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after enrichment by ZipTip C-18. The symbols α and β are to specify m/z values for peptide 

residues derived from α, and β casein. 

Figure 3.49: MALDI-MS spectra of tryptic commercial casein digest for the comparison of 

synthesized and commercially available desalting materials (a) Eluted fraction after enrichment 

by terpolymer RP (b) Eluted fraction after enrichment by ZipTip C-18 (c) Eluted fraction after 

enrichment by ZipTip C-4. The symbols α, β and κ specify m/z values for peptide residues 

derived from α, β and κ-casein. PP and NPP symbolize phosphopeptides and non-

phosphopeptides with their sequence numbers respectively.  
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Abstract 

The availability of stationary phases for crude and specific separations is an important task 

achieved by a separation chemist. This necessity becomes vital when the complex samples like 

biofluids are to be dealt with proteome science. The emergence of new synthetic polymers has a 

massive and continuing effect on the direction and capabilities of modern analytical science. The 

derivatization of these polymers has made them an efficient class of substrate, having unique 

properties and the selectivity tailored surface chemistries for target molecules. The deeper and 

detailed characterization of complex sample types has become feasible due to the enhanced 

selectivity and sensitivity offered by these polymer materials. The work presented here involves 

the synthesis and application of a terpolymeric sorbent and two bi-functional polymers with 

different functionalizations adapted for the selective enrichment of biomolecules of interest from 

biological fluids. Also a polymeric monolith is prepared and modified by controlled growth of 

porous coordination network to enable it for the selective enrichment for biologically relevant 

phosphopeptides. 

Each of bifunctional monomers, glycidyl propargyl ether (GPE) and allylglycidyl ether (AGE) is 

thermally polymerized with divinylbenzene (DVB) to form poly(GPE/DVB) and 

poly(AGE/DVB). Synthesis of terpolymer is carried out by the radical polymerization of 

monomers; methyl acrylate, acrylic acid and vinyl acetate with diethylene glycol dimethacrylate 

as cross-linking agent benzoyl peroxide as initiator. Synthesized polymers are characterized by 

scanning electron microscopy (SEM), energy dispersive X-Ray spectroscopy (EDX) and Fourier 

transform infrared spectroscopy (FTIR). The polymers are further derivatized to IMAC 

(immobilized metal ion affinity chromatography) and are investigated by loading different metal 

ions (Fe3+, Ti4+, Zr4+ and La3+). The trypsin digested products of phosphoproteins, such as casein, 
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non-fat milk, egg yolk, HeLa cell extract and human blood serum, are used to explore 

phosphopeptide enrichment ability of the modified polymers from complex samples. Serum 

profiling of healthy and diseased samples demonstrates the potential of new polymer to impart in 

the disease diagnosis. The identification with their sequence coverage is made using mascot and 

Phosphosite Plus. Poly(AGE/DVB) has high selectivity of 1:2000 with BSA background. 

Hydrophobicity is introduced to the polymers through octadecyl amine (ODA) which provides 

compatible results to commercially available reverse phase materials for the desalting of 

complex mixtures of all caseins. 

In another approach, an iron-benzenetricarboxylate (FeBTC) coordination network has been 

confined within the pores of a polystyrene-divinyl benzene-methacrylic acid polymer monolith 

by means of a step-by-step in-situ growth mechanism. The enhanced amount of active metal sites 

due to the gradual incorporation of Fe(III) through coordination with trimesic acid enables the 

selective enrichment of biologically relevant phosphopeptides. The FeBTC-porous polymer 

monolith preparation is adapted to a capillary column format, obtaining for the first time, a flow-

through miniaturized device containing a porous coordination polymer thin layer, which is 

implementable for the efficient purification of biological samples. 

 

 

1.9 Versatile Nature of Biomolecules 

The advancements in the biological studies have resulted in discovering the existing bio-

molecules and their functions. Many variant species arise during the evolutionary processes and 

perform similar functions in a variety of organisms. It is possible to authenticate the sequence of 

the components that are arrayed in bio-molecular chains by comparing it to the existing sequence 
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information. Biomolecules can be small or large, simple or complex. They exist singly or in the 

form of aggregates of varying sizes. All forms of biomolecules have unique and specific 

functions. Biomolecules like proteins and peptides are complex in nature. If we take the example 

of blood, it is complex in nature and thousands of proteins present in it, are difficult to separate 

without having the selective methods [1]. The complexity of biomolecules appears to be not 

greater than what is required for the molecular functions [2]. 

1.9.1 Separation Methodologies 

The development of separation technologies has contributed towards the economic and the 

environmental health of society. During the last decade, separation science has stimulated fast to 

resolve the complex mixtures of life science origin [3]. The separation methodologies follow a 

similar timeline of development and are transformed into high performance instrumental 

techniques. Molecules with similar composition but with different stereo chemical structures and 

a mixture having different composition are divided into its respective components in the 

operation of separation [4]. This discipline is named as separation science and is dependent on 

the physico chemical principles controlling the separation [5]. Various attempts based on the 

separation strategies are made to develop the methods for earlier diagnosis of diseases, which are 

otherwise fetal when diagnosed at later stages, like prostate cancer and breast cancer [6,7]. These 

new diagnostic methods utilize protein and peptide biomarkers for their occurence and 

identification [8,9]. The protein mixture is separated into its individual components before its 

analysis, whether it is on small scale or large scale. Purified sample contains only one type or 

required type of protein [10]. Protein separation methods can be either selective or non-selective 

[11]. The individual proteins from a mixture can be isolated employing selective methods by 

exploitation of specific properties such as biochemical functioning or specific binding [12]. In 
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non-selective method of separation, individual proteins of a mixture are fractionated to 

individual proteins or into substantial fraction for further analysis. These methodologies are 

based on the general properties of proteins; most importantly the mass and net charge [13]. The 

choice of fractionation procedure depends on its compatibility with the downstream analysis to 

be carried out by mass spectrometry (MS) [14]. Multidimensional chromatography and two-

dimensional gel electrophoresis have been the most dominant technologies for proteome 

analysis. Analysis is not always a direct process but sometime, pre-concentration or solid phase 

extraction (SPE) are done prior to the analysis [15,16]. Different types of separation techniques 

help to separate the mixtures; however it is not always a smooth process. Various problems arise 

in a variety of ways during the process of analysis such as protein profiling, identification, 

structure evaluation and protein- protein interactions. To overcome these problems, there is still 

enough space to develop new and novel methodologies and to improve the existing technologies 

[17]. 

1.10 Matrix (Support)  

The accessibility of phases for crude and specific separations is an important achievement of 

separation chemist. Matrix is the support material at which bio-specific ligands are covalently 

attached. Usually, the material used as matrix is insoluble in system from which the target 

molecule is attached. The significant component of affinity chromatography is matrix because it 

encompasses the large volume of adsorbent. Appropriate solid supports can be utilized as phases 

such as alumina or silica gel. Both are highly polar materials so they can adsorb molecules due to 

the presence of active adsorption sites. That is why alumina and silica are called active 

adsorbents. Polarity and number of adsorption sites show the extent of activity of adsorbent 

material. The choice of active adsorbent is based on the nature of sample. It is tricky to elute 
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strongly adsorbed molecules. That is why highly active adsorbents are used to separate the 

weakly polar solutes, otherwise they will elute without proper resolution or with little resolution 

and less polar adsorbents are used for the separation of strongly polar solutes [18]. 

1.10.1 Properties of Solid Support 

It is requisite that the adsorbent should have minimal non-specific interactions with proteins so 

that it exhibit good flow properties for retained analyte after coupling, and mechanical as well as 

chemical stability to the conditions of coupling and of elution [19]. This is based on the number 

of specific properties acquired by the adsorbent. In general, minimal interaction to the protein 

should be shown by the unsubstituted matrix or gel, even when the specific binding groups are 

coupled to the matrix or gel [20]. For macromolecules to easily enter and to exit, the matrix must 

have favorable flow characteristics which are obtained by the porous and loose network 

formation [21]. The supporting material should possess such chemical structure that its 

attachment to specific ligands must be extensive and convenient, even by applying the mild 

conditions. To avoid the stearic interference in the process of binding, inhibitor groups must be 

far away from the solid matrix [22]. 

1.3 Polymer as Separation Media 

In bioanalytical science, polymeric materials have contributed significantly as an exciting area 

which continues to evolve at an ever increasing pace. A large number of monomer molecules 

(hundreds or thousands) are linked together to buildup a polymer. It is interesting that polymer 

and its component monomers have entirely different properties. The economic value of polymers 

is not only dependent on the initial cost but also related to several other factors such as the 

regeneration and recyclability of the polymer.  
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1.3.1 Natural Polymers 

The most commonly used natural polymers are agarose, dextrin, and cellulose. Cellulose beads 

were the first ones used in chromatography that were functionalized for ion exchange 

chromatography [23]. Natural polymers are much hydrophilic in nature which result in low 

protein adsorptions and provide the advantage of low non-specific bindings. They have been 

used in a variety of applications in the field of separation science. A broad variety of these 

polymers have the ability to selectively bind serum proteins [24,25]. However these natural 

polymers show less protein adsorptions as well as the lower specificity [26]. 

1.3.2 Synthetic Polymers 

The emergence of new synthetic polymers has a continuous and massive effect on capabilities 

and different directions of analytical science in modern era. The advent of use of synthetic 

polymer in contrast to natural polymer is due to its controlled properties such as branching, 

molar mass, co-polymerization and distribution. A control over the crystallinity, chemical 

composition, branching and functionality can be exerted in synthetic polymer [27]. In affinity 

chromatography, synthetic polymers are widely used and show some advantages over 

biopolymer, i.e. superior chemical and physical durability, stability in organic solvent, extreme 

pH tolerant, withstand changes in buffer composition and ionic strength [28]. The most 

important advantage is ease of incorporation of reactive species onto the polymer. Monomers 

with suitable functional groups incorporated onto the polymer provide active sites for ligand 

immobilization [29]. Synthetic polymeric supports are usually prepared from the monomers 

exhibiting primary and secondary hydroxyl functional groups because these functionalities offer 

hydrophilicity as well as remarkable coupling chemistries to the matrix. The properties of 

polymeric support are based on monomer selection and polymerization conditions [30]. 
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1.4 Selection of Polymeric Support 

The ability of a material to separate the components of a mixture which are slightly variable in 

structure and molecular weight is dependent on the fundamental physicochemical process. The 

selectivity of a material is its intrinsic capability to separate the component parts of the mixture. 

A phase is made diverse, not only because of the chemical functionalities, rather also the 

physical features such as porosity, rigidity and retention capacity. However, the commercially 

available phases are quite limited in their capacity and selectivity. Particularly, they involve a 

number of separation steps which compromise the overall recovery. Thus there is an urge to 

develop new phases which can offer solutions to reduce the complexity of biofluids like blood, 

through specific and unspecific means. 

1.5 Derivatization of Synthetic Polymers 

The field of analytical science is aimed to expand its application by increasing the selectivity and 

more importantly the sensitivity of a given phase. This aim is accomplished by applying various 

methods of derivatization [31]. The varied nature of functional groups on monomers leads to the 

diverse polymeric backbones. The polymers are often embedded with the range of functionalized 

materials for the targeted bindings, however, a significant percentage of functionalities get buried 

and become unavailable [32]. The selectivity and the other desired properties can also be 

introduced through the introduction of new monomers, however this approach is constrained due 

to the non-availability of required monomers. The problems are overcome by synthesizing a 

stable polymeric backbone and modify it through chemical derivatizations like on the epoxy 

endings [33,34,35]. Chemical derivatizations do not include only the formation of covalent 

bonds but adducts and ion pair formation also fall within the derivatization reactions that may 

also enhance the selectivity of analytical methods [36]. Selectivity has been produced by the 
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attachment of chelating groups to the polymer material and they are resistant and stable over a 

variety of experimental conditions [37]. Other advents associated with the derivatization are to 

introduce a suitable charge to the functionalities. Derivatization techniques for some special 

analysis, such as insulin antibodies, neuro-transmitters and mitochondria have worked 

significantly. Derivatization also plays a key role in the protein adsorption onto capillary wall in 

electrophoresis [38]. A wide variety of polymer materials, e. g. polyurethane and nylon [39,40] 

have recently been capitalized for the preconcentration and desalting of proteins [41]. The 

drawback is their less compatibility with the sample produced from recombinant proteins. 

Magnetic polymer and poly-glutaraldehyde coated particles derivatized with iminodiacetic acid 

(IDA) have also been reported to selectively recover the proteins [42,43]. Poly(glycidyl 

methacrylate/divinylbenzene) can work in a variety of applications and furthermore enzymes can 

be immobilized on it [44,45]. 

1.5.1 Materials used for Derivatization 

Most often prepared polymeric phases are with amines such as diethylamine (DEA), 

triethylamine (TEA), ethylene diamine (EDA), diethylenetriamine (DETA), 

hexaethylenediamine (HEDA), and triethylenetetraamine (TETA) [46]. Non porous co-polymer 

of styrene, glycidyl methacrylate and methyl methacrylate with an epoxy group has been 

published [47]. Modification of silica gel with vinyl group containing monomer (3-

(trimethoxysilyl) propylmethacrylate) has also been carried out [48]. Mono-disperse inorganic 

colloidal particles, mainly silica, are functionalized by polymer modification [49]. The reducing 

end of oligosaccharides and amines are the most frequently derivatized functional group. 

1.6 Characterization Tools  
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1.6.1     Fourier Transform Infrared (FTIR) Spectroscopy 

Infrared spectroscopy is an essential technique for the structure elucidation at molecular level. 

The information obtained is based on the measurement of frequency of IR radiations which 

causes the vibrations of molecular bonds [50]. The bonding arrangement and chemical 

composition of monomers in homopolymer, composite materials, copolymer and polymer can be 

determined. Instrument can work both in reflection and transmission mode but the choice 

depends on the material under investigation. For polymers which are not soluble in some 

solvents at room temperature, sample is applied in the form of pellets or thin film. 

1.6.2   Scanning Electron Microscopy (SEM) 

The surface morphology of a material is determined by scanning electron microscopy [51]. The 

principal of this technique is based on the interaction of primary electron beam with the material 

under investigation in an evacuated environment. This interaction results in the production of 

different electromagnetic waves and electrons. High resolution micrograph is displayed by 

collection of emitted secondary electrons. 

1.6.3   Nitrogen Adsorption Porosimetry 

Pore size distribution and the surface area of a material controls the characteristics and making 

them differentiated for a specific application. Gas adsorption is the most widely used technique 

in this regard. The material under investigation is subjected to vapors or gas under varying 

conditions. The data set obtained gives information about the skeletal density, pore size 

distribution, total pore volume and porosity. 

1.6.4   Thermogravimetric Analysis (TGA) 
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It involves the measurement of rate of mass change with respect to the time or temperature under 

controlled conditions. It gives information not only about the compositional properties but also 

the oxidative or thermal properties of the material. This technique is especially applicable to the 

polymer materials including thermosets, composites, fibers, thermoplastics, films, paints and 

coatings. The selection of the material for end use application can be inferred from its TGA data. 

1.7 Proteomics 

Proteomic technologies are mainly related to the systematic analysis of proteins on large scale.  

The most important bio-macromolecules present in each and every living cell are proteins. These 

proteins are the component of body in a variety of forms such as skin, hair, tendons, muscles, 

cartilage and ligaments. Proteins are made up of linear chains of amino acids. These amino acids 

are linked together by a bond. Proteins are the part of almost each and every biological process. 

External and internal changes in the body are responded by regulating the levels of proteins. The 

action of cell is presented by the qualitative or quantitative change in its proteome. Various 

properties of the components of proteome such as structure, localization, interaction, sequence, 

abundance, modification and biochemical function provides the complete description of 

proteome as a rich and variable data source. These properties of proteome can be analyzed by 

using diverse range of technologies [52]. 

To assess the activity of proteins, proteomics research imparts significantly through the 

identification of protein and protein complexes of biological samples. The field of proteomics 

flourished when the database for proteins was buildup by using two dimensional electrophoresis, 

back in 1970’s [53]. The beginning of new era was based on the coupling of mass spectrometry 

with the entire human coding. Now a day functional genomics as well as functional analysis are 

the part of proteomics [54]. 
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1.7.1  Protein Profiling 

Protein profiling is an attempt to map the protein difference between two samples of cell or an 

organism which is in two different states such as diseased and healthy. The searching of protein 

function on post-translational modification and protein interaction with small molecules are 

considered in functional proteomics [55]. 

1.8 Phosphoproteomics 

A robust and powerful development of workflows to understand phosphoproteomics on large 

scale is the outcome of analytical developments in the recent years and there is continuous 

development in this field. Post-translational modification, i.e. protein phosphorylation plays a 

key role in cell regulatory processes including differentiation, gene expression, metabolism, cell 

growth, division, signal transduction and memory [56,57,58]. The understanding of disease 

status is an important part in the development of new pharmaceutical targets that is greatly 

assisted by the identification of phosphorylation sites. The phosphorylated peptides and proteins 

are thus important in biomedical research and can act as biomarkers [59,60,61,62]. Biologically, 

the activities of proteins are regulated through reversible phosphorylation and dephosphorylation 

making analysis and characterization of phosphoproteins a foremost target. 
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Figure 1.1: Pathways for complex protein mixture analysis 

1.8.1  Phosphorylation 

A considerable diversity of phosphorylation is necessitated by wide variety of functions 

involving phosphoproteins [63]. It has become evident that regulation of important cellular 

function is based on de-phosphorylation and phosphorylation of proteins on tyrosine, threonine 

and serine residues. Signal transduction and metabolic pathways are majorly regulated by 

phosphorylation of proteins. Approximately 30% of proteins that are encoded by the human 

genome have a chance to be phosphorylated and many of the human diseases have been reported 

as a result of abnormal phosphorylation [64].The significance of protein phosphorylation in 

variety of processes leads to the development of various site mapping methods [65]. 
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1.8.2   Advanced Materials Contributing towards Phosphoproteomics 

The enrichment of phosphopeptides/phosphoproteins is facilitated by designing new materials.  

The interaction of target molecules determines the type of selectivity needs to be engineered onto 

the polymeric material. Variety of new materials including metal oxides, nanostructured 

materials, magnetic materials have contributed significantly towards the phosphopeptides 

enrichment. These materials can be either applied directly or they need coating or immobilization 

of some metal ions to selectively capture the phosphopeptides.  

1.8.2.1   Nanostructured Materials 

In wide spectrum of industries and research, nanotechnology occupies a significant place. The 

attention is paid to the nanostructured materials due to their unique chemical and physical 

properties controlled by their shape and size. SnO2 nanospheres having mesoporous structure 

show excellent enrichment of phosphopeptides, not only from standard protein but also from 

non-fat milk. This binding is attributed to the activated surface and larger surface area [66]. Like 

synthetic nanoparticles, naturally occurring bentonite containing Al(III) is non-toxic and 

biocompatible nanomaterial. Bentonite results in facile phosphopeptides enrichment and avoids 

the desalting [67]. Mesoporous nanomaterials effectively enrich phosphopeptides due to the large 

surface area. Highly specific phosphopeptides enrichment from complex mixture has been 

carried out by using hafnium oxides, titanium oxide and zirconium oxide. Zirconium oxide and 

hafnium oxide proves to be superior to titanium oxide [68]. Coated nanoparticles also show 

potential for phosphopeptides enrichment. Magnetic carbon nanotubes coated with titanium 

nanoparticles demonstrate high specificity for capturing phosphopeptides with a low limit of 

detection down to femto molar level. 
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1.8.2.2   Metal Oxides 

Metal oxides are promising affinity materials for phosphopeptides prior to their analysis by mass 

spectrometry. They are used in different formats such as films, microspheres and micro tips. 

Selective isolation of phosphopeptides is carried out by using nanocrystalline films of titanium 

dioxide. These affinity targets provide easy quantification of phosphorylated peptides [69]. The 

use of nanocasting in generating metal oxides of controlled properties removes the limitations of 

material design [70]. Stania and titania are applied to the phosphoproteome analysis of HeLA 

cells with nano flow liquid chromatographic MS/MS analysis [71]. Novel microspheres of 

Fe3O4@TiO2 having well defined core shell structure have been applied not only to the complex 

mixture but also in nano LC-MS/MS studies of rat liver. More recently nibonium pentaoxide 

(Nb2O5) has identified the phosphorylation sites of cell lysates with high recovery [72]. 

Zirconium oxide tips are also used to enrich singly phosphorylated peptides [73]. 

1.8.2.3   Magnetic Materials 

Solid phase extraction (SPE) has gained attention because of less consumption of solvents with 

shortened analysis time. Mesoporous materials and nanomaterials disperse well in buffer 

solutions and are superior for having large surface area. Use of such advanced materials is 

sometimes limited to specific biological samples because of the need of high speed 

centrifugation for separation of these materials [74]. Co precipitation of some impurities may 

occur at high speed or some target analytes may be lost. The advent of use of magnetic materials 

lies in their easy and convenient separation from buffer solutions [75]. The magnetic 

hydroxyapatite clusters proves to be rapid and convenient strategy for phosphopeptides 

purification. Separation of this material from solution is ensured by its structure. 

Phosphopeptides from standard protein digest and human serum sample are isolated without 
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tedious centrifugation step with good selectivity [76]. Intact phosphorylated proteins from 

complex mixture are separated by using super paramagnetic microspheres functionalized with 

guanidine [77]. Grafting of magnetic mesoporous silica with titanium produces particles that can 

enrich endogenous phosphopeptides of human serum leading to the quantification of 

phosphopeptides [78]. 

1.8.2.4    Composite Materials 

Use of composite materials for protein analysis is a subject of interest since past few decades. 

Properties acquired by the composite represent the sum of properties of constituent materials. 

The predominant role is played by inner interfaces producing a variety of interaction sites to 

capture specific analyte. The interactions of the counterparts produce the composite with 

enhanced multifunctional properties making them a suitable choice for specific separation. 

Composite fibers of SiO2–TiO2, prepared by electro spinning have been used in phosphopeptides 

enrichment. The analysis time is short and they exhibit high capacity and selectivity for standard 

protein digest and real samples [79]. Silica-lanthanum oxide composite is used for 

phosphopeptides enrichment with the regenerative ability [80].  

1.8.2.5  Monolithic Materials 

There are continuous beds of interconnected channels in monolithic stationary phases. Columns 

of conventional particle based stationary phases have slow mass transfer process. In monolithic 

columns the speed of separation is fast without affecting the efficiency of separation and it is 

because of its significantly higher mass transfer [81]. Even at high velocities, interparticular 

voids are absent and the mobile phase instead of flowing around the separation medium pass 

through the separating medium. At high flow rates these monoliths show high permeability. 
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They can work with conventional HPLC system with no issue of back pressure. The permeability 

of monolithic phase is high, so they also allow the use of long capillaries without compromising 

the velocities [82]. The interactions for different separations are tailored because of the surface 

chemistry of the monolith. Despite the advantages of the monoliths, the lack of micro- and meso-

pores and the irregular morphology can result in small surface areas leading to the insufficient 

number of interaction sites [83]. 

Acrylamide, methacrylate or acrylate and styrene based monolithic materials are the organic 

monoliths. The mixture of monomers containing porogenic solvents is either thermally triggered 

or photochemically induced for polymerization. The morphology of resulting monolith depends 

on the ratio of monomers and porogens in the starting polymerization mixture. Styrene, divinyl-

benzene and vinyl-benzene-sulfonic acid (VBSA) are copolymerized to form poly(styrene-

divinyl benzene-vinyl benzene sulfonic acid) as monolithic stationary phase for capillary 

electrochromatography [84]. Poly(p- methyl-styrene-co-bis(p-vinyl-benzyl) dimethyl silane) 

monolith is fabricated by copolymerization of p-methyl styrene (MS) with cross-linker, namely 

bis(p-vinyl benzyl) dimethyl silane (BVBDMS), by using toluene and 2-propanol as solvent and 

α,α’-azoisobutyronitrile (AIBN) as initiator. The separation of peptides, proteins and 

oligonucleotides is carried out by the monolith; thermally polymerized by free radical 

polymerization within the fused silica capillaries [85]. Poly(lauryl methacrylate-co-ethylene 

dimethacrylate and poly(styrene-co-divinyl benzene) are fabricated as monolithic stationary 

phases in polyimide chips by thermally initiated free radical polymerization. The separation of 

peptides and protein mixtures including ovalbumin, myoglobin, cytochrome C and ribonuclease 

A is carried out by the use of these chips [86]. Composite monolithic capillary column of SiO2-

TiO2 is prepared by sol-gel method and used as metal oxide affinity chromatographic material for 
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the phosphopeptides enrichment [87]. Poly(GMA-co-EDMA) monolith functionalized with 

quaternary amine with a coating of iron oxide nanoparticles  shows high binding capacity for 

phosphopeptides demonstrated by their MALDI-MS characterization in offline mode [88]. 

Polypropylene monolith is prepared in pipette tips by UV initiated polymerization and then 

modified with nanoparticles of iron oxide or hydroxyapatite. These pipette tips show a 

comparable performance to commercially available adsorbent materials for the phosphopeptides 

enrichment [89]. 

1.8.2.6   Porous Coordination Polymer 

Porous coordination polymers (PCP) including metal-organic frameworks (MOF) [90,91,92,93] 

are class of materials composed by linking inorganic and organic units conforming 1D, 2D or 

3D-networks. Some of the properties of PCPs are their permanent porosity attributed to the 

nanosized channels or cavities, multiple metal ions, poly-functional organic ligands, chemical 

diversity and high surface areas, making them suitable for a plethora of applications 

[94,95,96,97]. 

One of the most extended chemistries for the preparation of PCPs relies on di- or polytopic 

organic carboxylates, which are linked to metals or metal containing units yielding robust 

structures [98]. Among the different approaches described for their preparation, the step- by-step 

nucleation method is appropriate for the precisely controlled growth of PCP thin films mounted 

on surfaces. This approach has been described for PCP growth on self-assembled monolayers, 

polymer beads, magnetic silica particles, gold nanoparticles and silica foam. 

The design of miniaturized flow-through devices for controlled growth of surface-mounted 

porous hybrid materials would be advantageous for the development of new applications, as well 

as simplifying the preparation procedure; thus minimizing the consumption of solvents to the µL 
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range. PCPs and MOFs have been incorporated in monolithic flow through devices by direct 

embedding of the porous network particles in a polymer matrix with the concomitant loss of part 

of material. Direct PCP syntheses have also been attempted obtaining the irregular growth of 

large-sized PCP crystals within the pore structure of the monolith. 

The controlled incorporation of stable PCPs into appropriate devices would be ideal for the 

advancement of some biological sample treatments. For example, in order to obtain information 

related to different cellular processes, the identification of phosphorylation sites in proteins is 

demanded. Very recently, the feasibility for the extraction of phosphopeptides using PCPs was 

studied by testing the large crystals of an Er(III)-phenylene diacetate MOF [99]. 

1.8.3 Methodologies for Phosphopeptides Enrichment 

Operating methods for phosphopeptides enrichment based on chromatography mainly involve 

two types of interactions. 

1.8.3.1   Electrostatic Interactions 

Strong cation exchange chromatography (SCX), strong anion exchange chromatography (SAX) 

and electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) are based on 

electrostatic interaction of analyte to the chromatographic material. 

1.8.3.1.1  Strong Cation Exchange Chromatography (SCX) 

Due to weaker interaction of phosphopeptides with the SCX, they are eluted in the early fraction 

leaving behind non-phosphopeptides. This approach is not much specific as eluted 

phosphopeptides in early fractions need to be further purified. SCX have been used in two 

dimensional modes and different classes of phosphopeptides are enriched and separated by 

making a control of pH. This tandem approach applied to human cell results in the identification 
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of unique basic phosphopeptides [100]. The application of weak anion exchange chromatography 

as dimension to SCX and RP increases the depth of proteomics. This sandwiched approach is 

used for the fractionation of human lysate digest, enriching the phosphopeptides [101]. 

Phosphorylated, non-modified peptides, N-terminal acylated peptides have been separated by 

using low pH SCX [102]. 

1.8.3.1.2 Strong Anion Exchange Chromatography (SAX) 

SAX works in reverse of SCX. Phosphopeptides contain negatively charged groups so they are 

strongly retained on SAX and non-phosphopeptides are eluted in early fractions. By using 

gradient elution extraction of phosphopeptides from tryptic digest of human liver is obtained on 

SAX column. It is observed that peptides with more phospho groups have longer retention on 

SAX, so this varying retention also helps in fractionation of phosphopeptides [103]. 

1.8.3.1.3 Electrostatic Repulsion Hydrophilic Interaction Chromatography (ERLIC) 

Elution from ion exchange column by organic mobile phase causes the retention of solute to 

stationary phase although both of them have the same charge. This combination of mobile phase 

and stationary phase is termed as electrostatic repulsion hydrophilic interaction chromatography 

(ERLIC). For the separation of solute mixture with different charges, they can be retained by 

exploiting their repulsion effects. So it is possible to separate the mixtures of amino acid, 

peptides and nucleotides in isocratic mode. ERLIC is used for the isolation of peptides from 

tryptic digest [104]. ERLIC approach detects even more number of phosphopeptides than SCX-

IMAC [105]. 

1.8.3.2  Specific Interactions 
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Specific interactions involve immobilized metal ion affinity chromatography (IMAC) and metal 

oxide affinity chromatography (MOAC) and they come under the term affinity chromatography.  

1.8.3.2.1  Affinity Chromatography 

The suite of affinity chromatography has improved the signaling cascades analysis in 

proteomics. Affinity chromatography is the type of chromatography that exploits the unique 

biological specificity, ligand interaction and more importantly, the reversibility of target analyte 

for the purpose of separation. It falls in the class of adsorption chromatography, participating 

significantly in the separation of  biomolecules [106]. The specific biological affinity of the 

adsorbent for the target analyte determines the efficiency of isolation. The functionalization of 

material after its development brings selectivity for the target biomolecules. Principle of affinity 

chromatography is based on the selective interaction of analyte with specific affinity on the 

adsorbent and the interaction is non-covalent in nature. Proteins bound to tag can be purified by 

using this technique [107]. Biochemical mixtures are separated by specific biological interaction 

between receptor and ligand, antigen and antibody and enzyme and substrate.  

Affinity chromatography includes the synthesis of support material having complex chemistry, 

and the covalent attachment of the ligand. A milestone in the development of affinity 

chromatography was achieved by Porath et al.; when cynogen bromide activated polysaccharide 

bound to the molecules containing amino group[108,109]. 

Recombinant proteins are commonly purified by affinity chromatography. It can also be used in 

the purification of nucleic acids, protein purification from cell extracts and blood [110]. Affinity 

chromatography is not a single step process rather it completes in successive steps. In the starting 

step functionalities on the material are activated. Then the proteins are adsorbed followed by the 

elution and regeneration of the material. During the last three decade, affinity chromatography 
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has significantly contributed towards the rapid progress in biological sciences. The 

interdisciplinary nature of the affinity chromatography has motivated the polymer, organic and 

biochemists to resolve problems of biological nature. The utilization of polymeric beds in tips 

and columns has been a modern trend in chromatographic separations and subsequently the 

proteomics. The varying nature of functional groups of monomers leads to the diverse polymeric 

backbones. Thus development of affinity technologies has a powerful impact on discovering the 

biological macromolecules and to evaluate the interaction mechanisms of various 

macromolecules with their bioactivities. 

1.8.3.2.1.1  Immobilized Metal Ion Affinity Chromatography (IMAC) 

Immobilized metal ion affinity chromatography in the form of different sorbents has contributed 

in the enrichment process. When loaded on to IMAC material, chelating metal ions such as Fe3+, 

Al3+, Zr4+, Ni2+, and Ga3+ bind specifically to the phosphorylated peptides from complex 

mixtures through electrostatic interactions. The choice of metal ion primarily affects the 

selectivity of IMAC system. IMAC methodology is often used for protein profiling, biomarker 

discovery and screening of biological samples by using surface enhanced laser 

desorption/ionization (SELDI) [111] and material enhanced laser desorption/ionization (MELDI) 

[112] techniques. The used chelating groups in IMAC are nitrilotriacetic acid (NTA), 

iminodiacetic acid (IDA) and tris(carboxymethyl)-ethylenediamine (TED). Most of IMAC 

approaches are being developed by classical IDA ligand [113]. The bonding of free phosphate to 

the immobilized Fe(III) was initially recognized by Porath and Anderson. Selective retention and 

elution of phosphorylated aminoacids and proteins by Fe(III) IMAC column was subsequently 

demonstrated [114]. Simplicity, easy retrieval of phosphopeptides both quantitatively and 

qualitatively, selectivity and concentrated sample for MALDI-MS analysis make the IMAC 
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procedure ideal. Fe3O4@SiO2@PVPA-Ce(IV) microspheres are prepared by thin layer coating of 

silica on magnetic particles of Fe3O4 by sol gel method and further coated with a shell of 

poly(vinylphosphonic acid) (PVPA) via radical polymerization. Ce(IV) ions are immobilized on 

synthesized microspheres by chelating through the phosphonate groups of PVPA. 

Phosphopeptides are separated from protolytic digests of real and standard protein samples. 

These are reusable and can be recycled [115]. Diamond nanopowder as an IMAC material has 

also been used for phosphopeptides enrichment form standard as well as real samples of protein 

digest. With the affinities of Fe3+and La3+ions, diamond-IMAC shows selectivity towards 

phosphopeptides [116]. Zr4+ Fe3O4@polymer microspheres prepared by using GMA-co-EDMA 

shell as IMAC material is used for phosphoproteome analysis of mouse liver [117]. IMAC resin 

synthesized by immobilized trivalent lanthanide ions onto the highly porous phosphonate 

polymer is also prepared [118]. Vinyl phosphonicacid (VPA) and divinylbenzene(DVB)are 

copolymerized by radical polymerization and lanthanum, erbium and holium ions are 

immobilized. These IMAC materials are used for capturing phosphopeptides from peptides 

mixture, standard protein digest, and real sample of spiked HeLa cell lysate [119]. 

1.8.3.2.1.2  Metal Oxide Affinity Chromatography (MOAC) 

Metal oxide affinity chromatography involving materials like ZrO2 and TiO2 is considered more 

specific than IMAC-Fe3+. The efficiency of MOAC protocol is enhanced by introduction of 

different acids in washing and loading buffers. The limitation of using MOAC is its stearic 

hindrance because of spacer absence and less biocompatibility towards inorganic adsorbents. 

Although MOAC remained much useful for a variety of separations but these limitations lead to 

the development of new polymeric IMAC materials with variety of immobilized metal ions. 



 
48 

 

1.9 Desalting by Reversed Phase 

The digestion of protein to peptides is required for MS based peptidome methods. During 

digestion addition of salts and presence of other contamination make the MS analysis tedious and 

interferences arise that may also cause the adduct formation. It is difficult to localize and assign 

the sequence to phosphorylation sites when they are fragmented in mass spectrometer. ESI 

emitter can be clogged due to the high salt concentrations. Desalting of the sample is thus 

necessary to enhance the detection efficiency and to resolve the interferences. C18 material is 

frequently used for the desalting because it has higher binding capacity however it is not suitable 

for hydrophilic peptides as they are not retained and thus cause loss of peptide information. This 

limitation is overcome by using a hydrophilic interaction chromatographic technique termed as 

click maltose which gives an efficient desalting of peptides regardless of their type [120]. Both 

the preconcentration and desalting of integral membrane proteins (IMPs) has been carried out 

simultaneously by using C18 reverse phase column [121]. Small hydrophilic phosphopeptides 

bearing multiple negative charges are challenging because of its less binding to C18 reverse 

phase. Unique properties of polypyrrole have been exploited for the development of new 

desalting strategies. Positively charged nitrogen and polysaturated bond of polypyrrole enhance 

the adsorption of phosphopeptides. This new method is applied to tryptic digest of proteins and 

also to the complex sample of lysates obtained from zebra fish eggs [122]. Macroporous reverse 

phase chromatography has simultaneously been used for the protein determination and desalting 

[123]. C-18 pipette tips by Millipore and packed SepPak cartridges by Waters are commercially 

available for desalting of proteins and peptides samples. Currently, ZipTip C-18 micro-columns, 

and supports made of TeXon, polyethylene, polypropylene [124], and polyurethane [125] are 

good choice for desalting.  
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1.10   Soft Ionization MS Techniques 

Use of mass spectrometry for structural determination of biomolecules is becoming useful 

approach. Analysis of highly polar and volatile complex molecules by MS became possible with 

the introduction of soft ionization methods such as electrospray ionization (ESI) and matrix 

assisted laser desorption/ionization (MALDI) [126]. The characteristic of soft ionization method 

is its ability to produce fragments of analytes to small extent and to observe intact analyte ions. 

Both of these techniques are frequently used for the investigation of proteins enzymatic digest 

prior to MS analysis [127]. 

1.10.1   Electrospray Ionization 

In this process macromolecules are not fragmented into smaller charged particles rather they are 

converted into small charged droplets. Desolvation of small droplets converts them into more 

fine droplets creating molecules with attached protons. These molecular ions produced are then 

analyzed by mass spectrometer. The ESI is affected by impurities such as contamination of salt 

or buffer [128]. 

1.10.2    Matrix Assisted Laser Desorption Ionization 

The conventional ionization techniques are not suitable for fragile molecules like peptides and 

proteins, biomolecules (sugar and DNA) and organic molecules (macromolecules and 

dendrimers). MALDI as the soft ionization method allows the analysis of these fragile molecules 

[129]. The applicability has been extended by coupling this technique to planar and liquid 

chromatography and by minimizing the interferences with suitable choice of the matrix and 

sample preparation. 
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MALDI-MS has been used in the analysis of oligosaccharides [130], oligonucleotides and 

synthetic polymers [131]. MALDI sources coupled to the time of flight (TOF) mass spectrometer 

made the examination of vast mass ranges possible [132,133]. Molecular ions up to the mass 1.5 

million Da can be observed [134]. MALDI-MS gained importance due to additional advantages 

like high sensitivity, avoiding the contamination, getting rid of complication of spectra because 

of singly charged ions [135] and rapid analysis in comparison to the API-MS (atmospheric 

pressure ionization mass spectrometry). Although MALDI-MS has advantages however low 

molecular weight compounds are not extensively characterized by this technique. This 

suppression towards small molecule is determined by multiple factors. These factors include 

interference of matrix ions, saturation of detector by low mass molecules, complex coupling with 

techniques like planar and liquid chromatography. Matrix-free LDI-MS techniques have helped 

in analyzing the low molecular weight substances. .  

Principle of MALDI-MS includes the co-crystallization of analyte with matrix molecules in large 

molar excess. Matrix is usually a weak organic acid that has the ability to absorb ultraviolet (UV) 

radiations from nitrogen laser (337 nm). The sample is spotted onto the MALDI target plate 

followed by the MS analysis. Intact large molecules depending on their masses are sorted out 

with high sensitivity. It can also identify the proteins separated by 2-D gel electrophoresis by 

determining the masses of proteins and peptides and then their mapping and sequencing by PSD 

and adder sequencing [136]. The emerging field of MALDI-MS is imaging named as MSI and is 

of great interest for clinicians for investigating the thin slices of tissues [137]. MSI is expected to 

support medical diagnosis by discriminating the healthy and tumor tissues. 

MALDI-TOF-MS is thus the effective tool for the analysis of phosphopeptides in a desalting free 

and single step elution by Fe3+ IMAC [138]. MALDI is not only coupled to micro- and nano-LC 
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both in online and offline mode but its coupling to TLC is also an established method for various 

analyses [139,140,141]. 

1.11   Fragmentation Methods 

Efficiency of mass spectrometry for the analysis of proteins and peptides is based on its ability to 

give highly accurate information regarding molecular weight of intact molecule. This 

information obtained can be used for the characterization and identification. Protolytic fragments 

of peptides facilitate this identification by generating fragment ions inside mass spectrometer. 

Various methods are used for the production of fragment ions [142]. 

1.11.1    Collision Induced Dissociation (CID) 

It involves the collision of an ion with a neutral atom or molecule in the gas phase causing the 

dissociation of ion. The collision of neutral gas molecules with proteins or peptides precursor 

cause the distribution of vibrational energy over the protein or peptide ion leading to its ion 

dissociation. In peptides dissociation occurs at amide position, producing b type and y type ions 

or some small neutral molecules are eliminated or some fragments from side chain are lost [143]. 

Low charged and small peptides are ionized by CID however the production of few sequence 

ions and dissociation is prevented because of the presence of basic residues in sequences. Intact 

proteins and peptides are also not dissociated suitably having labile post translational 

modifications [144]. 

1.11.2    Higher Collision Dissociation (HCD) 

In comparison to the traditional CID the characteristic feature of fragmentation by HCD is 

activation in short time by the use of higher activation energy. Although both b and y type ions 

are produced in HCD like CID but y ions are predominant as b ions are further fragmented to 
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smaller pieces or ions [145]. Denovo peptide sequencing with more informative ion series have 

been determined by using HCD producing mass spectra with high mass accuracy and restrictions 

of low mass cut off [146]. 

1.11.3    Electron Transfer Dissociation (ETD) 

For a multiply-protonated molecule, addition of an electron through an ion-ion reaction is called 

electron transfer dissociation (ETD). ETD results in cleavage of N-Cα backbone generating c and 

z type fragment ions by transfer of electron to multiply protonated peptides or proteins. 

Structural characterization of different peptides can be determined by information from these ion 

types. Post translational modifications which are CID labile can also be identified by ETD giving 

localization of modified sites and sequence information [147]. 

1.11.4     Electron Capture Dissociation (ECD) 

If an electron is added to a multiply-charged positive ion, the Coulomb energy is liberated. 

Adding a free electron is called electron capture dissociation (ECD). ECD in case of multiply 

phosphorylated peptides is the best choice for dissociation because it gives fragmentation with 

efficient peptide backbone and modifications are left intact [148]. 

1.11.5     Combined Techniques for Dissociation 

Identification of phosphopeptides is challenging because fragment ions produced are not 

sufficient to generate amino acid sequences with certainty and localization of phosphosite in 

fragmentation spectra. This limitation is overcome by getting paired spectra of each 

phosphorylated precursor through various fragmentation modes in combination. ETD and HCD 

in combination named as EThcD is used recently for improved fragmentation of peptide ions. By 

applying this combined technique to tryptic human cell line digest, richer and more identified 
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spectra are obtained giving superior phosphosite localization [149]. Combination of CID and 

ETD produces a new approach named as Cscore. This new approach resulted in more confident 

phosphosite localization [150]. 

1.12    Data Analysis Tools for Phosphoproteomics 

Selection of mass spectrometric strategy is based on whether quantitative or qualitative analysis 

is of more interest. All the protocols from sample preparation to final analysis are dependent on 

whether specific localization of few phosphorylation events is important or identification of as 

many phosphosites as possible. Characteristic features of an ideal mass spectrometer involve 

mass accuracy, high resolution, detection of peptides over a wide dynamic range, avoiding of 

neutral loss providing enough sequence information for identification of phosphopeptides and to 

detect the localization site of phosphorylation. 

After the analysis of complex biological samples by mass spectrometry on large scale some 

computational tools are needed for statistical evaluation of generated data, i.e. bioinformatics 

[151,152]. A variety of software tools are available for preprocessing of MS data, assigning 

peptide sequence to MS/MS spectra, comparing data and integrating it with other biological data 

resources available. Due to the neutral loss of phosphate group MS2 spectra lack some of 

fragment peaks. To get complete information about fragmentation MS3 is generated by further 

fragmentation of MS2 which can be applied to database search or phosphopeptides identification. 

An automatic site localization of modification approach named SLoMo is used for localization of 

post translational modification. Input data can be introduced to SLoMo in a variety of formats 

and can be validated with low and high resolution data obtained from CID, ETD and ECD [153]. 

Hundreds or thousands of phosphorylation sites need to be validated from data set generated by 

tandem mass spectrometry. An open source assignment program named as PhosphoScore has 
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been created which is applicable to data obtained from multiple MS levels [154]. A new scoring 

function regarding ion trap instrument have been introduced for tandem mass spectra of 

phosphorylated peptides. These scoring functions do not need any manual validation [155]. 

False discovery rates (FDR) are always challenging in extracting phosphopeptides identifications 

from large data sets. This issue has been addressed by the use of a linear discriminant analysis. 

This discriminant score gives the calculations of p-values and q-values for phosphopeptides 

identification and estimation of FDR. FDR for phosphopeptides have been estimated by applying 

this approach to the data set obtained from irradiated human skin fibroblasts [156]. A new 

approach named phosphopeptides identification and compilation (PhosphoPic) is useful in 

automated selection, determination of FDR and use of different cross correlation filters. This 

software is also used for the analysis of rat kidney treated with vasopressin for a short time [157]. 

1.13    Applications of Phosphoproteomics 

The analysis of phosphoproteins is growing rapidly because mediated signaling system based on 

phosphoproteins occurs in diversity of organisms including prokaryotes and eukaryotes. The 

advanced HPLC chip technique creates an environment making automated techniques in the field 

of bioanalysis. Recently phosphopeptides enrichment is carried out by using TiO2 particles 

embedded HPLC nanoflow chip [158]. The miniaturized system of LC-MS is developed for high 

recovery of phosphopeptides from 104 cells. The wide proteome analysis related to in vivo 

phosphorylation by using sensitive phosphoproteomics techniques has been reported [159]. The 

TiO2 chromatography followed by capillary LC-MS/MS for phosphopeptides enrichment helps 

to discover biomarkers using low amounts of sample [160]. Five distinct phases of growth of 

Escherichia coli are studied by using stable isotope labeling of amino acids in cell culture 

(SILAC) for proteome and phosphoproteome analysis [161]. Different separation approaches 
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involving SDS-PAGE for prefractionation, IMAC for phosphopeptides enrichment and in the last 

LC-MS/MS analysis enables us to list down a portion of phosphoproteins present in yeast cell 

[162].The same strategies of SDS-PAGE for prefractionation, IMAC or TiO2 for 

phosphopeptides enrichment and LC-MS/MS are used for phosphorylation analysis of the fission 

yeast, Schizosaccharomycespombe. As a result of this study, in 1194 proteins total 2887 distinct 

phosphorylation sites are identified at the peptide levels [163]. In detailed study of 

phosphoproteome of P. falciparum schizonts, 2541 unique phosphorylation sites and 871 novel 

sites are identified [164]. Shotgun work on phosphopeptide analysis has resulted in the 

identification of 1614 phosphorylation sites from 627 proteins [165]. Enrichment of 

phosphopeptides from one day old zebra fish embryo has been carried out by the use of robust, 

sensitive and automated setup which is TiO2-based and is coupled to LC-MS/MS. Sensitivity of 

the applied method is illustrated by identifying the phosphorylation sites from samples of 

number of embryos. 47 phosphorylation sites are identified when the sample is taken from a 

single embryo, 1067 sites from samples taken from 60 embryos and number of phosphorylation 

sites identified is 321 when the sample is obtained from 10 embryos [166]. The investigation of 

specific signaling pathways of the liver is done by the development of novel assays, which 

identifies and quantifies the phosphorylation sites in this complex organ. Phosphopeptides from 

protein tryptic digest, obtained from liver lysate are enriched by using an immobilized metal ion 

affinity chromatography. From 200 samples of proteins taken from rat liver, more than 300 

phosphorylation sites are identified by separating and detecting the IMAC enriched peptides by 

LC-MS/MS analysis [167]. Immunoprecipitation method using antiphosphotyrosine is reported 

to determine the tyrosine phosphorylation sites of primary tissue. By the use of this method 414 

tyrosine phosphorylation sites are identified from murine brain.  
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Size exclusion chromatography (SEC) is applied for the identification of phosphorylation sites in 

the mouse brain. By using this strategy almost 400 sites are identified in 1 mg of total protein 

sample [168]. Phosphochip with Q-TOF is used to discover the human leukocytes 

phosphoproteome. 1012 new phosphopeptides, 960 different phosphorylation sites are 

recognized. An overview of the phosphoproteome of circulating white blood cells is provided for 

the first time [169]. Phosphorylation due to over expression or mutation causes abnormal 

regulation of protein and results in various disease states. From HT-29 human colon 

adenocarcinoma cell line, protein phosphorylation sites are identified by IMAC in combination 

with LC-MS/MS analysis. 238 phosphorylation sites are determined in this analysis.  

Plasma membrane transport processes decrease by phosphorylation of plasma membrane 

proteins. Phosphoproteome studies of the plasma membrane are challenging due to low 

abundance and hydrophobic features. Plasma membrane protein and its enrichment by TiO2 is 

analyzed with mass spectrometry for phosphoproteomics analysis. 

In global proteomics, quantitative phosphoproteomics of intact proteins is still challenging 

[170,171] although targeted assays of proteins can be performed in low mass range by using top-

down strategy. The scope and quality of phosphoproteomics study can be improved by 

introduction of new methodologies with advance instruments, software tools and mathematical 

graphing of data sets by the use of complementary system biology data. 

 

1.14    Aim of Present Work 

There is an urge to sort out affinity tools for enrichment and identification of protein biomarkers 

to answer the clinically relevant questions [172]. Favourable features of polymers, such as 

availability of a variety of monomers, easy preparation, and control of chemistries make them an 
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attractive choice for the separation. In the present work new polymer materials are prepared by 

polymerizing epoxy polymers with divinyl benzene as cross linker and a terpolymeris 

synthesized. In context of earnest demand of new sorbents for selective enrichment of 

biomolecules, these polymer materials are fabricated with certain modifications. For pre-

concentration of complex mixtures, surface chemistry of these materials is modified. The 

polymeric materials are modified to IMAC and reversed phase. Functionalized material has been 

used for the phosphopeptides enrichment from complex samples. With good selectivity and 

sensitivity down to femtomole, these IMAC materials are successful addition to the polymeric 

IMAC materials. Knowing the importance of desalting, polymer-RP materials have also been 

applied to the tryptic digest of standard protein as well as the non-fat milk and its working 

efficiency is compared to the commercially available reverse phase materials. 

Polymers containing carboxylic functional groups enable the immobilization of appropriate 

metals, such as Fe(III), for the extraction of phosphopeptides. The incorporation of Fe(III) into 

the material building a nanoporous architecture, increases the number of both surface available 

Fe(III) sites, as well as internal Fe(III) sites only accessible through network defects by 

molecules small enough to diffuse through the nanoporous network. One of the aims of the 

present project is to demonstrate the further gradual incorporation of additional Fe(III) sites into 

the  monolithic material through coordination to improve the efficiency of this porous supports 

for the enrichment of biomolecules.  
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2.1 Chemicals and Reagents 

Glycidyl propargyl ether (GPE) technical grade, ≥90% (GC), allyl glycidyl ether (AGE) 

technical grade, ≥90% (GC), divinylbenzene (80%, technical grade, Sigma-Aldrich), were used 

as the monomers for column preparation. 2,2´-Azobis(2-methylpropionitrile) (98%, Sigma-

Aldrich) was used as the initiator. Methyl acrylate (MA, 99%), vinyl acetate (VA, 99%), thionyl 

chloride, dichloromethane and the base triethylamine were purchased from Fluka. Acrylic acid 

(AA, 99%) was obtained from Merck. Styrene (99%, Sigma-Aldrich), methacrylic acid (98%, 

Mallinckrodt Chemicals, St. Louis, MO), toluene (EMD Chemicals, Gibbstown, NJ) and 

isooctane (Sigma-Aldrich) were used as the monomers and porogens for column preparation. 

Fused silica capillaries which were coated with polyimide, having diameter 100 μm were 

obtained from Polymicro Technologies (USA). The capillaries were pre-treated with 98% 3-

trimethoxysilyl propyl methacrylate which was purchased from Sigma-Aldrich. Iron (III) 

chloride hexahydrate, benzene-1,3,5-tricarboxylic acid (BTC), methanol (HPLC, ≥ 99.9%), 

acetonitrile (ACN), ammonium hydrogen carbonate (NH4HCO3), trifluoroacetic acid (TFA, 

analytical grade), 2,5-dihydroxy benzoic acid (DHB), iodoacetamide (IAA), dithiothreitol (DTT) 

were obtained from Sigma-Aldrich and used as received. Trypsin from bovine pancreas, casein 

from bovine milk, bovine serum albumin was obtained from Sigma-Aldrich. Dichloromethane 

was purchased from Fluka. Bruker Daltonics (Germany) was the provider of protein calibration 

standard-I 

2.2   Instrumentation 

Nitrogen adsorption/desorption isotherms and pore size distributions were measured using an 

ASAP 2020 surface area and porosimetry analyzer (Micromeritics, Norcross, GA). Scanning 

electron micrographs (SEM) and energy dispersive X-ray (EDX) spectra of polymer were 
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obtained using a Zeiss Gemini Ultra Field-Emission Scanning Electron Microscope (Peabody, 

MA, USA) integrated with an energy dispersive X-ray spectrometer (Thermo Electron, USA). 

FT-IR spectra of the bulk polymer were acquired using a Spectrum One IR instrument (Perkin 

Elmer, Waltham, MA, USA). Mass spectra were obtained by using Bruker Autoflex II MALDI-

TOF/TOF-MS. 

2.3    Purification of Monomers 

All monomers were passed through the basic bed of alumina for the inhibitor removal. 

2.4     Drying of Solvents 

To remove moisture content from tetrahydrofuran (THF) and thionyl chloride, following drying 

procedures were carried out. 

2.4.1     Drying of Tetrahydrofuran 

Few pieces of sodium metal were added to the THF in a flask. The resulting bubbles indicated 

the presence of water. Two grams of benzophenone was added to the flask as an indicator. The 

colorless suspension turned red. Tetrahydrofuran was refluxed at 66 °C and distilled. Red color 

turned to violet followed by blue which showed the complete removal of water content. The 

dried THF was stored. 

2.4.2    Drying of Thionyl Chloride 

Calcium chloride, as dehydrating agent, was added to thionyl chloride in a flask and kept 

overnight without air exposure. Calcium chloride removed the moisture present in it. The thionyl 

chloride was then distilled and stored. Thionyl chloride is used to produce acid chlorides of 

carboxylic groups that are necessary for the attachment of iminodiacetic acid (IDA) or 
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octadecylamine (ODA). The moisture presence can hydrolyze the acid chloride and reaction may 

not proceed properly. 

2.5 Characterization Tools 

2.5.1 FT-IR 

To record the FT-IR spectrum small quantity of material was grinded to fine powder with dry 

and purified salt of potassium bromide. The use of potassium bromides allowed recording of 

spectrum by avoiding the effect of scattering. A translucent pellet was made from this powder 

mixture by pressing it mechanically to a thickness which allowed the beam of spectrometer to 

pass through it. Perkin Elmer Spectrum IR instrument (Waltham, USA) was used to record the 

FT-IR spectra of the prepared polymers in transmittance or absorbance mode. 

2.5.2 Nitrogen Adsorption Porosimetry 

Nitrogen adsorption/desorption isotherms and pore size distribution calculations were made by 

an ASAP 2020 Porosimetry and surface area analyzer (Micrometritics, GA). 

2.5.3 SEM/EDX 

Polymers were characterized by scanning electron micrographs and energy dispersive X-rays 

spectra. A pinch of powder sample is taken gently on a conductive carbon tape. This tape is 

adhesive on both of its side to be tied to holder as well as to hold the sample on its upper surface. 

The particles which are loosely held are removed by tapping the stub. The sample is fully dried 

and extra particles are carefully removed. Sample was sputtered with metal before SEM analysis. 

Various metals can be used as coating materials but the superior electrical conduction of gold 

made it a best choice for coating. A sputtering device was used to homogeneously coat the 

sample material with gold. Sample was placed in chamber. After evacuating the chamber to 10-4 



 
61 

 

torr, an inert atmosphere was created by blowing argon. Gold target acted as anode. The 

electrons were accelerated towards the positive electrode by applying a potential of 5000 volts in 

between two electrodes. The collision between the argon atom and travelling electrons resulted 

in the ionization of argon which is indicated by a violet haze. As both electrons and ions were 

present in the chamber at the same time, plasma was produced. The negatively charged argon 

which was relatively heavier caused the knocking of gold atom from gold foil as it struck its 

surface with sufficient momentum. When these knocked atoms were settled down, they formed a 

uniform layer on the surface of sample. Now the sample was ready for further analysis. For EDX 

sample did not need to be sputtered with metal. For SEM images ultra-field emission scanning 

electron microscope (Zeiss Gemini, Peabody, USA) was used and EDX was determined by using 

thermo electron energy dispersive X-rays spectrometer (USA) 

2.5.4 Thermogravimetry 

Thermogravimetric analysis was performed on TA Instruments Q5000IR TGA. 

2.5.5 Column Back Pressure Measurements 

Column-backpressure measurements were performed with a nanoAcquity UPLC instrument 

(Waters, Milford, MA, USA) that was equipped with auto sampler, sample manager, binary 

solvent pump, TUV detector with 10 nL capillary flow cell. Two columns (one non-modified and 

other modified with 10 cycles of FeBTC) of equal length were taken. Acetonitrile as mobile 

phase was pumped through each of these columns with successive increase of flow rates. The 

effect of flow rate on the column back pressure was measured for each of the column at varying 

flow rate. In each run all the conditions were kept same to make the best comparison of back 

pressure for different columns. 
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2.6 MALDI-TOF/TOF-MS 

The recording of mass spectra was done on Bruker Autoflex II MALDI-TOF/TOF-MS and 

Ultraflex I (Bruker Daltonics) MALDI-TOF-MS. The instrument was equipped with delayed ion 

extraction device and ± 20 kV was the range of its available accelerating potential. The laser 

power was adjusted between 30 % and 50 % of its maximal intensity using a pulsed nitrogen 

laser operated at 337 nm having a frequency of 50 Hz. The mass fingerprinting measurements 

were conducted in positive ion reflector mode with detector energy of 1623 V and delayed 

extraction of  90 ns. Mass spectra were recorded in the desired mass range. Each mass spectrum 

was summed with 300 laser shots. Validation of all the data, including baseline subtraction, 

external calibration using Protein Standard I (Bruker Daltonics, Bremen, Germany) and all 

further data processing, were carried out by Flex analysis 3.0 software and the data acquisition 

by Flex control 3.0. 

2.7 Synthesis of Epoxy based Polymers 

Thermal polymerization of glycidyl propargyl ether (GPE) and allyl glycidyl ether (AGE) with 

divinyl benzene (DVB) was carried out by following the literature with minor modification 

[173]. For AGE/DVB polymer, a mixture containing 62.5 mg of initiator, 120 mL of ACN and 2 

mL of DVB was stirred at 60 °C for 4 h, with continuous nitrogen purging. After 4 h, 4.5 mL of 

AGE along with 100 mg of AIBN was added and temperature was raised to 70 °C for 16 h. For 

GPE/DVB polymer, thermal polymerization of glycidyl propargyl ether (GPE) with divinyl 

benzene (DVB) was carried out. 3mL of purified DVB with 62.5 mg of AIBN in 250 mL of 

ACN as solvent were stirred continuously after purging with the nitrogen gas for 4 h at 60 °C. To 

the mixture 4 mL of GPE was added along with 100 mg of AIBN by gradual rise of temperature 
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to 60 °C and stirred continuously for 16 h. The mixture was cooled to room temperature and 

product obtained was washed with 60 mL each of ACN and methanol after filtration. 

2.7.1 Modification of Epoxy Polymer 

 IMAC: The synthesized poly(GPE/DVB)/ poly(AGE/DVB) was derivatized to IMAC by 

vigorous stirring with iminodiacetic acids (IDA) solution of pH 10. After the agitation of 4 h at 

75 °C, final product was collected and washed to a neutral pH by deionized water. Different 

metal ions, Fe3+, Ti4+, Zr4+ and La3+ were loaded onto poly(GPE/DVB)-IDA/ poly(AGE/DVB)- 

IDA by stirring with the solution of respective chlorides of loading metal ions such as iron 

chloride, titanium chloride, zirconium chloride and lanthanum chloride. 

RP: Poly(GPE/DVB)/ poly(AGE/DVB) was modified to reversed phase by suspending it in the 

solution of octadecylamine and the final product was washed with acetonitrile. 

2.7.2    Determination of Fe3+ Content of the IMAC Material 

The metal uptake by poly(AGE/DVB)-IMAC was determined by shaking 0.25 g of the 

polymeric material with 20 mL of 25 ppm solution of FeCl3 for 2 hours. The supernatant was 

collected and the final concentration was determined using atomic absorption spectrometer. A 

calibration curve was plotted by using standard solutions of FeCl3 of varying concentrations. 

2.8 Synthesis of Terpolymer 

The terpolymer was synthesized by mixing vinyl acetate (VA), acrylic acid (AA), methyl 

acrylate (MA), diethylene glycol dimethacrylate (DEGDMA) and chloroform in the ratio of 

1:1:2:2:2. DEGDMA was added as a cross-linking agent and 1.6 % (w/v) of benzoyl peroxide 

was used as an initiator. The solution was stirred at temperature of 35 °C to 40 °C for 2 h in 
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methanol. The temperature was raised with a gradient of 5 °C per hour, till 65 °C. Mixture was 

kept at 67 °C for 1 h, where the polymerization process was set to build up. The polymeric 

material was filtered and washed with n-hexane, followed by the deionized water and dried at 40 

°C. 

2.8.1 Modification of Terpolymer 

IMAC: The synthesized terpolymer was treated with 20 mL of dried thionyl chloride at 70 °C 

for 24 h. To remove the excess of thionyl chloride rotary evaporator was used and resulting acid 

chloride was washed with tetrahydrofuran. 1 g of iminodiacetic acid (IDA) and 1 mL of triethyl 

amine (TEA) were added along with 20 mL of tetrahydrofuran. The reaction mixture was 

allowed to stir at 70 °C for 72 h. Derivatized polymer was washed with dichloromethane, ethanol 

and deionized water. It was then dried and stored in desiccators. 

RP: Acid chloride of the terpolymer was prepared by the above mentioned method. 2 mL of 

octadecylamine (ODA) and 25 mL of acetonitrile were added to the mixture and stirring was 

continued for 48 h at 80 °C. To remove the unreacted reagents, washing was carried out using 

excess of ethanol and then acetonitrile. The resulting phase was dried at room temperature. 

2.9 Synthesis of Polymer Monolith 

In order to anchor the polymer monolith into inner wall of silica capillary, it was pretreated with 

a vinylizing agent. Firstly, capillary was cleaned by rinsing with acetone and water and then 

filled with sodium hydroxide (0.2 mol/L) until the liquid at the outlet of the capillary exhibited a 

basic pH. NaOH solution was kept pumping through the capillary using a syringe pump at 0.25 

μL/min for 30 min and then a neutral pH of the eluent was obtained by washing with the water. 

The capillary was then flushed by adjusting the flow rate at 0.25 µL/min by using 0.2 mol/L HCl 
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until an acidic pH was observed, and then continued for an additional 30 min. Then capillary was 

rinsed with water and ethanol. Final rinsing of capillary was done by using 20 % (w/w) solution 

of 3-(trimethoxysilyl) propyl methacrylate in ethanol (pH adjusted to 5 by acetic acid). Solution 

was pumped through the capillary for 1 h with a flow rate 0.25 µL/min by using a syringe pump. 

The activated capillary was dried by rinsing with acetone and then blowing a stream of nitrogen 

and was left at room temperature overnight. 

A polymerization mixture containing 50 mg styrene, 100 mg divinylbenzene,  50 mg methacrylic 

acid, 300 mg toluene and 300 mg isooctane, was prepared. Polymerization was started by adding 

1 % AIBN as initiator (1% of total monomer concentration). The mixture was sonicated for 10 

min to homogenize it and then nitrogen was purged through the mixture for 10 min to degass the 

mixture. Activated silica capillaries were filled with this mixture. To avoid the loss of 

polymerization mixture, ends of the capillaries were sealed with the rubber septum and 

polymerization in the filled capillaries was done at 60 °C for 6 h. The porogens and un-reacted 

monomers were washed out by flushing acetonitrile through the column. 

Larger scale monolith with identical composition was prepared in glass vials. Once the 

polymerization was completed, the glass vial was crushed and the polymer monolith was placed 

into a cellulose extraction thimble. Porogens and non-reacted monomers were removed by 

soxhlet extraction in methanol for 16 h. These monoliths were used for nitrogen adsorption, 

thermogravimetry, FT-IR and Mossbauer characterization. 

2.9.1 Modification of Monolith by Nanoporous Coordination Networks 

The monolithic capillary column was saturated with Fe(III) by flushing with an ethanolic 

solution of FeCl3.6H2O (2 mM) for 15 min  by adjusting the flow rate to 2 µL/min and then with 

an ethanolic solution of 1,3,5-benzenetricarboxylic acid (H3BTC) (2 mM) for 15 min at identical 
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flow rate. The column was rinsed with ethanol between each step. The thickness of the FeBTC 

was defined by the number of cycles accomplished. 

 
 

Figure 2.1: Schematic illustration of incorporation of additional metallic sites to immobilized 

metal affinity chromatography (IMAC) by step-by-step synthesis of FeBTC porous coordination 

polymer into the pore surface of a polymer monolith. 

For the larger scale monoliths prepared for characterization purposes, the monolith was grinded 

and the obtained powder was soaked into FeCl3.6H2O (2 mM) solution, and then transferred to a 

Nylon filter (0.22 µm) placed on a vacuum manifold. The solvent was removed by filtration, and 

the polymer was washed with ethanol. The Fe(III) and BTC cycles were performed following a 

similar procedure than for the on-column modification, in this case, vacuum filtrating between 

each step. The volume of metal, organic ligand and cleaning solutions used in each step was 5 

mL per 100 mg polymer monolith. 
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2.10 General Methods 

2.10.1 Peptide and Protein Mixture Analysis 

The activation of each IMAC material was carried out by 200 µL/min of ACN in 0.1 % trifluoro 

acetic acid (TFA) and then equilibrated with PBS buffer. Each of these IMAC materials was 

incubated with 200 µL of peptide/protein mixture which was already diluted with PBS for 5 min. 

After centrifugation supernatant was collected and material was washed with 200 µL of PBS 

buffer. 200 µL of milli-Q water was added to each vial for desalting and some part of this 

material was taken out for the analysis by material enhanced laser desorption/ionization mass 

spectrometry (MELDI-MS). A solution of 80 % acetonitrile in 0.1 % TFA (50µL) was used for 

final elution and supernatant was collected for analysis. 

2.10.2 Digestion of Standard Proteins/Biological Fluids   

2 mg/mL solution of casein was aliquoted to 200 µL fractions. The incubation of these aliquots 

was done for 15min at 50 °C after adding 160 µL of 1 M NH4HCO3 solution using a 

thermomixer and then 50 µL of 45 M DTT was added. 0.2 mL of each of the samples of non-fat 

milk and egg yolk was lyophilized to make it dry and then dried material was dissolved in 1M 

NH4HCO3. The obtained solution was treated with 0.2 mL of 45 mM DTT. Protein disulfide 

bonding was reduced by incubating the samples at room temperature for 20 min. The solutions 

were incubated in dark for 15 min after addition of 50 µL of 100 mM IAA. 2 µg of trypsin (20 

µL of 0.1 µg/µL) was added to each of the sample vial and solution was diluted up to 1400 µL 

by deionized water. Sample solutions were digested at 37 °C for 14 h and then pH of the digest 

was maintained to <3 by adding 1 % TFA solution (10 µL) to it. Finally digest was homogenized 

by using thermomixer for 5 min and was stored at -20 ᵒC for further use. 
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2.10.3 Preparation of Spiked Serum Samples 

Four samples of spiked serum of varying concentrations were prepared by using 40 µL of serum 

sample that was spiked with varying concentration of tryptic digest of β casein; 50 pmol, 5 pmol, 

500 fmol and 50 fmol. The sample preparation on polymeric material was accomplished by using 

the same methodology as was used for the phosphopeptides enrichment from the digest of 

standard proteins (α or β casein). 

Serum samples for ovarian cancer were obtained from patients and control from healthy 

individuals. Serum samples were pre-treated and digested using trypsin (20 µL of 0.1 µg/µL). 

Digestion was stopped by 1 % TFA solution. 40 µL of each serum digest was applied to 

poly(GPE/DVB)-IMAC-La3+ and enrichment was carried out. 

2.10.4   Sensitivity Assessment 

Five different concentrations of β-casein were prepared to test the sensitivity of derivatized 

poly(GPE/DVB)-IMAC. After equilibration, 1 mg of poly(GPE/DVB)-IMAC was incubated 

with 100 µL of 5 pmol, 2 picomol, 200 fmol, 100 fmol , 50 and 1 fmol/µL β-casein digest 

;solutions for 10 min at room temperature, followed by washing and elution using different 

buffer conditions. The eluted fractions were spotted on MALDI target plate with CHCA 

(saturated solution in ACN/water (1:1 v/v), containing 0.1% TFA) as matrix for analysis by 

MALDI-TOF-MS. 

2.10.5   Selectivity Studies for Poly(GPE/DVB)-IMAC 

Three different mixtures of tryptic digests of β-casein, ovalbumin and BSA as such were 

prepared to test the selectivity of derivatized poly(GPE/DVB)-IMAC. The molar ratios of β-

casein and ovalbumin in mixture I is 1:1, β-casein, ovalbumin and BSA in mixture II is 1:1:1 and 
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mixture III as 1:1:10. The enrichment was carried out as illustrated above and MALDI MS 

analysis was performed. 

2.10.6   Recovery Assessment 

Phosphopeptide (4 pmol) with the sequence of FQSEEQQQTEDELQDK at m/z 2061.8 Da from 

β-casein, was dissolved in 200 µL of incubation buffer. The enrichment experiment was 

performed using poly(GPE/DVB) according to the same procedure mentioned above. 20 pmol of 

ovalbumin (10 µL) was added to 10 µL of eluent as an internal standard. In the control 

experiment, 4 pmol of standard phosphopeptides, dissolved in 10 µL of 200 mM ammonia, was 

directly mixed with 10 µL of ovalbumin tryptic digest (20 pmol total). 0.5 µL of the eluent and 

the control was spotted on the plate for MALDI MS analysis. 

2.10.7    Reproducibility Evaluation 

Phosphopeptide enrichment was carried out employing β-casein digest to deduce the batch-to-

batch reproducibility, followed by the statistical evaluation. 

2.10.8 Phosphopeptides Enrichment 

Each of IMAC material under analysis after loading with the metal ions was activated three 

times with 100 µL of 80% acetonitrile in 0.1 % TFA and equilibrated with 100 µL of 0.1 % 

TFA. The same method of incubation was applied to monolithic column also. For selective 

enrichment, 200 µL of protein digest having 0.1 % TFA was incubated with the test material for 

30 min at RT. Non-phosphopeptides were washed out by 10 µL of 80% acetonitrile in 0.1 % 

TFA. After two times washing of the material, phosphopeptides were eluted by 20 µL of  

NH4OH having pH 11.5 and analyzed by MALDI-MS. The same protocol was adopted for the 
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phosphopeptides enrichment during sensitivity, selectivity, reproducibility and the real sample 

analysis. 

2.11 Desalting  

Desalting by RP was carried out in parallel with the commercially available ZipTip. Both the 

synthesized materials and ZipTip were processed in the same way. Activation of each vial was 

done by 10 µL of ACN by shaking it for 5 min. The material was equilibrated for 5 min with 10 

µL of  5 % ACN containing 0.1 % TFA (a total of 2 mL solution was prepared by adding 100 µL 

of ACN in 1900 µL of 0.1 % TFA). 100 µL of tryptic peptide digest was added to each vial for 

binding and was placed in the thermomixer for 5 min. After washing the material with 10 µL of 

5 % acetonitrile containing 0.1 % TFA, elution of phosphopeptides was carried out  by 50 % 

ACN containing 0.1% TFA (a total solution was prepared using 500 µL ACN and 500 µL of 0.1 

% TFA) and analyzed. 

2.11.1    Desalting - Comparison to Commercial Aspire RP30 Tip 

Poly(AGE/DVB)-RP was used as a desalting material for sample preparation in comparison to 

the Aspire RP30 desalting tip. The choice of Aspire RP30 for the comparison was made because 

of the packed polymeric bed. Initially poly(AGE/DVB)-RP was activated by 10 µL of ACN 

followed by the equilibration with 10 µL of 5 % ACN containing 0.1 % TFA (a total of 2 mL 

solution was prepared by adding 100 µL of ACN in 1900 µL of 0.1 % TFA). 100 µL of tryptic 

peptide digest was incubated with the polymeric RP. Unbound peptides were removed by 

washing with 10 µL of 5 % ACN containing 0.1 % TFA. The bound peptides were eluted with 

10 µL of 50 % ACN containing 0.1 % TFA. The provided protocol was followed in case of 

commercial tips. 
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2.11.2   Desalting of Tryptic Casein Digest using ZipTip C-18, ZipTip C-4 and Terpolymer 

C-18 

Both the commercial ZipTip and the modified terpolymer were processed in parallel for the 

activation and desalting process for casein mixture. Both were activated by rinsing thrice with 10 

μL acetonitrile, followed by equilibration buffer (10 μL of 5 % acetonitrile containing 0.1 % 

trifluoroacetic acid). Tryptic casein digest (already diluted in TFA) was added, aspirated and 

dispensed up to 10 cycles. After loading, both the ZipTip and modified terpolymer were washed 

with 10 μL of 5 % acetonitrile containing 0.1 % trifluoroacetic acid. The elution of bound 

peptides was carried out using 10 μL of 50 % acetonitrile containing 0.1 % trifluoroacetic acid. 

The eluted peptides were spotted on the MALDI target plate with 1 μL matrix solution. The 

desalting ability of material was further confirmed by using the non-fat milk following the same 

protocol as that of ZipTip C-18/C-4. 

2.12 MALDI/TOF-MS Analysis 

Eluted fractions of phospho- and non-phosphopeptides and solid material for MELDI was 

spotted onto the target plate of MALDI by mixing it thoroughly with the DHB matrix solution 

prepared in 50 % ACN: 0.1 %TFA in 1:1 ratio. 

2.13    Amino Acid Sequence Database for Identified Peptide Signals 

Peptide signals publicly available online program named Mascot provide  the monoisotopic mass 

list to access the SWISS-PROT database for the correct identification of phosphorylated peptides 

of α (both of S1 and S2 with accession number P02662 and P02663) and β caseins (accession 

number P02666). The list of identified phosphorylated and non-phosphorylated fractions of 

peptides obtained from α- and β-caseins with their amino acid sequences is given in tables for the 
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enrichment of peptide residues from tryptic casein digests and egg yolk. The data also provides 

the information about the number of phosphorylation sites present in each phosphopeptide. It 

shows that the multiply phosphorylated peptides are also enriched by the terpolymer-IDA-

Fe3+/La3+. It is interesting to note that peak pattern was same in both of the cases, whether the 

spectrum was recorded for the sample, directly loaded to MALDI target or eluted peptides were 

analyzed. It provides strong evidence that peptides are reversibly adsorbed onto the IMAC 

materials. 
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A column modification with 10 cycles is adopted for further experiments in a compromise 

between the achievement of good sensitivity for enrichment of phosphopeptides and a 

concomitant short time for preparation of column. The enhancement on phosphopeptide 

enrichment efficiency can be attributed to the presence of free metal sites on material, which then 

3.1 Polymers-Selection and Fabrication 

Proteins/peptides of different polarities require unique properties of affinity materials which 

offer surface chemistry for further modification. Different materials are designed to fulfill the 

need of new polymeric phases for enrichment. The synthesized polymers offer active sites based 

on their repeating units in the polymeric network. Different affinities are vital when the complex 

samples are to be separated, as they contain a wide variety of analyte in it. During the synthesis, 

various parameters control the polymeric properties. The cross-linker plays its role by grafting 

the polymeric backbone with linking chains. The control of gradient temperature results in the 

homogeneous particle size distribution. 

The chemical derivatization of epoxide polymers i.e. poly(GPE/DVB) and poly(AGE/DVB) is 

accomplished by the epoxy ring opening. Iminodiacetic acid (IDA) is used to make IMAC 

material, as its carboxylate groups can coordinate to the metal ions. Terpolymer is derivatized by 

converting it to acid chloride in the first step. Different transition metals and lanthanides ions are 

acceptors of oxygen containing anions such as phosphates. A well designed polymeric base 

material with immobilized metal ions can thus be a good enrichment solution to phosphopeptides 

from complex samples. Growth of iron-benzenetricarboxylate (FeBTC) coordination polymer 

within the pores of monolith entraps iron in it which serves the function of capturing 

phosphopeptides. Enrichment of phosphopeptides involves the interaction of phosphate groups to 

the metal ions.  
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3.2 Characterization of Materials 

3.2.1 FT-IR-Confirmation of Adopted Synthetic Method 

Poly(GPE/DVB): Derivatization of poly(GPE/DVB) as an IMAC material is shown by the 

specific IR bands of relative functional groups. The attachment of IDA is confirmed by the band 

at 1063 cm-1 which appears because of C-N stretch. As IDA contains carboxylic groups, the 

peaks appearing at 1714 cm-1 represent C=O stretch, 1433 cm-1 for O-H bend and at 3098 cm-1 

for C-H stretch. The stretched bands of C-O and C-C are present at 1285 cm-1and 1101 cm-1 

respectively. 

Peak pattern of polymer C-18 reversed phase is observed in a similar way. Attachment of 

octadecylamine to the polymers is confirmed by characteristic peak at 1063 cm-1 which is due to 

C-N stretch. Presence of C=O bond is indicated by the band present at 1714 cm-1. Peaks at 1610 

cm-1 and 1101 cm-1 show the presence of N-H and C-C. Two bands at 1400 cm-1and 2833 cm-1 

confirm the presence of C-H groups which are the constituent of octadecylamine.  

Poly(AGE/DVB): FT-IR analysis illustrates the polymerization by showing the functional 

groups and shifting patterns relevant to the derivatizations. The spectrum of polymeric backbone, 

i.e. poly(AGE/DVB) is compared with the two derivatized forms, poly(AGE/DVB)-IMAC and 

poly(AGE/DVB)-RP (Figure 3.1). Attachment of iminodiacetic acid (IDA) to the polymer is 

confirmed by the band at 1120 cm–1 for C–OH group, which appears because of the opening of 

epoxy functionality of poly(AGE/DVB) on derivatization. The band at 1714 cm-1 indicates C=O 

stretch of carboxylic group of IDA. The bands at 3098 cm-1 and 1433 cm-1 are for the O-H stretch 

and bend respectively. The attachment of octadecylamine (ODA) is evaluated by the band 

around 1465cm-1, 2850 cm-1 and 2919 cm-1 for the C-18 chain. C-H stretch at 1400 cm-1 and C-H 
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bend at 2833 cm-1 is because of the C-H groups of octadecylamine. The rest of peak pattern is 

same as that for the precursor polymer. 

 

Figure 3.1: FT-IR spectra of (a) Poly(AGE/DVB) (b) Poly(AGE/DVB)-IMAC (c) 

Poly(AGE/DVB)-RP. 

Terpolymer: Functionalization of terpolymer is successfully achieved and confirmed by FT-IR 

analysis. The alkyl stretch of C-N bond indicates the binding of IDA to the polymer shown by 

the peak at 1063 cm-1. Peaks appear at 1714 cm-1, 1433 cm-1  and 3098 cm-1 because of C-H 

stretch , O-H bending and O-H stretching respectively. These peaks result from the carboxylic 

group of IDA. C-O stretching band appears at 1285 cm-1. Similar peak pattern is present in the 

functionalized terpolymer as reversed phase. The attachment of octadecylamine to the 

terpolymer is confirmed by a peak at 1063 cm-1 which is characteristic for C-N bond. Presence of 
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C=O is indicated by the band appearing at 1714 cm-1. Bands at 1101 cm-1 and 1610 cm-1 are 

because of C-C and N-H respectively. Presence of C-H in octadecylamine is revealed by the 

presence of two bands, C-H at 1400 cm-1 and C-H bend at 2833 cm-1. 

FeBTC-organic Polymer Monolith: FT-IR measurements are performed for FeBTC-organic 

polymer monolith and its counterparts modified with 10, 20 or 30 cycles of FeBTC (Figure 3.2). 

For the initial monolith not containing any FeBTC (0 cycles), the incorporation of the 

methacrylic acid into the final FeBTC-organic polymer monolithic scaffold is confirmed by the 

appearance of an intense band at 1707 cm-1, corresponding to the C=O stretch, which is 

negligible in poly(styrene-divinylbenzene) monoliths that does not contain any methacrylic acid. 

After addition of 10 cycles of FeBTC several new bands appear or increase their intensity in the 

IR spectrum and the intensity of those progressively increase while increasing the number of 

FeBTC cycles to 20 and 30. Bands that increase intensity are at 1382, 1449, 1627 and 3400 cm-1. 

These FT-IR bands show the characteristic peaks obtained on the preparation of similar PCPs 

based on the coordination of metals and trimesic acid, such as the metal-organic framework 

MIL-100, which is also based on Fe(III) and trimesic acid [174]. 
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Figure 3.2: FT-IR spectra of precursor FeBTC-organic polymer monolith (0 cycles) and its 

modified counterparts after 10, 20 and 30 cycles of FeBTC. 

3.2.2 Surface Morphology of Polymeric Materials by SEM 

Poly(GPE/DVB): Scanning electron microscopy is performed to investigate the surface 

morphology of the material (Figure 3.3). Optimum zoom level is selected to record the image at 

2 kV.  
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Figure 3.3: SEM image of poly(GPE-DVB). 

Scale of the image indicates size of the particles in approximately 1 micrometer range and 

spherical in shape.  

Poly (AGE-DVB): Surface morphology of poly(AGE/DVB) is visualized by scanning electron 

microscopy. The polymer beads are small spheres with narrow size distribution (Figure 3.4). 

 

Figure 3.4: SEM image of Poly(AGE/DVB). 
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Terpolymer: The surface morphology and the particle size of terpolymer is analyzed by SEM 

analysis (Figure 3.5). The image is recorded at 10 kV and the scale given confirms the particle 

size in micrometer range. 

 

 

Figure 3.5: Structures of monomers used in the synthesis of terpolymer: (a) Methyl acrylate, (b) 

Vinyl acetate, (c) Acrylic acid, (d) SEM image of the terpolymer. 

FeBTC-organic Polymer Monolith: The obtained materials are based on a network of 

interconnected microglobules conforming a porous structure as is shown in Figure 3.6A. From 

the prepared ternary polymerization mixture, the divinyl monomer polymerizes faster 

conforming the nuclei of the microglobules, while the monovinyl monomers (styrene and 

methacrylic acid) are incorporated to the initial microglobule network at longer polymerization 

times. 
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In the proposed approach for porous polymer modification, we first saturate a suitably 

functionalized polymer support with Fe(III) and further incorporate additional Fe(III) into the 

material through coordination with trimesic acid. It is observed that change of the color of 

polymer from white to light yellow after Fe(III) immobilization. The light yellow polymer turned 

orange, obtaining an increase in color intensity by increasing the number of FeBTC cycles. Since 

the incorporation of FeBTC is performed in a controlled manner as a thin layer, no big 

morphological changes are observed on the material after 30 FeBTC cycles (Figure3.6B), 

maintaining the high porosity for flow-through applications. 

 

 

Figure 3.6: (a) SEM image of the porous structure of prepared FeBTC-organic polymer 

monoliths. (b) SEM image of the porous structure of FeBTC-organic polymer monolith after 30 

cycles of FeBTC. 
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3.2.3 Purity and Elemental Analytics  

Poly(GPE/DVB): Energy dispersive X-rays spectroscopy (EDX) is performed for the elemental 

analysis of the polymer (Figure 3.7). CaCO3 is used as standard for the analysis of carbon and 

SiO2 for oxygen. The range of 0-5 KeV is selected for recording the spectrum. Carbon is 

indicated by a peak at 0.3 Kev which is of high intensity and contributes 85.60 % of the total 

polymer weight. Another high intensity peak at 0.5 KeV shows the presence of oxygen which is 

14.40 % of the total weight of the material. EDX results indicate that carbon is the major 

constituent of the material and percentage of oxygen shows the presence of epoxy groups in the 

material. 

 

 

Figure 3.7:  EDX analysis for elemental composition of poly(GPE-DVB). 

 

Poly(AGE/DVB): Elemental composition is found out by EDX analysis. The elemental 

composition shows no impurities with carbon content 85.60 % and oxygen 14.40 % (Figure 3.8). 
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Figure 3.8: EDX spectrum ofpoly(AGE/DVB). 

FeBTC-organic Polymer Monolith 

Identical porous FeBTC-organic polymer monoliths are prepared in a capillary column format. 

Fe(III), trimesic acid and ethanol solutions are pumped through the monoliths using syringe 

pumps, performing a total of 10 cycles of FeBTC. Energy dispersive x-ray spectroscopy (EDXS) 

(Figure 3.9) shows a peak of oxygen for the as-synthesized FeBTC-organic polymer monolith, 

corresponding to the oxygen from co-polymerized methacrylic acid. The theoretical wt % of 

oxygen for complete polymerization of methacrylic acid would be approximately 9 wt %, and 

the measured amount is 6 wt %, indicating the incorporation of approximately 2/3 of the 

methacrylic acid into the final polymer scaffold.  

After 10 FeBTC cycles the amount of oxygen increases up to a 19 wt%, being this 10 wt % 

increase is due to the incorporation of trimesic acid into the material. After FeBTC modification 

a 19 wt % of Fe is measured. The difference between the Fe wt% values obtained between TGA 

and EDXS measurements can be attributed to the differences in the material format used. In the 

preparation of bulk polymers, the material should be completely dry before each step of metal or 

organic ligand addition, as well as every cleaning step with ethanol. The possibility of remaining 
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solvent within the pores of the monolith causes the polymer to swell in ethanol which influences 

the amount of Fe(III) and trimesic acid to load in each step. Instead, in a monolithic capillary 

flow-through format, the different solutions are forced to go through the porous polymer 

structure by the action of pressure. It ensures good accessibility of Fe(III) and trimesic acid 

solutions within the pore structure, thus increasing the efficiency on the amount of incorporated 

FeBTC into the polymer scaffold and the number of FeBTC cycles accomplished. 

 

Figure 3.9: EDX spectra for the as-synthesized polymer monolithic capillary column and the 

hybrid column after 10 FeBTC cycles. 

3.2.4 Nitrogen Adsorption Porosimetry 

Poly(GPE-DVB): The surface area, surface volume and the pore size are investigated by 

nitrogen adsorption porosimetry. The BET surface area is calculated as 89.3824 m2/g, surface 

volume, t-Plot micro-pore volume as 2.86 × 10-4  mm³/g and average pore width (4V/A by BET) 

as 20.8111 Å. The detail can be seen in Table 3.1 
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Table 3.1: Nitrogen adsorption porosimetry of poly(GPE/DVB) 

Surface Area of Polymer 

Surface area at p/p° for a single point 90.4723 m²/g 

Surface area by BET 89.3824 m²/g 

Micropore area by  t-Plot 62.9014 m²/g 

External surface area by t-Plot 26.4810 m²/g 

Adsorption cumulative surface area determined byBJH for pores in the 

width range of 17.000 Å and 3000.000 Å  

22.618 m²/g 

BJH desorption cumulative surface area of pores determined by BJH in the 

width range of 17.000 Å and 3000.000 Å 

1.2394 m²/g 

 Surface Volume of the Polymer 

Total pore volume of pores by single point adsorption less than 194.424 Å 

width at p/p° 

0.046504 cm³/g 

t-Plot Micropore volume 0.028605 cm³/g 

cumulative volume of pores by BJH adsorption between 17.000 Å and 

3000.000 Å width 

0.019367 cm³/g 

Cumulative surface area of pores measured by BJH desorption between 

17.000 Å and 3000.000 Å width 

0.002274 cm³/g 

Pore Size 

Adsorption average pore width (4V/A by BET) 20.8111 Å 

Average pore by BJH adsorption width (4V/A) 34.251 Å 

Average pore by BJH desorption width (4V/A) 
73.405 Å 
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Poly(AGE/DVB): The BET surface area comes out 173.1554 m2/g, t-plot micropore volume 4.1 

x 10-2 mm3/g and adsorption average pore width (4 V/A by BET) as 21.1416 Å (Table 3.2). The 

designing methodology and the selection of monomers have produced almost double surface area 

(173.1554 m2/g) of poly(AGE/DVB) in comparison to poly(GPE/DVB).The nitrogen adsorption 

and desorption isotherms are given in Figure 3.10. 

 

 

Figure 3.10: Nitrogen adsorption porosimetry of poly(AGE/DVB). 
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Table 3.2: Summary of nitrogen adsorption porosimetry studies of poly(AGE/DVB)  

Surface Area 

Surface area at p/p° for a single point 172.3831 m²/g 

Surface area by BET 173.1554 m²/g 

Micropore area by  t-Plot 92.3524 m²/g 

External surface area by t-Plot 80.8030 m²/g 

Adsorption cumulative surface area determined by BJH for pores in the 

width range of 17.000 Å and 3000.000 Å  

72.369 m²/g 

BJH desorption cumulative surface area of pores determined by BJH in the 

width range of 17.000 Å and 3000.000 Å 

25.9253 m²/g 

Pore Volume 

Total pore volume of pores by single point adsorption less than 207.716 Å 

width at p/p° 

0.091519 cm³/g 

t-Plot Micropore volume 0.041105 cm³/g 

cumulative volume of pores by BJH adsorption between 17.000 Å and 

3000.000 Å width 

0.051220 cm³/g 

Cumulative surface area of pores measured by BJH desorption between 

17.000 Å and 3000.000 Å width 

0.015069 cm³/g 

Pore Size 

Adsorption average pore width (4V/A by BET) 21.1416 Å 

Average pore by BJH adsorption width (4V/A) 28.310 Å 

Average pore by BJH desorption width (4V/A) 23.249 Å 
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Terpolymer: In the presence of small amount of cross-linker, a transparent gel polymer is 

formed while its increased amount assisted by constant stirring leads to the formation of 

powdered polymer with enhanced adsorption surface area. The particles are individualized by the 

non-solvent washing with n-hexane after the polymerization. 

Considering the importance of porosity and thus the surface area to the enrichment of 

phosphopeptides from complex samples, the polymer is subjected to nitrogen adsorption 

porosimetry. The single point surface area at p/p° is 1.5003 m²/g, BET surface area is calculated 

as 1.4632 m²/g, micropore area by t-plot is 2.1958 m²/g and external surface area determined 

as0.7325 m²/g. The micropore volume by using t-plot is recorded as 0.000976 cm³/g.  

FeBTC-organic Polymer Monolith: In order to confirm that the gradual incorporation of 

Fe(III) into the material is shaping a microporous network on the surface of the monolith 

macropores, the surface area and pore size distribution of the material are measured by nitrogen 

adsorption in the dry state. Figure 3.11 shows the nitrogen adsorption isotherm for the as-

synthesized polymer. The BET surface area for FeBTC-organic polymer monolith is 106 m2/g. 

After only 10 cycles of FeBTC growth a clear increase in the surface area is observed (isotherm 

not shown), in this case the surface area measured is 180 m2/g. The surface area progressively 

increases while increasing the number of FeBTC cycles up to a surface area of 389 m2/g, after 30 

cycles (Figure 3.11, hybrid isotherm), demonstrating the permanent porosity of the material. In 

order to get further information about the new pores created in the monolith after FeBTC growth, 

we performed a pore size distribution, which is also shown in Figure 3.11. A plethora of new 

pores after monolith modification is observed within the range of 1.0-2.5 nm, being most of new 

pores of 1.1nm.                
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Figure 3.11: Pore size distribution and nitrogen absorption isotherms of the original FeBTC-

organic polymer monolith and the hybrid FeBTC-organic polymer monolith after 30 cycles of 

FeBTC. 

3.2.5 X-ray Diffraction and Mossbauer Spectrum of FeBTC-organic Polymer Monolith 

In order to get further information on the Fe(III) coordination of the developed step-by-step 

FeBTC thin layers, the powder X-ray diffraction of the hybrid material is measured, however not 

enough signal intensity is obtained. It is attributed to the large amount of polymer in comparison 

to FeBTC amount on the surface of the pores, as well as the lower degree of crystallinity 

obtained following a step-by-step hydrofluoric acid-free mechanism. As an alternative, we 

record Mossbauer spectra at 77 K. As is shown in Figure 3.12, the Mossbauer spectra consist of 

asymmetrical quadrupolar doublets with broadened and overlapped lines, due to the large 

number of different environments of Fe atoms. The obtained Mossbauer spectra are similar to 
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those obtained for the metal-organic framework MIL-100 and the commercially available 

FeBTC [175]. 

 

Figure 3.12: Mossbauer spectra of a monolith containing 30 cycles of FeBTC. 

3.2.6 Thermogravimetric Analysis of FeBTC-organic Polymer Monolith 

Thermogravimetric analysis (TGA) is performed for the different hybrid materials prepared. The 

obtained results are shown in Figure 3.13. Initially, we saturate the precursor FeBTC-organic 

polymer monolith with Fe(III). In this case the residue at 600 ºC corresponding to the residual Fe 

is very low, only a 0.19 wt%. The residual Fe on the tested materials with 10, 20 and 30 FeBTC 

cycles increases, it is 1.14, 5.32 and 9.1 %, respectively (Figure 3.13). It means an increase of 6-

fold of the initial Fe amount after 10 cycles, thus a 4.7-fold and 1.7-fold Fe increase for the 

subsequent 10-cycle series. The overall increase of Fe in the material after 30 cycles is close to 

50-fold. 
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Figure 3.13: Thermogravimetric analysis of FeBTC-organic polymer monoliths containing 

different amounts of Fe(III). Fe, FeBTC-organic polymer monolith saturated with Fe(III).  

The loss of weight between 50-100 ºC increases with the number of FeBTC cycles in the hybrid 

material, and is attributed to the loss of water molecules interacting with the Fe(III) centers, as 

well as the presence of free water into the PCP, which is common for similar materials such as 

the MIL-100. At around 300 ºC both the decomposition of the monolithic polymer skeleton and 

the coordinating ligand trimesic acid is occurring simultaneously. Different profile of the TGA 

curve in this temperature range (300-400 ºC) is influenced by the number of FeBTC cycles.  
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3.2.7 Determination of Porosity of Monolithic Column 

The column total porosity is determined using high performance liquid chromatography. It is 

measured by the elution volume of a non-retained compound (acetone) divided by the overall 

volume of the empty cylindrical capillary. The FeBTC-organic polymer monolith shows total 

porosity of 77 % before modification which decreases to 72 % after 10 cycles of FeBTC.  

Due to the high column porosity obtained from precursor material, thus maintaining most of this 

porosity after 10 cycles of FeBTC, it enables the use of high flow rates through monolithic 

support even using low-pressure instrumentation, making this material ideal for its use as support 

for sample purification. Figure 3.14 shows the effect of flow rate applied through the columns on 

measured column back-pressure. A linear increase in back-pressure is observed while increasing 

the flow rate for both non-modified and FeBTC modified columns. In agreement with the small 

decrease in column total porosity after modification, an increase in column back-pressure after 

10 cycles of FeBTC is observed. 

 

Figure 3.14: Effect of applied flow rate on column back-pressure using acetonitrile as mobile 

phase. 
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3.2.8 Metal Content of Poly(AGE/DVB)-IMAC 

The amount of the metal uptake, qe (mg/g) is calculated by using the equation: 

 

𝑞𝑒 =
(𝐶𝑜 − 𝐶𝑓)𝑉

𝑊
 

 

Where Co is the initial concentration of metal in solution, before the sorption (mg/L), Cf is the 

final concentration of metal in solution, after the sorption (mg/L), V is the volume of solution (L) 

and w is the amount of solid material (g). The final concentration of solution after metal loading 

is 15.09 ppm calculated from calibration curve. The amount of Fe3+ loaded on poly(AGE/DVB)-

IMAC is calculated as 0.7928 mg/g. 

3.3 Proteomic Applications of Designed Materials 

3.3.1 Poly(GPE/DVB) for Proteins and Peptides 

Without further derivatization the potential of polymer is investigated using peptides mixture. 

For reference, the mixture is spotted without applying to the polymer material as shown by 

Figure 3.15 a. After enrichment by polymer, there is no trace of sample containing peptides as 

shown by Figure 3.15 b. The selected peptide mixture has all the diverse natured peptides 

ranging from hydrophobic to hydrophilic [176,177].They are 1047.98 (angiotensin II), 1297.48 

(angiotensin I) (hydrophobic and hydrophilic ends); 1348.64 (substance P), 2466.65 (ACTH clip 

18-39) (hydrophobic), 1620.34 (bombesin) and 1760.75 (renin substrate). The MS spectrum of 

eluted fraction shows efficient enrichment as shown in Figure 3.15 c. 
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Figure 3.15: MALDI-MS spectra of peptide mixture using poly(GPE/DVB) (a) Peptide mixture 

prior to enrichment (b) Flow through collected after enrichment by poly(GPE/DVB) (c) Eluted 

fraction collected from poly(GPE/DVB). 

This helps to further explore the polymer for high mass ranges in order to make it useful for 

serum protein profiling in disease diagnostics. Therefore a mixture of proteins with mass range 

5734.63 to 16952.40 Da is employed. The mass spectra indicate the enrichment of all proteins 
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without any trace of protein left in the flow-through collected after loading the sample onto the 

polymer (Figure 3.16 b and3.16 c). 

 

Figure 3.16: MALDI-MS spectra of five protein mixture using poly(GPE/DVB) (a) Protein 

mixture prior to enrichment (b) Flow through collected after enrichment by poly(GPE/DVB) (c) 

Eluted fraction collected from poly(GPE/DVB). 

MS spectrum shows the peaks for insulin (5734.50) [M + H]+, cytochrome c (6181.98) 

[M+2H]2+, (12360.46) [M+H]+ and myoglobin (8476.06) [M+2H]2+, (16952.40 [M + H]+). These 

peptide and protein enrichments onto poly(GPE/DVB) help to derivatize it for further proteomics 
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applications. The quantitative enrichment also gives idea of the loading capacity of polymeric 

media to be employed in the selective enrichment of species of interest from complex samples. 

3.4 Polymers and Phosphoproteomics 

3.4.1 Feasibility of Phosphopeptides Enrichment from Standard Proteins 

3.4.1.1 Poly(GPE/DVB)-IMAC: Selective enrichment of phosphopeptides depends on the 

sorbent, coupled chelating compounds, working conditions and immobilized ions. The 

poly(GPE/DVB)  is derivatized with iminodiacetic acid (IDA) and nitrilotriacetic acid (NTA) 

and immobilized with different metal ions like Fe3+, Ti4+, Zr4+ and La3+.  

3.4.1.1.1   Comparison of Chelating Agents for Poly(GPE/DVB)-IMAC: 

Poly(GPE/DVB)is modified with IDA and NTA to evaluate any peculiar difference in the 

selective enrichment of phosphopeptides. Structurally the difference between them is the 

presence of free coordination sites which can be offered to the analytes. IDA forming a tri-

coordinate complex leaves three free coordination sites as compared to NTA which makes a 

coordination complex with metal ion using four of its coordination sites and two coordination 

sites are left free [178]. Both of the synthesized polymeric IMAC materials are applied to tryptic 

β-casein digest. The MS spectrum prior to the enrichment shows number of non-

phosphopeptides in lower mass range, derived from β-casein (Figure 3.17a). MS spectra show 

efficient working of both the IMAC materials with not much difference (Figure 3.17b and 

3.17c). The only variation is the presence of two peaks at m/z 3477.78 (β,1-28, 

RELEELNVPGEIVESLSSSEESITRINKK) and 3975.07 (β,1-32, 

RELEELNVPGEIVESLSSSEESITRINKKIEKF) for poly(GPE/DVB)-IDA. In case of 

poly(GPE/DVB)-NTA, signal at m/z 1383.64 (β, 207-217, LLYQEPVLGPVR) is detected as 
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non-phosphopeptide. Therefore, further studies are carried out using poly(GPE/DVB)-IDA 

IMAC material.  

 

Figure 3.17: MALDI-MS spectra of tryptic β-casein digest using poly(GPE/DVB)-IDA/NTA-

Fe3+  for comparison of chelating agents (a) Raw β-casein digest prior to enrichment (b) Eluted 

fraction collected for phosphopeptides by poly(GPE/DVB)-NTA-Fe3+ (c) Eluted fraction 

collected for phosphopeptides by poly(GPE/DVB)-IDA-Fe3+. The symbol β is to specify m/z 

value for phosphopeptides derived from β-casein with amino acid position and number of 

phosphate groups for each m/z value. The symbol β NPP represents non-phosphopeptides 

derived from β-casein. 
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3.4.1.1.2 Immobilization of Ions on Poly(GPE-DVB)-IMAC: Poly(GPE/DVB)-IDA-

IMAC is investigated with different metal ions including the popular Zr4+ and Ti4+ ions along 

with Fe3+ and La3+ ions for phosphopeptides enrichment from β-casein digest. Selections of ions 

are crucial in the enrichment of mono and multiply phosphorylated peptides. MS spectra show 

comparison of the IMAC materials with different immobilized ions (Figure 3.18a-d). For Fe3+, 

presence of acidic residues (represented by β* in MS spectrum, Figure 3.18a) provide negative 

clue of its further use for complex samples. Ti4+ and Zr4+ show selective enrichment with 

maximum number of phosphopeptides. Eluted fraction (Figure 3.18b) has less multiply 

phosphorylated peptides as titanium is known for its low recovery [179]. However, the eluted 

fraction has both mono and multiply phosphorylated peptides in case of Zr4+ (Figure 3.18c). La3+ 

is new immobilized ion from lanthanide series which has strong affinity for phosphate groups 

[180,89]. MS spectrum of the eluted fraction shows all the phosphorylated peptides with no loss 

of peptide residues (Figure3.18d). Therefore, La3+ is employed further for the phosphopeptides 

enrichment from complex samples with poly(GPE/DVB)-IDA-IMAC material. 
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Figure 3.18: MALDI-MS spectra of tryptic β-casein digest using poly(GPE/DVB)-IDA with 

different immobilization of metal ions (a) Eluted fraction collected for phosphopeptides by 

poly(GPE/DVB)-IDA-Fe3+ (b) Eluted fraction collected for phosphopeptides by 

poly(GPE/DVB)-IDA-Ti4+ (c) Eluted fraction collected for phosphopeptides by 

poly(GPE/DVB)-IDA-Zr4+ (d) Eluted fraction collected for phosphopeptides by 

poly(GPE/DVB)-IDA-La3+ The symbols αs1, β for phosphopeptides and β* for non-

phosphopeptides are derived from β-casein with 1 % contamination of α-casein. Amino acid 

position and number of phosphate groups are also given with each m/z value.  
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3.4.1.1.3 Efficiency Comparison of Poly(GPE/DVB)-IMAC: The GPE based developed 

polymeric phase is compared with similarly designed already reported GMA based polymeric 

IMAC material for phosphopeptides enrichment from casein digest. The MS analysis provides 

better working for poly(GPE/DVB) IMAC material (Figure 3.19a-c).  

 

Figure 3.19: MALDI-MS spectra for tryptic casein digest using poly(GPE/DVB)-IMAC-La3+  

and poly(GMA/DVB)-IMAC-La3+ for comparison. (a) Raw casein digest prior to enrichment. (b) 

Eluted fraction collected for phosphopeptides by poly(GMA/DVB)-IMAC-La3+ (c) Eluted 

fraction collected for phosphopeptides by poly(GPE/DVB)-IMAC-La3+. The symbols αs1, αs2, β 

for phosphopeptides and αs1*, αs2*, β* for non-phosphopeptides are derived from α and β-casein. 

Amino acid position and number of phosphate groups are also given with each m/z value.  



 
100 

 

The enrichment protocol and GPE based polymer ensures no trace of non-specific entities like 

non-phosphopeptides in the MS spectrum. The multiply phosphorylated and high number of total 

enriched phosphopeptides proves better efficiency (Figure 3.19c).  

3.4.1.2 Poly(AGE/DVB)-IMAC: The feasibility of functionalized poly(AGE/DVB)-IMAC-Fe3+ 

to capture phosphopeptides is investigated using β-casein tryptic digest. Figure 3.20a represents 

the MALDI-MS spectrum of the raw digest without enrichment. Very few phosphopeptides are 

recorded and rests are suppressed due to the abundance of non-phosphopeptides. Figure 3.20b 

shows the enrichment of phosphopeptides by polymer-IMAC-Fe3+where different 

phosphopeptides along with their dephosphorylated segments are identified.  

 

Figure 3.20: MALDI-MS spectra (a) Tryptic β-casein digest prior to Enrichment (b) Eluted 

fraction after enrichment with poly(AGE/DVB)-IMAC-Fe3+. Only phosphopeptides are labeled 

with amino acid position and number of phosphate groups. 

The peaks are labeled with their protonated masses and the dephosphorylated segments. They are 

recorded at m/z 2061.9 (FQS*EEQQQTEDELQDK), 2431.5 
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(LVYPFPGPIHNS*LPQNIPPLTQTP), 2556.2 (FQS*EEQQQTEDELQDKIHPF), 2965.1 

(RELEELNVPGEIVES*LS*S*S*EESITR), 3042.0 and 3122.3 (RELEELNVPGEI 

VES*LS*S*S*EESITRI). 

3.4.1.2.1 Comparison of Immobilized Ions on Poly(AGE/DVB)-IMAC: Lanthanides 

have gained importance for their efficient phosphopeptides enrichment in different formats for 

example immobilized on IMAC, as metal oxides or composites [7,181]. Poly(AGE/DVB)-IMAC 

is thus immobilized with lanthanum, europium and erbium ions through their salt solutions. MS 

analysis of β-casein on these ions shows high efficiency with no loss of phosphopeptides in 

comparison to Fe3+ (Figure 3.21 a-d). Therefore further studies are carried out on 

poly(AGE/DVB)-IMAC-Fe3+ facing no issue of non-specific bindings or acidic residues. 

 

Figure 3.21: Comparison of enrichment efficiency of different metal ions immobilized on 

poly(AGE/DVB)-IMAC using tryptic β-casein digest as sample (a) Poly(AGE/DVB)-IMAC-

Fe3+ (b) Poly(AGE/DVB)-IMAC-La3+ (c) Poly(AGE/DVB)-IMAC-Eu3+ (d) Poly(AGE/DVB)-

IMAC-Er3+.  
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3.4.1.3 Terpolymer-IMAC: The trapping selectivity of terpolymer-IMAC-La3+ for 

phosphopeptides is tested in presence of urea, DTT and IAA as well as the abundant non-

phosphopeptides in a complex sample. The tryptic digest of commercially available casein, 

containing all three variants in the ratio of 4:1:4:1 (αS1: αS2: β: κ) is employed [182]. The 

digestion is carried out in the presence of 50 mM ammonium bicarbonates, DTT (100 mM, 50 

μL) and IAA (200 mM, 50 μL) which causes high salt concentration in the sample. Raw sample 

digest is spotted for the comparison presented in Figure 3.22a. The MS spectrum shows only the 

non-phosphopeptides. After sample loading on activated terpolymer-IDA-La3+, the loaded solid 

material is directly analyzed after enrichment (MELDI) and a number of phosphopeptides are 

observed in the mass spectrum (Figure 3.22b). The MS spectrum shows overall profile including 

phosphorylated fractions from tryptic casein digest of α and ß casein variants. 

 

Figure 3.22: MALDI-MS spectra of tryptic casein digest (α and β casein mixture) using 

terpolymer IMAC-La3+ (a) Raw casein digest prior to enrichment (b) Solid material before 

elution (MELDI). The symbols α, β are to specify m/z value for phosphopeptides and α*, β* for 

non-phosphopeptides derived from α, β-casein. 
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The masses provide the overview of identified peptides with their sequence position and number 

of phosphorylation. The amino acid sequences for phosphorylated and non-phosphorylated 

peptide fractions derived from α and ß caseins are also shown in Table 3.3. 

Table 3.3: Identified peptide residues from tryptic casein digest using terpolymer IMAC-La3+. 

Symbols as S* is for phosphoserine, + to indicate presence and - to indicate absence of 

respective peptide residues. 

Peak 

Label 
[M+H]+ Amino Acid Sequence Sequence No. Raw 

Terpolymer 

IMAC-La3+ 

α-casein 

α-1 1197.009 KNMAINPS*KENL (αS2)                    39-50 (1P) - + 

α-2 1267.301 YLGYLEQLLR (αS1)                              106-115 - + 

α-3 1329.388 EQLS*TSEENS*K (αS2)                         141-151(2P) - + 

α-4 1594.459 TVDMES*TEVFTKK (αS2)                    153-165(1P) - + 

α-5 1927.668 DIGS*ES*TEDQAMEDIK (αS1)             58-73(2P) - + 

α-6 2362.623 PNS*VEQKHIQKEDVPSERY(αS1)            88-106(1P) - + 

ß-casein 

ß-1 975.450 KFQS*EEQQQ 47-55(1P) 
- + 

ß-2 1104.598 KFQS*EEQQQT 47-56(1P) - + 

ß-3 1994.133 LLYQEPVLGPVRGPFPIIV 206-224 
+ + 

ß-3 2061.734 FQS*EEQQQTEDELQDK 33-48 (1P) 
- - 

ß-4 2107.226 FLLQEPVLGPVRGPFPIIV 205-224 + + 

ß-5 2910.456 DMPIQAFLLYQEPVLGPVRGPFPIIV 199-224 + + 

ß-6 2556.556 FQS*EEQQQTEDELQDKIHPF 47-67(1P) - + 

ß-7 3054.376 KIEKFQS*EEQQQTEDELQDKIHPF β 29-52(1P) - + 
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Different IMAC materials have been used for the selective enrichment but they face problem of 

non-specific bindings due to acidic peptides that are also co-purified. They are thus end capped 

prior to the enrichment. However, in case of poly(AGE/DVB)-IMAC there is no such 

requirement of end-capping as acidic peptides are absent in the eluted fraction. Some of 

phosphopeptides from α-casein are also identified at m/z 1252.79, 1330.78 and 2616.56, because 

of the trace contamination. The appearance of abundant [MH - H3PO4]
 + or [MH - 98]+ ions and a 

weaker [MH - HPO3]
+ or [MH - 80]+ ions in the spectrum indicate that peptide is phosphorylated 

on serine or threonine. 

The selectivity of IMAC material for the phospho-content is crucial. The immobilization of 

IMAC-polymer with La3+ ions is based on the significant affinity towards phosphopeptides in the 

form of oxide, ion or composite [7,183].However, the specificity is compared with the more 

traditionally employed Fe3+.  

3.4.1.3.1  Comparison of Fe3+/La3+ 

The terpolymer-IDA-Fe3+/La3+ is investigated by using the tryptic digest of β-casein as a model 

protein. MALDI-MS spectrum is recorded for the eluted phosphopeptides which may get 

suppressed due to the relative intensity of some of acidic residues. The profile of β-casein digest 

recorded for terpolymer IMAC-Fe3+ and La3+ as eluted fraction show better working of La3+ 

(Figure 3.23a-b). Enrichment of acid residues by metal ions along with phosphopeptides is 

considered critical. In case of MS spectrum for terpolymer-IMAC-Fe3+, masses at 

1383.8(LLYQEPVLGPVR, #206-217), 1881.1(LYQEPVLGPVRGPFPIIV,#208-224), 1994.4 

(LLYQEPVLGPVRGPFPIIV, #207-224), and 2106.7 (FLLQEPVLGPVRGPFPIIV, #205-224) 

contain glutamic acid, providing the acidic site for interaction with Fe3+. It may be the reasons 
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for the loss of multiply phosphopeptides by terpolymer-IDA-Fe3+ that the acidic residues 

compete for the affinity sites with phosphopeptides.  

 

Figure 3.23: MALDI-MS spectra for phosphopeptide enrichment using terpolymer IMAC with 

tryptic β-casein digest (a) Terpolymer IMAC-Fe3+ for eluted fraction (b) Terpolymer IMAC-La3+ 

for eluted fraction. The symbols α and β specify the m/z value for peptide residues derived from 

α and β-casein. The number of phosphate groups is given in bold with position number for each 

identified peak. Npp represents the non-phosphopeptides enriched by the terpolymer-IDA-Fe3+. 

Some of phosphopeptides are also present from α-casein as commercially available β-casein has 

some of its contamination. Table 3.4 shows peptides on both immobilized ions. 
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Table 3.4: Peptide residues identified from the tryptic digest with comparison of both 

immobilized ions on terpolymer-IMAC. 

[M+H]+ Sequences Position Ter-IMAC-Fe3+ Ter-IMAC-La3+ 

1151.4 LGPRGPFPIIV β  214-224 + - 

1383.8 LLYQEPVLGPVR β  206-217 + - 

1881.1 LYQEPVLGPVRGPFPIIV β  208-224 + - 

1994.4 LLYQEPVLGPVRGPFPIIV β   207-224 + - 

2106.7 FLLQEPVLGPVRGPFPIIV β  205-224 + - 

2556.4 FQS*EEQQQTEDELQDKIHPF β  33-52(1P) + + 

2965.1 

RELEELNVPGEIVES*LS*S*S*

EESITR 

β 1-24 (4P) + + 

3054.3 

KIEKFQS*EEQQQTEDELQDKI

HPF 

β 29-52(1P) + - 

3477.8 

RELEELNVPGEIVES*LS*S*S*

EEESITRINKK 

β 1-28(4P) + + 

3975.6 

RELEELNVPGEIVES*LS*S*S*

EEESITRINKKKKIEKF 

β 1-32(4P) - + 

1594.7 TVDMES*TEVFTKK    

αS2 153-165 

(1P) 

- + 

2362.8 PNS*VEQKHIQKEDVPSERY            

αS1 88-106 

(1P) 

- + 

4480.1 

RFFVAPFPEVFGKEKVNELSK

DIGES*TES*TEDQAMEDIKQ

ME 

αS1 23-60 

(2P) 

- + 
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3.4.1.4  FeBTC Polymer Monolith: In order to study the feasibility of the prepared 

materials as flow-through supports for phosphopeptides enrichment, proteins and non-fat milk 

samples are digested. Digested samples are pumped through the columns, and phosphopeptides 

are collected after the removal of the non-phosphopeptides and analyzed by MALDI-TOF-MS, 

following the reported procedure. 

The feasibility of FeBTC modified column for phosphopeptides enrichment is confirmed by 

analyzing standard β-casein digest (Figure 3.24A) using the precursor monolith with carboxylic 

functionalities. Comparison is made to its modified counterparts with Fe(III) adsorbed, 5 and 10 

cycles of FeBTC,  respectively. After the enrichment procedure using the as-synthesized polymer 

monolith with carboxylic functionalities, no peaks in MALDI-TOF-MS spectrum from original 

β-casein digest correspond to phosphopeptide (Figure 3.24B). The previous monolith after 

saturation with Fe(III) is able to bind only one phosphopeptide from the sample digest (Figure 

3.24C). In an analogous column, 5 cycles of FeBTC growth are performed and three additional 

phosphopeptides are detected, as is shown in Figure 3.24D. The growth of FeBTC coordination 

polymer on the surface of monolith leads to an increase of enrichment efficiency for the 

phosphopeptides with increasing number of cycles, as is shown in Figure 3.24E, after 10 cycles 

of FeBTC. 
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Figure 3.24: MALDI-TOF-MS spectra of the pure digest of β-casein (a),  Phosphopeptides 

enriched using the precursor carboxyl functionalized  monolithic column (b), Monolith with 

adsorbed Fe(III) (c), Monolith modified with 5 cycles of FeBTC (d), Monolith modified with 10 

cycles of FeBTC (e).* indicates the phosphopeptides, while # indicates dephosphorylated 

peptides. 

effectively bind to phosphate group of phosphopeptides. According to the pore size distribution 

of material, it is found that there is relative abundance of pores around 1.06 nm and 1.38 nm. 

There is also a range from 1.70-2.38 nm. According to pore size distribution, small molecules 

like peptides (< 3500 Da) can penetrate into the pores and accessing Fe(III) available in internal 
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layers. Furthermore, the possible presence of un-coordinated Fe(III) and coordination network 

defects, can be an additional factor to facilitate the iron availability towards phosphopeptides 

enrichment.  

3.4.2 Selectivity Measurement-Difference based on Polymeric Nature 

Poly(GPE/DVB)-IMAC: The tryptic digests of ovalbumin and β-casein, equimolar ratio (named 

as peptide mixture I, 20L in volume) are used to evaluate the selectivity of poly(GPE/DVB)-

IMAC for capturing phosphopeptides. β-casein digest is separately run to determine the enriched 

phosphopeptides (Figure 3.25a). Phosphopeptides enriched at m/z 1254 (EVVGSAEAGVDAA, 

340-352), 2088 (EVVGSAEAGVDAASVSEEFR, 340-359) and 2901 

(FDKLPGFGDSIEAQCGTSVNVHSSLR, 58-83) are derived from ovalbumin digest 

(Figure3.25b). Another peak at m/z 1994.29 appears due to the metastable loss of phosphoric 

acid of 2088 which belongs to ovalbumin. Peptide mixture II and III (20L of tryptic digests of 

each of β-casein and ovalbumin with BSA as non-phosphoprotein, in molar ratios of 1:1:1 and 

1:1:10, respectively) are used to further evaluate the selectivity and efficiency of phosphopeptide 

enrichment by poly(GPE/DVB)-IMAC material. The results from peptide mixture II and III 

(ratio, 1:1:1 and 1:1:10, Figure 3.25 c-d) are same as that of peptide mixture I (Figure3.25b).It 

shows that efficiency of the material for phosphopeptides enrichment is not considerably 

declined by the addition of BSA tryptic digest in the same amount as phosphoprotein in peptide 

mixture. Furthermore, polymeric IMAC displays reliable performance when the molar ratio of 

tryptic digests of phosphoproteins to non-phosphoprotein (BSA) is decreased to 1:10, which is 

almost same to the ratio which is present in real biological samples. 
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Figure3.25: Selectivity study employing β-casein tryptic digests and ovalbumin with BSA 

representing non-phosphoprotein (a) Phosphopeptides enriched from β-casein (b) Peptide 

mixture I: β-casein and ovalbumin (1:1); (c) Peptide mixture II: β-casein, ovalbumin and BSA 

(1:1:1) and (d) Peptide mixture III: β-casein, ovalbumin and BSA (1:1:10). 
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Poly(AGE/DVB)–IMAC: The study is expanded to complex protein mixtures with non-

phosphoprotein background. Tryptic digests of α-, β-casein and ovalbumin are added in different 

ratios to BSA protein as a background to investigate the selectivity of poly(AGE/DVB)-IMAC. 

Mixture I: α-casein and β-casein (1:1), Mixture II: α-casein, ovalbumin and β-casein (1:1:1), 

Mixture III: α-casein, β-casein, ovalbumin and BSA(1:1:1:1). Mixture IV: α-casein, β-casein, 

ovalbumin and bovine serum albumin BSA (1:1:1:100). Figure 3.26 represents the enrichment of 

phosphopeptides from four mixtures having different ratios and thus the complexity levels. The 

quantity of BSA is increased hundred times to assess the selectivity of the material for 

phosphopeptides. At equimolar ratio of α-casein, β-casein, ovalbumin and BSA, 

phosphopeptides enriched from α-casein are 1197.009 (KNMAINPS*KENL) (αS2), 1466.61 

(TVDMES*TEVFTK) (αS2), 1660.510 (VPQLEIVPNS*AEER (αS1), 1847.69 

(DIGS*ES*TEDQAMEDIK) (αS1), 1927.668(DIGS*ES*TEDQAMEDIK) (αS1) and 1951.4 

(KYKVPQLEIVPNS*AEERL) (αS1), whereas from β-casein are at m/z 2061.9 

(FQS*EEQQQTEDELQDK), 2431.56 (LVYPFPGPIHNS*LPQNIPPLTQTP), 2556.2 

(FQS*EEQQQTEDELQDKIHPF) and 3122.3 (RELEELNVPGEIVES*LS*S*S*EESITRI). The 

masses at m/z 2965.1, 3042.0 are with the dephosphorylated segments. The signals at m/z 

2088.89 (EVVGS*AEAGVDAASVSEEFR) and 2901.0 

(FDKLPGFGDSIEAQCGTSVNVHSSLR) are derived from ovalbumin digest. It is evident that 

the specificity of poly(AGE/DVB)-IMAC for phosphopeptides is still maintained without any 

decline  even when the molar ratio of the phosphopeptides to the non- phosphopeptides/protein is 

high (1:100). 
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Figure 3.26: MALDI-MS spectra of selectivity study using poly(AGE-DVB)-IMAC-Fe3+ (a) 

Mixture I (α-:β-casein, 1:1) (b) Mixture II (α-:β-casein:ovalbumin,1:1:1)(c) Mixture III (α-:β-

casein:ovalbumin:BSA,1:1:1:1) (d) Mixture IV(α:β-casein:ovalbumin:BSA,1:1:1:100). BSA is 

used without digestion. Identified phosphopeptides derived from tryptic digests of α-, β- casein 

and ovalbumin are labeled with amino acid position and number of phosphate groups. 

To further investigate the selectivity of poly(AGE/DVB)-IMAC, the de-phosphorylated HeLa 

cell extract is spiked with ß-casein digest (1 L) maintaining ratio of 1:500, 1:1000, 1:1500 and 

1:2000. Characteristic β-casein phosphopeptides are detected with complexity increased to 1500 

folds (Figure 3.27a-c). Moving towards even higher complexity (1:2000), still one 

phosphopeptide at m/z 3124.98 can be detected (Figure 3.27d). Such extremely high selectivity 

is vital when working with complex biological fluids like serum.  
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Figure 3.27: MALDI-MS spectra showing high selectivity of poly(AGE/DVB)-IMAC using 

spiked de-phosphorylated HeLa cell extract in different ratio: (a) 1:500 (b) 1:1000 (c) 1:1500 (d) 

1:2000. Identified phosphopeptides are labeled as β with their number of phosphorylated groups 

and amino acid position. 

Terpolymer-IMAC: Four mixtures for the standards in varying ratios are prepared. First 

mixture composition is α- and β-casein in 1:1 ratio. The characteristic peaks from both casein 

variants are observed in the MS spectrum (Figure 3.28a). Second mixture involves the addition 
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of ovalbumin digest in 1:1:1 ratio with α- and β-casein digest. Ovalbumin is known of its rare 

phosphopeptides in which phosphopeptide at m/z 2088 and 2901 are in chance to get suppressed 

due to the presence of abundant and common phosphopeptide from β-casein at 2061 and a non-

phosphopeptide at m/z 2909. However, both phosphopeptides from ovalbumin as well as from β-

casein are enriched with no non-phosphopeptide (Figure 3.28b). Moving towards more 

complexity, BSA is included as another fraction into the peptide mixture in two different ratios 

i.e. 1:1:1:1 and 1:1:1:10. The MS spectra recorded for both mixtures show phosphopeptides 

enrichment with no non-phosphopeptide from any of the component (Figure 3.28c and3.28d).  

 

Figure 3.28: MALDI-MS spectra for the selectivity assessment of terpolymer-IMAC-La3+  with 

peptide mixture comprising different compositions; (a) α- to β-casein (1:1) (b) α- to β-casein to 

ovalbumin digest (1:1:1). (c) α- to β-casein to ovalbumin digest to BSA (1:1:1:1). (d) α- to β-

casein to ovalbumin digest to BSA (1:1:1:10). Identified phosphopeptides are labeled as α, β and 

Ov for α-, β-casein and ovalbumin with the sequence numbers. 
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Therefore terpolymer-IMAC-La3+ is selective for the phosphopeptides with the best enrichment 

protocol. 

FeBTCPolymer Monolith: Selectivity of the material for phosphopeptides is verified by 

increasing the complexity of sample mixture. In this case, a more complex digest is prepared, 

consisting of α-casein, β-casein, bovine serum albumin BSA (1:1:50) mixture. MALDI-TOF-MS 

spectra of this sample are shown in Figure 3.29. While Figure 3.29A shows multiple peaks 

obtained by direct MALDI-TOF-MS of the sample digest. Figure 3.29B shows clean spectrum 

where the matrix of sample has been removed satisfactorily, matching most of the enriched 

peaks obtained to phosphopeptides. 

 

Figure 3.29: MALDI mass spectra of phosphopeptides enriched by FeBTC modified monolithic 

column using a mixture of α casein, β casein and BSA (1:1:50).* indicates the phosphopeptides 

while # indicates dephosphorylated peptides. 
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3.4.3 SensitivityAssessmentand Batch to Batch Reproducibility 

Poly(GPE/DVB)-IMAC: The nature and concentrations of phosphopeptides which bind to the 

derivatized poly(GPE/DVB) are crucial for the identification of diagnostic markers as they are 

considered to be present at low concentrations. The measurements conducted with β-casein 

digest show 50 fmol/L sensitivity for the bound content (Figure 3.30a-e ). 

 

Figure 3.30: Sensitivity assessment for poly(GPE/DVB)-IDA using different concentrations of 

β-casein. (a) 5 pmol (b) 2 pmol (c) 200  fmol (d) 100 fmol and (e) 50 fmol. 

Different polymeric batches with β-casein digest are run for the reproducibility study. The 

characteristic phosphopeptides are selected to statistically evaluate the reproducibility (Table 
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3.5). If the sample is prepared in suspension and sample spotting and matrix crystallization effect 

is taken into consideration, only a very little difference in the intensity is observed but the peak 

pattern remains the same. The data produce minor standard deviations and the highest value 

(0.519) is found for phosphopeptides labelled as β-1(m/z 2061.026). The recovery is determined 

by introducing an internal standard, i.e. a peptide, EVVGSAEAGVDAASVSEEFR (m/z 

2088.8 Da), from tryptic digest of ovalbumin.  After MS identification, the peak height for each 

phosphopeptides to the internal standard (P/S) is calculated. The statistical implementation to 

data is carried out using RSD (%) and ARE (%) by selecting five closely related spots. Average 

recovery efficiency (ARE) of approximately 87 % is observed with RSD 5.514 %using a single-

step elution. To confirm the elution efficiency, the solid material left after the elution is analyzed 

by MALDI-MS and no signal is observed. This further strengthens the single-step elution of all 

the phosphopeptides bound to the polymeric IMAC material.  

Table 3.5: Evaluation of reproducibility 

 

Poly(AGE/DVB)-IMAC: Enrichment of target molecules present in lower quantity is often 

challenging. Therefore it is mandatory to investigate the sensitivity of synthesized polymeric 

IMAC material. Poly(AGE/DVB)-IMAC is incubated with different concentrations of β-casein 

digest (100 fmol, 50 fmol and 2 fmol).The lowest detectable amount of phosphopeptides is 2 

fmol in which three phosphopeptides can be identified (Figure 3.31c). 

Identified 

Phosphopeptides 

MS 

pattern 1 

MS 

pattern 2 

MS 

pattern 3 

MS 

pattern 4 

Standard 

Deviation 

β-1 2061.196 2061.928 2061.109 2060.026 0.519 

β-2 2557.166 2557.133 2556.159 2556.937 0.349 

β-3 2774.506 2773.521 2773.324 2772.670 0.508 

β-4 2974.645 2974.544 2974.263 2975.335 0.455 

β-5 3056.400 3056.497 3056.293 3056.294 0.075 
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Figure 3.31: MALDI-MS spectra of different concentrations of β-casein digest enriched on 

poly(AGE-DVB)-IMAC-Fe3+ (a) 100 fmol (b) 50 fmol (c) 2 fmol. Identified phosphopeptides 

are labeled with amino acid position and number of phosphate groups. 

Reproducibility as an important requirement for the new material and protocol is determined 

using casein digest with three batches of poly(AGE/DVB)-IMAC-Fe3+ (Figure 3.32).  
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Figure 3.32: Measurement of reproducibility using poly(AGE/DVB)-IMAC-Fe3+ for β-casein 

digest. The calculated SD is given in Table 3.6. 

The enriched phosphopeptides labeled as α and β are highly reproducible in three of the 

conducted experiments. Statistical evaluation of collected data for eight phosphopeptides 

provides the highest value of standard deviation 0.441 and the lowest 0.067 (Table 3.6).  
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Table 3.6: Selected m/z values of three enrichment analysis showing the reproducibility of 

characteristic phosphopeptides derived from β-casein using poly(AGE/DVB)-IMAC-Fe3+.  

 

Selected 

m/z 

Batch A Batch B Batch C 

Standard 

Deviation 

α-1 1254.018 1254.871 1254.644 0.441 

α-2 1329.470 1329.173 1330.112 0.389 

β-1 2061.264 2061.891 2061.877 0.219 

β-2 2473.348 2473.161 2473.173 0.104 

β-3 2556.821 2556.002 2556.608 0.424 

β-4 2969.752 2969.990 2970.292 0.370 

β-5 3054.075 3054.185 3054.387 0.158 

β-6 3122.775 3122.806 3122.904 0.067 

Terpolymer-IMAC: The selectivity and sensitivity study is carried out for the quantitative 

information. From the sensitivity measurements, it is sensitive down to 50 fmol (Figure 3.33). 
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Figure 3.33: MALDI MS spectra for sensitivity measurement employing terpolymer-IMAC-

La3+ and β-casein digest (1pmol) in two dilutions as: (a) 100 fmol and (b) 50 fmol. 

Fe-BTC Polymer Monolith: To evaluate the performance of column in terms of reproducibility, 

a sample mixture is enriched using the same column, in order to evaluate their re-usability. The 

results indicate that the column is successfully regenerated after the elution of phosphopeptides 

after each run. In Figure 3.34 is shown the comparison of MALDI-TOF-MS spectra after β 

casein enrichment when column is used for the first time, and when same column has been re-

used three times. 
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Figure 3.34: MALDI-TOF-MS spectra for enrichment of phosphopeptides from β-casein by re-

using the same column. First run (a) and third run (b). * indicates the phosphopeptides while # 

indicates the dephosphorylated peptides. 

3.4.4 Phosphopeptides Enrichment by Materials from Biological Fluids 

Poly(GPE/DVB): There are biological fluids like non-fat milk and egg yolk with 

phosphoproteins as major constituent. The polymer is employed for the enrichment of 

phosphopeptides from these digested real samples. Casein phosphoproteins are majorly present 

in the milk sample; both variants of α (αs1 and αs2) and β-casein. Without disturbing the natural 

ratio of phosphoproteins, the milk sample (1mL) is digested. The enrichment protocol involves 

multiple washings to remove the non-specifically bound species. MS spectra of raw digested 

milk sample and the eluted fraction is given in Figure 3.35a and 3.35b respectively. The MS 

spectrum of raw sample prior to the enrichment shows different non-phosphopeptides 

represented by αs1*, αs2* and β*, derived from the casein variants in milk sample. After the 

enrichment, all phosphopeptides are eluted with 1-4 phosphate groups showing no loss of mono 
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or multiply phosphorylated fractions. The position and number of phosphate groups for all the 

identified phosphopeptides are given in Figure 3.35b. Most importantly hydrophobicity of 

polymer backbone helps to reduce the non-specific bindings as acidic residues (being 

hydrophilic) are commonly enriched by hydrophilic sorbents. 

 

Figure 3.35: MALDI-MS spectra for poly(GPE/DVB)-IMAC-La3+ using sample of tryptic 

digest of non-fat milk (a) Raw digest of non-fat milk without enrichment (b) Eluted fraction for 

poly(GPE/DVB)-IMAC-La3+for non-fat milk digest. The symbols αs1, αs2, β for phosphopeptides 

andαs1*,αs2*,β* for non-phosphopeptides are derived from α and β-casein. Amino acid position 

and number of phosphate groups are also given with each m/z value. 
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Egg yolk is another sample for evaluating the efficiency as it contains 17 % proteins and 31 % 

lipids in which lipovitellins (60 % of total protein) and phosvitin (7 % of total protein) are of 

major interest. Phosvitin is a principle phosphoprotein of egg yolk with 123 phosphoserine sites 

available. Digested egg yolk is applied to poly(GPE/DVB)-IDA-IMAC-La3+. The MS spectrum 

illustrates the enriched phosphopeptides (Figure 3.36).  

 

Figure 3.36: MALDI-MS spectra for poly(GPE/DVB)-IMAC-La3+ using tryptic digest of egg 

yolk sample (a) Raw digest of egg yolk without enrichment (b) Eluted fraction for 

poly(GPE/DVB)-IMAC-La3+for egg yolk digest. The symbols PV and LP represent phosvitin 

and lipovitellin respectively. Amino acid position and number of phosphate groups are also given 

with each m/z value. 
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Phosvitin is divided into three major domains: PV 37-47 position, 1148-1158; PV 1-34 position, 

1112-1145; and PV 190-211 position, 1301-1322. Actually material enriches and identifies the 

phosphorylated peptides from the two domains with highly phosphorylated peptides, for 

example; 807.68 (LEDDSSSSSSSSVLSK), 1005.67 (SGHLEDDSSSSSSSSVLSKI), 1372.59 

(DDSSSSSSSSVLSK) and 1766.89 (SGHLEDDSSSSSSSSVLS) from PV, Domain III). One of 

the phosphorylated fragments from lipovitellins is also identified with m/z 788.79 

(EVNPESEEEEDESSP). Such results indicate the affinity of synthesized polymer for highly 

multiply phosphorylated fractions which is otherwise a challenging task due to their loss during 

washings. 

Poly(AGE/DVB)-IMAC: The transformation from a semi complex mixture to the more 

complex real samples (non-fat milk and egg yolk) is the task accomplished on poly(AGE/DVB)-

IMAC material. The basic constituents of the commercially available non-fat milk are α- and β-

caseins which have abundant phosphorylated sites. Normal bovine milk contains 30-35 grams of 

protein per liter, of which about 80 % is arranged in casein micelles. There are number of salts 

and minerals that usually affect the enrichment efficiency. Therefore non-fat milk is considered a 

diverse complex sample and the protocol involves no depletion or pre-fractionation prior to the 

enrichment. Egg yolk is also a rich source of phosphoproteins. The lipovitellins comprise of lipid 

and metal storage and contain a heterogeneous mixture of about 16 % (w/w) non-covalently 

bound lipid, most being the phospholipids. Phosvitin(phosphoprotein, 10 % of the total protein 

content) contains high concentration of phosphate groups providing efficient metal-binding sites 

in clusters. 

The direct analysis of these biofluids is difficult as there are varieties of salts in their digests. The 

direct MS spectrum of 2.5 × 10−6 M (1 µL) tryptic digest of non-fat milk is shown in Figure 
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3.37a. There is no prominent peak in the spectrum. After applying the digest to 

poly(AGE/DVB)-IMAC, the dominant peaks of mono and multiphosphorylated peptides appear 

in the spectrum (Figure 3.37b). 

 

Figure 3.37: MALDI-MS spectra: (a) Raw non-fat milk tryptic digest before enrichment (b) 

Eluted fraction after enrichment with poly(AGE/DVB)-IMAC-Fe3+. Identified phosphopeptides 

are labeled with amino acid position and number of phosphate groups. 

Figure 3.38a shows the spectrum of raw tryptic digest of egg yolk which is looking like a mess 

of different peptides. Due to the ionization suppression, the peaks cannot be identified. On 

applying the tryptic egg yolk digest to poly(AGE/DVB)-IMAC, different phosphorylated 

domains of both phosvitin and lipovitellin are enriched and can be identified (Figure 3.28b). 
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Figure 3.38: MALDI-MS spectra: (a) Raw digest of egg yolk without enrichment (b) Eluted 

fraction after enrichment with poly(AGE-DVB)-IMAC-Fe3+.  

Terpolymer-IMAC: Phosphopeptides derived from phosvitin are the food ingredients with 

antioxidant, anti-inflammatory and Ca-absorption promoting abilities. A study on 

phosphopeptides along with their phosphorylation sites and position number has been reported 

[184]. There are three phosvitin domains: PV 1-34, PV 37-47 and PV 190-211; having multiply 

phosphorylated peptides with 7-8 phosphate groups. Some of phosphopeptides are also derived 

from lipovitellin domain. Terpolymer IMAC-La3+/Fe3+ is employed for the enrichment. Egg yolk 

digest is spotted prior to the enrichment for the comparison (Figure 3.39a). Phosphopeptides 

from domain I and III are enriched by loaded La3+ions whereas only one phosphopeptide from 

lipovitellin is detectedon Fe3+. Terpolymer enriches highly phosphorylated peptides, containing 

more than 5 phosphate groups as in SGHLEDDSSSSSSSSVLS at m/z 886.89 from phosvitin 
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domain III. The immobilization of La3+ shows better results than Fe3+ (Figure 3.39b and 3.39c). 

The identified phosphopeptides from different phosvitin domains with position and sequence are 

given in Table 3.7.  

 

Figure 3.39: MALDI-MS spectra for terpolymer-IMAC using tryptic digest of egg yolk (a) Raw 

digest of egg yolk without enrichment (b) Eluted fraction for terpolymer-IMAC-Fe3+ for egg 

yolk digest (c) Eluted fraction for terpolymer-IMAC-La3+ for egg yolk digest. L, PV-I and PV-III 

represent the phosphopeptides from lipovitellin, phosvitin domain-I and III respectively. The 

position number is given. The number of phosphate groups is given in bold.   
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Table 3.7: Identified phosphopeptides of phosvitin from tryptic digest of egg yolk using 

terpolymer IMAC.  

[M+H]+ 

 

Protein Sequence Position Raw 

Terpolymer-

IMAC 

Fe3+ La3+ 

788.85 

Domain-IV 

(Lipovitellin) 

EVNPESEEEDESSP 1059-1072 - + + 

886.89 

Domain-III 

(PV 190-211) 

SGHLEDDSSSSSSSSVLS 1301-1318 - - + 

1048.09 

Domain-IV 

(Lipovitellin 

1056-1076) 

EVNPESEEEDESSPYEDI 1059-1076 - - + 

1070.90 

Domain-I 

(PV 1-34) 

TSSSSSSASSTATSSSSSSA

SSPN 

1122-1145 - - + 

1372.06 

Domain-III 

(PV 190-211) 

DDSSSSSSSSVLSKI 1306-1319 - - + 

The non-fat milk is a biological sample and a source of casein phosphoproteins. Terpolymer-

IMAC-La3+ is used for the enrichment. Raw milk digest is spotted for the comparison (Figure 

3.40a). MS analysis for the terpolymer IMAC-Fe3+ shows number of non-phosphopeptides 

which contribute to the lower selectivity (Figure 3.40b). The fractions for non-phosphopeptides 

from terpolymer IMAC-La3+after the washing are also analyzed for the sequence coverage 

(Figure 3.40c). Terpolymer-IMAC-La3+ enriches number of phosphopeptides derived from all 

caseins (Figure 3.40d). The total sequence coverage is estimated as maximum, reported so far in 
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the case of casein variants. It is calculated as 41.4 %, 30.1 %, 46.4% and 12.6 % for αS1, αS2, β 

and κ-casein respectively (Table 3.8).  

 

 

Figure 3.40: MALDI-MS spectra for tryptic digest of non-fat milk (a) Prior to enrichment (b) 

Terpolymer IMAC-Fe3+ (c) Non-phosphopeptides from washed fraction (terpolymer-IMAC-

La3+) (d) Eluted fraction from terpolymer IMAC-La3+. The identified peptides are labeled as α, β 

and κ derived from α, β and κ-casein. 
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Table 3.8: Sequence coverage 

α-S1-CN, Sequence coverage: 41.4% 

10 20 30 40 50 60 

MKLLILTCLV AVALARPKHP IKHQGLPQEV LNENLLRFFV APFPEVFGKE KVNELSKDIG 

70 80 90 100 110 120 

SESTEDQAME DIKQMEAESI SSSEEIVPNS VEQKHIQKED VPSERYLGYL EQLLRLKKYK 

130 140 150 160 170 180 

VPQLEIVPNS AEERLHSMKE GIHAQQKEMP IGVNQELAYF YPELFRQFYQ LDAYPSGAWY 

190 200 210    

YLPLGTQYTD APSFSDIPNP IGSENSEKTT MPLW  

α-S2-CN, Sequence Coverage: 30.1% 

10 20 30 40 50 60 

MKFFIFTCLL AVALAKNTME HVSSSEESII SQETYKQEKN MAINPSKENL CSTFCKEVVR 

70 80 90 100 110 120 

NANEEEYSIG SSSEESAEVA TEEVKITVDD KHYQKALNEI NQFYQKFPQY LQYLYQGPIV 

130 140 150 160 170 180 

LNPWDQVKRN AVPITPTLNR EQLSTSEENS KKTVDMESTE VFTKKTKLTE EEKNRLNFLK 

190 200 210 220   

KISQRYQKFA LPQYLKTVYQ HQKAMKPWIQ PKTKVIPYVR YL  
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β-CN, Sequence Coverage: 46.4% 

10 20 30 40 50 60 

MKVLILACLV ALALARELEE LNVPGEIVES LSSSEESITR INKKIEKFQS EEQQQTEDEL 

70 80 90 100 110 120 

QDKIHPFAQT QSLVYPFPGP IPNSLPQNIP PLTQTPVVVP PFLQPEVMGV SKVKEAMAPK 

130 140 150 160 170 180 

HKEMPFPKYP VEPFTESQSL TLTDVENLHL PLPLLQSWMH QPHQPLLPTV MFPPQSVLSL 

190 200 210 220   

SQSKVLPVPQ KAVPYPQRDM PIQAFLLYQE PVLGPVRGPF PIIV  

к-CN, Sequence Coverage: 12.6% 

10 20 30 40 50 60 

MMKSFFLVVT ILALTLPFLG AQEQNQEQPI RCEKDERFFS DKIAKYIPIQ YVLSRYPSYG 

70 80 90 100 110 120 

LNYYQQKPVA LINNQFLPYP YYAKPAAVRS PAQILQWQVL SNTVPAKSCQ AQPTTMARHP 

130 140 150 160 170 180 

HPHLSFMAIP PKKNQDKTEI PTINTIASGE PTSTPTTEAV ESTVATLEDS PEVIESPPEI 

190      

NTVQVTSTAV      
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FeBTC Polymer Monolith: The developed FeBTC-organic polymer monolithic capillary 

columns are also applied for the enrichment of phosphopeptides in real complex samples. In this 

case, non-fat milk sample is digested and analyzed by MALDI-TOF-MS, before and after 

column enrichment for phosphopeptides. Results are shown in Figure 3.41, demonstrating again 

the potential of this material for matrix removal and efficient enrichment of phosphopeptides. 

 

Figure 3.41: MALDI mass spectra of phosphopeptides, using complex tryptic digest of non-fat 

milk. * indicates the phosphopeptides. 

3.4.5 Serum Phosphopeptides 

Profiling of human serum is also carried out. The complexity is enhanced by spiking the serum 

with β-casein digest. The purpose of designed study is to evaluate the performance of polymeric 

material in enriching the low concentrated phosphopeptides from β-casein digest with high non-

specific background (serum with no pre-treatment). A profile of enriched phosphopeptides by 
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poly(GPE/DVB)-IMAC-La3+ shows the characteristic peaks for phosphopeptides derived from 

β-casein when there is no complex background (Figure 3.42a). Serum (40 L) is spiked with 

20pmol of β-casein digest and applied to polymer-IMAC-La3+. All the phosphopeptides are 

present in the MS spectrum with no prominent background signals (Figure 3.42b). It reveals the 

enrichment efficiency of synthesized polymer from the complex samples. Hence the polymeric 

material is employed for serum profiling of diseased samples with the speculation of detecting 

the phosphopeptides in low abundance. 

 

Figure 3.42: MALDI-MS spectra for poly(GPE/DVB)-IMAC-La3+ designed for spiked serum 

sample experiment (a) Eluted fraction for poly(GPE/DVB)-IMAC-La3+ of β-casein digest (b) 

Eluted fraction for poly(GPE/DVB)-IMAC-La3+ using spiked human serum.   
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3.4.6 Fibrinogen peptides 

Poly(GPE/DVB): Disease biomarkers are to be made available from serum profiling so that the 

clinical test can be helpful for diagnosis. The serum proteins like fibrinogen and its fragments are 

studied in relevance to ovarian cancer. Fibrinogen A peptide (FPA) is up-regulated in gastric 

cancer and other diseases. Phosphorylated FPA is also up-regulated in the serum from ovarian 

cancer patients. Therefore serum profiling is done to enrich the fibrinogen A phosphorylated 

fragments in ovarian carcinoma. Four serum samples are collected from patients and three from 

healthy for control. Serum samples are pre-treated and digested using trypsin (20 µL of 0.1 

µg/µL). Three mass ranges are selected for the identification of phosphorylated fragment derived 

from FPA; 1000-2000 Da, 3000-5000 Da and 5000-7000 Da. The identification is carried out 

using Swiss Prot database, accession number P02671 (www.matrixsciences.com). MS spectra for 

three healthy samples (H-a, H-b and H-c) and four diseased samples (D-a, D-b, D-c and D-d) in 

the respective mass ranges are given in Figure 3.43. The identified phosphopeptides derived 

from fibrinogen protein A (FPA) are F1 at m/z 1220.09 (GSESGIFTNTK); F2 at m/z 1673.42 

(HPDEAAFFDTASTGK); F3 at m/z 1952.20 (MADEAGSEADHEGTHSTK); F4 at m/z 

2345.60 (TFPGFFSPMLGEFVSETESR); F5 at m/z 5614.21 (NPGSSGTGGTATWKPGSSGP 

GSTGSWNSGSSGTGSTGNQNPGSPRPGSTGTWNPGSSER); and F6 at m/z 6054.78 

(GSAGHWTSESSVSGSTGQWHSESGSFRPDSPGSGNARPNNPDWGTFEEVSGNVSPGTR)

. The identified phosphopeptide fragments are prominent in diseased samples whereas in the case 

of control samples, they are not present. The identified phosphopeptides from fibrinogen protein 

A are expressed differently between the cancer and healthy groups. FPA levels expressed in 

serum reflect the expression and activation of certain enzymes as kinases, phosphatase and 

protease. The presence of phosphorylated fragments with serine and one with tyrosine in 
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diseased samples is quite interesting. It can be concluded that expression of these 

phosphopeptides may help to understand the process of cancer, as the phosphorylation pathways 

for serine and tyrosine are planned for future studies on the synthesized polymer. 

 

Figure 3.43: MALDI-MS spectra for poly(GPE/DVB)-IMAC-La3+ for serum profiling using 

digested serum for control and diseased samples with three mass ranges; 1-2 kDa, 2-5 kDa and 

5-7 kDa. The 'H' represents control samples from a-c and 'D' represents diseased samples for 

ovarian carcinoma from a-d. Fibrinogen protein A identified phosphorylated fragments are 

represented as F1 to F6.  

Poly(AGE/DVB): The serum level of fibrinogen and its hydrolytic products may reflect the 

expression and activation of enzymes including kinase, phosphatase, and protease [185]. 

Phosphorylated fibrinogen α-chain is linked to various diseases like ovarian carcinoma [186] and 
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chronic kidney diseases [187]. Poly(AGE/DVB)-IMAC is applied to the digested serum prior to 

the enrichment, no phosphopeptide is detected (Figure 3.44a). Four characteristic 

phosphopeptides from fibrinogen α-chain are identified after the enrichment (Figure 3.44b).  

 

Figure 3.44: MALDI-MS spectra of tryptic human serum digest: (a) Prior to enrichment (b) 

Eluted fraction employing poly(AGE-DVB)-IMAC. Identified four fibrinogen phosphorylated 

peptides are labeled as F1, F2, F3 and F4 and shown in inset.  
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Fibrinopeptide A (FPA) (F1-16)1P, (Ser 3), a 16-residue long peptide (1616 Da), is the segment 

that anchors on the thrombin surface during clotting. The other three phosphopeptides, (F1-

15)1P, (F2-15)1P and (F2-16)1P (Table 3.9) are hydrolytic products of FPA.  

Table 3.9: Identified phosphorylated fibrinogen fragments from diluted human serum employing 

poly(AGE-DVB)-IMAC. Phosphoserine residues are colored red. 

Molecular Mass (Da) 

Fibrinogen α-chain sequence 
Phosphorylation 

sites Theoretical 
Measured 

[M+H]+ 

1388.570 1389.902 DSGEGDFLAEGGGV 1 

1459.509 1460.903 ADSGEGDFLAEGGGV 1 

1544.680 1545.702 DSGEGDFLAEGGGVR 1 

1615.600 1616.509 ADSGEGDFLAEGGGVR 1 

 

An altered ratio of FPA (F2-15) and FPA (F1-16) is detected in patients affected by 

hepatocellular carcinoma (HCC); the DS*GEGDFLAEGGGV peptide is up-regulated and 

ADSGEGDFLAEGGGVR peptide is down-regulated greatly [188].The proportions of 

fibrinogen and their phosphorylation products offer new opportunities for basic research in 

exploring new frontiers in biomarker discovery. The current enrichment strategy with 

poly(AGE/DVB)-IMAC as an affinity sorbent can be a choice to explore the fibrinogen based 

biomarker identification strategies.  

3.4.7 Human Serum Analysis 

Using mascot search engine (www.matrixscience.com) and Phosphosite Plus 

(www.phosphosite.org)online identification tools, 52 phosphopeptides from human serum are 
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identified and listed in Table 3.10 with their protein identity, function that can be related to the 

disease. 

Table 3.10: Identified phosphopeptides from tryptic serum digest enriched by poly(AGE/DVB)-

IMAC-Fe3+. Identification carried out by using mascot search. Phosphorylation identification by 

Phosphosite plus.  

Peak 

Label 
Phosphopeptide Sequence Protein Accession No. 

p1 GS*LHVWK 
Minor histocompatibility 

protein 
HMHB1_HUMAN 

p2 ET*IEQEK Thymosin beta-10 TYB10_HUMAN 

p3 KT*NT*EEK Thymosin beta-15A TB15A_HUMAN 

p4 S*WFS*GCF 
Keratin-associated protein 

22-1 
KR221_HUMAN 

p5 MT*TSFQQR 
Putative uncharacterized 

protein 
YT006_HUMAN 

p6 RNFDT*LDLPKR 

Armadillo repeat protein 

deleted in velo-cardio-facial 

syndrome 

O00192_HUMAN 

p7 VT*PDS*AVWAP 
Putative uncharacterized 

protein C14orf144 
CN144_HUMAN 

p8 KEY*KCT*SCKK 
Putative metallothionein 

MT1DP 
A1L3X4_HUMAN 

p9 MCSY*YHMKK 
IgA-inducing protein 

homolog 
IGIP_HUMAN 

p10 RGS*FSSENTWRK 
Alkylated repair protein 

AlkB homolog 5 
Q6P6C2_HUMAN 

p11 ELQPS*EEVT*WK 

NADH dehydrogenase 

[ubiquinone] 1 beta 

subcomplex subunit 

NDUB1_HUMAN 
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p12 KLKDLFDYS*PPLHKN 
Bcl-2-associated 

transcription factor 1 
Q9NYF8_HUMAN 

p13 RS*SSRS*S*SPSSSRSRS 
Bcl-2-associated 

transcription factor 1 
O95218_HUMAN 

p14 RTLDRS*GDLGDMEPLKG p120 catenin O00716_HUMAN 

p15 RNWTEDMEGGISS*PVKKT Nuclear factor 1-C type P08651_HUMAN 

p15 RRSS*DSWEVWGSASTNRN 
ADP-ribosylation factor 

GTPase activating protein 1 
Q8N6T3_HUMAN 

p16 MCT*T*LFLLS*TLAMLWRR 
Progressive rod-cone 

degeneration protein 
Q00LT1_HUMAN 

p17 
RAAS*LNYLNQPSAAPLQVSR

G 
Kinesin-like protein 8 Q9NSK0_HUMAN 

p18 RAEGEWEDQEALDYFS*DKE 
Bcl-2-associated 

transcription factor 1 
Q9NYF8_HUMAN 

p19 
RS*ASSASSLFSPSSTLESS*SR

L 
Pumilio homolog 1 Q14671_HUMAN 

p20 RRGS*GDTSSLIDPDTSLSE 
Leucine-rich repeat 

flightless interacting protein 
Q9Y608_HUMAN 

p21 
KQSSQAETDS*MSLSEKS*RK

V 

Nuclear interacting partner 

of ALK 
Q86WB0_HUMAN 

p22 
KVVDYSQFQES*DDADEDYG

RD 

Nuclear ubiquitous casein 

and cyclin-dependent kinase 

substrate 1 

Q9H1E3_HUMAN 

p23 
REFLESQEDY*DPCWS*LQEK

Y 

ADP-ribosylation factor 

GTPase-activating protein 1 
Q8N6T3_HUMAN 

p24 KSLS*DSESDDSKS 
Chromobox protein 

homolog 3 
Q13185_HUMAN 

p25 
KIYHLDAES*DEDEDFKEQTR

L 

Neural precursor cell 

expressed developmentally 

down-regulated protein 5 

Q15019_HUMAN 
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p26 
RENVEYIEREES*DGEYDEFG

RK 

Zn-finger Ran-binding 

domain containing protein 2 
O95218_HUMAN 

p27 
RSILTSLLLNSS*QSS*T*S*SEE

TVLRS 
TIF1-alpha O15164_HUMAN 

p28 RRPAPAVS*PGSWKP Zn finger protein KIAAI802 Q96JM3_HUMAN 

p29 
KPDSEDLSSQSS*AS*KASQED

ANEIKS 

Ubiquitin-protein ligase 

BEEI-A 
Q5VTRS_HUMAN 

p30 
KLTVENS*PKQEAGISEGQGT

AGEEEEKK 
Protein DRPI Q43583_HUMAN 

p31 KLNHVAAGLVS*PSLKS 
Splicing factor Arg/Ser Rich 

11 
Q05519_HUMAN 

p32 
RDGTAPPPQSPGSPTGQDEEW

S*DEESPRK 

Protein kinase and casein 

kinase substrate in neurons 

protein 3 

Q9UKS6_HUMAN 

p33 KDMS*PLSETEMALGKD 
Microtubule-associated 

protein 4 (MAP 4) 
P27816_HUMAN 

p34 
KWAHDKFS*GEEGEIEDDESG

T*ENREEKD 
Catenin-alpha P35221_HUMAN 

p35 
RYQDEVFGGFVTEPQEES*EE

EVEEPEERQ 
G3BP-1 Q13283_HUMAN 

p36 KNRPTS*ISWDGLDSGKL 
Phosphatidylethanol-amine 

binding protein (PEBP-1) 
P30086_HUMAN 

p37 RAS*GEMASAQYITAALRD 
Ubiquitin carboxyl terminal 

hydrolase 14 
P54578_HUMAN 

p38 
IIFVLLLS*GIVSISASSTTGVA

MHTSTSSSVTK 
Glycophorin-E GLPE_HUMAN 

p39 
GPPGDEEPLEGPELHVLMINA

PS* VLAGFS*NAS* 

Putative uncharacterized 

protein encoded by 

LINC00334 

NC334_HUMAN 

p40 
MS*PPSSMCSPVPLLAAASGQ

NRMTQGQHFLQK 
Putative tumor antigen 

NA88-A 

CT18_HUMAN 
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p41 
T*LPLLT*LQMDLLPPNPAPS*

LPPPS*LPTGHLGR 

Putative uncharacterized 

protein PRO1768 
YN005_HUMAN 

p42 
MSY*SGSY*Y*GGLGYGCGGF

GGLGYGYSCGCGSFR 

Keratin-associated protein 

19-7 
KR197_HUMAN 

p43 
S*PLQLQTVIY*RLIVQIQHLNI

PSSSSTHSSPF 
Leucine zipper protein 6 LUZP6_HUMAN 

p44 KTQT*PPVSPAPQPTEERL 

Src substrate 

cortactin(Amplaxin) 

oncogene EMSI 

Q14247_HUMAN 

p45 
GGSSY*PSNLVY*STEPLISQH

LPAGFLSLQGLSGDLLGNP 

Keratin-associated protein 

23-1 
KR231_HUMAN 

p46 
MKFFMVLLPAS*LAS*T*S*LA

ILDVESGLLPQLSVLLSNRL 

Putative glycosylation-

dependent cell adhesion 

molecule 1 

Q8IVK1_HUMAN 

p47 
KTIGGDDS*FNTFFSETGAGK

H 
Alpha-tubulin 6 Q9BQE3_HUMAN 

p48 
MKLS*GMFLLLS*LALFCFLT*

GVFSQGGQVDCGEFQDPK 
Serine protease inhibitor 

Kazal-type 6 

ISK6_HUMAN 

p49 
FFMVLLPAS*LAS*T*S*LAILD

VES*GLLPQLSVLLSNRLR 

Putative glycosylation-

dependent cell adhesion 

molecule 1 

GLCM1_HUMAN 

p50 
RHSTAS*NSS*NLSSPPS*PASR

K 

Ser/Thr-protein kinase 

NRCK α 
Q5VT25_HUMAN 

p51 
RS*LAADDEGGPELEPDYGTA

RR 

Armadillo repeat protein 

deleted in velo-cardio-facial 

syndrome 

O00192_HUMAN 

p52 
HVLNLY*LLGVVLTLLSIFVR

VMESLEGLLESPSPGTSWTTR 

Hypoxia-inducible lipid 

droplet-associated protein 
HLPDA_HUMAN 
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3.4.8 Comparison to Other Polymeric Materials 

Considering different aspects of poly(GPE/DVB)-IMAC in the enrichment, Table 3.11 provides 

a comparison of present study with that of similar polymeric-IMAC materials, few in number. 

This illustrates that the current study is a competitive addition to the polymeric-IMAC materials 

in phosphopeptides enrichment.   

Table 3.11: Comparison of similar-IMAC materials for phosphopeptides enrichment 

Material Sample Sensitivity Remarks Ref No 

GMA-IDA-Fe-III 

β-casein, 

Spiked 

Myoglobin 

GST-ERK2 

pmol 

SPE material 

The present stuy is compared 

with GMD-IMAC under 

same conditions and sample 

[42] 

Fe(III)-NTA- 

PHEMA brushes 

Ovalbumin 

β-casein 
fmol 

Recovery is dependent on 

the concentration of applied 

sample 

[189] 

Fe3O4@SiO2@PEG-

Ti4+ 

α-casein 

BSA, 

Arabidopsis 

fmol 

PEG decoration for IMAC 

improves the specificity and 

binding capacity 

[190] 

PEG–Ti4+ 

β-casein 

Ovalbumin 

BSA 

casein mixture 

Non fat milk 

Egg yolk 

Ovarian 

cancer 

Serum 

fmol 

Reproducibility,selectivity 

and sensitivity 

studies.Applications of 

biological samples as non-fat 

milk,egg yolk and serum 

digest 

Present 

study 
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3.5 Polymers as Desalting Materials 

3.5.1 Complex Samples 

Newly synthesized poly(GPE/DVB) is designed with the advantage of being more hydrophobic 

due to the presence of ether groups. Thus a hydrophobic backbone with the surface further 

modified with C-18 increases its efficiency as a desalting material. The availability of 

unsaturation in GPE offers better cross-linking with DVB in the polymer. Although the increased 

ratio of DVB decreases the average pore size but at the same time the surface area of the 

particles is increased which subsequently enhances the separation efficiency. Poly(GPE/DVB)-

RP is then applied to various samples like casein mixture digest, non-fat milk and serum samples 

for desalting. When dealing with the digestion of complex samples, as is the case in this study, 

various reagents are added which increase the salt concentrations. So adduct formation in the 

MALDI-MS spectrum is common phenomenon in such cases and desalting becomes inevitable. 

The results of desalting from poly(GPE/DVB) are compared with the commercial ZipTip-C18 by 

following the reported protocol. The MS spectrum by poly(GPE/DVB) shows desalting of all 

samples with extended mass range with no loss of hydrophilic species which is quite common 

with the commercial materials. A comparison in this regard is made in Figure 3.45a and in 3.45b 

which shows the spectra for poly(GPE/DVB)-RP and ZipTip-C18 of tryptic casein mixture. The 

comparison shows that ZipTip-C18 lacks the extended range with the loss of hydrophilic peptide 

residue above 3000 Da. The tryptic digest of non-fat milk is also applied to the polymer RP. The 

profile shows complete enrichment of all peptide residues with no single adduct identified as all 

the observed m/z values fall equal to the calculated ones (Figure 3.45c). 
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Figure 3.45: MALDI-MS spectra for desalting of complex mixtures by poly(GPE/DVB)-RP. (a) 

Eluted fraction for casein mixture digest after enrichment by poly(GPE/DVB)-RP (b) Eluted 

fraction for casein mixture digest after enrichment by ZipTip-C18 (c) Fraction of digest of non-

fat milk eluted after enrichment by poly(GPE/DVB)-RP. The symbols αs1,αs2, β for 

phosphopeptides andαs1*,αs2*,β* for non-phosphopeptides are derived from α and β-casein. 

Amino acid position and number of phosphate groups are also given with each m/z value. 

Furthermore, human serum profiling is usually considered an important step in the biomarker 

investigations. The diluting reagents as PBS and diverse nature of serum content increases the 

complexity and thus affect the analysis. Desalting of serum provides complete range of adduct-

free entities. 
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3.5.2 Comparison to Commercial Materials (Aspire RP30 Tip/ZipTip C18) 

The hydrophilic phosphates are negatively charged at low pH and are attracted towards the 

reversed phase material. When dealing with the digestion of complex samples (along with the 

naturally occurring salts and minerals), various reagents are added which increase the salt 

concentration of the sample solution. These salts make the MALDI-MS analysis critical and 

peptide profile is less informative to deduce any conclusion about the sample composition. 

Moreover the co-crystallization of matrix with the analyte is also affected by salt concentration. 

Stressing on the need of desalting before MS analysis, in-house poly(AGE/DVB)-RP is 

synthesized. Poly(AGE/DVB)-RP works efficiently both in lower (tryptic casein digest) and 

higher salt concentration (non-fat milk digest), without the loss of hydrophilic peptides. The 

desalting efficiency is compared with commercial desalting Aspire RP30 tips. The number of 

enriched and desalted content from tryptic β-casein digest is excellent in case of 

poly(AGE/DVB)-RP (Figure 3.46c) in comparison to Aspire RP tips (Figure 3.46b) and the raw 

digest (Figure 3.46a).The desalting of sample with high salt content, i.e. tryptic digest of non-fat 

milk also shows the highest efficiency (Figure 3.47). 
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Figure 3.46: MALDI-MS spectra: (a) Tryptic casein digest before enrichment (b) Eluted fraction 

after enrichment by Aspire RP 30 desalting tip (c) Eluted fraction after enrichment by 

poly(AGE/DVB)-RP. Both phosphopeptides and non-phosphopeptides derived from casein 

variants (α- and β-) are labeled with amino acid position. 
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Figure 3.47: MALDI-MS spectra showing desalting of non-fat milk digest by poly(AGE-DVB)-

RP. (a) Raw digest (b) Eluted phosphopeptides after enrichment. Identified peptides are labeled 

with α and β as based on their origin. Symbols as PP and NPP show phosphorylated and non-

phosphorylated peptides respectively.  

In case of ZipTip C18, incomplete binding is the problem most often encountered when 

performing sample preparation. Multiple elutions are therefore carried out which increase the 

time of analysis. There is a hindrance to sample loading, washing and elution as C18/C4 

hydrophobic beads de-wet in less than a minute. Furthermore phosphopeptides are hydrophilic, 

particularly the multiply phosphorylated, so their loss is an issue (www.millipore.com/ziptip). 

Terpolymer-RP is synthesized to overcome these problems and desalting is tried by loading the 

tryptic casein digest mixture of α- and β-casein in 1:1 ratio. MS analysis of casein digest prior to 

enrichment is given for comparison (Figure 3.48a). The eluted fraction is analyzed by 

MALDI/TOF-MS (Figure 3.48b). Both phosphorylated and non-phosphorylated fractions show 

peaks after the desalting with terpolymer reversed phase.  
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Although the purpose of this study is to desalt prior to the selective phosphopeptides enrichment 

but terpolymer RP also retains the multiply phosphorylated peptides which are often lost during 

the desalting by other C-18 reversed phase materials. The recorded masses are the same as in the 

database with no Na+ and K+ adducts, both for the phosphopeptides and non-phosphopeptides 

(Table 3.12). The results are compared to the commercially available desalting material ZipTip 

C-18 with the reported protocol (Figure 3.48c).  

 

Figure 3.48: MALDI-MS spectra for tryptic casein digest (α and β casein mixture) for 

comparison of synthesized and commercially available desalting materials (a) Raw casein digest 

without enrichment (b) Eluted fraction after enrichment by terpolymer RP (c) Eluted fraction 
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after enrichment by ZipTip C-18. The symbols α and β are to specify m/z values for peptide 

residues derived from α, and β casein. 

The commercial and synthesized material delivers essentially the identical results showing equal 

scale of work efficiency. Terpolymer C-18 retains peptides of higher mass, m/z 3122.6 whereas 

there is no signal observed in case of ZipTip C-18 after 3000 Da. There is no issue of de-wetting 

in case of terpolymer C-18 as the backbone of terpolymer has inherent hydrophilic nature and C-

18 as hydrophobic functionality. 

Table 3.12: Comparison of desalting ability of terpolymer-RP and ZipTip C-18 using tryptic 

digest of commercially available casein. Symbols as S* is for phosphoserine, + to indicate the 

presence and - to indicate the absence of respective peptide residue. 

Peak 

Label 

[M+H]+ Amino Acid Sequence Sequence No. Raw 

Ter-

RP 

Zip 

Tip 

α-casein 

α-1 1197.3 KNMAINPS*KENL  (αS2) 39-50 (1P) - + + 

α-2 1267.4 YLGYLEQLLR (αS1) 106-115 + + + 

α-3 1329.3 EQLS*TSEENS*K   (αS2) 141-151(2P) - + + 

α-4 1594.4 TVDMES*TEVFTKK   (αS2) 153-165(1P) - + + 

α-5 1927.8 DIGS*ES*TEDQAMEDIK    (αS1) 58-73(2P) - + + 

α-6 2362.8 PNS*VEQKHIQKEDVPSERY (αS1) 88-106(1P) - + + 

α-7 2616.4 NTMEHVS*S*S*EES*IISQETYK(αS2) 17-36(4P) - + + 

α-8 3006.7 NANEEEYSIGS*S*S*EES*AEVATEE

VK (αS2) 

61-85(4P) - + + 
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ß-casein 

ß-1 975.3 KFQS*EEQQQ 47-55(1P) - + + 

ß-2 1104.3 KFQS*EEQQQT 47-49(1P) - + + 

ß-3 1994.1 LLYQEPVLGPVRGPFPIIV 206-224 - + + 

ß-4 2107.4 FLLQEPVLGPVRGPFPIIV 205-224 + + + 

ß-5 2910.9 DMPIQAFLLYQEPVLGPVRGPFPIIV 199-224 - + + 

ß-6 3122.6 RELEELNVPGEIVES*LS*S*S*EEESITRI 1-25(4P) - + - 

к-casein 

К 1632.4 EDS*PEVIESPPEIN 168-181(1P) - + + 

 

The efficiency of terpolymer RP is further checked with commercial casein digest containing α 

(S1 and S2), β- and κ-casein. Different peptide fragments for the κ-casein are identified with 

their modifications. These modifications play an important role in the enrichment of these 

peptide fragments. MS spectra for the terpolymer RP (Figure 3.49a) and two commercial 

materials (Figure 3.49b and 3.49c) show the identified peptides from all casein variants. 

Moreover there are some phosphopeptides as αS1(104-109, 1P), β (30-51, 1P) and κ (147-160, 

1P) that are identified only in the case of terpolymer-RP and not enriched by ZipTip C-18 or C-4. 
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Figure 3.49: MALDI-MS spectra of tryptic commercial casein digest for the comparison of 

synthesized and commercially available desalting materials (a) Eluted fraction after enrichment 

by terpolymer RP (b) Eluted fraction after enrichment by ZipTip C-18 (c) Eluted fraction after 

enrichment by ZipTip C-4. The symbols α, β and κ specify m/z values for peptide residues 

derived from α, β and κ-casein. PP and NPP symbolize phosphopeptides and non-

phosphopeptides with their sequence numbers respectively.  

3.6 Stand point of Poly(AGE/DVB) in Comparison to Literature and Poly(GPE/DVB) 

In literature polymeric phases are generally used in the form of monoliths or coated on metal 

oxide particles. Polymeric materials in combination with phosphoproteomics are quite limited. A 

comparison of poly(AGE/DVB)-IMAC with reported polymeric materials in phosphopeptides 

enrichment is given is Table 3.13.  
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Table 3.13: Comparison of poly(AGE/DVB)-IMAC-Fe3+ with literature regarding selectivity, 

sensitivity and number of enriched phosphopeptides. Only the polymer-based strategies are 

included in the comparison.  

Materials 

Number of enriched 

Phosphopeptides from 

standard 

Selectivity Sensitivity Ref. 

Fe(III)-NTA-

PHEMA-Modified 

Plates 

3 - 15 fmol [18] 

ZrPO3
- modified 

MALDI target 
4 1:10 1 fmol [191] 

Ti4+-NTA PEG/MNP  2 20:1000 20 fmol [192] 

Fe3O4/poly(GMA-co-

EDMA) monolith 
3 - - [62] 

Fe3O4/poly(VPA-

EDMA-1)-Zr4+) 
3 1:100 3 pmol [193] 

Fe3O4 coated poly 

poly(HEMA-co-

EDMA) 

6 - - [63] 

poly(GPE/DVB)-La3+ 8 1:10 1 fmol Present study 

poly(AGE/DVB)-Fe3+ 10 1:2000 2 fmol present study 

 

Poly(GPE/DVB)-IMAC-La3+ has shown high enrichment efficiency  however it does not address 

the common issue of acidic peptides (non-specific bindings) enriched by La3+. The limitation of 

IMAC-Fe3+strategy is that acidic peptides (rich in carboxylic-acid of Glu and Asp) are enriched 

along with the phosphopeptides which affect the efficiency/binding sites. One of the solutions 

offered is to overload the column or material to allow competition among the peptides with 

successive enrichments using second column or fresh batch of material [194]. In 

poly(AGE/DVB)-IMAC-Fe3+ (173.1554 m2/g), high surface area allows the overloading of 

material and also provide better selectivity than lanthanide immobilized on poly(GPE/DVB) 

(89.3824 m2/g). Hence it tackles the issue of acidic peptide enrichment on Fe3+. Moreover 
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different lanthanide ions immobilized on IMAC material show no difference of performance. 

This demonstrates that change in material characteristics in combination with metal ions play 

role in the efficiency of enrichment. To prove the concept, no change is carried out in the 

enrichment protocol for poly(GPE/DVB)-IMAC and poly(AGE/DVB)-IMAC. Using same 

buffer conditions and samples, better enrichment is achieved by the later material (Table 3.14).  

Table 3.14: Comparison of poly(GPE/DVB)-IMAC/RP to poly(AGE/DVB)-IMAC/RP 

 

 
Investigated 

studies 
Poly(GPE/DVB) Poly(AGE/DVB) Effect on enrichment 

Polymer 

characteristics 

Surface area 89.3824 m2/g 173.1554 m2/g Increase in selectivity 

Average pore 

width 
20.8111 Å 21.1416 Å Better adsorption 

IMAC based 

phosphopeptides 

enrichment 

Feasibility 

(standard) 
8 phosphopeptides 10 phosphopeptides 

High number of 

phosphopeptides 

Selection of 

metal ion 
La3+ 

Fe3+ 

Comparison to La3+/ 

Eu3+/Er3+ 

Fe3+, is used in enrichment 

and to overcome Fe based 

acidic peptides  

Selectivity 
10 folds complexity 

level achieved 

2000 folds 

complexity level 

achieved 

High surface area which 

distinguish it from 

poly(GPE/DVB) 

Milk sample 
8 α-casein and6 β-

casein  

12 α-casein and  

8 β-casein  

Increase in number with high 

selectivity  

Egg yolk 
6 phosphorylated 

peptides (9P) 

7 multi 

phosphorylated 

peptides (10P) 

Better enrichment of multi 

phosphopeptides 

Serum profiling 

Fibrinogen based 

study for ovarian 

carcinoma 

52 different 

phosphopeptides 

along with 

fibrinogen 

phosphopeptides 

Fibrinogen phosphopeptides 

enriched by both IMAC 

materials, one in relevance to 

ovarian carcinoma whereas 

here serum profiling is done 

RP based desalting  
Desalting 

Casein mixture 
26 peptides  31 peptides 

Better pre-concentration of 

sample with high number of 

enriched content 
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Briefly, the selectivity achieved for poly(GPE/DVB)-IMAC is to ten folds complexity level 

whereas poly(AGE/DVB)-IAMC is selective up to the complexity level of 2000. In case of milk 

sample, 14 phosphopeptides are enriched by poly(GPE/DVB)-IMAC whereas 20 

phosphopeptides are enriched by poly(AGE/DVB)-IMAC. For the desalting prior to MS 

analysis, both polymeric materials are derivatized as RP and for casein mixture, 

poly(AGE/DVB)-RP has enriched much higher number of peptides (31 peptides) as compared to 

poly(GPE/DVB)-RP (26 peptides). The higher surface area does not let the abundant species 

occupy/saturate the binding sites of the polymer and thus space is still available to the low 

concentrated species. The increased number of species of interest are specifically bound and 

hence enriched. 
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Conclusions 

The polymerization of epoxide monomers (GPE and AGE) with vinyl monomer produces 

polymers with available epoxy group for subsequent functionalization. The polymeric IMAC 

materials are selective to phosphopeptides enrichment and the hydrophobic polymeric-RP is 

showing excellent desalting ability in comparison to the commercially available polymer based 

Aspire RP 30 desalting tips and ZipTip. The polymers offer affinity for protein/peptide mixtures 

of diverse nature. The functionalized polymers are not only able to enrich the mono 

phosphorylated and multiphosphorylated peptides but also their dephosphorylated fragments. 

The desalting efficiency prior to the analysis eliminates the adduct formation. A phosphorylated 

fragments and their expression for diseased and control samples of ovarian carcinoma is carried 

out to investigate the potential of synthesized polymer in disease diagnosis by using 

Poly(GPE/DVB) IMAC. 

Like epoxide polymers, new terpolymer with unique physicochemical characteristics is 

synthesized and derivatized for various proteomics application. Binding tendency of the 

terpolymer helps in reducing the complexity of biological samples. Different surface 

characteristics introduced to the terpolymer in the form of IMAC-La3+/Fe3+ make it useful 

towards phosphopeptides enrichment from tryptic digests with high selectivity and sensitivity. 

The desalting by terpolymer-RP removes the ions and reduces the adduct formation in MALDI-

MS analysis. The comparison of desalting with commercially available ZipTip C-18 and C-4 

shows that terpolymer C-18 is a competitive alternate. The porosity and overall surface area from 

the BET study proves the higher loading capacity of polymeric support. Enrichment of highly 

phosphorylated phosphopeptides from the digests of egg yolk and non-fat milk depict the 

efficiency for multiply phosphopeptides. 



 
157 

 

The highly controlled growth of an Fe(III)-based porous coordination polymer has been achieved 

for the first time within flow-through porous monolithic supports. A suitable carboxyl-

functionalized capillary polymer monolith is prepared and modified step-by-step with Fe(III) and 

trimesic acid building a microporous metal-organic network on the surface of macropores. The 

developed capillary columns are successfully applied for the reproducible enrichment of 

phosphopeptides with high selectivity and sensitivity in complex samples such as protein digest 

and real samples. The phosphopeptides enrichment from standard sample to complex real 

samples and the sensitivity down to femto mole, make these polymeric materials a good addition 

to the modern day phosphoproteomic strategies. 
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