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Biological samples used as a source for

bioanalytical applications are usually very

complex and need a prior clean-up or

enrichment procedure in order to reduce

sample complexity. There is a need for highly

efficient bioanalytical approaches to handle

the problems associated with sample

preparation, separation and identification of

proteins and peptides within biological

species. Many newly emerged technologies

meet the basic requirements and considerable

progress has been made in the development

of new stationary phases for the enrichment of

phosphorylated peptides and proteins.

Although many biochemical mechanisms are

involved in cellular signalling, reversible

phosphorylation of serine, threonine, and

tyrosine residues is one of the most commonly

used in mammalian cells (Figure 1) [1, 2]. The

analysis of the entire cellular phosphoproteins

panel, the so-called phosphoproteome, has

been an attractive study subject since the

discovery of phosphorylation as a key

regulatory mechanism of cell life [3, 4, 5]. The

high importance of protein phosphorylation

makes the comprehensive identification of

phosphorylation sites an important task for

understanding biological functions. The

covalently attached phosphorylation sites are

usually present at substoichiometric levels.

This means that a post-translational

modification at a given site is often present in

only a small fraction of the protein molecules

of a given type. Thus, the development of

sensitive and selective technologies which

allows the enrichment of phosphorylated

proteins or peptides is of utmost importance [6].

New enrichment tools in
phosphoproteomics

As a consequence, novel enrichment and

desalting methods based on modern solid-

phase extraction (SPE) technologies have

been designed for the purification of

biological samples which can be tailored to a

specific bioanalytical application allowing

endless possibilities in terms of selectivity

tuning [7, 8]. SPE is a fast, versatile, easy to use

and easy to automate sample preparation

technique and enables both, concentration

and purification of the sample. In particular,

nanomaterials may have a great impact on

future sample preparation due to their unique

physical and chemical characteristics.

Moreover, the move towards miniaturisation in

bioanalysis has prompted the development of

advanced enrichment and separation

technologies by significantly enhancing the

hyphenation to mass spectrometry. However,

very often buffered solutions, salts and

detergents are needed during the sample

preparation procedure which tend to interfere

with further protein identification, as they

might inhibit the digestion process or disturb

the mass spectrometric analysis. Usually a

combined desalting and concentration step is

performed in order to remove potentially

interfering detergents and salts. This can be

achieved by dialysis [9, 10], diafiltration [11, 12],

gel filtration [13, 14] and centrifuge columns

[15, 16]. Alternative chromatographic materials

for desalting include reversed phase

chromatography [17, 18], oxidised diamond

particles [19], magnetic beads [20, 21] and

C60-fullerene silica [22]. For the identification

of phosphoproteins mass spectrometry has

become the most powerful technique [23].

However, mass spectrometric detection of

phosphorylated peptides in complex samples

represents a major challenge due to their low

abundance in comparison to other non-

phosphorylated peptides. Very often the

signals of phosphorylated peptides are

suppressed by the signals of higher-

concentrated non-phosphorylated peptides

[24]. A major strategy to overcome this

problem includes the application of selective

enrichment technologies for phosphorylated

proteins and peptides before MS analysis. A

number of different techniques have been

developed to enrich phosphoproteins or

phosphopeptides from biological samples.

These include antibody-based immunoaffinity

precipitation [25], chemical modification [26],

enrichment on immobilised metal ion affinity
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sensitive and selective technologies are required for their enrichment and purification. This review provides a short overview about new

developments in sample preparation for the enrichment of phosphorylated peptides and proteins.
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chromatography (IMAC) [27, 28, 29],

enrichment on metal oxides [30, 31, 32], or

coupling IMAC and metal oxide enrichment

[33]. SPE has been performed with various

nanomaterials, embedded or coated on the

walls of monolithic tips. Pipette tips were fitted

with a monolithic structure based on

poly(divinylbenzene) containing embedded

TiO2 and ZrO2 nanoparticles [34]. The

micropipette tip format permits the handling

of submicrolitre amounts of samples and offers

the suitability for further combination with

automated robotic systems, which leads to

higher reproducibility and shorter time of

sample preparation. The effect of particle size

on the selectivity of phosphopeptides was

investigated by comparative studies with

nano- and microscale TiO2 and ZrO2
powders. In this study nanomaterials

performed much better in terms of binding

capacity. When compared to conventional Fe-

IMAC, higher selectivity was observed in case

of monolithic TiO2/ZrO2 tips. Recently, a new

type of IMAC adsorbent using Zr4+ and Ti4+

ions was developed on the basis of

phosphonate groups [35, 36]. In particular Ti4+-

IMAC showed superior performance

compared to conventional Fe3+-IMAC and

TiO2. In a further approach trivalent

lanthanum, holmium and erbium ions were

chelated to a highly porous phosphonate

polymer which was prepared by radical

polymerisation of vinylphosphonic acid (VPA)

and divinylbenzene (DVB) [37]. Lanthanides are

known to be hard “acceptors” with an

overwhelming preference for oxygen-

containing anions such as phosphates. A

major advantage of lanthanide ions for IMAC

is their high coordination number, resulting in

stronger interactions with phosphopeptides.

Lanthanides offer six to twelve coordination

sites with eight and nine being the most

common coordination numbers [38, 39]. Due

to their increased number of coordination sites

they significantly enhance the binding of

phosphorylated peptides. Compared to

commonly used TiO2, the lanthanide-IMAC

strategy showed higher selectivity for

phosphorylated peptides. In another study,

lanthanum-functionalised diamond-IMAC was

successfully applied for trapping

phosphopeptides from bovine milk and egg-

yolk [40]. Moreover, lanthanum silicate based

magnetic affinity microspheres could be

successfully applied for isolating

phosphopeptides from complex protein

digests [41]. Despite recent advances in

phosphopeptide research, detection and

characterisation of multiply phosphorylated

peptides have been a major challenge. A

number of strategies have been developed for

detecting multiply phosphorylated peptides.

For example, phosphoric acid was used as a

matrix additive for improving the MALDI

signals of phosphopeptides in the presence of

non-phosphorylated peptides [42]. In another

approach derivatised polymer brushes with

oxotitanium and nitrilotriacetate-Fe(III) groups

were found to enrich both, mono- and multiply

phosphorylated peptides [43]. Recently, C60-

fullerene-aminopropylsilica was shown to have

a preferential enrichment potential for multiply

phosphorylated peptides which are usually

difficult to detect. The fractionation of mono-

from multiply phosphorylated peptides occurs

due to the different pI values of the peptides

and the effect of the total charge of the

peptides. Multiply phosphorylated peptides

usually have a low pI (the isoelectric point - the

pH at which the molecule carries no net

electrical charge) value and basic elution (e.g.

ammonia solution, pH 10) mainly retrieves

peptides with a pI < 3. A second elution step

was achieved at pH 2.3 using 1% TFA

containing 20% ACN and resulted into the

release of monophosphorylated peptides.

Finally, non-phosphorylated peptides could be

eluted in 80% ACN/1% TFA. Figure 2 depicts

commonly applied tools for phosphopeptide

purification as well as innovative enrichment

strategies such as La-IMAC and C60-fullerene

silica.

Separation of enriched molecules

Many bioanalytical applications still require a

further separation of enriched molecules

particularly for their identification, structural

elucidation and quantification. For that novel

polymeric capillary monoliths which are

tailored for miniaturised liquid

chromatography (µ–LC) offer a highly efficient
unique separation tool [44]. The influence of

different polymerisation parameters like

monomer to porogen ratio, microporogen

type, microporogen content and

polymerisation temperature on the porous

structure enabled systematic optimisation of

the separation performance. In this regard, the

significant reduction in polymerisation time

was observed resulting in the formation of a

high fraction of small macropores while, at the

same time, keeping the fraction of flow-

channels reasonably high [45, 46]. Separation

efficiencies of monolithic capillaries are

outstanding as they have no inter-particular

void volume and retaining frits, which results in

a reduced resistance to mass transfer as a

result of convective flow.

Figure 1: Protein phosphorylation is accomplished by kinases which transfer the γ-phosphate group of ATP to the hydroxyl-group of the target protein. Conversely,
phosphatases hydrolyse the phosphate ester bond yielding the original protein and a free phosphate group. This perfect reversibility turns phosphorylation into an
essential tool for metabolic pathway control.

Figure 2: Commonly applied and innovative chromatographic materials for phosphopeptide enrichment:
Fe3+-IMAC based on nitrilotriacetic acid showing a tetra-dentate metal ion complex (a). Proposed interaction
of trivalent lanthanum ions attached to a phosphonate-polymer (b). Bridging bi-dentate complex of a
phosphate residue on titanium dioxide (c). C60-fullerene silica which allows the separation of mono- from
multiply phosphorylated peptides (d).
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