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Phosphopeptide Enrichment Using Various Magnetic
Nanocomposites: An Overview

iris L. Batalha and Ana Cecilia A. Roque

Abstract

Magnetic nanocomposites are hybrid structures consisting of an iron oxide (Fe;O,/y-Fe,03) superpara-
magnetic core and a coating shell which presents affinity for a specific target molecule. Within the scope of
phosphopeptide enrichment, the magnetic core is usually first functionalized with an intermediate layer of
silica or carbon to improve dispersibility and increase specific area, and then with an outer layer of a
phosphate-affinity material. Fe;O,-coating materials include metal oxides, rare earth metal-based com-
pounds, immobilized-metal ions, polymers, and many others. This chapter provides a generic overview of
the different materials that can be found in literature and their advantages and drawbacks.
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1 Introduction

Phosphorylation is a dynamic, abundant, and highly studied post-
translational modification of proteins, affecting approximately
one-third of all proteins at any particular time [1]. It is involved in
the regulation of a variety of cellular processes, such as cell cycle
control, DNA damage responses, transcription, protein trafficking,
metabolism, and programmed cell death [2, 1]. In the human pro-
teome, phosphorylation occurs predominantly in serine (90 %),
followed by threonine (x10 %) and tyrosine (=0.05 %), although
the relative abundances of these residues depend on the methodol-
ogy used for the quantification of phosphorylation events [ 3, 4].
Phosphorylation events are key players in cellular signaling,
being involved in the occurrence of many human diseases, such as
cancer [5], Alzheimer’s [6], Parkinson’s [7], cardiovascular dis-
eases [8], schizophrenia [9], and many others. The accurate iden-
tification of phosphorylated proteins, determination of their
phosphorylation sites and quantification of stoichiometry, and
monitoring of temporal dynamics of protein phosphorylation in
response to cellular perturbations, are fundamental to understand
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the mechanisms behind disease pathologies and inspire the devel-
opment of novel biomarkers and therapeutic agents [10].

During the last decades, mass spectrometry (MS) has been the
basis of enormous scientific breakthroughs and it has been playing a
central role in the profiling of protein phosphorylation 3, 11, 12].
However, as phosphopeptides have comparably low ionization effi-
ciencies and are usually present in sub-stoichiometric concentra-
tions in biological samples, an enrichment step is required prior to
MS analysis [13, 14].

A great number of enrichment methods have been reported in
recent years, namely immunoprecipitation, immobilized metal
affinity chromatography (IMAC), metal oxide affinity chromatog-
raphy (MOAC), ion-exchange chromatography, chemical tagging
and use of phosphate-affinity ligands [15].

Ton-exchange methodologies (strong ion exchange (SCX) or
strong anion exchange (SAX)) usually require high amounts of
starting material and prolonged analysis times, due to the presence
of multiple fractions [10]. In addition, due to the nonspecific
adsorption behavior of SCX and SAX, these methods are more
commonly used as pre-fractionation techniques in combination
with other methods such as reversed phase-LC, IMAC or MOAC
[16-18]. Recently, a mixed-bed resin comprising a blend of anion
and cation exchangers (ACE) has been reported to increase phos-
phopeptide identification by 94 % when compared to SCX [19].

Methods based on the chemical modification of the phosphate
group are usually labor-intensive and implicate several reaction
steps, which makes them less useful for routine utilization [20].

Phospho-specific antibodies are expensive and difficult to pro-
duce due to the low immunogenicity of the phosphate group and
its susceptibility to cleavage during the immunization process [21].
Nonetheless, antiphosphotyrosine antibodies have been success-
fully used for the detection of a variety of phosphorylated proteins,
in contrast with antiphosphoserine and antiphosphothreonine
antibodies, which are still far less specific [10, 15, 22].

Metal chelating methodologies include IMAC, MOAC, and
some new metal chelating ligands (e.g., Phos-Tag™) (see Chapter
3). These methods are based on the coordination of the negatively
charged phosphate group to positively charged metal ions, a main
disadvantage being the nonspecific binding of acidic peptides to the
metal-chelating resins [22]. Different research groups have been
trying to circumvent this problem. O-methyl esterification of the
carboxylic acid groups is a common approach, but has some limita-
tions associated with the occurrence of side reactions and incom-
plete derivatization of the carboxylic groups [23-25]. Larsen and
coworkers introduced a competitive binder—2,5-dihydroxy ben-
zoic acid (2,5-DHB)—in bufters to reduce the nonspecific binding
of acidic peptides to TiO, microcolumns [25]. Ye and coworkers
developed an optimized Fe(III) nitrilotriacetic acid (NTA) IMAC
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protocol by using 60 % (v/v) acetonitrile (ACN) in loading and
washing buffers, since ACN has different effects on the degree of
ionization of phosphate and carboxylic acid moieties [26].

Hybrid materials, which combine distinct properties of various
materials, have been proven exquisitely efficient in the selective
binding of phosphorylated peptides. In particular, composite
materials in the nanomolar range (nanocomposites) present higher
surface area to volume ratios, providing superior surface function-
alization [27, 28]. This chapter will explore the application of dif-
ferent classes of nanocomposites in the phosphoproteomics field.

2 Magnetic Nanocomposites

2.1 Metal Oxide-
Based Magnetic
Nanocomposites

2.1.1
(Ti0;)

Titanium Dioxide

As mentioned previously, metal oxides can be used to enrich phos-
phorylated species in peptide samples. Among them, iron oxide
nanoparticles (MNPs) present unique properties, such as super-
paramagnetism, high magnetic susceptibility, high coercivity, and
low Curie temperature [29]. Bare MNPs have been reported to
selectively bind phosphorylated peptides from tryptic digests con-
taining 1 pmol P-casein, cytochrome ¢, bovine serum albumin
(BSA), and horse heart myoglobin. However, this was only
observed when the iron oxide was in the form of magnetite
(Fe;04), as maghemite (y-Fe,03) beads did not facilitate phospho-
peptide binding. The reasons behind the superior performance of
Fe;0,4 over y-Fe,0; are not yet fully understood, but have been
speculated to be related to structural differences and magnetic
properties of those materials [30].

In addition to their easy manipulation by an external magnetic
field, their surface can be functionalized with a variety of organic
and inorganic materials, which not only protect them against oxi-
dation and erosion by acids and bases, but also tailor their surface
in terms of charge, hydrophobicity, and chemical functionality [31,
32]. The process of phosphopeptide enrichment using magnetic
nanocomposites is illustrated in Fig. 1.

TiO, was the first metal oxide to be reported for the enrichment of
phosphorylated peptides. TiO,-based materials are commercially
available and TiO,-based protocols are common practice in many
laboratories, due to their simplicity and efficiency (see Table 1) (see
Chapters 9, 12, 17). Chen and Chen used a two-step sol-gel pro-
cess to produce TiO,-coated MNDPs (Fe;O4@Ti0,) combining the
convenient separation ability of MNDPs with the phosphopeptide
trapping capacity of TiO,. In addition, Fe;O,@Ti0O, magnetic nan-
oparticles were effectively used as surface-assisted laser desorption/
ionization (SALDI) MS matrices [33]. However, they obtained
composite materials of ill-defined structure, which compromised
their bias towards phosphorylated peptides, as nonspecific binding
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Fig. 1 Enrichment of phosphorylated peptides using magnetic nanocomposites: (1) incubation of magnetic
nanocomposites with tryptic protein digest samples; (2) magnetic separation of phosphopeptide-bound mag-
netic nanocomposites; (3) washing step to remove nonspecifically adsorbed non-phosphorylated peptides;
(4a) phosphopeptide-bound magnetic nanocomposites can be spotted onto a MALDI target and directly ana-
lyzed by MS or (4b) phosphopeptides may be eluted from particles and analyzed either by MALDI or ESI MS

2.1.2  Zirconium Dioxide
(Zr0,)

of acidic peptides was also observed. Later on, Li and coworkers
addressed this issue by coating the particles with a carbon layer
in an intermediate reaction step in order to reduce nonspecific
adsorption. Their three-step synthesis route consisted of: (1) syn-
thesis of MNPs via solvothermal reaction; (2) MNDPs coating with
a thin layer of carbon (=20 nm thickness); and (3) absorption of
nanosized titanium oligomers and conversion into titanium by cal-
cination [ 34, 35].

In 2010, Lu and coworkers reported the synthesis of selt-
assembled mesoporous TiO, nanocrystal structures with high
adsorption capacity, low detection limit (10 fmol for a p-casein
tryptic digest), high selectivity, high water dispersibility, and high
chemical and mechanical stability. The process of fabrication of
these mesoporous nanocrystal clusters consists of the synthesis and
self-assembly of TiO, nanocrystals; coating with a thin layer of sil-
ica to avoid aggregation; calcination at high temperatures to
improve mechanical stability and remove organic surfactants; and
silica removal by etching. One of the advantages of this self-
assembly process is that multiple components may be added to the
clusters, which was demonstrated by the successful fabrication of
v-Fe,03/TiO, composite clusters to facilitate separation. Both
TiO, and y-Fe,0;/TiO, colloidal nanocrystal clusters presented
similar hydrodynamic diameters between 50 and 200 nm [36].

A fast method using ZrO,-coated MNPs as concentrating probes was
developed to enrich samples in phosphopeptides in only 30 s employ-
ing vigorous mixing by pipetting. In addition, these particles can
function as microwave absorbers and facilitate enzymatic digestion
(digestion time ~15 s sonication + 1 min microwave heating) [37].
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Table 1
Commercially available magnetic nanocomposites for phosphopeptide and phosphoprotein
enrichment
Affinity ligand Kit Highlights Company
TiO, TiO, Mag — DParallel handling of GE Healthcare Life
Sepharose™ samples—processing of 6 Sciences
samples in <1 h www.gelifesciences.com/
TiO, Phos-trap™ — Allows to enrich 1-96 PerkinElmer
samples at a time in <10 min www.perkinelmer.com
TiO, Pierce Magnetic ~ — Processing of 1-96 samples  Thermo Scientific Pierce
Titanium in ~#15 min www.piercenet.com/
Dioxide — Enrichment of less than
Phosphopeptide 100 fmol phosphoprotein
Enrichment Kit — 1000 Greater sensitivity
than traditional IMAC
N.A. Captivate™ — Binding capacity of Life Technologies
Microscale 1-2 pmol/pg ferrofluid www.lifetechnologies.
Phosphopeptide — Distinction between pSer, com/
Isolation Kit pThr, and pTyr due to
selective
B-elimination /addition
modification reactions
N.A. TALON® PMAC - Non-denaturing protocol Clontech

Ti*-Polyamidoamine PolyMAC-Ti

generation 4
dendrimer

allows phosphoprotein
enrichment maintaining
protein conformation and
solubility

Allows enrichment from any
cell or tissue sample

Digested complex cell
lysates from DG-75 B-cell
lymphoma cells reveal that

PolyMAC identified a higher

number of phosphosites and

presented higher enrichment

selectivity

www.clontech.com/

Tymora
tymora-analytical.com/

N.A. not available

MNPs coated with both TiO, and ZrO, (Fe;0,@Ti0,-ZrO,)
present improved phosphopeptide trapping ability when compared
to Fe;0,@Ti0, or Fe;0,@Zr0O, alone and efficiently enrich sam-
ples in both mono- and multi-phosphorylated peptides [ 38]. These
metal oxides have complementary properties: ZrO, is more selec-
tive towards mono-phosphorylated peptides whereas TiO, prefer-
entially binds to multi-phosphorylated peptides [39].


http://www.gelifesciences.com/
http://www.perkinelmer.com/
http://www.piercenet.com/
http://www.lifetechnologies.com/
http://www.lifetechnologies.com/
http://www.clontech.com/
http://tymora-analytical.com/

198 fris L. Batalha and Ana Cecilia A. Roque
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Fig. 2 Synthesis of yolk—shell MSP@Zr0,. Magnetic supraparticles synthesized by a solvothermal reaction are
modified with a polymeric layer of polymethylacrylic acid (PMAA), followed by functionalization with Zr(OH),.
Calcination of MSP@PMAA@PMAA-Zr(0H), removes the polymeric layer and leads to the formation of hollow
crystalline Zr0, spheres with movable MSP core

2.1.3  Aluminum Oxide
(Al,05)

Very recently, yolk-shell magnetic supraparticles coated with
7rO, (MSP@ZrO,) have been reported to selectively enrich phos-
phopeptides both from standard phosphoprotein tryptic digests
and biological samples [40]. Supraparticles are originated from the
assembly of MNPs and have enhanced magnetic responsiveness
and preserved superparamagnetism [41]. The yolk-shell architec-
ture consists of nanoparticle core inside a hollow shell, presenting
low mass density which improves dispersibility and enhances the
adsorbing efficiency of phosphopeptides when compared to solid
Fe;0,@ZrO, microspheres (see Fig. 2) [40]. A total of 33
phosphopeptides containing 49 phosphorylation sites mapped to
33 phosphoproteins were identified in human saliva, which was a
better result when compared to zinc oxide (ZnO)-coated MNDs.
Nonetheless, ZnO-coated MNDPs presented a detection limit 3
orders of magnitude lower (2.5 fmol for p-casein tryptic digest)
and an enrichment time 60 times lower than the yolk-shell MSP@
710, [40, 42]. In addition, TiO,-coated MNPs presented similar
phosphopeptide trapping performance as ZnO-coated MNPs for
the same human saliva tryptic digest [42].

Al O;-coated magnetic beads have been described in literature as
effective phosphopeptide affinity and sensing tools. Al,O;-coated
MNPs have trapping capacities of 60 pg of phosphopeptides per
milligram of particles, and a detection limit of 25 fmol for human
protein phosphatase inhibitor 1 (PPI 1) tryptic digest. The entire
process of enrichment and MALDI MS analysis takes approxi-
mately 5 min [43]. Al,O3-coated MNPs modified with a fluoro-
phore—riboflavin-5’-monophosphate (REMP-Fe;O0,@Al,O3) have
been used as affinity and sensing probes for phosphorylated fibri-
nopeptide A, a peptide which exists in elevated levels in patients
with gastric and ovarian cancers and is known to exist in phos-
phorylated form to an extent of 20-30 % in human blood. REMP
molecules immobilized at the surface of the particles exchange
with phosphorylated fibrinopeptide A in solution, allowing the
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2.2 Rare Earth
Metal-Based Magnetic
Nanocomposites

Magnetic Nanocomposites for Phosphopeptide Enrichment 199

quantitative analysis of the solution by fluorescence spectroscopy.
Particles with the trapped phosphorylated peptide may subse-
quently be analyzed qualitatively by mass spectrometry [44].

Niobium pentoxide (Nb,Os) efficiently enriches phosphopeptides
from standard tryptic protein mixtures and cellular lysates with
50 % overlap in peptide sequence when compared to TiO,, which
translates into a high degree of orthogonality between both metal
oxides. In addition, Nb,Os and TiO, presented similar recovery
efficiencies of phosphopeptides between 50 and 100 % [45].
Nb,Os-coated MNPs are able to trap phosphorylated peptides
from tryptic digests of caseins, serum and cell lysate in only 1 min
using microwave heating and with a detection limit of 5 fmol [46].

Tantalum pentoxide (Ta,Os)-coated MNPs present divergent
phosphopeptide trapping selectivity when compared to TiO,-
coated MNDPs, with a larger number of unique phosphopeptides
being identified by Ta,Os-coated MNPs [47]. The addition of 2,5-
DHB to the loading solution contributes to the enhanced selectiv-
ity towards phosphorylated species, a concept that had been
introduced by Larsen and coworkers [25, 47].

Other metal oxides, such as gallium oxide (Ga,O;) [48] and
tin dioxide (SnQO,) [49], have also been combined with Fe;O, and
used in phosphoproteomic experiments.

The sensitivity and enrichment time of different metal oxide-
coated MNPs are presented in Table 2. However, it should be
taken into consideration that this comparison between different
materials is not always straightforward, as experiments are not
always performed in the same conditions and in some cases use dif-
ferent instrumentation. One interesting detail to point out is that
Fe;O, magnetic particles are excellent microwave absorbers.
Microwave heating can be applied both during tryptic digestion
and enrichment steps, which in addition to the ease of separation
of MNPs makes the entire process extremely time-efficient.

Due to the strong affinity between rare earth metal ions and phos-
phate moieties, a variety of different materials based on this type of
metals have been developed for phosphopeptide enrichment. Rare
metal ions (hard acids) are able to coordinate oxygen atoms (hard
bases) of phosphate groups through mono- or multi-dentate
bonds, which make the phosphorous atoms more electropositive
and more susceptible to nucleophilic attack by hydroxyl groups.
This process results in the cleavage of phosphate-ester bonds and
consequent dephosphorylation of the peptides [50].

Very recently, rare earth vanadate-coated MNPs (y-Fe,O;@
REVOy; RE=Sm, Dy, Ho) were used for the first time to enrich
phosphorylated peptides from tryptic digests of standard pro-
teins and human serum. The three rare earth metals tested pre-
sented similar morphologies, saturation magnetization values, and
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Table 2

Sensitivity and enrichment time of different metal oxide-coated magnetic nanocomposites

Nanocomposite

Fe 304@T1 (@) P
FC3O4@C@TiOZ

Y'FCZOg@Ti02

F6304@Zr02
F6304@Ti02-zr02

Yolk-Shell MSP@ZrO,

FCgO4@ZHO
FCgO4@Aleg
F6304@Nb205

F6304@T3205
F€3 O4@C@Gaz O 2

F6304@C@Sn02

Enrichment

Detection limit time Instrumentation Ref.

50 fmol (B-casein) 90 min Bruker Biflex III (MALDI-TOF) [33]

10 fmol (B-casein) 0.5 min Applied Biosystems 4700 [34, 35]
(MALDI-TOF/TOF)

10 fmol (p-casein) 30 min Applied Biosystems Voyager [36]
DE-STR (MALDI-TOF)

45 fmol (B-casein) 0.5 min Bruker Biflex IIT (MALDI-TOF) [37]

250 fmol (B-casein) 1 min Thermo Finnigan LCQ (ESI Ion [38]
Trap)

2.5 pmol (B-casein) 30 min Applied Biosystems 5800 [40]
(MALDI-TOF)

2.5 fmol (p-casein) 0.5 min Bruker Biflex IIT (MALDI-TOF) [42]

25 fmol (a-casein) 0.5 min Bruker Biflex IIT (MALDI-TOF) [43]

5 fmol 1 min Applied Biosystems 4800 [46]
(MALDI-TOF/TOF)

10 fmol (p-casein) 1 min Bruker Biflex IIT (MALDI-TOF) [74]

40 fmol (p-casein) 0.5 min Applied Biosystems 4700 [48]
(MALDI-TOE/TOF)

80 fmol (B-casein) 30 min Applied Biosystems 4700 [49]

(MALDI-TOF/TOF)

selectivity towards phosphorylated peptides. The sensitivity was
slightly worse for y-Fe,O3;@HoVO, (200 fmol for a B-casein tryptic
digest) when compared to y-Fe,O;@SmVO, and y-Fe,0;@DyVO,
(100 fmol). Particles could be used up to five times without signifi-
cant loss of binding capacity or selectivity [50].

Rare earth metal oxides, such as CeQ,, are also starting to be
explored in the field of phosphoproteomics. MNPs coated with an
intermediate layer of silica and an outer layer of mesoporous CeO,
(Fe;0,@S10,@mCe0,) are multifunctional probes, as they have
phosphate-affinity, magnetic properties, and they catalyze the
dephosphorylation of phosphopeptides, which results in a specific
neutral loss of #x80 Da that can be detected in the MS spectra
[51]. The same number of phosphorylated peptides and their cor-
respondent label ions (with decreased masses of #x 80 Da) from a
tryptic digest of B-casein could be identified using lanthanum sili-
cate coated MNPs (Fe;O0,@LaxSiyOs). Moreover, the relative
intensity of the multi-phosphorylated peptide at m,/z 3122 Da was
much higher than for Fe;O,@Si0,@mCeQO,. This is probably
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related with the differences in the catalytic efficiency of La and Ce
towards phosphate hydrolysis: milder dephosphorylation facilitat-
ing phosphopeptide identification [52].

Very recently, a 3D flowerlike structure composed of a y-Fe,O;
magnetic core coated with a shell of ammonium fluoride and lute-
tium fluoride (y-Fe,O;@xNH, F.yLuF;) was used for the selective
capture of phosphopeptides from p-casein digest, nonfat milk tryp-
tic digest and human serum. These 3D nanostructured architec-
tures have unique properties such as highly specific surface areas,
low density, and large open pores [53].

A yolk-shell nanostructure composed of a Fe;O, magnetic
core and an yttrium phosphate (YPO,) hollow porous affinity
shell (Fe;O4,@hYPOy,) is another example of success in the appli-
cation of rare metal ions for the enrichment of phosphopeptides,
where a detection limit of 10 fmol was determined for f-casein
tryptic digests [54]. A distinct approach consisting of coating an
ultrathin YPOy shell on polyacrylate capped Fe;O, (PA-Fe;O,@
YPO,) allowed faster adsorption/desorption dynamics, and low
nonspecific binding [55]. Table 3 presents the sensitivity and
enrichment times of different rare earth metal-based magnetic
nanocomposites.

Despite some inherent disadvantages, such as nonspecific binding
and metal leaching, IMAC still plays a prominent role in many
purification and enrichment processes. In IMAC, transition metal
ions are immobilized onto a solid support using a chelating ligand,
such as iminodiacetic acid (IDA), nitrilotriacetic acid (NTA), or
tris(carboxymethyl)ethylene diamine (TED). The selection of
metal ion depends on the application: divalent cations (Cu?*, Ni*,
Zn*, Co*) are used for the purification of histidine-tagged
proteins, whereas trivalent ions (Al**, Ga’*, Fe?*) and the tetrava-
lent ion Zr** are used for phosphopeptide enrichment [56]. Rare

Sensitivity and enrichment time of different rare earth metal-based magnetic nanocomposites

Nanocomposite Detection limit Enrichment time Instrumentation Ref.
v-Fe,0;@HoVO, 200 fmol (p-casein) 5 min Bruker Autoflex IIT (MALDI-TOF) [50]
v-Fe,0;@SmVO, 100 fmol (B-casein) 5 min Bruker Autoflex III (MALDI-TOF) [50]
y-Fe,0;@DyVO, 100 fmol (p-casein) 5 min Bruker Autoflex IIT (MALDI-TOF) [50]
Fe;0,@LaxSiyOs 100 fmol (B-casein) 2 min Bruker Autoflex IIT (MALDI-TOF) [52]
Fe;0,@hYPO, 10 fmol (B-casein) 2 min AB SCIEX 5800 (MALDI- [54]
TOF/TOF)
PA-Fe;0,@YPO, 8 fmol (p-casein) 20's Bruker Autoflex III (MALDI-TOF) [55]




202

fris L. Batalha and Ana Cecilia A. Roque

carth metals, such as La%, Ho?®, Er¥*, and Ce*", have also been
successfully used for the capture of phosphorylated peptides using
IMAC [57, 58].

A common method of functionalizing the surface of nanopar-
ticles with IDA groups is by reacting IDA with a silane coupling
agent such as 3-glycidoxypropyltrimethoxysilane (GLYMO).
GLYMO-IDA can then be grafted onto the surface of silica-coated
Fe;O4, providing chelate sites for the immobilization of metal ions.
The presence of silica prevents iron leaching at acidic pH, and
helps dispersing the particles in solution, besides providing func-
tional groups at the surface of the particles [59]. GLYMO-IDA has
already been used to attach Fe3* and Ce** ions at the surface of
magnetic silica nanocomposites [58, 60, 59]. Ce**-magnetic silica
nanocomposites provided higher phosphopeptide selectivity than
Fe¥-magnetic silica [58].

A different methodology consisted of coating the magnetic iron
oxide core with poly(2-hydroxyethylmethacrylate-co-glycidyl meth-
acrylate) (P(HEMA-GMA)), a polymer which endows both hydro-
philicity to prevent nonspecific binding of peptides, and oxirane
functional groups able to react with diethyl ester of IDA. Fe¥* and
Ga* immobilized IDA-modified magnetic nanoparticles success-
fully enriched the samples in both mono- and multi-phosphorylated
peptides with minor interference of acidic peptides [61].

Ga* and Zr* immobilized NTA-modified magnetic nanopar-
ticles are able to detect as little as 50 fmol phosphopeptides from
tryptic digests of a- and p-caseins, with the entire process taking less
than 10 min. Fe;O, particles are first silanized and coated with suc-
cinic anhydride, and then functionalized with NTA using carbodi-
imide chemistry. Fe;O,/NTA /Zr* presents higher phosphopeptide
binding capacity than Fe;O,/NTA/Ga* owning to the fact that
Zr** presents higher coordination number and consequently pro-
vides a larger number of phosphopeptide binding sites [62].

The urgent need for rapid automated systems that combine
pre-concentration and selective extraction of phosphorylated spe-
cies from complex samples, allowing qualitative and quantitative
analysis, led to the appearance of high-throughput platforms. With
this purpose, a robotic platform that manipulates magnetic beads
in a 96-well format, providing highly selective automated enrich-
ment of phosphopeptides and rapid evaluation of experimental
parameters, such as metal /chelator combinations, buffer composi-
tion, and sample clean-up conditions, was recently described. A
combination of six metal ions (Fe3*, Ga®*, A3+, Zn?**, Cu**, ZrO*")
and two chelating agents (IDA and NTA) were screened. Generally
speaking NTA outperformed IDA, and best results in terms of
number of phosphopeptides identified and selectivity were found
for magnetic particles functionalized with NTA and either Fe3* or
Ga3*. Experiments were conducted in parallel in 96-well plates and
completed in approximately 45 min [63].
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Considerable efforts have been made to surpass problems asso-
ciated with low ligand density and metal-leaching observed for tra-
ditional IDA and NTA linkers. Very recently, Ti**-immobilized
multilayer polysaccharide coated magnetic nanoparticles have been
reported as an exquisite alternative, presenting an extremely low
detection limit of 0.5 fmol, large binding capacities (100 mg/g),
an enrichment recovery of 85 %, and rapid magnetic separation
(10 s). In addition, these nanocomposites were effective in the
enrichment of human serum and nonfat milk. The Fe;O, core is
coated with two layers of silica, which is further functionalized first
with a thick multilayer polysaccharide consisting of hyaluronate
(HA) and chitosan (CS), and second with titanium phosphate
(Fe;0,@Si0,@(HA /CS)-Ti**). The multilayer polysaccharide
provides both hydrophilic properties and larger number of immo-
bilized Ti* ions [64].

Recently, Zhang and coworkers have reported the use of ade-
nosine triphosphate (ATP) as chelating ligand. ATP presents two
main advantageous features: (1) it is hydrophilic and therefore
minimizes nonspecific binding of non-phosphorylated peptides
through hydrophobic interactions; and (2) it is able to immobilize
metal ions through intermolecular and intramolecular forces pro-
viding cross-linked metal-phosphonate sites for the binding of
phosphorylated peptides. Using on-target enrichment it was pos-
sible to identify peptides from f-casein tryptic digests at the atto-
mole level [65].

Table 4 presents the sensitivity and enrichment times of differ-
ent IMAC-based magnetic nanocomposites.

As mentioned in the previous section, coating nanoparticles with
polymers may present several advantages, as they tune surface
chemistry by introducing different functional groups, help pre-
venting particle agglomeration and reduce nonspecific binding.

Sensitivity and enrichment time of different IMAC coated-magnetic nanocomposites

Enrichment

Nanocomposite Detection limit  time Instrumentation Ref.
Fe;0,@Si0,@GLYMO-IDA-Fe3* 20 fmol 30 min Applied Biosystems 4800 [60]

(a-casein) (MALDI-TOFE/TOF)
Fe;0,@Si0,@NTA-Zr* 50 fmol (a- and  30s Bruker Biflex ITI [62]
Fe,0,@8i0,@NTA-Ga* f3-casein) (MALDI-TOF)
Fe;0.,@Si0,@(HA /CS),-Ti* 0.5 fmol 30 min AB SCIEX 5800 [64]

(B-casein) (MALDI-TOFE/TOF)
Fe;0,@ATP-Ti** 3 amol (p-casein) N.A. N.A. [65]

N.A. not available
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2.5 Other Magnetic
Nanocomposites

The choice of polymer is extremely important and several factors
must be carefully considered, such as charge, hydrophobicity,
molecular weight, conformation, biodegradation, degree of sur-
face coverage [32, 66, 67].

Chen and coworkers have used polyethylenimine (PEI), a
branched polymer with a high-density of amine groups and strong
protonation capacity, to coat Fe;O, MNPs. PEI-coated MNDs
were able to enrich phosphopeptides from tryptic digests of pro-
tein mixtures consisting of 0.07 % (mol/mol) phosphoproteins in
only 1 min. The sensitivity of the method was determined to be
5 fmol using a- and B-casein tryptic digests. PEI-coated MNPs are
positively charged within a wide pH range (3-11) and interact
electrostatically with the negatively charged phosphate groups.
However, similar to other enrichment methods, factors such as the
composition of the binding buffer have visible effects on phospho-
peptide binding. When 100 % ACN /0.1 % TFA (v/v) was used as
binding solvent, both mono- and multi-phosphorylated peptides
were detected on the MS spectra. Increasing the water content of
the binding solvent (50 % ACN /0.1 % TFA (v/v)) led to the iden-
tification of higher intensity peaks correspondent to multi-
phosphorylated peptides, but the mono-phosphorylated species
did not appear on spectra. This is speculated to be related to the
fact that hydration promotes phosphopeptide binding and, there-
fore, the preferential binding of multiply phosphorylated peptides.
A two-step treatment using both solvents, first 100 % ACN/0.1 %
TFA (v/v) and then 50 % ACN/0.1 % TFA (v/v), provided
improved results as both mono- and multi-phosphorylated pep-
tides could be identified with higher intensities [ 68].

A new method coined “polymer-based metal ion affinity cap-
ture (PolyMAC)” has been revolutionizing the concept of phos-
phopeptide enrichment. The method consists of functionalizing a
soluble nanopolymer (polyamidoamine (PAMAM) dendrimer
generation 4) with phosphonate groups which in turn chelates Ti**
ions. The nanopolymer is also modified with aldehyde (“handle”)
groups. In total, the PolyMAC-Ti* reagent contains 35 Ti* and 6
aldehyde groups, but this number can be tailored by adapting the
reaction conditions. PolyMAC-Ti** captures phosphopeptides in
solution phase and is then immobilized onto a solid support, such
as agarose or magnetic beads, through the formation of'a hydrazone
bond between its aldehyde groups and hydrazine groups at the
surface of the solid support (see Fig. 3). PolyMAC showed better
performance in terms of number of unique phosphosites identified
and enrichment selectivity when compared to other commercially
available TiO, and IMAC reagents (see Table 1) [69].

The number of novel magnetic nanocomposites with affinity for
phosphorylated peptides is increasing day to day. This section
describes some of the recently reported novel composites which
showed great potential for phosphopeptide enrichment.
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Fig. 4 lllustration of amino-pendant Zn?*-Phos-tag ligand

During the last decade, a few phosphate-affinity ligands based
on metal chelation have been reported in the literature [15].
Among them, Phos-tag excelled by its competitiveness to other
commercially available traditional implemented IMAC and MOAC
based materials. Phos-tag consists of an alkoxide-bridged dinuclear
Zn(II) complex with 1,3-bis(pyridin-2-ylmethylamino)propan-2-
olate which is able to chelate phosphate moieties through the diva-
lent metal ion (see also Chapter 3). Zn?**-Phos-tag was attached to
N-hydroxysuccinimide-activated agarose-coated magnetic beads
using a 15-atom amine-terminated spacer (see Fig. 4). One of the
advantages of this method is that it allows the use of buffers at
physiological pH. Phosphate binding capacity was 4 pmol phenyl
phosphate dianion per milliliter Zn**-Phos-tag magnetic beads.
Beads can be used up to 15 times without loss of performance and
phosphopeptide recovery yields of nearly 100 % [70].

The chemical stability and excellent mechanical and electronic
properties of carbon nanotubes (CNTs) boosted their application
in numerous scientific fields [71]. CNTs have been combined with
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several solid supports, such as gold and magnetic nanoparticles,
because they help preventing macroscopic particle agglomeration.
Recently, magnetic CNTs were synthesized via a hydrothermal
method and then modified with TiO, (MagCNT@TiO,). TiO, was
added in order to increase the surface area and due to its phosphate-
affinity properties. The composites presented a sensitivity of
20 fmol for a tryptic B-casein digest and could be reused up to ten
times [72].

Fe;O, particles derivatized with octadecyltrimethoxysilane
(Cys-functionalized magnetic beads) have been used to capture
both phosphorylated and non-phosphorylated peptides, which can
subsequently be selectively desorbed and analyzed by MS without
the need of an elution step. Cg binds non-phosphorylated peptides
through hydrophobic interactions, while the Fe;O, core is able to
chelate phosphorylated peptides. Desalting is achieved by washing
the particles with 0.1 % formic acid (v/v). After desalting, particles
can be resuspended in a-cyano-4-hydroxy-cinnamic acid (a-CHCA)
matrix and spotted onto the MALDI target for the identification of
non-phosphorylated peptides. The analysis of phosphorylated pep-
tides requires two additional washing steps with 75 % ACN /0.25 %
H,SO, and 75 % ACN /1 % NH,OH in order to remove the non-
phosphorylated peptides bound to the particles. The washed parti-
cles are then resuspended in 2,5-DHB with 1 % H;PO, and spotted
onto the MALDI plate. The choice of an appropriate MALDI
matrix is critical for a sensitive and accurate identification of both
phosphorylated and non-phosphorylated peptides [73].

3 Conclusions

Magnetic nanocomposites are promising materials in the phospho-
proteomics field, because they combine the superparamagnetic
properties of the Fe;O,/y-Fe,O3; core with the phosphate-affinity
properties of different coating materials. In addition, Fe;O,/y-
Fe,O; nanoparticles are able to absorb microwave radiation, allow-
ing faster enzymatic digestion and shorter incubation periods.
Therefore, these multifunctional composites are optimized for high-
throughput protocols, which are both time and cost effective.
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