni21, Cu21 Serum proteins GMA/EDMA [89, 142]

Zn21, Ni21 BSA IDA cryogel [138]

Zn21 Lysozyme, DNA MAH cryogel [139, 140]

Cu21 Lectina) GMA/EDMA [103]

Ni21, Cu21 Immunoglobulin GMA/EDMA [141]

Cysteine Heavy metal ions MAC/HEMA [144]

Reactive Green Heavy metal ions Cryogel [145]

IDA, DTPA Heavy metal ions Cryogel [143]

IDA Cu21 Cryogel, agarose [67]

Fe3O4-nanoparticlesc) BSA Cryogel [146]

TiO2-nanoparticlesc) Phosphopeptides EDMA [43]

TiO2-, ZrO2-nanoparticlesc) Phosphopeptides DVB [147]

Hydroxyapatite-nanoparticlesc) Phosphoproteins, phosphopeptides HEMA/EDMA [57]

Au-nanoparticlesd) Cysteine peptides GMA/EDMA [56]

Cu21-sporopollenin particlesc) HSA Cryogel [148]

Antibiotic E. coli PGGE [153]

Benzensulfonamide, tacrolimus Carbonic anhydrase II, calcineurin A and B PEG-methacrylates [152]

Soybean trypsin inhibitor Trypsin-labeled particles GMA/EDMA [149, 150]

Antipyrine Penicillin acylase MAAP/EDMA [151]
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[104], and is therefore frequently used for the enrichment of

nucleosides [18, 39], glycopeptides, glycoproteins (Fig. 6)

[105, 106] and catecholamines [107]. The performance of

monolithic columns with phenylboronic acid derivates as

affinity ligands has been steadily improved [18, 39, 105].

Although the first affinity monolith was quite hydrophobic

[18], nonspecific adsorption was decreased by employing

hydrophilic monomers [39, 105]. The copolymerization of

the synergistic monomer 1,6-hexamethylenediamine or the

use of a sulfonylsubstituted phenylboronic acid with its

lower pKa value (7.0) allowed applying neutral pH values for

the capture of analytes in contrast to the usually basic

conditions, which might lead to decomposition of pH labile

compounds [39, 106].

4.2.2 Streptavidin–biotin and avidin–biotin

interaction

The streptavidin/avidin–biotin complex is highly popular for

the specific immobilization of biotinylated species due to its

high association constant (KA 5 1015 M�1) [108]. Streptavi-

din on monolithic supports has been successfully used for

the immobilization of biotinylated DNA aptamers, which

then allow a specific capturing of proteins [109, 110]

(Section 4.2.3) and an immobilization of antibodies (Section

4.1.1) [70]. Recently, MSPs with immobilized monomeric

avidin (KA 5 107 M�1 for the monomeric avidin–biotin

complex) were prepared and used to enrich biotinylated

cytochrome c and biotinylated cytochrome c peptides [111].

The monolithic columns showed better performance than

commercially available monomeric avidin particles.

4.2.3 Nucleotides and DNA

The interaction of DNA with polycations for gene delivery is

still a topic of great interest [112, 113]. Poly(rC)- and

poly(rA)-modified CIM discs have been used for studying

the interactions with synthetic polycations for a potential

application in gene therapy [114]. Also, DNA aptamers have

been used for the enrichment of proteins [109, 110]. With a

sandwich chromatographic assay, thrombin was analyzed in

diluted plasma solutions at concentrations as low as 10 nM.

Also, a 16-mer peptide that had been immobilized on a

monolithic column permitted the purification of supercoiled

plasmid DNA in a single step [115, 116]. Pseudoaffinity

chromatography for the purification of plasmid DNA was

performed with a monolithic cryogel with copolymerized N-

methacryloyl-(L)-histidine methylester [117].

4.2.4 Protein–drug interactions

Affinity-based methods allow to screen for new drug targets,

to evaluate drug candidates or to investigate drug effects

in vivo [118]. The interaction with naproxen and serum

proteins was characterized in respect to the binding

constant, temperature, and thermodynamic parameters

using monolithic CIM discs with immobilized BSA [119].

The interaction between the antiepileptic drug carbamaze-

pine and the anticoagulant R-warfarin with HSA that had

Table 2. Continued.

Ligand Analyte Monolithic support Ref.

Human lactoferrin Peptide displaying phages Cryogel [154]

Peptide displaying phages Human lactoferrin, von Willebrand factor Cryogel [53]

Peptide epitope IgM GMA/EDMA [155]

Cibracon Blue HSA Cryogel [156]

Cibracon Blue BSA Cryogel [67]

APBA, 3-Acrylamidophenylboronic acid; BSA, bovine serum albumin; BSPBA, 4-(3-butenylsulfonyl) phenylboronic acid; DATD, (1)-N,

N0-diallyltartardiamide; DTPA, diethylenetriamine-N,N,N’,N’’,N’’-pentaacetic acid; DVB, divinylbenzene; EGMP, ethylene glycol metha-

crylate phosphate; HSA, human serum albumin; MAAP, methacryloyl antipyrine; NAT, N-acryloyl-tris(hydroxymethyl)aminomethane;

PDA, piperazine diacrylamide; PGGE, polyglycerol-3-glycidyl ether; TEPIC, tris(2,3-epoxy-propyl)isocyanurate; TRIM, trimethylolpropane

trimethacrylate; VPBA, 4-vinylphenylboronic acid; WGA, wheat germ agglutinin.

a) Immobilized by IMAC.

b) Used for immobilization.

c) Embedded in MSP.

d) Bound to MSP.

Figure 6. Specific capture of glycoproteins using a boronate
affinity monolithic column. Nonglycosylated proteins were not
retained (reproduced with permission from [105], copyright
2009, Elsevier).
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been immobilized on silica monoliths and silica particles

was the topic of another report [42]. HSA immobilized onto

a silica monolith allowed the determination of dissociation

constants of drug–HSA complexes using peak decay

analysis [120]. Accurate results were obtained within 1 min

due to the high flow rates applicable with monolithic

columns.

4.2.5 Chiral separations

Separation of chiral compounds is highly challenging due to

the similar properties of enantiomers, but nevertheless,

chiral drug candidates have to be separated from each other

in order to get approval for a drug [121, 122]. Enantiomers

are easily recognized by chiral biomolecules, such as

carbohydrates or proteins [123, 124].

D-Amino acids were successfully separated from L-

amino acids by immobilized HSA on a monolithic support

[125]. The established method was subsequently used to

determine enzymatic parameters of D-amino acid oxidase,

which was incubated with a racemic mixture of tryptophan.

The separation of D-/L-tryptophan and R/S-warfarin was

used for comparing HSA affinity media that had been

prepared from monolithic silica, monolithic poly(GMA-co-

EDMA), and silica particles [126]. Best results were obtained

with the HSA silica monolith, whereas the methacrylate

monolith and the silica particles with immobilized HSA

yielded weaker results. Baseline separation of a racemic

mixture of ibuprofen was achieved within 13 min. Similar

results were obtained with a1-acid glycoprotein immobilized

on silica particles, monolithic silica, and poly(GMA-co-

EDMA) monolith [127]. R/S-Warfarin and R/S-propranolol

were used as test compounds, for which the enantiomers

could only be separated with the silica monolith.

4.2.6 Metal chelators

Phosphorylation of proteins plays a major role in cellular

signal trafficking and knowledge about phosphorylation

events is of outstanding importance for a deeper under-

standing of all cellular processes and for the discovery of

novel drug targets [128–130]. IMAC is the method of choice

for an enrichment of phosphopeptides and phosphoproteins

as it exploits the affinity of metal ions to phosphate groups.

IMAC is also commonly used for the purification of

recombinant His-tagged proteins [131, 132]. For IMAC,

monoliths need to be modified with a chelator that

complexes the metal ion for affinity capture of the desired

analyte. An overview of IMAC applications with MSPs is

summarized in Table 2.

For the enrichment of phosphopeptides monoliths with

immobilized Zr41 [133], Ti41 [134] and Fe31 ions [135] were

used, resulting in improved enrichment efficiencies

compared with particle-based enrichment methods [134].

His-tagged lentiviral vectors were captured using IDA-

modified monolithic cryogels and monolithic CIM discs

with Ni21 and Co21 ions as ligands [136]. Performance of

the CIM discs was superior compared with the cryogels in

respect to binding capacity, concentration efficiency, and

elution behavior. Capturing of His-tagged Escherichia coli
cells [50] and virus-like particles [51] by Cu21 and Ni21

cryogel monoliths was achieved without affecting the

viability of the bacteria. As described in Section 4.1, bound

bacteria and virus-like particles were eluted by mechanical

compression, which was also successful in eluting lysozyme

[137].

Interestingly, IMAC using monolithic cryogels was

successfully employed for the enrichment and purification

of BSA [138], lysozyme [139], DNA [140], and IgG [141].

High recovery rates and excellent enrichments efficiencies

were reported even from complex sample matrices. Poly-

(GMA-co-EDMA) monolithic IMAC columns were used for

online fractionation of proteins from serum samples, which

had been depleted of high-abundant proteins by immu-

noaffinity chromatography [89], and after pretreatment

using the peptide beads library technology (ProteoMinerTM)

[142].

Additionally, metal chelating monoliths have become

increasingly interesting for the removal of heavy metal ions

from aqueous solutions. In addition to the common chelator

IDA [67, 143], N-methacryloyl-(L)-cysteine methylester

(MAC) [144] and the dye Reactive Green HE-4BD [145] were

used for preparing MSPs for capturing metal ions. Heavy

metal ions were either removed in continuous mode by

passing the solution through the monolithic column [144] or

in batch mode by stirring monolithic cryogel discs, carriers

filled with monolithic cryogel or monolithic agarose in

solution [67, 143, 145].

Metal oxide nanoparticles embedded in monolithic

supports have also been used repeatedly, e.g., BSA

was enriched on Fe3O4 nanoparticles embedded in a

monolithic cryogel [146]. Pipet tips filled with TiO2 and

ZrO2 nanoparticles in monoliths [43, 147] as well as a

monolithic column with embedded hydroxyapatite nano-

particles [57] were used for the enrichment of phospho-

peptides (Fig. 7). Monolithic columns with surface-bound

gold nanoparticles were successfully applied for the

enrichment of cysteine (SH group)-containing peptides [56].

Recently, the preparation of a monolithic cryogel

with embedded Cu21-sporopollenin particles was reported

[148]. The resulting monolithic IMAC-column was

successfully employed for the adsorption of HSA from

human plasma.

4.2.7 Miscellaneous ligands

Last but not least, complexes between enzymes and their

inhibitors are one of the major systems targeted by AC.

Monolithic supports with immobilized soybean trypsin

inhibitor were used to capture virus-like particles that had

been modified with trypsin [149, 150]. Another report

described the purification of penicillin acylase from crude

extracts of Penicillium cultures by immobilized antipyrine

[151].
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The influence of the spacer length for immobilizing

benzenesulfonamide was investigated for the enrichment of

carbonic anhydrase II from rat brain lysate [152], resulting

in better results for the monolithic affinity medium

compared with commercial particles. The optimized

immobilization conditions were subsequently applied to the

enrichment of the tacrolimus-binding proteins calcineurin

A and calcineurin B.

Macroporous monoliths with immobilized polymyxin B

were successfully used to capture gram-negative bacteria

(Fig. 8) [153]. Although polymyxin B is cytotoxic, E. coli cells

were enriched without impairing their viability.

Cryogels with immobilized human lactoferrin allowed

identifying novel peptide ligands by peptide-displaying

phages [154]. Without elution, the captured phages were

used afterward for the infection of E. coli cells. Immobilized

peptide-displaying phages with a high affinity for human

lactoferrin and von-Willebrand factor were used to enrich

these two proteins from complex sample matrices [53].

Compared with a monolithic cryogel with an immobilized

antibody specific for von-Willebrand factor, enrichment

efficiency with the immobilized peptide-displaying phage

was superior. Immobilization of a peptide epitope onto

monolithic CIM discs enabled the quantification of IgM

from mammalian cell culture medium [155].

A monolithic cryogel with immobilized Cibracon Blue

F3GA was used for dye-AC of HSA [156], resulting in an

efficient depletion of HSA from human serum.

4.3 Molecularly imprinted monoliths

For molecular recognition, antibodies are the gold standard

due to the high selectivity and stability of the antibody–anti-

gen complexes. As the production of antibodies is a tedious

process [35], molecular imprinting has been developed as an

alternative strategy to recognize antigens because the

stationary phase itself possesses an affinity for the target

molecule [12]. Molecular imprinting relies on mixing the

target molecule (template) with a polymerization mixture of

monomers that are able to form a complex with the

template. During the polymerization process, a cavity is

formed containing the template molecule [17, 157]. After the

Figure 8. Scanning electron microscopy image of E. coli cells
captured by polymyxin B immobilized on an MSP (reproduced
with permission from [153], copyright 2009, Elsevier).

Figure 7. Tryptic digestion mixture of b-casein analyzed by
MALDI-MS (A) before and (B) after phosphopeptide enrichment
(reproduced with permission from [57], copyright 2010, Am.
Chem. Soc.). Phosphopeptides are marked with an asterisk.

Table 3. Applications of molecularly imprinted MSPs

Template Monolithic support Ref.

Bupivacaine TRIMa) [158]

Ciprofloxacin MAA/AAm/EDMA [159]

Norfloxacin HEMA/EDMA [160]

Metribuzin MAA/EDMA [161]

Protocatechuic acid AAm/TRIM [162]

Tosyl-L-Phe MAA/EDMA [163]

(1)-Nilvadipineb) 4-Vinylpyridine/EDMA [164]

S-(-)-Amlodipine MAA/EDMA [165]

17b-Estrodiol 4-Vinylpyridine/EDMAc) [55]

Bilirubin MAT/EDMAc) [54]

Fe31 MAC/HEMA/EDMA [166, 167]

Fe31 MAC-cryogel [168]

Ni21 MAH/HEMA [169]

Cytochrome c Methacrylamide/MAA/PDA [170]

BSA, lysozyme Silicad) [63]

MAT, N-methacryloyl-(L)-tyrosine methylester; PDA, piperazine

diacrylamide.

a) Grafted with MAA/EDMA.

b) N-Cbz-L-Trp as cotemplate.

c) Crushed monolith particles embedded in cryogel.

d) Grafted with AAm/Bis.

J. Sep. Sci. 2011, 34, 1958–19731968 J. Sproß and A. Sinz

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com



template has been removed from the polymer, the

molecularly imprinted phase (MIP) is used for enrichment

of the template molecule and structural analogues. An

overview of applications using molecularly imprinted

monoliths is summarized in Table 3.

Performance of MIPs with the local anesthetic bupiva-

caine that has either been prepared from a crushed mono-

lith, from grafted silica beads, from microparticles, or from

a grafted monolith was investigated recently [158]. Although

the imprinted microparticles prepared by precipitation

polymerization yielded low imprinting factors, the other

MIPs showed a significantly increased retention of the

template molecule. Optimum results were obtained for the

imprinted crushed monolith and the imprinted monolithic

column.

Preparation of MIPs was reported using ciprofloxacin

[159], norfloxacin [160], metribuzin [161], and proto-

catechuic acid (3,4-dihydroxybenzoic acid) [162] as

templates. The presence of both high- and low-affinity

binding sites for the template molecule ciprofloxacin was

determined by Scatchard analysis (Fig. 9) [159]. Structurally

related compounds eluted earlier than the template mole-

cules proving the high specificity of the molecularly

imprinted monoliths. This high specificity is also impress-

ively demonstrated by the separation of enantiomers using

Figure 9. Scatchard analysis of ciprofloxacin-imprinted MSP
(reproduced with permission from [160], copyright 2009,
Springer).

Figure 10. Separation of proteins and
BSA on (A) a nonimprinted silica
monolith and (B–F) a BSA-MIP mono-
lith; Lyz, lysozyme; BHb, bovine
hemoglobin; OB, ovalbumin (repro-
duced with permission from [63],
copyright 2009, Elsevier).
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monolithic MIPs. Using tosyl-L-Phe [163], (1)-nilvadipine

[164], and S-(–)-amlodipine [165] as templates, these

compounds were separated from their corresponding

enantiomers. In addition to modifying the polymerization

conditions by changing the porogens [163], adding a chiral

compound as cotemplate proved to be beneficial for both the

preparation of the monolithic MIP and the separation effi-

ciency [164].

The preparation and subsequent crushing of monolithic

MIPs and embedding the resulting particles into cryogels is

a strategy that was pursued by several groups. Such hybrid

materials were prepared using 17b-estrodiol [55] and bili-

rubin [54] as templates resulting in the enrichment of both

compounds from complex sample matrices.

Also, ion-imprinted MSPs using monomers with

chelating abilities have been prepared, such as a Fe31-

imprinted methacrylate monolith [166, 167], a Fe31-

imprinted monolithic cryogel [168], and a Ni21-imprinted

methacrylate monolith [169]. Due to its higher surface area,

the binding capacity of the ion-imprinted methacrylate

monolith was higher compared with the ion-imprinted

monolithic cryogel. Competitive adsorption of a solution

containing several metal ions showed a high selectivity for

the Ni21 template ion [169].

It should be noted that template molecules for MIPs are

usually small; yet, molecular imprinting of proteins on MSPs

has been successfully demonstrated for cytochrome c [170],

lysozyme, and BSA [63]. For the latter two proteins, a

monolithic silica skeleton was grafted in the presence of

lysozyme or BSA in order to obtain the imprinted stationary

phase. High imprinting factors were determined for both

templates resulting in the separation of these proteins from a

mixture – but only when using monolithic materials (Fig. 10).

5 Concluding remarks

The multitude of applications discussed herein demon-

strates that the field of AC using monolithic supports is still

growing. The advantages associated with monolithic mate-

rials are numerous: (i) Monoliths can be prepared in a

variety of sizes ranging from several centimeters down to

micrometers making them suitable for both preparative and

analytical needs. (ii) Monoliths are easily prepared in a

column format that allows their straightforward implemen-

tation into LC systems. Coupling of monolithic AC with

mass spectrometry further increases information about the

analyte. (iii) The availability of different monomers for

monolith preparation enables the creation of stationary

phases that are compatible with complex matrices, such as

blood or serum, with only minimal nonspecific adsorption.

‘‘Smart’’ monomers, as they are used for the preparation of

cryogels, allow the application of softer elution methods by

temperature-induced or mechanical compression. (iv) The

high mass transfer and the convective flow of monoliths

enable an intense interaction of analytes in the mobile

phase with immobilized ligands, thus increasing the

separation efficiency and/or shortening analysis times. A

comparison of monolithic with particle-based stationary

phases for AC separations shows a superior performance of

MSPs with lower nonspecific binding and therefore higher

analyte enrichment.

The most commonly used monolithic supports are

prepared from (meth)acrylates, and as such, GMA is

currently the most common functional monomer. Mono-

lithic discs prepared from EDMA and GMA are also

commercially available and are widely used for AC appli-

cations. For cryogels, AGE is the mainly used functional

monomer. In general, AC with inorganic silica monoliths

guarantees a higher enrichment efficiency than with organic

monoliths because of the higher surface area of silica

monoliths.

The ease of preparation of MSPs and the multitude of

functionalization techniques, which have matured during

the past years, make monoliths interesting for an ever

increasing number of analytical questions. The emergence

of applications of monolithic affinity media for the enrich-

ment and purification of large analytes, including cells and

bacteria, as well as an extension to alternative affinity

ligands, such as polynucleotides, indicate that the field is

immensely vital and makes us look forward to a multitude

of exciting applications in the near future.

J. S. is indebted to Aleš Svatoš and Alexandr Muck for the
introduction into monolithic supports.

The authors have declared no conflict of interest.
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Abstract A poly(glycidyl methacrylate-co-acrylamide-co-
ethylene dimethacrylate) monolith and a poly(glycidyl
methacrylate-co-ethylene dimethacrylate) monolith were
prepared in fused silica capillaries (100 μm ID) and modi-
fied with monomeric avidin using the glutaraldehyde tech-
nique. The biotin binding capacity of monolithic affinity
columns with immobilized monomeric avidin (MACMAs)
was determined by fluorescence spectroscopy using biotin
(5-fluorescein) conjugate, as well as biotin- and fluorescein-
labeled bovine serum albumin (BSA). The affinity columns
were able to bind 16.4 and 3.7 μmol biotin/mL, respectively.
Columns prepared using the poly(glycidyl methacrylate-co-
ethylene dimethacrylate) monolith retained 7.1 mg BSA/mL,
almost six times more than commercially available monomer-
ic avidin beads. Protocols based on MALDI-TOF mass spec-
trometry monitoring were optimized for the enrichment of
biotinylated proteins and peptides. A comparison of enrich-
ment efficiencies between MACMAs and commercially
available monomeric avidin beads yielded superior results
for our novel monolithic affinity columns. However, the af-
finitymedium presented in this work suffers from a significant
degree of nonspecific binding, which might hamper the analy-
sis of more complex mixtures. Further modifications of the
monolith’s surface are envisaged for the future development
of monoliths with improved enrichment characteristics.

Keywords Monolithic column . Affinity purification .

Avidin . Biotin . Protein identification

Abbreviations
AAm acrylamide
ACN acetonitrile
B-5F biotin (5-fluorescein) conjugate
EDMA ethylene dimethacrylate
FA formic acid
Gdm HCl guanidinium hydrochloride
GMA glycidyl methacrylate
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid
ID inner diameter
MACMA monolithic affinity column with immobilized

monomeric avidin
MALDI matrix-assisted laser desorption/ionization
MS mass spectrometry
MS/MS tandem mass spectrometry
NHS N-hydroxysuccinimide
OD outer diameter
TFA trifluoroacetic acid
Tris HCl tris(hydroxymethyl)aminomethane hydrochloride
TOF time-of-flight

Introduction

The exploitation of highly specific interactions between
biological compounds is the basis of all affinity chromato-
graphic techniques [1, 2]. The most commonly used systems
comprise interactions between antibodies and antigens [3, 4],
lectins and sugars [5, 6], and avidin and biotin [7, 8]. The high
stability and specificity of the avidin/biotin complex makes it
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one of the most popular systems for affinity purification
strategies [9, 10]. However, despite the extremely high asso-
ciation constant of 1015 M−1 for the avidin/biotin complex
being a distinct advantage for the purposes of affinity chro-
matography, this feature of the reaction can hamper the elution
of biotin or biotinylated species from avidin affinity matrices
under physiological conditions [11]. Several strategies have
been developed to reduce the binding affinity between avidin
and biotin with the aim of improving the release of bound
ligands. These strategies are mentioned only briefly herein, as
a large body of literature exists on this topic.

1. The association of biotin and monomeric avidin
(KA010

7 M−1) is significantly lower compared
with that of biotin and tetrameric avidin [7, 12].
Tetrameric avidin can be monomerized under dena-
turing conditions [e.g., 6 M guanidinium hydrochlo-
ride (Gdm HCl)], but prevention of spontaneous re-
association of monomeric avidin requires immobili-
zation of avidin prior to the monomerization process.

2. Chemical modification of the native avidin tetramer,
such as the oxidation of tryptophans or the nitration of
tyrosine in the biotin binding site of avidin (captavidin)
leads to a reduction in the affinity of the avidin/biotin
complex [11, 13].

3. Site-directed mutagenesis of avidin has also resulted in
engineered variants with lower affinity towards biotin
[14].

4. Biotin analogues, such as desthiobiotin or 2-iminobiotin,
have been developed and these exhibit lower affinities
towards avidin [15, 16].

In this work, we have combined the advantages of mo-
nomeric avidin with monolithic stationary phases. To date,
only particle-based materials have been reported as supports
for the immobilization of avidin and its subsequent mono-
merization [7, 17, 18]. Monoliths possess several advan-
tages over particulate chromatography systems, including a
fast mass transfer, high porosity, low back pressure at high
flow rates, a high loading capacity, and a straightforward
preparation in microfluidic devices [4, 19–22]. Monoliths
prepared from glycidyl methacrylate (GMA) and ethylene
dimethacrylate (EDMA) have proved popular for use in
affinity chromatography. In recent years poly(GMA-co-
EDMA) monoliths have proved most popular [2].

The influences of several factors that affect monolith
preparation have been intensively studied. Some of these
include polymerization temperature, the monomer content
of the polymerization mixture, as well as the effect of the
nature and amount of the porogenic solvent on the pore size
distribution. Other factors that have to be considered include
the surface area and amount of the immobilized ligand used
[4, 23–26]. Although a great variety of polymerization pro-
cesses have been developed over the years, the most

commonly employed techniques involve initiation of the re-
action process by heat or UV light [26]. One of the major
advantages of poly(GMA-co-EDMA) monoliths is the huge
variety of immobilization strategies that are available [1, 2].
Consequently, a specific monolithic matrix can be used for the
immobilization of different ligands without the need to opti-
mize the monolith for each particular application. Poly(GMA-
co-EDMA) monoliths have also been used as templates in
stationary phases using photografting to selectively modify
the monolith’s surface [27]. The variety of potential modifi-
cations has been significantly extended using this technique
[28]. However, more time-consuming procedures, such as the
glutaraldehyde technique, have also yielded reproducible
results [29].

In this work, we report for the first time the immobiliza-
tion and subsequent monomerization of avidin onto two
monolithic stationary phases. The biotin binding capacities
of the Monolithic Affinity Columns with immobilized Mo-
nomeric Avidin (MACMAs) described in this study were
determined by a newly developed assay using fluorescence
spectroscopy and the affinity columns were successfully
used to enrich biotinylated proteins and peptides. Compar-
ison of the MACMAs with commercially available mono-
meric avidin beads revealed a superior enrichment of
biotinylated species using the monolithic material.

Experimental

Materials and reagents

Fused silica capillaries (OD 360 μm, ID 100 μm) were
obtained from Ziemer Chromatographie (Mannheim,
Germany). Ethylene dimethacrylate (EDMA, 98%), γ-
methacryloxypropyl trimethoxysilane (98%), cyclohexanol
(99%), glutaraldehyde solution (50%), avidin (chicken egg
white), cytochrome c (horse heart), lysozyme (chicken egg
white), myoglobin (horse heart), tris(hydroxymethyl) ami-
nomethane hydrochloride (Tris HCl, 99%), sodium phos-
phate (monobasic and dibasic, 98+%), ammonium
bicarbonate (99%), ammonium acetate (98%), 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES, 99.5%),
dimethyl sulfoxide (DMSO, 99.5%), biotin (99%), biotin
(5-fluorescein) conjugate (B-5F, 96%), formic acid (FA,
mass spectrometry grade), α-cyano-4-hydroxycinnamic ac-
id (>98%), sodium azide, N-(5-fluoresceinyl)maleimide,
sinapinic acid, and 2,5-dihydroxybenzoic acid (gentisic ac-
id, 99+%) were purchased from Sigma (Taufkirchen, Ger-
many). Benzamidine hydrochloride (97%) was obtained
from Calbiochem (Darmstadt, Germany). Acrylamide
(AAm, 99.5%), glycidyl methacrylate (GMA, 97%), sodium
cyanoborohydride (>95%), α,α′-azobisisobutyronitrile
(AIBN, 98%), and 1-dodecanol (99.5%) were purchased
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from Fluka (Buchs, Switzerland). AIBN was purified by
recrystallization from ethanol. Ammonia solution (30–
33%) and guanidinium hydrochloride (Gdm HCl, 99%)
were from Roth (Karlsruhe, Germany). Trypsin gold
(mass spectrometry grade) was obtained from Promega
(Madison, WI, USA). Urea (99.5%), glycine (for CE),
trifluoroacetic acid (TFA, UvaSolv®), and acetonitrile
(ACN, LiChroSolv®) were from Merck (Darmstadt,
Germany). Potassium hydroxide (85%) was obtained
from Grüssing (Filsum, Germany). NHS-PEG4-biotin and
Monomeric Avidin UltraLink Resin were obtained from Pierce
Inc. (Rockford, IL, USA). Water was purified using a Milli-Q5
system (Millipore) and Amicon Ultra (0.5 mL, cutoff 10 kDa)
filtration units were fromMillipore (Schwalbach, Germany).
All mixtures are given in volume per volume unless spec-
ified otherwise.

Preparation of monolithic stationary phases

Fused silica capillaries were prepared according to previous
reports [29, 30]. The compositions of polymerization mix-
tures M-1 and M-2 were published elsewhere [5, 29, 31].
For monolith M-1, GMA 9 wt%, EDMA 15 wt%, AAm
6 wt%, cyclohexanol 59.5 wt%, and 1-dodecanol 10.5 wt%
and for monolith M-2 GMA 18 wt%, EDMA 12 wt%,
cyclohexanol 58.8 wt%, and 1-dodecanol 11.2 wt% were
mixed and sonicated for 15 min. Both mixtures contained
the initiator AIBN (1 wt% in respect to monomers). Three
batches consisting of three columns each were prepared
from mixtures M-1 and M-2. The solutions were manually
filled into the pretreated 30-cm-long capillaries using a
syringe. Both ends of the capillaries were sealed with silicon
rubber stoppers and the capillaries were heated in a water
bath for 16 h at 55 °C (M-1) or 50 °C (M-2). After poly-
merization was completed, each column was inspected un-
der a light microscope to evaluate the homogeneity of the
monolith. ACN was flushed through the monoliths to re-
move porogenic solvents and compounds that had not
reacted. A closer investigation of the monolithic support
was performed by scanning electron microscopy (SEM)
using a JEOL JSM-7401F scanning electron microscope
(JEOL, Tokyo, Japan).

Immobilization of avidin

All steps were performed at room temperature using glass
syringes from ILS (Stützerbach, Germany). A Fusion400 sy-
ringe pump from Chemyx (Stafford, TX, USA) was used to
deliver liquid through the capillaries. Avidin was immobilized
on the monolithic support according to an existing procedure
that was used with slight modifications [29]. The monolithic
columns were flushed overnight with 15% ammonia solution
containing 50% ACN. Excess ammonia was removed with

25% ACN solution (8 h), after which a 10% glutaraldehyde
solution in 25% ACN was pumped through the columns
overnight. The activated support was washed with water for
8 h before avidin (2.5 mg/mL) in 100 mM sodium phosphate
buffer (pH 7.0) was continuously flushed through the capillar-
ies overnight. Afterwards, the labile Schiff base and unreacted
aldehyde groups were reduced with 80 mM sodium borohy-
dride solution (6 h) (Fig. S2 Electronic Supplementary Mate-
rial). Monomeric avidin was prepared directly in the columns
by introducing a 6 M Gdm HCl solution containing 0.2 M
potassium chloride (pH 1.5) [18] for 66 h. Unbound avidin was
eluted from the matrix, whereas immobilized subunits
remained on the monolith. Excess Gdm HCl was removed
by flushing the columns with 0.1 M ammonium bicarbonate
solution. The capillaries were cut to a length of 6.5 cm (for
monolithM-1) or 20 cm (for monolithM-2). Irreversible biotin
binding sites were blocked by washing the columns with
0.4mMbiotin in 50mMTris HCl (pH 7.5). Reversible binding
sites were regenerated with elution buffer (50% ACN contain-
ing 0.4% FA). A glutaraldehyde column (monolith M-2) was
prepared without avidin to estimate the degree of nonspecific
binding. Columns were equilibrated with 50 mMTris HCl (pH
7.5) and stored in a buffer composed of 50 mM Tris HCl (pH
7.5) and 0.02% sodium azide at 4 °C until use.

Biotin and protein binding capacity

The biotin binding capacity of the MACMAs was determined
by fluorescence spectroscopy using B-5F. Additionally, pro-
tein binding capacity was evaluated using PEG4-biotinylated
and fluorescein-labeled bovine serum albumin (BSA, see
Electronic Supplementary Material). Briefly, MACMAs were
saturated with fluorescein-labeled sample, excess analyte was
removed by washing, and bound analyte was eluted with 50%
ACN containing 0.4% FA. The collected eluates were diluted
with 0.1 M Tris HCl (pH 8.0) and analyzed by using a MPF-
44 fluorescence spectrophotometer (PerkinElmer, MA, USA).
The fluorescence emission of fluorescein at 523 nm served to
calibrate the instrument and to calculate binding capacities
(Electronic Supplementary Material).

In-solution digestion of cytochrome c

A 30-μL aliquot of a 10 μM PEG4-biotinylated cytochrome c
solution (NHS-PEG4-biotin, 30 min reaction time; Electronic
Supplementary Material) was mixed with 60 μL of a 0.2 M
ammonium acetate solution. In-solution digestion was per-
formed by adding trypsin at an enzyme-to-substrate ratio of
1:60 (w/w) and incubating the mixture at 37 °C for 16 h. The
digestion was stopped by adding benzamidine to a final
concentration of 4 μM.
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Enrichment of biotinylated cytochrome c on MACMAs

Biotinylated cytochrome c solution (NHS-PEG4-biotin, 5 min
reaction time; Electronic Supplementary Material) was mixed
1:1 or 2:1 with unmodified cytochrome c solution giving a final
protein concentration of 5 μM in 0.1 M ammonium acetate. A
5-μL aliquot of the solution was loaded onto each MACMA at
a flow rate of 500 nL/min. To evaluate the optimum composi-
tion of the washing solution (22.5 μL) several conditions were
tested [0.1 M ammonium acetate (pH 7.0); 5% ACN (pH 3.0,
3.5, 4.0); pH 4.0 (12.5%ACN, 20%ACN, 40%ACN)]. Bound
cytochrome c was eluted with 50% ACN, 0.4% FA. Fractions
were collected for MALDI-TOF-MS analysis. Desalting of
samples prior to MS analysis was performed with C4-ZipTips
(Millipore) according to the manufacturer’s protocol. All
experiments were conducted in triplicate.

Enrichment of biotinylated cytochrome c peptides
on MACMAs

In-solution digestion mixtures of cytochrome (10 μL) were
loaded onto the MACMAs. Removal of nonspecifically
bound peptides was performed with 22.5 μL of a 0.1 M
ammonium acetate solution (pH 7.0, containing 0%, 10%,
15% or 20% ACN) or 5% ACN (pH 4.0). Bound peptides
were eluted with 50% ACN containing 0.4% FA. All steps
were performed at a flow rate of 500 nL/min. Fractions were
collected for MALDI-TOF-MS analysis and desalted with
C18-ZipTips (Millipore) using the manufacturer’s protocol
prior to MS analysis. Each experiment was performed in
triplicate.

Enrichment of biotinylated peptides using monomeric
avidin beads

Enrichment of PEG4-biotinylated cytochrome c peptides was
additionally performed using Monomeric Avidin UltraLink®
Resin (Pierce) using an established protocol with slight mod-
ifications [32]. First, the beads were successively washed with
0.1M sodium phosphate buffer (pH 7.5), 0.1M glycine buffer
(pH 2.8), 0.1 M sodium phosphate buffer (pH 7.5), 2 mM
biotin in 0.1 M sodium phosphate buffer (pH 7.5), 0.1 M
glycine buffer (pH 2.8), 15% ACN containing 0.1 M ammo-
nium acetate (pH 7.0), and 0.1 M sodium phosphate buffer
(pH 7.5). To 14 μL of beads, 14 μL of water and 10 μL of
PEG4-biotin-labeled cytochrome c from the in-solution diges-
tion mixture were added and the mixtures were incubated for
3 h at room temperature in the dark. The supernatant was
collected and the beads were washed three times with 25 μL
0.1M sodium phosphate buffer (pH 7.5). The beads were then
washed twice with 25 μL 0.1 M ammonium acetate (pH 7.0)
or 25 μL 15%ACN containing 0.1 M ammonium acetate (pH
7.0). Bound peptides were eluted by adding 25 μL of 50%

ACN containing 0.4% FA twice. The supernatant, sodium
phosphate buffer fractions, and ACN/ammonium acetate frac-
tions were desalted using C18-ZipTips (Millipore) and all
fractions were analyzed by MALDI-TOF/TOF-MS/MS.

Mass spectrometry

MALDI-TOF-MS and MALDI-TOF/TOF-MS/MS analyses
were performed with an Ultraflex III MALDI mass spectrom-
eter equipped with a 200 Hz SmartBeam™ laser (Bruker
Daltonik, Bremen, Germany). MALDI-TOF-MS analyses of
intact biotinylated cytochrome c were performed in the linear
and positive ionization mode. Samples were mixed with 2 μL
of matrix solution (50 mg/mL 2,5-dihydroxybenzoic acid in
50% ACN containing 0.1% TFA) and spotted onto a polished
stainless steel target (384 spots, Bruker Daltonik). A total of
4,000 laser shots in the m/z range 5,000–30,000 were accu-
mulated into one mass spectrum.Mass spectra of labeled BSA
were recorded in the m/z range 10,000–100,000 (4,000 shots)
using sinapinic acid as matrix (saturated solution in 50%ACN
containing 0.1% TFA). External calibration of mass spectra
was performed using a mixture of cytochrome c and myoglo-
bin or Protein Calibration Standard II (Bruker Daltonik). Bio-
tinylated cytochrome c peptides were analyzed in the positive
ionization and reflectron mode. Samples were mixed with
2 μL of matrix solution (0.7 mg/mL α-cyano-4-hydroxycin-
namic acid in 95% ACN containing 0.1% TFA, 1 mM
NH4H2PO4). Mixtures were spotted onto a 384 MTP
800 μm AnchorChip™ target (Bruker Daltonik). MALDI-
TOF-MS analyses were performed by accumulating 2,000
laser shots in the range m/z 700–5,500 into one mass spec-
trum. Mass spectra were externally calibrated using Peptide
Calibration Standard II (Bruker Daltonik). Precursor ion se-
lection for laser-induced fragmentation (MS/MS) was per-
formed manually. Data acquisition and data processing were
manually performed with FlexControl 3.3 and FlexAnalysis
3.3 software (both Bruker Daltonik).

Protein identification

Analysis of peptide mass fingerprints was conducted with
BioTools 3.2 (Bruker Daltonik) using the Mascot software
and the Swissprot database (www.expasy.ch). A mass devi-
ation of 50 ppm was allowed for MS data. For database
searches of digested cytochrome c, hememodification (formal
charge of +1, formula C34H31N4O4Fe, mass 615.1694) and
PEG4-biotinylation (formula C21H35N3O7S, mass 473.2196)
were included as modifications.

Enrichment of biotinylated species

Five cytochrome c peptides (Table 1) were chosen for the
evaluation of the enrichment performance of the MACMAs.
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The unmodified cytochrome c peptide TGPNLHGLFGR
(m/z 1,168.622, amino acids 28–38) was used as the reference
peptide as it was present in all fractions under investigation.
The most abundant biotinylated cytochrome c peptide (m/z
1,906.996, aa 26–38) resulted from a missed tryptic cleavage
at biotinylated Lys-28. The chromatographic behavior of both
peptides (aa 26–38 and 28–38) should be comparable during
the enrichment steps on the MACMAs. Signal-to-noise ratios
of six unmodified and ten biotinylated cytochrome c peptides
[PEG4-biotin and oxidized PEG4-biotin (confirmed by MS/
MS, Fig. S4 Electronic Supplementary Material)] were man-
ually extracted from the mass spectra. Peptides labeled with
PEG4-biotin and oxidized PEG4-biotin were treated as single
species and their S/N values were added. All peptide signal
intensities were normalized to the intensity of the reference
peptide at m/z 1,168.622. The arithmetic mean and standard
deviations were calculated from the average normalized in-
tensities obtained from triplicate measurements.

Results and discussion

Preparation of MACMAs

Polymerization mixtures optimized by Duan et al. (designated
as M-1) [29, 31] and Okanda et al. (designated as M-2) [5]
were used for the preparation of MACMAs. M-1 was chosen
on the basis of our experience using this monolith in a

previous investigation [29], whereas M-2 was chosen because
of the absence of nonspecific interactions as reported by
Okanda et al. [5] GMA was incorporated into the monoliths
to facilitate avidin immobilization. Monolith M-1 contained
AAm, which is copolymerized to yield a more hydrophilic
surface. This should lead to a better affinity chromatographic
performance due to a lower amount of nonspecifically bound
analytes. SEM images of both monoliths showed comparable
morphologies (Fig. S1 Electronic Supplementary Material).
The monoliths are anchored to the inner wall of the fused
silica capillary, showing microglobules of similar sizes. The
MACMAs (ID 100 μm) can be operated at the high salt
concentrations required for monomerization of native tetra-
meric avidin. A flow rate of 500 nL/min was chosen for the
experiments. This was a compromise between performing a
fast analysis and allowing sufficiently long contact times of
the analytes with the stationary phase; however, it should be
noted that higher flow rates are possible.

Immobilization of proteins on GMA-based monoliths
makes use of the reactivity of the oxirane ring (Fig. S2
Electronic Supplementary Material). Several strategies tak-
ing advantage of this reactivity have been developed, in-
cluding the direct attachment of the protein via the amine
group (created by ring-opening of the epoxide), as well as
time-consuming multistep procedures [1, 2, 33–35]. The
glutaraldehyde technique used here belongs to the latter
group of strategies. Nevertheless, compared with single-
step strategies, larger protein amounts can be immobilized

Table 1 Cytochrome c peptides and their corresponding biotinylated
species selected for the evaluation of enrichment

m/z Amino acid number Amino acid sequence

1,168.622 28–38 TGPNLHGLFGR

1,433.776 26–38 HKTGPNLHGLFGR

1,906.996 HKTGPNLHGLFGR

1,922.991 HKTGPNLHGLFGR

1,598.781 39–53 KTGQAPGFTYTDANK

2,072.000 KTGQAPGFTYTDANK

2,087.995 KTGQAPGFTYTDANK

1,735.011 86–99 KKTEREDLIAYLKK

2,208.231 87–100 KKTEREDLIAYLKK

2,224.226 KKTEREDLIAYLKK

1,606.916 87–99 KTEREDLIAYLKK

2,080.136 88–100 KTEREDLIAYLKK

2,096.131 KTEREDLIAYLKK

1,478.821 88–99 TEREDLIAYLKK

1,952.041 89–100 TEREDLIAYLKK

1,968.036 TEREDLIAYLKK

Amino acid sequences were confirmed by MS/MS. Lysine residues
that are most likely to be modified with PEG4-biotin are highlighted in
bold italics

Table 2 Intra- and interbatch reproducibility of the biotin binding
capacity for the MACMAs prepared from mixtures M-1 and M-2

M-1 M-2

cn (pmol/cm) RSD (%) cn (pmol/cm) RSD (%)

Batch 1 364 3.6 92 10.8

Batch 2 386 8.7 79 9.5

Batch 3 408 7.1 86 9.6

Interbatch 386 4.6 86 6.1

Each batch comprised 3 columns; B-5F binding was repeated 3 times;
fluorescence measurements were performed 5 times

Table 3 Intra- and interbatch reproducibility of the protein binding
capacities for MACMAs prepared from mixture M-2

cn (pmol/column) RSD (%)

M-2 batch 4 43.2 15.2

M-2 batch 5 54.4 9.4

M-2 interbatch 48.8 13.4

Glutaraldehyde 26.9 6.2

Each batch comprised 3 columns. Nonspecific binding was determined
using a column (glutaraldehyde modification without avidin) prepared
from mixture M-2. All experiments were performed in triplicate
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on the monolith and the activity of immobilized enzymes is
higher, probably due to better accessibility of the active site
because of the glutaraldehyde spacer [35, 36]. During the
monomerization of avidin the presence of reducing agents
such as mercaptoethanol had to be avoided because of
avidin’s disulfide bridge (Cys4–Cys83), which is essential
for the correct refolding of the avidin monomer after Gdm
HCl has been removed [12].

Binding capacity of MACMAs

The reproducibility of the preparation process was investi-
gated on the basis of the biotin binding capacities of the
MACMAs using the fluorescent compound B-5F. The

MACMAs were saturated with B-5F and nonspecifically
bound dye was removed by washing steps with 2.5%
ACN (pH 3.5). Bound B-5F was eluted with 50% ACN
containing 0.4% FA and the eluate was collected for fluo-
rescence spectroscopy. MACMAs prepared from mixture
M-1 were expected to have a lower biotin binding capacity
compared with MACMAs prepared from mixture M-2 be-
cause of the lower amount of GMA in mixture M-1.

MACMAs prepared from mixture M-2 had biotin binding
capacities of 79–92 pmol per cm column length [pmol/cm;
intrabatch, relative standard deviation (RSD) 9.5–10.8%] with
an average binding capacity of 86 pmol/cm (interbatch, RSD
6.1%, Table 2). The 20 cm MACMA retained a total of
1.7 nmol of biotin. Surprisingly, the biotin binding capacities
of the MACMAs prepared from mixture M-1 were signifi-
cantly higher, although the GMA content of mixture M-1 was
lower than that of mixtureM-2. Biotin binding capacities were
determined to be 364–408 pmol/cm (intrabatch, RSD 3.6–
8.7%), corresponding to an average binding capacity of
386 pmol/cm (interbatch, RSD 4.6%, Table 2). Although
MACMAs obtained from mixture M-1 were only 6.5 cm in
length, they retained 2.5 nmol of biotin. We assume that the
amide group of the acrylamide in mixture M-1 also reacted
with glutaraldehyde during the immobilization procedure and
thus served as an additional attachment site next to the amine
groups that were created by aminolysis of the oxirane rings.
Recent experiments conducted by Duan et al. indicated that
acrylamide might participate in the reaction with glutaralde-
hyde, thereby resulting in additional anchor sites for the
immobilized protein [31]. As early as 1933 Noyes and For-
man described the reaction of aldehydes with acetamide prov-
ing that a reaction between glutaraldehyde and acrylamide
might be possible [37]. A better accessibility or even a pref-
erential location of epoxy groups on the surface of the AAm-
containing monolithic material M-1 might also be possible,
but in our opinion the increase of the biotin binding capacity
of MACMAs prepared from mixture M-1 cannot be solely
explained by this mechanism. However, this problem should
be investigated in the future in more detail.

In summary, MACMAs prepared frommixture M-2 bound
approximately 3.7 μmol biotin/mL, whereas MACMAS pre-
pared from mixture M-1 bound approximately 16.4 μmol
biotin/mL. Biotin binding capacities of particle-based affinity
materials have been reported to be significantly lower
(4 nmol/mL [17] and 5.3 nmol/mL [18]). Estimating the
binding capacities for biotinylated proteins is clearly more
challenging. MACMAs prepared from mixture M-2 were
saturated with BSA that had been doubly labeled with fluo-
rescein and biotin. Nonspecifically bound BSAwas removed
by extensive washing with 10% ACN containing 0.1 M am-
monium acetate (pH 7.0) and bound BSA was eluted with a
mixture of 50%ACN containing 0.4% FA. Fluorescence spec-
troscopy revealed a reversible binding capacity of 48.8 pmol
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BSA per column (RSD 13.4%, Table 3) corresponding to
approximately 7.1 mg BSA/mL. This is almost six times
higher than the binding capacity of 1.2 mg biotinylated
BSA/mL resin provided for commercially available Mono-
meric Avidin UltraLink® Resin (Pierce). These agarose par-
ticles have a size ranging from 50–80 μm and a surface area
greater than 250 m2/g. Unfortunately, comparable data are not
available for the monoliths used in this study; however, the
surface area of monoliths prepared from similar mixtures
range between 10 and 120 m2/g and median pore diameters
of approximately 900 nm have been reported [4, 23, 38]. The
ligand density on the surface of the monolith is therefore
higher compared with that on particles.

The protein binding capacity was also determined for a
MACMA with the glutaraldehyde modification because
poly(GMA-co-EDMA) monoliths are known to be suscep-
tible to nonspecific binding [27]. The contribution of non-
specific binding was found to be up to 55% (Table 3) and
pretreatment of the columns with BSA did not significantly
reduce the amount of nonspecific binding. It is important to
note, however, that comparable data are not available for the
commercial UltraLink® Resin.

Enrichment of biotinylated cytochrome c

Unmodified cytochrome c was mixed with singly and
doubly PEG4-biotinylated cytochrome c and applied to
the MACMAs (Fig. 1A). The flow-through contained only
unmodified cytochrome c (Fig. 1B). Different conditions
were evaluated for the washing procedure including chang-
ing the pH or the amount of ACN in the solution. Elution
fractions that were obtained after washing the columns at
pH<4.0 showed no, or only low-intensity, signals of bio-
tinylated protein (data not shown). The use of more than
5% acetonitrile in the washing solution hampered the re-
covery of biotinylated cytochrome c. Optimum results
were obtained by washing the MACMAs with 5% ACN
(pH 4.0) or 0.1 M ammonium acetate (pH 7.0). Elution
fractions were not completely depleted of unmodified pro-
tein, yet signals of singly and doubly PEG4-biotinylated
cytochrome c were clearly visible in MALDI-TOF mass
spectra (Fig. 1C).

The enrichment of biotinylated species was also influ-
enced by the chemistry of the monolithic support. Although
monoliths prepared from mixture M-1 should be more hy-
drophilic due to the presence of AAm in the polymerization
mixture (Table 1), the recovery of biotinylated cytochrome c
was lower compared with that of monoliths M-2. Therefore,
MACMAs prepared from polymerization mixture M-1 were
excluded from further experiments. MALDI-TOF mass
spectra showed shifts towards higher m/z values for both
biotinylated and unmodified cytochrome c, which corre-
sponded to the presence of oxidation products, probably

originating from auto-oxidation induced by the heme group
in cytochrome c. This hypothesis is supported by the obser-
vation that no formation of oxidation products was observed
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for hen egg lysozyme, whereas the heme-containing protein
myoglobin was also oxidized when passed through the
MACMA (Fig. S3 Electronic Supplementary Material).

Enrichment of biotinylated cytochrome c peptides

PEG4-biotinylated cytochrome c digested in solution
(Fig. S4 Electronic Supplementary Material) was subjected
to MACMAs from mixture M-2 in order to optimize the
washing procedure with the aim of minimizing nonspecific
binding of peptides. Signals due to unmodified cytochrome
c peptides were observed in MALDI-TOF mass spectra
from all fractions, and were most abundant in the flow-
through and washing fractions (Fig. 2). The complete de-
pletion of non-biotinylated peptides was not possible. In

particular, hydrophobic cytochrome c peptides were present
in all fractions of the affinity purification. Nevertheless,
biotinylated cytochrome c peptides were highly abundant
in the elution fractions and only rarely identified in
mass spectra of flow-through and washing fractions
(Fig. 3A).

The results obtained for the five most abundant cyto-
chrome c peptides provide a more detailed view of the
enrichment efficiencies of the MACMAs (Fig. 3 and Elec-
tronic Supplementary Material Figs. S6-1 to 3). Before the
affinity enrichment, ratios of unmodified/biotinylated pep-
tides ranged between 2:1 and 1:2 (Fig. 3A). In the flow-
through and washing fractions unmodified cytochrome c
peptides were abundant, whereas biotinylated peptides were
present as only minor species. In the elution fraction, the
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peptides before affinity chromatography. B–F Enrichment performance
of five biotinylated cytochrome c peptides on a MACMA (mixture M-
2) under different washing conditions: B 0.1 M ammonium acetate, pH
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ratios of unmodified/biotinylated peptides exceeded 1:4. It
should be noted that in most cases the complete depletion of

their unmodified counterparts was successful. Increasing the
ACN content in the washing solution from 5 to 15% yielded
higher signal intensities for biotinylated peptides, whereas
ACN contents greater than 15%, together with acidic pH
values, led to the elution of biotinylated peptides in the
washing steps. Optimum results were obtained by washing
the MACMAs with 15% ACN containing 0.1 M ammonium
acetate (pH 7.0, Fig. 3D).

The main cause of the rather high degree of nonspecific
binding observed in this study was probably due to the high
degree of hydrophobic interactions of the analytes with the
monolithic support. The higher the amount of organic mod-
ifier in the elution buffer, the lower the specific enrichment
of biotinylated species. A more hydrophilic monolithic sur-
face would potentially result in less nonspecific binding and
increase the performance of the affinity column. Modifica-
tion of the monolith’s surface, e.g., by photografting with
poly(ethylene glycol) methacrylate, or preparing the mono-
lithic support with hydrophilic monomers is envisaged for
the future development of monoliths with improved enrich-
ment characteristics [27, 39].
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Comparison of MACMAs with monomeric avidin beads

The affinity enrichment performance of the MACMAs is
superior compared with that of commercially available mo-
nomeric avidin beads. Mass spectra of the flow-through
(supernatant), washing, and elution fractions from mono-
meric avidin beads contained both unmodified and biotiny-
lated peptides (Fig. 4). It should be noted that although the
agarose beads are more hydrophilic than the monolithic
support they also showed a rather high degree of nonspecific
binding. Ratios of unmodified/biotinylated peptides never
exceed the values obtained for the untreated in-solution
digestion mixture (Fig. 5). Despite the blocking of residual
trypsin with benzamidine after in-solution digestion, signals
of avidin peptides were still detected. When using the
MACMAs, we found that the intensities of the avidin sig-
nals were rather low and mass spectra were dominated by
signals of biotinylated and unmodified cytochrome c pep-
tides (Fig. 2B–D). On the other hand, mass spectra from all
fractions of the affinity enrichment using monomeric avidin
beads were dominated by tryptic avidin peptides (Fig. 4).
This indicates that either trypsin or the tryptic avidin pep-
tides were nonspecifically retained on the beads causing the
appearance of avidin peptides in all fractions. Most of these
peptides originated from the C-terminal 28 amino acids of
avidin, with the majority of peptides from the C-terminal 17
amino acids. This drastically impairs the enrichment perfor-
mance of monomeric avidin beads, as well as compromising
their reuse due to a potential loss of biotin binding after
proteolysis of avidin. Therefore, the lifetime of monomeric
avidin beads (10 cycles according to the manufacturer) can
be considered much lower compared with that of the MAC-
MAs, which were operated for more than 1 year during this
study.

Conclusions

The MACMAs described herein have proven to be highly
efficient for enriching biotinylated proteins and peptides.
The combination of monomeric avidin and monolithic col-
umns allows for a higher biotin binding capacity and a better
enrichment of biotinylated compounds compared with com-
mercially available particle-based affinity media. An inter-
action time of 132 s was shown to be sufficient for the
complete attachment of biotinylated tryptic cytochrome c
peptides using the MACMAs, whereas for commercially
available particle-based monomeric avidin beads, biotiny-
lated peptides were still present in the supernatant after an
incubation time of 3 h. This can be explained by the fast
mass transfer of the monolithic material, a distinctive feature
of monolithic stationary phases and a consequence of the
convective flow within monolithic supports, thus enabling

an efficient interaction of immobilized monomeric avidin
and biotinylated species in the mobile phase. The stability of
monomeric avidin on a monolithic support is enhanced
compared with particle-based monomeric avidin beads,
from which the avidin peptides were eluted. However, the
affinity medium presented in this work suffers from a sig-
nificant degree of nonspecific binding, which might hamper
the analysis of more complex samples. Further modifica-
tions of the monolith’s surface are envisaged to allow the
further development of monoliths with improved enrich-
ment characteristics.
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Abstract Multidimensional high-performance liquid chroma-
tography (HPLC) is a key method in shotgun proteomics
approaches for analyzing highly complex protein mixtures by
complementary chromatographic separation principles. Here,
we describe an integrated 3D-nano-HPLC/nano-electrospray
ionization quadrupole time-of-flight mass spectrometry sys-
tem that allows an enzymatic digestion of proteins followed
by an enrichment and subsequent separation of the created
peptide mixtures. The online 3D-nano-HPLC system
is composed of a monolithic trypsin reactor in the first dimen-
sion, a monolithic affinity column with immobilized mono-
meric avidin in the second dimension, and a reversed phase
C18 HPLC-Chip in the third dimension that is coupled to a
nano-ESI-Q-TOF mass spectrometer. The 3D-LC/MS setup

is exemplified for the identification of biotinylated proteins
from a simple protein mixture. Additionally, we describe an
online 2D-nano-HPLC/nano-ESI-LTQ-Orbitrap-MS/MS set-
up for the enrichment, separation, and identification of
cross-linked, biotinylated species from chemical cross-
linking of cytochrome c and a calmodulin/peptide complex
using a novel trifunctional cross-linker with two amine-
reactive groups and a biotin label.

Keywords Affinity enrichment . Avidin . Biotin .

Monolithic column . Multidimensional HPLC . Protein
identification
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Introduction

Mass spectrometry-based identification of proteins is usual-
ly performed in a “bottom-up” fashion relying on an enzy-
matic digestion of proteins, followed by reversed-phase
(RP) chromatographic separation of the peptides, tandem
mass spectrometric analysis, and database searching. How-
ever, complex biological samples as they are analyzed in
proteomics require more potent separation techniques,
namely, chromatographic techniques possessing high peak
capacities [1–3]. One-dimensional RP-high-performance
liquid chromatography (HPLC) approaches exhibit only
limited peak capacities, whereas coupling of two columns
with complementary separation principles leads to a dramatic
increase in peak capacities [4, 5]. Ion exchange chromatog-
raphy relies on a separation of peptides based on their
charge and is therefore often used as first dimension for
multidimensional HPLC separation in shotgun proteomics
approaches [5, 6]. Also, the combination of hydrophilic
interaction chromatography with RP-LC [7, 8] as well as
the coupling of two RP separations, which are operated at
different pH values [9, 10], have proven beneficial for
analyzing protein mixtures. In case affinity chromatography
is used as the first dimension, specific peptides can be
targeted [11]: immobilized metal ion affinity chromatogra-
phy is routinely used for the enrichment of phosphopeptides
[12–14], immobilized lectins or boronate groups target gly-
coproteins and glycopeptides [15, 16], antibodies recognize
specific antigens [17, 18], and (strept-)avidin is used for the
enrichment of biotinylated species [19, 20].

As the enzymatic digestion step in “bottom-up” protein
analysis is prone to introduce contaminations by manual
sample handling, it is favorable to automatize the digestion
procedure. Excellent results have been obtained by utilizing
immobilized proteases, such as trypsin, chymotrypsin, and
pronase in online digestion reactors [21–23]. Additional
advantages of these enzyme reactors are the reduction of
digestion times due to an increased enzymatic activity and a
higher localized concentration of the immobilized enzyme
as well as a direct transfer of peptides onto the separation
column, thereby minimizing potential sample loss.

In functional proteomics studies, specific interactions of
proteins with their binding partners, such as proteins, fatty
acids, or nucleic acids, are investigated with the aim to
elucidate biochemical pathways in the cell. An emerging
strategy for studying protein assemblies is chemical cross-
linking of interacting proteins followed by a mass spectro-
metric analysis of the created reaction products [24]. The
proteins are cross-linked to their binding partners by chem-
ical reagents that connect amino acid side chains within a
defined distance before the cross-linked proteins are enzy-
matically digested and the cross-linked products are ana-
lyzed by LC/MS/MS. The cross-linker acts as a kind of

molecular ruler as the bridged distance is defined by the
spacer length of the reagent [25]. In order to increase the
amount of structural information from one cross-linking
experiment, enrichment of cross-linked species has been
performed by strong cation exchange chromatography [2, 3].
The use of trifunctional cross-linkers with an additional biotin
moiety is another strategy to specifically enrich cross-linked
species [26, 27]. In case biotinylated cross-linkers are used,
monolithic affinity columns with immobilized monomeric
avidin (MACMAs) have proven highly efficient for a rapid
and efficient enrichment of cross-linked products [20].

In this paper, we describe a fully automated online 3D-
nano-HPLC system coupled to nano-electrospray ionization
quadrupole time-of-flight mass spectrometry (ESI-Q-TOF-
MS) for an integrated tryptic digestion of proteins, an affin-
ity enrichment of biotinylated peptides with monomeric
avidin, peptide separation by RP-HPLC, and their subse-
quent identification by MS/MS. The digestion and affinity
chromatography steps rely on the use of monolithic material.
Biotinylated cytochrome c peptides were successfully identi-
fied from a simple protein mixture. Additionally, we estab-
lished an online 2D-nano-HPLC/nano-ESI-LTQ-Orbitrap-MS/
MS system composed of a monolithic monomeric avidin col-
umn as first dimension and a RP column as second dimension.
A novel trifunctional cross-linker containing two amine-
reactive N-hydroxysuccinimide (NHS) esters and a biotin
group was used to cross-link cytochrome c and a calmodulin
(CaM)/skeletal muscle myosin light chain kinase target peptide
(skMLCK) complex. After an in-solution digestion, the created
cross-linked products were readily enriched on the monomeric
avidin column and identified by MS/MS.

Experimental section

Materials and reagents Cytochrome c (horse heart), lyso-
zyme (chicken egg white), myoglobin (horse heart), β-
lactoglobulin (bovine milk), bovine serum albumin (BSA),
tris(hydroxymethyl) aminomethane hydrochloride (Tris–HCl,
99 %), ammonium bicarbonate (99 %), ammonium acetate
(99 %), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; 99.5%), calcium chloride (99%), dimethyl sulfoxide
(DMSO; 99.5 %), formic acid (FA; mass spectrometry grade),
2,2,2-trifluorethanol, and 2,5-dihydroxy benzoic acid (gentisic
acid, 99+%) were purchased from Sigma (Taufkirchen,
Germany). Bovine CaM and benzamidine hydrochloride
(97 %) were obtained from Calbiochem (Darmstadt,
Germany). Trypsin gold (mass spectrometry grade) was
obtained from Promega (Madison, WI, USA). Urea (99.5 %),
and trifluoroacetic acid (TFA, UvaSolv®) were from Merck
(Darmstadt, Germany). Acetonitrile (ACN, LiChroSolv® and
for Mass Spectrometry) was obtained from Merck and JT
Baker. NHS-PEG4-biotin was obtained from ThermoFisher
Scientific (Rockford, Il, USA). Water was purified using a
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Milli-Q5 system (Millipore) and Amicon Ultra (0.5 mL, cut-
off 10 kDa) filtration units were from Millipore (Schwalbach,
Germany). The trifunctional cross-linker PEG4-biotin-(NHS)2
was synthesized in-house (Electronic Supplementary Material).
The skMLCK peptide was synthesized by Dr. O. Jahn,
Göttingen, Germany. All mixtures are given in v/v unless
specified otherwise.

Preparation of the monolithic trypsin reactor and monolithic
avidin affinity column Preparation of the immobilized mono-
lithic enzyme reactor (IMER) [21] and the MACMA [20]
was performed as described previously. Columns were
stored in 50 mM Tris–HCl (pH 7.5), 0.02 % sodium azide
at 4 °C before use.

Synthesis of the trifunctional cross-linker PEG4-biotin-
(NHS)2 For detailed information on the synthesis of PEG4-
biotin-(NHS)2 please refer to the Electronic supplementary
material (ESM). The building blocks methyl 4-aminobutyrate
hydrochloride and methyl 4-isocyanobutanoate were syn-
thesized from γ-aminobutyric acid. The backbone of the
cross-linker was subsequently synthesized in a one-pot
four-component reaction with the additional building
blocks i-butyraldehyde and 15-[D(+)-biotinylamino]-4,7,10,13-
tetraoxapentadecanoic acid in the presence of triethylamine.
Deprotection of carboxylic acid groups and coupling with
NHS yielded PEG4-biotin-(NHS)2 (Fig. 1) with an overall
yield of 20 %.

Biotinylation and cross-linking of cytochrome c and a CaM/
skMLCK peptide complex The biotinylation of cytochrome
c was performed as reported previously with a reaction time
of 5 min [20]. Cross-linking of cytochrome c and a CaM/
skMLCK peptide complex was performed with the trifunc-
tional cross-linker PEG4-biotin-(NHS)2. To a solution of
cytochrome c (10 μM) or a solution containing CaM

(10 μM), skMLCK peptide (10 μM), and 1 mM CaCl2
(preincubated for 30 min), both in 20 mM HEPES
(pH 7.5), a 60-fold molar excess of PEG4-biotin-(NHS)2
(Fig. 1) in DMSO was added to give a total volume of
300 μL; 100-μL aliquots were taken after 15, 30, and
60 min, and the cross-linking reactions were terminated by
adding ammonium bicarbonate to a final concentration of
20 mM. Excess NHS-PEG4-biotin or PEG4-biotin-(NHS)2
was removed by Amicon Ultra filtration units (cut-off 10 kDa)
according to the manufacturer’s protocol (Millipore). Cross-
linking reactions were monitored by MALDI-TOF-MS
(Ultraflex III, Bruker Daltonik, Bremen) (Fig. 2) using 2,5-
dihydroxy benzoic acid asmatrix and the previously described
parameters [20].

Sample preparation for 3D-nano-HPLC/nano-ESI-Q-TOF-
MS/MS The concentration of biotinylated cytochrome c was
adjusted to 2 μM for experiments where only cytochrome c
was present. In the protein mixture concentration of BSA,
lysozyme and b-lactoglobulin was 2 μM, whereas biotiny-
lated cytochrome c had a concentration of 1 μM. Both
mixtures contained 2 M urea, 10 % ACN, and 0.1 M
NH4HCO3 to achieve optimal digestion performance.

In-solution digestion of proteins Thirty microliters of cross-
linked cytochrome c or CaM/skMLCK peptide solution
(10 μM each) were mixed with 59 μL of ammonium acetate
(0.2 M) and 11 μL urea (8 M) solutions. Trypsin was added
to an enzyme-to-substrate ratio of 1:60 (w/w) and the mixtures
were incubated at 37 °C for 16 h. Enzymatic digestion was
stopped by adding benzamidine (4 μM final concentration).

3D-nano-HPLC/nano-ESI-Q-TOF-MS/MS setup The
HPLC system was composed of a micro-wellplate sampler
(8-μL injection needle), a capillary pump, two nano-pumps
(all 1200 series, Agilent Technologies, Waldbronn, Ger-
many), a nano-pump (1260 Infinity series, Agilent Technol-
ogies), and a column thermostat (1290 Infinity series,
Agilent Technologies). The column oven was operated at a
temperature of 37 or 50 °C. Switching between the first
dimension (trypsin IMER, 210-mm column length) and the
second dimension (MACMA, 200-mm column length) was
performed via a six-port micro-switching valve (1100 series,
Agilent Technologies). Directly after the second dimension
(MACMA), the flow of the loading pump (6 μL/min, 0.1 %
(v/v) FA) was added to the flow from the MACMA via a T-
shaped connection, and the enriched fraction of the digestion
mixture was loaded onto the C18 trapping column of the
HPLC-Chip. A ProtID-Chip-43 packed with 5 μm 300 Å
StableBond C18 particles (Agilent Technologies) was used
for peptide separation in the third dimension (43-mm column
length). The HPLC system was coupled to a 6530 Q-TOF
mass spectrometer (Agilent Technologies) via a HPLC-Chip
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Fig. 1 Chemical structure of the trifunctional, biotinylated cross-linker
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ment of cross-linked species by affinity chromatography using mono-
meric avidin; the PEG-linker (square) enhances solubility; NHS esters
(circles) react with nucleophilic groups of amino acid side chains, e.g.,
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Cube Nanospray ion source (Agilent Technologies). A sche-
matic representation of the 3D-nano-HPLC/nano-ESI-Q-
TOF-MS/MS system is shown in Fig. 3A.

In the Load 1 gradient step (Table 1), 5 μL of protein
solution were injected and digested on the trypsin reactor
(IMER). Directly after the digestion, enzymatic peptides
were subjected to the avidin affinity column (MACMA).
After 45 min, the six-port micro-valve was switched from
“load” to “wash/elute” to remove nonbound peptides using
nano-pump 2. Meanwhile, the trapping column and separa-
tion column of the HPLC-Chip was set to “analysis” and
were washed with a linear gradient.

The elution of biotinylated peptides from the MACMAwas
initiated by the injection of the injection of 5 μL water, pH 7.6
(Elution1 gradient, Table 1). The six-port micro-valve was
switched to “wash/elute” and the second nano-pump delivered
50%ACNcontaining 0.4% formic acid for 30min. TheHPLC-
Chip was set to “enrichment” to enable trapping of biotinylated
peptides eluting from the MACMA on the trapping column.

After 30 min the HPLC-Chip was set to “analysis” and bound
peptides were separated on the analytical column using a linear
15-min gradient and analyzed with the Q-TOF instrument.

For ESI-MS, a spray voltage of 1.85 kVwas employed and
the temperature of the drying gas (nitrogen) was set to 350 °C
at a flow rate of 3 L/min. MS data were acquired over 25 min
in data-dependent MS/MS mode and in profile (MS) and
centroid (MS/MS) data format. Survey MS scans (m/z 100–
2,000) were followed by product ion scans of the five most
intense signals in the survey MS scan (isolation window 4 u).
The collision energy for MS/MS (collision-induced dissocia-
tion) was determined using equation (E0(3.6*m/z)/100−4.8)
and singly charged signals were rejected from fragmentation.
Precursor ions that had been fragmented were subjected to an
active exclusion (0.8 s duration; exclusion window 10 ppm).
The Q-TOF analyzer was operated in the Extended Dynamic
Range mode. Chromatograms of the total ion current, MS, and
MS/MS data were recorded on a PC with MassHunter Acqui-
sition software B.04 (Agilent Technologies). External mass
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calibration and tuning of the mass spectrometer were
performed in the positive ionization mode using the
JetStream ESI source by direct infusion of a calibration
mixture supplied from the manufacturer (Agilent
Technologies). Internal mass calibration was performed
by nebulizing a mixture of hexakis(1H,1H,3H-tetrafluor-
opropoxy)phosphazene (m/z 922.0098) and purine
(m/z 121.0509) in the nano-ESI-source.

2D-nano-HPLC/nano-ESI-LTQ-Orbitrap-MS/MS setup
Online enrichment and analysis of cross-linked, biotinylated
peptides were performed on a nano-HPLC system consist-
ing of a Famos autosampler (5-μL sample loop), a Switchos
II (loading pump and valves), an Ultimate™ system (two
nano-HPLC pumps and a column oven operated at 35 °C, all
Dionex/LC Packings, Idstein, Germany), and an U3000
variable wavelength UV detector (Dionex). The full-loop
program was used for sample injection. Directly after the
first dimension (MACMA), the flow of the loading pump
(6 μL/min, 0.1 % (v/v) TFA) was added to the flow from the
MACMA via a T-shaped connection, and the enriched pep-
tides were loaded onto the C18 trapping column. A sche-
matic representation of the 2D-nano-HPLC/nano-ESI-LTQ-
Orbitrap-MS/MS setup is shown in Fig. 3B.

First, the in-solution digestion mixtures of the cross-
linked cytochrome c or CaM/skMLCK peptide complex

were loaded onto the affinity column (200-mm column
length) and nonbound peptides were removed by washing
with 15 % ACN containing 1 mM ammonium acetate,
pH 7.0 (Load 2 gradient, Table 2). In the meantime the
C18 trapping column (Acclaim PepMap, C18, 100 μm×
20 mm, 5 μm, 100 Å, Dionex) and the separation column
(Acclaim PepMap, C18, 75 μm×150 mm, 3 μm, 100 Å,
Dionex) where washed using a linear gradient.

Biotinylated cross-linked peptides were eluted by
injecting 5 μL of 50 % ACN containing 0.4 % formic
acid (Elution 2 gradient, Table 2). Directly after the
injection the ten-port switching valve was switched to
enable the loading of the eluted cross-linked peptides
onto the trapping column. After 25 min, the switching
valve was switched again to enable the separation and
analysis of the enriched biotinylated, cross-linked pep-
tides. The separation was performed using a linear
45-min gradient. Peptides were detected by their UV
absorption at 214 nm. Nano-ESI-LTQ-Orbitrap-MS/MS
was performed on a LTQ-Orbitrap XL mass spectro-
meter (ThermoFisher Scientific) using the previously
described parameters [21].

Protein identification Peptide mass fingerprint analysis and
peptide fragment fingerprint analysis were conducted with
MassHunter Qualitative Analysis B.04 (build 4.0.479.5 SP2)

Table 1 Load and elution
gradients for the online
3D-nano-HPLC/nano-ESI-Q-
TOF-MS/MS experiments

Flow rate LP, 6 μL/min; flow
rate nP1 and nP3, 300 nL/min;
flow rate nP2, 500 nL/min. A1,
water with 0.1 % FA; B1, water,
pH 7.6; C1, 0.1 M ammonium
acetate, pH 7.0; D1, 50 % ACN,
0.1 M ammonium acetate,
pH 7.0; E1, 50 % ACN
containing 0.4 % formic acid;
F1, water with 0.1 % FA; G1,
ACN with 0.1 % FA. Compare
also with Fig. 3A

LP loading pump, nP nano-pump

Time (min) LP nP1 nP2 nP3 Valve

A1 (%) B1 (%) C1 (%) D1 (%) E1 (%) F1 (%) G1 (%)

Load 1

0 100 100 100 0 0 95 5 “Load”
20 65 35

22 20 80

26 20 80

26.1 95 5

39 100 0

40 70 30

45 “Wash/elute”
69 70 30

70 100 0 95 5

Elution 1

0 100 100 0 0 100 95 5 “Wash/elute”
30 100 95 5

31 100 0 0

45 65 35

47 20 80

51 20 80

51.1 95 5

55 95 5
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and BioConfirm (Agilent Technologies). A mass devia-
tion of 10 ppm was allowed for MS data acquired with
the Q-TOF instrument. The heme group (formal charge:
+1; C34H31N4O4Fe mass: 615.1694), PEG4-biotinylation
(C21H35N3O7S mass: 473.2196), and oxidized PEG4-bioti-
nylation (C21H35N3O8S mass: 489.2145) were included
as modifications for database searches of digested cyto-
chrome c. Six missed cleavage sites and oxidation of
methionine were additional parameters. Identification of
cross-links with PEG4-biotin-(NHS)2 (C34H55N5O10S
mass: 725.3670) was performed with StavroX software
version 2.0.6 [28] using mgf files (generated with
Proteome Discoverer 1.2, ThermoFisher Scientific).
Visualization of cross-links was performed with The
PyMOL Molecular Graphics System, Version 1.3,
Schrödinger, LLC (http://www.pymol.org).

Results and discussion

Enrichment of biotinylated cytochrome c peptides by 3D-
nano-HPLC/nano-ESI-Q-TOF-MS/MS Cytochrome c that
had been modified with NHS-PEG4-biotin [20] was selected
as model system for establishing the online 3D-nano-HPLC
setup (Fig. 3A) as it is a small globular protein composed of
104 amino acids. Its N terminus is acetylated and a heme-
group is attached to cysteines 14 and 21 via a thioether
linkage. In total, 19 lysines can potentially be modified,
but when using previously established optimized reaction
conditions with NHS-PEG4-biotin, on average one biotin
molecule is introduced per cytochrome c molecule [20]. If
we expect four missed cleavage sites during online digestion
of biotinylated cytochrome c using the IMER and assume a
homogenous distribution of the biotinylation site, ca. 100
biotinylated peptides will be created in the mass range
between 500 and 3,250 Da, with an average concentration
of 100 fmol/biotinylated peptide.

Protein digestion using the monolithic trypsin reactor
(IMER) and enrichment of biotinylated species on the
MACMA have already been optimized in previous studies
[20, 21]. Biotinylated peptides were loaded onto the MACMA
in the presence of 0.1 M ammonium acetate (pH 7.0), whereas
an efficient digestion of proteins on the monolithic trypsin
reactor required a solution composed of 2 M urea, 10 %
ACN, and 0.1 M ammonium bicarbonate to adjust the pH to
8.0. As it was unknownwhether theMACMAwould be able to
capture biotinylated peptides under these harsh denaturing
conditions, a 2D-nano-HPLC system consisting of a MACMA
and a C18-RP HPLC-Chip was used to evaluate the compati-
bility of the digestion conditions with the affinity enrichment
step. This step was essential for establishing the 3D-nano-
HPLC system as the latter required a direct transfer of the eluate
from the IMER to the MACMA without a previous desalting
step. Loading of 5 μL of an in-solution digest containing 3 μM
PEG4-biotinylated cytochrome c, 2 M urea, 10 % ACN, and
0.1 M ammonium bicarbonate revealed that mainly unbiotiny-
lated peptides were present in the flow-through and washing
fractions from the MACMA but that not all biotinylated pep-
tides were retained on the affinity column. However, biotiny-
lated peptides dominated the elution fraction—both by number
and intensity—and most of the biotinylated peptides present in
the flow-through and washing fractions were also detected in
the elution fractions (data not shown). As the optimized diges-
tion conditions did not significantly impair the enrichment
performance of the MACMA, they were also employed for
the online 3D-nano-HPLC system.

Five-microliter PEG4-biotinylated cytochrome c (2 μM)
in the optimized buffer were injected. To ensure a complete
transfer of the digested protein from trypsin reactor onto the
affinity column, the valve separating the first and the second
dimension (Fig. 3A) was switched after 45 min. The

Table 2 Load and elution gradients for the online 2D-nano-HPLC/
nano-ESI-LTQ-Orbitrap-MS/MS experiments

Time (min) LP nP1 nP2 Valve

A2 B2 C2 D2 E2 F2

Load 2

0 100 100 0 100 0 0 “Wash”
0.1 0 100

15 100 0 0

30 0 100

31 100 0

35 60 40 0

36 60 25 15

39 5 5 90

40 5 5 90

41 100 0 0

45 100 0 0

Elution 2

0 100 100 0 100 0 0 “Elute”

25 100 0 0 “Wash”
70 60 40 0

71 60 25 15

80 5 5 90

85 5 5 90

86 100 0 0

90 100 0 0

Flow rate LP, 6 μL/min; flow rate nP1, 500 nL/min; flow rate nP2,
300 nL/min. A2, water with 0.1 % TFA; B2, 1 mM ammonium acetate,
pH 7.0; C2, 15 % ACN, 1 mM ammonium acetate, pH 7.0; D2, 5 %
ACN, 0.1 % FA; E2, 80 % ACN, 0.1 % FA; F2, 80 % ACN, 5 % 2,2,2-
trifluorethanol, 0.1 % FA. Compare also with Fig. 3B

LP loading pump, nP nano-pump
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MACMA was directly switched to washing conditions
(15 % ACN, 0.1 M ammonium acetate) to remove nonspe-
cifically bound peptides. This step was performed at a flow
rate of 500 nL/min, which is higher than that of the previous
digestion step. Flow-through and washing fraction were not

analyzed by MS. After a blank injection, nano-pump 2 was
used to pump the elution mixture (50 % ACN, 0.4 % formic
acid) through the MACMA. The eluate was trapped on the
trapping column of the HPLC separation chip and subse-
quently separated and analyzed by nano-ESI-Q-TOF-MS/

Table 3 Identified peptides in
online 3D-nano-HPLC/nano-
ESI-Q-TOF-MS/MS
experiments

All experiments were performed
in triplicates

Protein Digestion Temp. (°C) # peptides # biotinylated peptides Sequence coverage

Cytochrome c 37 20±3 18±3 99±1

Cytochrome c 50 35±4 34±4 100±0

Cytochrome c 37 25±4 23±3 99±1

Lysozyme 0 n.a. 0

β-lactoglobulin 1±0.5 n.a. 11±8

BSA 0 n.a. 0

Cytochrome c 50 20±2 19±2 97±0

Lysozyme 1±0.8 n.a. 8±6

β-lactoglobulin 1±0 n.a. 20±0

BSA 0 n.a. 0
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MS. On average, 20 cytochrome c peptides were identified,
18 of them were biotinylated (Table 3). Because of the
detection of intact biotinylated cytochrome c we increased
the digestion temperature of the first dimension from 37 to
50 °C. The activity of the immobilized trypsin was further
enhanced resulting in the identification of 35 cytochrome c
peptides on average, 34 of them being biotinylated and
intact biotinylated cytochrome c was not detected (Table 3;
Fig. 4). A sequence coverage of 100 % was obtained.
Interestingly, oxidized PEG4-biotin modifications were only

present in cytochrome c peptides with heme modification,
thus supporting our hypothesis of an involvement of the
heme group in the oxidation of the PEG4-biotin modifica-
tion [20]. In almost all cases, unmodified cytochrome c
peptides contained the heme group indicating that mainly
hydrophobic peptideswere retained by theMACMA. Figure 4
shows a result of a typical 3D-LC/MS/MS experiment for
cytochrome c.

Using these optimized conditions, a simple protein mix-
ture comprised of biotinylated cytochrome c (1 μM), BSA,
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lysozyme, and β-lactoglobulin (2 μM each) was analyzed
(injection volume 5 μL). When operating the trypsin reactor
at 37 °C, on average 25 cytochrome c peptides were iden-
tified, with 23 being biotinylated (Table 3). Only one β-
lactoglobulin peptide was identified in some of the analyses.
However, intact biotinylated cytochrome c and β-
lactoglobulin were detected which was overcome by in-
creasing the temperature in the first dimension to 50 °C.
20 cytochrome c peptides, 19 of them being biotinylated
were identified using these conditions. One β-lactoglobulin
peptide was identified in all LC/MS analyses, whereas one
lysozyme peptide was merely present in a single LC/MS
analysis. BSA peptides were never detected in both experi-
ments proving the excellent performance of the 3D-nano-
HPLC/nano-ESI-Q-TOF-MS/MS setup in simple protein
mixtures. Nonbiotinylated peptides were effectively deplet-
ed and almost exclusively biotinylated peptides were trans-
ferred to the third dimension (RP-LC) and MS analysis.

Synthesis of the cross-linker PEG4-biotin-(NHS)2 Based on
the modular design of trifunctional cross-linking reagents
[29] we envisioned synthesis of an amine-reactive and
biotinylated cross-linker in a one-pot multicomponent

reaction, such as the Ugi-4-component reaction (Ugi-
4CR). The Ugi-4CR enables the synthesis of structural
highly diverse peptoids by simply combining one equiv-
alent each of an amine, a carbonyl compound (aldehyde
or ketone), a carboxylic acid, and an isocyanide in one
step with water as the sole by-product (Scheme S1 in the
ESM), whereas common synthetic approaches exhibit a
much higher synthetic effort [30–32]. Moreover, the Ugi-
4CR enables a fast synthesis of structurally diverse cross-
linking reagents by simply varying one of the components
and is not relying on toxic and/or expensive coupling
reagents [33].

The synthesis of the cross-linker started with the
combination of all four building blocks of the Ugi-4CR
(i-butyraldehyde, methyl 4-aminobutyrate hydrochloride,
methyl 4-isocyanobutanoate, and 15-[D(+)-biotinylamino]-
4,7,10,13-tetraoxapentadecanoic acid) in the presence of
equimolar amounts of triethylamine yielding the protected
precursor PEG4-biotin-(COOMe)2. Subsequent alkaline
cleavage of the methyl ester and treatment of the resulting
dicarboxylic acid PEG4-biotin-(COOH)2 with NHS under
classical coupling conditions lead to the formation of the
activated PEG4-biotin-(NHS)2 (Fig. 1).

Enrichment of cross-linked cytochrome c peptides by 2D-
nano-HPLC/nano-ESI-LTQ-Orbitrap-MS/MS For the anal-
ysis of cross-linked cytochrome c, we employed the trifunc-
tional, biotinylated cross-linker PEG4-biotin-(NHS)2. The
cross-linking reaction was monitored by MALDI-TOF-MS
and an average incorporation of two cross-linkers per cyto-
chrome c was observed (Fig. 2A). Cross-linked proteins
require longer digestion times due to stabilization of their
3D-structures by the introduced cross-links. The short

Fig. 6 X-ray structure of cytochrome c (pdb entry: 1HRC). Cross-
links: orange dotted lines; the heme group is shown as sticks. Distances
are given in Å (visualized with The PyMOL Molecular Graphics
System, Version 1.3, Schrödinger, LLC)

Table 4 Intramolecular
cross-linked products within
cytochrome c, identified with the
2D-nano-HPLC/nano-ESI-LTQ-
Orbitrap-MS/MS system

[M+H]+ calculation z Δ (ppm) Cyt c sequence A Cyt c sequence B Cα distance (Å)

3,383.790 4/5 0.8/0.1 61–73 [K72] 80–88 [K86/87] 13.8/17.0

3,875.996 4 1.5 40–55 [K53] 74–86 [K79] 11.6

4,532.259 3/4/5 1.3/1.7/1.2 56–73 [60] 39–53 [K39] 9.6

4,646.306 4/5 1.3/0.5 56–72 [K72] 39–55 [K39] 17.4

4,774.399 4/5/6 −0.1/0.3/0.2 54–73 [K55/72] 39–53 [K39] 8.3/17.4

Table 5 Intermolecular cross-linked products between calmodulin
and skMLCK, identified with the 2D-nano-HPLC/nano-ESI-LTQ-
Orbitrap-MS/MS system

[M+H]+

calculation
z Δ (ppm) CaM

sequence
skMLCK
sequence

Distance
(Å)

2,380.290 4/5 3.8/3.3 75–77 [K75] 21–33 [K21] 15.3

3,438.742 4 2.0 75–86 [K75] 21–33 [K21] 15.3

3,870.092 5/6 4.9/4.0 14–21 [K21] 1–18 [K3] 20.6
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digestion times of the IMER, i.e., 231 s, are not sufficient
for a complete digestion of cross-linked protein, therefore
we chose to perform an in-solution digestion prior to online
2D-LC/MS/MS analysis. Enrichment and separation of the
cross-linked peptides was performed using an online 2D-
nano-HPLC/MS set-up with a monomeric avidin monolithic
affinity column in the first dimension and a C18 particle
column for RP-separation in the second dimension (Fig. 3B).
Eluted cross-linked, biotinylated peptides were analyzed by
nano-ESI-LTQ-Orbitrap-MS/MS to identify cross-linked ami-
no acids within cytochrome c (Fig. 5). We were able to
identify five cross-links with Cα–Cα distances ranging be-
tween 8.3 and 17.4 Å (Table 4, Fig. 6), which agree well with
the X-ray structure of cytochrome c (pdb: 1HRC) [34]. Due to
the relatively large number (19) of lysine residues and the
presence of three lysine clusters in cytochrome c the assign-
ment of involved lysine residues was sometimes not unam-
biguous; however, MS fragmentation data enabled to narrow
down potentially cross-linked residues (Fig. 5C). PEG4-bio-
tin-(NHS)2 possess a spacer length of approximately 16.5 Å
and because of the flexibility of amino acid side chains a Cα–
Cα distance of 25.5 Å or even 31.5 Å can be assumed as
constraint for cross-linked lysine residues. All identified
cross-links bridge distances below this limit and extend the
number of previously identified cross-links [35].

Enrichment of cross-linked CaM/skMLCK peptides by 2D-
nano-HPLC/nano-ESI-LTQ-Orbitrap-MS/MS Using the
optimized setup we analyzed a 20 kDa complex of the
calcium-activated signal transduction protein CaM with a
peptide derived from the skMLCK. The trifunctional cross-
linker PEG4-biotin-(NHS)2 allowed us to identify three
cross-links after affinity enrichment (Table 5, Fig. S1 in
the ESM). The distances between CaM and the peptide are
within the range that can be bridged by the cross-linker
(Fig. S2 in the ESM) [36] and are in agreement with the
cross-links that have previously been identified with alterna-
tive amine- and photo-reactive cross-linkers (Schaks et al.,
unpublished data).

Conclusions

An online 3D nano-HPLC/nano-ESI-Q-TOF-MS/MS sys-
tem was established that allows a fully automated digestion,
enrichment, separation, and MS/MS analysis of biotinylated
proteins. The depletion of nonbiotinylated peptides was
highly efficient in the cases where biotinylated cytochrome
c or a simple protein mixture were analyzed. The introduc-
tion of the trifunctional cross-linker PEG4-biotin-(NHS)2
presents a valuable expansion of the existing entity of
cross-linking reagents available for protein structure analy-
sis. The biotin group enables an efficient enrichment of

cross-linked species and enhances their MS identification
as demonstrated in an online 2D-nano-HPLC system, com-
posed of an affinity and a RP-chromatographic separation,
coupled to nano-ESI-LTQ-Orbitrap-MS/MS. Further studies
will be necessary to evaluate the applicability of our setups
for more complex sample mixtures.
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