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Protein post-translational modifications (PTMs) play important roles in the regulation of protein functions
and cellular processes, which cannot be easily analyzed due to a large number of obstacles, such as the
substoichiometric level of PTM proteins, the diversity and complexity of PTM proteins, and the high-

intensity interference from ordinary proteins. Therefore, the selective and effective separation of trace

amounts of PTM peptides from complex samples is the first crucial step for PTMs. In order to meet the
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aforesaid requirements, magnetic polymer nanomaterials have emerged as highly effective agents for
sample pretreatment in PTM proteomics. In the present review, the recent design of magnetic polymer
nanomaterials and their applications in two typical types of protein PTMs (glycosylation and phosphory-

lation) are summarized. In addition, the development trend of magnetic polymer nanomaterials in PTM

rsc.li/materials-advances proteomics is discussed.

1. Introduction

In spite of great advancements in genetics, the complex living
systems are still far from complete understanding, and the
main reason behind it is that living systems are far more
complex than those predicted by nucleotides. In the complex
process of transcription to translation, dozens of proteins can
be produced at a single gene site through multiple expression
controls, such as RNA splicing and selective translation
initiation."* In addition, some new regulatory mechanisms,
such as the regulation of small RNAs, are also involved in
complex gene expression processes, producing more unpredictable
proteins.® Therefore, as the direct executor of living systems,
proteins have attracted great attention in bioscience research. As
an important complement to genomics, proteomics is developed to
comprehensively explore the biological processes at the level of
proteins. Proteomics essentially involves studying the characteristics
of proteins on a large scale, including the expression level of pro-
teins, post-translational modifications (PTMs), and protein-protein
interactions.>®

In comparison to ordinary proteomics, PTM proteomics pro-
vides a better understanding of physiological and pathological
processes in organisms.®” More than 300 different types of pro-
tein PTMs, such as glycosylation, acetylation, phosphorylation,
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and ubiquitination, have been confirmed till now.® Protein PTMs
are closely related to various cellular processes, gene expression
regulation, signal transduction pathway regulation, and protein
kinases activation.”" Among them, protein glycosylation and
phosphorylation are widely studied because of the close relation-
ship between their abnormalities and diseases.'* Vasaikar et al.
employed phosphorylated proteomics analysis to prove that RB1
protein hyperphosphorylation was associated with increased
proliferation and decreased apoptosis of colon cancer cells, which
explained why the tumor suppressor gene RB1 was amplified in
colon tumors.™ Recently emerging evidence suggests that phos-
phoprotein stathmin is highly expressed in different types of
human tumor tissues, such as breast cancer, oral carcinoma, liver
cancer, and lung cancer."* For protein glycosylation, various
glycoproteins have been confirmed as cancer biomarkers. For
example, glycoprotein carbohydrate antigen 15-3 (CA15-3) is the
routine biomarker for the screening and monitoring of breast
cancer.”> A high level of carbohydrate antigen 12-5 (CA12-5) is
required for gastric cancer and ovarian cancer.'® The combined
detection of CA12-5 and CA15-3 is essential for the diagnosis of
primary ovarian cancer.'”” Recently, the researchers illuminated
the role of protein glycosylation in the heterogeneity of serous
ovarian cancer (HGSC), showing the close relationship between
the N-glycan structure and tumor molecular subtypes."®

In recent years, advanced mass spectrometry instruments
and technologies have been used to achieve fast, accurate,
sensitive, and high-throughput protein detection, providing a
solid foundation for proteomics research.'®?° However, mass
spectrometry-based PTM proteomics still faces various obstacles
and challenges. The first obstacle originates from the complexity of
protein samples. The charge state, molecular size, hydrophilicity,
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and conformation of proteins cause difficulties in mass detection.
In addition, proteins often coexist with other biological macro-
molecules, such as DNA and fatty acid.” The second obstacle
occurs due to the low abundance of PTM proteins and the high
abundance of interfering proteins in real biological samples. For
example, 22 high-abundance proteins account for 99% of total
serum proteins.”> Therefore, it is difficult to efficiently identify
target PTM proteins by mass spectrometry. The third obstacle
comes from the diversity and complexity of PTM proteins. For
example, reversible phosphorylation and multiple phosphorylation
sites make the detection difficult.>® Various glycan molecules
modified on proteins make glycosylation more complicated than
protein phosphorylation. Hence, the elimination of interfering
substances and the improvement of the purity and relative
abundance of PTM proteins are the main prerequisites for
MS-based proteomics. In recent years, nanomaterials combined
with the solid-phase extraction technique have emerged as a highly
effective means for the separation and enrichment of proteins.
Due to their high specific surface area and abundant affinity sites,
nanomaterials play an important role in proteomics research.

In order to meet the requirements of biological separation,
nanomaterials generally include two parts—substrates and
functional moieties (Fig. 1). Substrates are responsible for
biological separations and act as carriers for functional molecules.
Functional moieties are designed to capture targets. Magnetic
nanoparticles, especially iron oxides, are widely used for magnetic
resonance imaging, sensing, targeted drug delivery, and biological
separation.>* Due to their low toxicity, fast magnetic response,
stable physical and chemical properties, and flexible surface func-
tionalization, magnetic Fe;O, nanoparticles are most commonly
used in proteomics by introducing different feasible modifications
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on their surfaces. Polymers are ideal and excellent Fe;O, modifiers
for bio-separation applications. Polymers possess the following
inherent characteristics: (1) high surface area, (2) abundant affinity
sites, (3) adjustable flexible and rigid structure, (4) flexible modifi-
cation, and (5) effective interaction space with target molecules.
Therefore, magnetic polymer nanomaterials have emerged as
highly effective agents for sample pretreatment in proteomics.>”
In addition, the magnetic smart polymer nanomaterials provide
a series of material platforms by integrating different functional
monomers into polymer backbones, and these polymers can
serve as stimulus-responsive units or biomolecular recognition
units. Through the conformational transformation of polymer
chains and the synergistic interactions among functional mole-
cules, guest biomolecules, and polymer backbones, weak bio-
molecular recognition signals can be captured and recognized.>®

In the current review, the design and application of magnetic
polymer nanomaterials for sample pretreatment in proteomics
are analyzed. First, different preparation methods of magnetic
polymer nanomaterials are summarized, and their capture per-
formance in ordinary protein separation is discussed. Second,
the applications of magnetic polymer nanomaterials in glyco-
proteomics and phosphoproteomics are enumerated based on
their enrichment and separation mechanisms. Finally, the pro-
spects of magnetic polymer nanomaterials in proteomics are
delineated.

2. Preparation methods of magnetic
polymer nanomaterials

Magnetic polymer nanomaterials usually consist of magnetic
matrices and polymer moieties, and their preparation strategies
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Fig. 1 Schematic illustration of the preparation and bioseparation application of magnetic polymer nanomaterials.
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mainly include (i) physical coating method, (ii) surface-initiated
free radical polymerization, (iii) emulsion polymerization, and
(iv) reflux precipitation polymerization.

2.1 Physical coating

Magnetic nanoparticles and polymers are prepared separately, and
then two moieties are combined through electrostatic interactions,
hydrogen bonding, van der Waals force, and cross-linkers (Fig. 2).
Yang et al. prepared a new type of magnetic polymer nanomaterial
based on an improved emulsion cross-linking method. Fe;O,
nanoparticles and carboxymethyl chitosan (CMCS) were ultrasoni-
cally dispersed in water and mixed with paraffin wax. Fe;0,/CMCS
composite nanospheres were obtained through the participation
of the surfactant and the cross-linking agent (genipin).”” Masoudi
et al. synthesized Fe;0,/PEG nanoparticles by adding magnetic
iron oxide nanoparticles into a polyethylene glycol (PEG) solution
under mechanical stirring for 24 hours.?® According to application
requirements, different polymers, such as polyvinyl alcohol (PVA),
polyvinyl pyrrolidone (PVP), and polyacrylic acid (PAA), can be
modified on magnetic nanoparticle surfaces by physical coating.
However, due to the non-covalent bindings of the coated materials,
the prepared magnetic polymer nanomaterials are easily affected by
complex application environments, such as pH and temperature.

2.2 Surface-initiated free radical polymerization

Since 1995, atom transfer radical polymerization (ATRP) has
become the common method to synthesize polymers with
precisely controlled molecular structures. Performing ATRP
polymerization on the surface of the substrate is known as
surface-initiated ATRP. Recently, the surface-initiated ATRP
method has become a popular approach to prepare magnetic
polymer nanomaterials. First, the magnetic nanoparticles are
modified with an initiator to become macromolecular initiators,
and then dispersed in the required monomer solution to initiate
the polymerization reaction with suitable catalysts. Based on the
principle of monomer polymerization, the magnetic polymer
nanomaterials were successfully prepared, which can effectively
control the molecular weight of the polymer. Notably, initiators
on the surface of magnetic nanoparticles are the most important
agents in surface-initiated ATRP. In order to introduce an
initiator, surfaces of magnetic nanoparticles are generally coated
with CMCS, silicon dioxide (SiO,), and polydopamine (PDA). Wu
et al. anchored chloroacetic acid (initiator) on Fe;O, nanospheres
through coordination exchange and then modified polyacrylic
acid polymer brushes on the nanospheres using acrylic acid to
obtain magnetic polymer nanomaterials.”® Yu et al. reported a
new type of Fe;0,@PDA@PMAA nanosphere. First, magnetic
nanoparticles prepared by the solvothermal method were coated
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Fig. 2 Schematic illustration of the preparation of magnetic polymer nano-
materials by a physical coating method.
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with PDA, which provided active sites to introduce the initiator.
Through surface-initiated free radical polymerization, nano-
particles were then modified with PMAA brushes.* Luo et al. also
exploited a similar material covered with PDA before polymeriza-
tion. Through the self-polymerization of dopamine, surface-initiated
free radical polymerization, and modification after polymerization,
Fe;0,/PDA/PAMA-Arg nanospheres were finally obtained.>* How-
ever, the severe anaerobic and water-free conditions of the surface-
initiated ATRP method have affected its wide range of applications
for preparing magnetic polymer nanomaterials.

2.3 Emulsion polymerization

Water and oil phases containing monomers and magnetic nano-
particles form emulsion droplets in the presence of surfactants
under the shear force. Polymerization reactions proceed in emul-
sion droplets and generate magnetic polymer nanomaterials. It
contains these characteristics: there will be two phases of water
and oil in the system to form emulsion droplets; the process
requires surfactants and shear force; the polymerization reaction
takes place in the emulsion droplets. For example, magnetic
nanoparticles prepared by pyrolysis and methyl methacrylate
(MMA) were dispersed in n-hexane, and sodium dodecylbenzene
sulfonate (SDBS) and PVA were dissolved in the aqueous phase.
The mixture was sonicated and emulsified to form one small
emulsion droplet. The polymerization reaction was initiated by
ammonium persulfate (APS) at 80 °C and continued for five hours.
In comparison to the conventional double mini-emulsion polymeri-
zation, this method can form uniform magnetic polymer nano-
spheres with high saturation magnetization.>* Lan et al. used
Tween-80 as the surfactant and replaced PVA with triethylene
glycol (TEG) to prepare another kind of magnetic polymer
nanomaterial.>® Notably, the surfactants or stabilizers used in
the emulsion polymerization could be difficult to remove, which
will affect the subsequent application of the prepared magnetic
polymer nanomaterial to a certain extent.

2.4 Reflux precipitation polymerization

Unlike emulsion polymerization, reflux precipitation polymeri-
zation (RPP) takes advantage of polymers free of any surfactant
or stabilizer. In RPP, under a reflux system, monomers and
initiators are dissolved in a solvent to form a homogeneous
system for polymerization reactions, and subsequently, the as-
generated polymer chains precipitated in the continuous medium.
A large amount of monomers is generally used to form polymers in
the RPP method. As RPP is an easy, fast, efficient, and stable
fabrication process, it is an effective approach to prepare different
types of polymer-based composites. RPP is also widely employed to
prepare magnetic polymer nanomaterials by combining polymers
with magnetic nanoparticles. Jia et al. fabricated a Zn(u)-immo-
bilized polyvinyl imidazole (PVIM) shell-coated magnetic
microsphere (dubbed Fe;0,@PVIM®@Zn(u)) through RPP and
the metal-ion affinity strategy. The core-shell magnetic micro-
sphere had a 20 nm-thick polymer layer and high magnetic
responsiveness (32.6 emu g~ ').*>* Yang et al first prepared
poly(AA-co-DMA) nanohydrogels by RPP and then modified the
surface with Fe;0, and DOX to form magnetic DOX-Fe;0,@NG

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanocomposites. The as-prepared nanocomposites with surface-
tailorable functionalities were used for target drug delivery
systems.>®> Therefore, the RPP method can also be adopted to
prepare magnetic polymer nanomaterials with different struc-
tures. However, the reflux operation and post-treatment process
make the RPP method slightly cumbersome.

3. Magnetic polymer nanomaterials in
ordinary proteomics applications

Magnetic polymer nanomaterials manifest superior perfor-
mance in protein separation (Fig. 3). In ordinary proteomics,
the adsorption mechanisms of proteins mainly include electro-
static interactions, molecularly imprinted technique, metal ion
coordination, and other strategies.

Electrostatic interactions are the main driving forces for
ordinary proteome separation. Calatayud et al. performed the
in-situ coating of magnetic nanoparticles (MNPs) with polyethy-
leneimine (PEI) (PEI-MNPs) and poly(acrylic acid) (PAA-MNPs)
by a modified oxidative hydrolysis method.*® The PEI-MNP
surface had a positive charge, whereas the PAA-MNP surface
had a negative charge. These positively and negatively charged
MNPs were immersed in a protein-rich biological medium, and
the protein was well adsorbed on nanoparticle surfaces through
charge interactions. Yang et al. had proposed a modified
inverse emulsion cross-linking approach using genipin as a
cross-linking agent to prepare uniform Fe;O,/carboxymethyl
chitosan (CMCS) composite nanospheres with high saturation
magnetization. The surface potential of the nanospheres began
to change with the change of pH. Near the isoelectric point of
lysozyme (Lyz), negatively charged Fe;0,/CMCS adsorbed posi-
tively charged Lyz through charge interactions.>” Similarly,
many other researchers have also used negatively charged
materials to adsorb positively charged proteins.>”° It is worth
noting that although the adsorption process of proteins using
charge interactions is relatively simple, the specific adsorption
effect is not good. Impurities are often adsorbed on material
surfaces due to charge interactions.

Molecularly imprinted polymers (MIPs) are also commonly
used in protein adsorption. An MIP possesses imprinting sites
in the synthetic polymer matrix of complementary functional
groups and structures and exhibits many significant advantages.*’
Li et al. used BSA, N-isopropylactylamide (NIPAM), methacrylic acid
(MAA; functional monomer), and N,N’-methylenebisacrylamide
(MBA; cross-linking agent) to form a complex on the surface of
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Fig. 3 Schematic illustration of the bioseparation process of magnetic
polymer nanomaterials.
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magnetic nanoparticles and then removed BSA to form a mole-
cularly imprinted composite.*" The as-prepared composite had a
good adsorption capacity and specific recognition for template
proteins. Lan et al synthesized two molecularly imprinted
materials for Lyz adsorption using poly(dihydroxyphenylacetic
acid) (PDOPA) and polydopamine (PDA) as the polymer matrix.*?
These Lyz-imprinted materials had a good imprinting effect on
single protein solutions and also exhibited excellent ability to
selectively recognize and capture Lyz from protein mixtures.
Molecularly imprinted magnetic polymer nanomaterials with
extreme specificity and universality are promising agents for
capturing ordinary proteins; however, their preparation steps are
complicated.

Moreover, the interactions between metal ions and proteins
can also be effectively used in protein adsorption. Shukoor et al.
reported a new type of Ni*-modified magnetic polymer nano-
material for His-tagged protein separation.*” Due to the high-
affinity binding interactions between Ni" ions and His-tagged
proteins, the selective adsorption of His-tagged proteins was
achieved by Ni"-modified magnetic polymer nanomaterials. Xie
et al. used polymer spheres as the core, performed the surface
modification of Fe;O, nanoparticles, grew polymer brushes on
the modified surface, and finally performed Ni" modification.
The above materials were effective in adsorbing His-tagged
proteins.*> Some common strategies have also been designed
to capture proteins.** The structure-selective protein adsorp-
tion strategy has also been employed to capture proteins. For
example, Yang et al. used ligand-free Fe;0,/CMCS nanoclusters
to selectively capture BHB from a model protein mixture. These
ligand-free magnetic nanoclusters displayed an excellent structure-
selective protein adsorption ability to capture other proteins
structurally similar to BHB, such as LYZ and CTP.*

4. Magnetic polymer nanomaterials in
glycoproteomics

As one of the most common and critical protein PTMs, glyco-
sylation is involved in multiple biological activities and cellular

4647 Abnormal glycosylation processes, such as aberrant

processes.
glycan structures and mismatched glycosylation sites, are closely
related to cancer and diabetes.*®*’ In order to meet the demands
of mass spectrometry analyses, the pre-enrichment of glycopro-
teins or glycopeptides from complicated systems is imperative.
Numerous approaches, such as hydrazide chemistry, boronic acid
affinity chromatography, hydrophilic interaction liquid chroma-
tography (HILIC), and molecular imprinting, have been developed
for glycoprotein/glycopeptide enrichment. In the current section,
magnetic polymer nanomaterials designed for glycoprotein/glyco-
peptide enrichment are discussed.

4.1 Boronic-acid-based magnetic polymer nanomaterials in
glycoproteomics

Boronic acid groups and cis-diol-containing glycoproteins/glyco-
peptides can form stable and reversible covalent bonds through
pH adjustment.”®*! Based on this mechanism, boronic acids can
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be used to fabricate affinity materials for the enrichment of
glycoproteins/glycopeptides. Among them, phenylboronic acid
(PBA) is most widely used in glycoproteomics. However, conven-
tional PBA-based materials prepared using the small molecule
modification strategy face many problems, such as low adsorp-
tion capacity, poor selectivity, and low sensitivity.”>>* Boronic
acid-based magnetic polymer nanomaterials, possessing abun-
dant affinity sites and high specific surface area for interactions,
can significantly increase enrichment efficiency. Therefore, various
PBA-functionalized magnetic polymer nanomaterials have been
developed in recent years. Generally, two strategies are adopted to
prepare PBA-functionalized magnetic polymer nanomaterials:
(1) polymerization of PBA-containing monomers on the surface
of magnetic nanoparticles and (2) modification of PBA on poly-
mers. Our group prepared a novel Fe;O4/carboxymethylated chit-
osan/poly(3-acrylaminophenylboronic acid) (dubbed Fe;0,/CMCS/
PAAPBA) nanosphere by the surface-initiated ATRP method
(Fig. 4A).>> The prepared Fe;0,/CMCS/PAAPBA nanospheres
possessed a uniform morphology and excellent magnetic pro-
perties. Due to the introduction of PAAPBA, these pH-responsive
Fe;0,/CMCS/PAAPBA nanospheres could reversibly capture and
release glycoproteins with high selectivity and recyclability in a
pure protein, a model protein mixture, and a biological sample.
Recently, Fe;0,@Si0,@poly(2-aminoethyl methacrylate hydro-
chloride)-4-carboxyphenylboronic acid (Fe;0,@Si0,@PAMA-
CPBA) nanoparticles have been prepared via surface-initiated
ATRP. Owing to the synergistic effects of intermolecular B-N
bond-based phenylboronic acid affinity, electrostatic interaction,
and polymer brush structure, Fe;0,@SiO,@PAMA-CPBA nano-
particles exhibited selectively capture capacity toward glycopro-
teins under neutral or slightly acidic conditions. The captured
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glycoproteins were released in alkaline solution because electro-
static repulsions between glycoproteins and nanoparticles were
larger than phenylboronic acid affinity, showing an excellent
adsorption capacity and selectivity for glycoproteins.®®

In order to further enhance enrichment capabilities, hydro-
philic components are integrated into boronic acid-based magnetic
polymer nanomaterials. In the first strategy, boric acid monomers
and hydrophilic monomers are copolymerized to enhance the
capture performance. Zhang et al. produced hydrophilic Fe;0,@-
P(AAPBA-comonomer) nanopatticles through copolymerization of
two monomers of AAPBA and a hydrophilic functional monomer
(Fig. 4B).>” Due to the introduction of hydrophilic molecules, the
obtained Fe;0,@P(AAPBA-comonomer) nanoparticles showed
better binding capacity for glycoproteins. The other strategy is
to introduce hydrophilic substrate materials to form boronic
acid-based magnetic polymer nanomaterials. Su et al used
hydrophilic graphene oxide to prepare Fe;O,~GO@PAAPBA as
a novel matrix for glycoproteome analyses.”® Large adsorption
capacities for glycoproteins OVA and Trf have been achieved.

Recently, boronic acid derivatives have been gradually developed
for the enrichment of glycoproteins/glycopeptides. Among them,
3-carboxybenzoboroxole (CBX) having a higher affinity for glyco-
proteins and a lower pK, value (6.9) is used as a powerful functional
molecule to prepare boronate affinity materials. Wu et al. designed
and prepared a CBX-modified magnetic dendrimer nanocomposite
to enhance glycopeptide enrichment. After enrichment, a total
of 1302 glycoproteins with 3185 glycosylation sites were identi-
fied in MCF7 cells.>® Wang et al developed PEI-assisted
3-carboxybenzoboroxole-functionalized magnetic nanoparticles
to efficiently capture cis-diol-containing flavonoids under
neutral conditions.®® Zhang et al. synthesized CBX-functionalized
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Fig. 4 Schematic illustration of the preparation and protein separation procedures of magnetic polymer nanomaterials. (A) FezO4/CMCS/PAAPBA.
Reproduced from ref. 55 with permission from the Royal Society of Chemistry. (B) FezO4@P(AAPBA-co-monomer). Reprinted from ref. 57 with
permission from Copyright American Chemical Society. (C) FesO4/PDA/GO/PEI/CBX. Reprinted from ref. 61 with permission from Copyright American
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polyethylenimine (PEI)-modified magnetic graphene oxide nano-
composites (dubbed Fe;O,/PDA/GO/PEI/CBX) for human plasma
glycoprotein enrichment under physiological conditions (Fig. 4C).**
Due to the low pK, value (—6.9), the resultant Fe;0,/PDA/GO/PEI/
CBX nanocomposites could enrich glycoproteins under physio-
logical conditions even in real human plasma. In addition, the
binding capacity of the nanocomposites for HRP glycoprotein was
much higher than those of previously reported affinity materials
due to the PEI polymer-assisted multivalent binding.

4.2 Hydrazide-chemistry-based magnetic polymer
nanomaterials in glycoproteomics

Hydrazide chemistry is also a specific and highly efficient method
for glycoprotein/glycopeptide enrichment. In comparison to boronic
acid, hydrazide chemistry can only be applied to N-linked glyco-
protein/glycopeptide isolation, resulting in relatively higher
specificity.®” ** The enrichment mechanism of hydrazide chem-
istry proposed by Liu et al. is displayed in Fig. 5A. First, cis-diol
parts of glycoproteins/glycopeptides are translated into alde-
hydes by oxidation reactions. Second, aldehydes react with
hydrazide groups to form covalent bonds. Third, the captured
glycoproteins/glycopeptides are released by PNGase F, which
specifically cut N-glycans. Traditional affinity materials prepared
by small-molecule modification strategies suffer from the low
grafting density of hydrazide units, resulting in poor enrichment
performance. In order to increase hydrazide affinity sites,
various hydrazide-functionalized magnetic polymer nanomaterials
have been developed. Lu et al. prepared a core-shell magnetic
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Fig. 5 (A) Binding mechanism of hydrazide chemistry for glycopeptide
enrichment. Reprinted from ref. 65 with permission from Copyright
Wiley-VCH. (B) Schematic illustration of the preparation procedures of

FezO4@poly(methacrylic hydrazide). Reprinted from ref. 66 with permission
from Copyright American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

nanocomposite, in which both the magnetic core and the polymer
shell were modified with abundant hydrazide groups, by reflux
precipitation polymerization and a post-synthetic modification
strategy (Fig. 5B).°® The as-prepared Fe;0,@PMAH nanocompo-
sites exhibited excellent glycopeptide enrichment performance due
to the abundant hydrazide affinity sites. For standard glycopeptide
enrichment, the Fe;O,@PMAH nanocomposites improved the
signal-to-noise ratio by more than five times that of commercial
hydrazide resin.

In addition, after enrichment, 175 unique glycopeptides corres-
ponding to 63 glycoproteins were identified from the serum of a
colorectal cancer patient. Qian et al. prepared hydrazide-modified
polymer chain-coated magnetic nanoparticles by the surface-
initiated ATRP method.®” Thanks to the high efficiency of the
ATRP method, the density of hydrazide groups was much higher
than that of conventional affinity materials with single-layered
hydrazide groups. Therefore, the obtained nanoparticles were
endowed with outstanding sensitivity and selectivity toward glyco-
peptides. A total of 511 unique glycopeptides were detected from
mouse liver tissues after enrichment. Generally, hydrazide-based
affinity materials possess high specificity for glycopeptide/glyco-
protein enrichment. However, hydrazide chemistry is relatively
time-consuming and tedious during the pre-enrichment proces-
sing of samples as compared to boronic acid chemistry.

4.3 Hydrophilic-interaction-based magnetic polymer
nanomaterials in glycoproteomics

Hydrophilic interaction chromatography (HILIC) is a normal-phase
chromatographic mode based on a polar stationary phase and a
mobile phase with medium or weak polarity.°® Normally, the polar
stationary phase retains the polar solutes due to its higher polarity
than the mobile phase. The partitioning mechanism between the
stagnant layer of water which results in a hydrated polar stationary
phase and the dynamic mobile phase is postulated to be the
retention mechanism of HILIC initially. The hydrogen-bonding
and electrostatic interactions are discovered to be two main
contributors to HILIC retention. Glycopeptides can be -easily
extracted by HILIC based on different hydrophilic properties of
glycopeptides and non-glycopeptides. Therefore, HILIC-based affi-
nity materials are widely employed in glycoproteomics due to their
high glycopeptide coverage, excellent reproducibility, and mild
enrichment conditions.®®”* Hydrophilic interaction-based magnetic
polymer nanomaterials have attracted great attention for glyco-
peptide enrichment in recent years. Flexible polymeric chains
promote the affinity interactions between glycopeptides and
polymer molecules, and the adjustable molecular weight and
grafting thickness of polymers affect the formation of hydration
layers. In addition, various suitable polymer molecules have
been developed for HILIC-based affinity materials.”* Among
them, carbohydrate and zwitterionic molecules manifest excellent
performances in glycopeptide enrichment applications.
Poly(ethylene glycol) (PEG) and amino-based polymers are
two typical types of hydrophilic polymeric molecules and are
widely used in HILIC-based affinity materials. Wang et al
designed and synthesized a kind of dendrimer-modified
magnetic graphene@polydopamine@poly(amidoamine) composite
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(dubbed magG@PDA@PAMAM) for glycopeptide enrichment
(Fig. 6A).”°> Due to the superhydrophilicity of PAMAM, the
resultant magG@PDA@PAMAM composites had outstanding
sensitivity (1 fmol mL ') and high selectivity (HRP: BSA molar
ratio = 1:100) for glycopeptide enrichment. Jiang et al. designed
and prepared PEG-modified magnetic composites (dubbed GO/
Fe;0,/Au/PEG) with high hydrophilic properties and resistance
to non-specific adsorption.”® Therefore, these GO/Fe;0,/Au/PEG
composites possessed excellent enrichment performance for glyco-
peptides in complex biological samples. A total of 255 glycopeptides
were identified from human plasma after the enrichment process.
Recently, Deng et al. prepared PEG-functionalized magnetic nano-
materials through covalent bonding between titanium and sulfur
(denoted as Fe;0,@TiO,@PEG).”” Surprisingly, the Fe;0,@TiO,@-
PEG nanomaterials could enrich 300 intact glycopeptides from only
2 uL of human serum.

Maltose molecule, as a typical hydrophilic molecule, is widely
used to modify magnetic polymer nanomaterials for designing
HILIC-based affinity materials. As a consequence, various maltose-
functionalized magnetic polymer nanomaterials with excellent
performance have been designed for glycopeptide enrichment.
Zou et al. prepared maltose-functionalized magnetic nanomaterials
(denoted as dM-MNPs) by azide-alkynyl click reactions.”® The dM-
MNPs exhibited good performance for glycopeptide enrichment by
the HILIC method. Li et al. prepared maltose-functionalized poly-
ethyleneimine (PEI}-coated magnetic nanospheres (dubbed Fe;0,-
PEI-maltose) by the “click chemistry” modification method.”® Due
to the presence of hydrophilic maltose molecules and branched
polyethyleneimine, the Fe;O,~PEI-maltose nanospheres revealed
splendid enrichment performances in model proteins. In addition,
1567 unique glycopeptides were identified from 60 pg of a protein
sample extracted from mouse liver after enrichment by Fe;0,~PEI-
maltose nanospheres. In addition to the above examples, many
maltose-modified magnetic polymer nanomaterials are also used
for glycopeptide enrichment.®"*!

Taking advantage of the superhydrophilicity and ultra-low
biofouling capabilities of zwitterionic (ZIC) molecules, thicker
hydration layers can be formed around terminal groups of
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ZIC-based nanomaterials. Therefore, ZIC-HILIC affinity materials
exhibit stronger hydrophilic interactions toward glycopeptides.
Among them, cysteine and (2-(methacryloyloxy)ethyl)-dimethyl-(3-
sulfopropyl)ammonium hydroxide (MSA) are the most widely
used zwitterionic molecules for glycopeptide enrichment.?>® In
order to further strengthen the glycopeptide capture effectiveness
with multilayer functional molecules, recent research works have
revealed the application of ZIC-based magnetic polymer nanoma-
terials for sample pretreatment in glycoproteomics. Zhao et al.
designed and prepared cysteine (Cys)-functionalized magnetic
polymer nanomaterials to effectively separate glycopeptides from
complex samples. PGMA was prepared on the surface of the Fe;O,
magnetic nanoparticles by one-step reflux-precipitation polymeri-
zation. After the modification of Au nanoparticles, zwitterionic
cysteine was successfully introduced to obtain Fe;0,@PG-
MA@Au-cys nanomaterials (Fig. 6B).>* After the treatment with
Fe;0,@PGMA®@Au-cys hanomaterials, a total of 411 unique glyco-
proteins were identified from a 75 ng protein sample extracted
from mouse liver. Chen et al. reported a kind of PMSA-coated
Fe;0,@Si0, nanosphere for glycopeptide enrichment.®> The
as-prepared Fe;0,@SiO,@PMSA nanospheres exhibited high
enrichment recovery (73.6%), extremely high sensitivity (0.1 fmol),
and binding capacity (100 mg g~ ") for glycopeptide enrichment
from a tryptic digest of human IgG. In addition, a total of 458
glycoproteins with 905 N-glycosylated sites were identified from
mouse liver extracts. Recently, Ji et al reported another PMSA-
based magnetic composite (denoted as Fe;0,@PMSA) for the highly
specific enrichment of glycopeptides.®® A summary of HILIC-based
magnetic polymer nanomaterials is presented in Table 1. The
development and design of various functional molecules with
stronger hydrophilic properties will further promote the application
of magnetic polymer nanomaterials in glycoproteomics.

4.4 Molecularly imprinted magnetic polymer manomaterials
in glycoproteomics

The molecular imprinting technique, which creates template-
shaped cavities with high specificity toward target molecules,
is widely used in the fields of separation and purification.
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Fig. 6 Schematic illustration of the preparation procedures of hydrophilic interaction based magnetic polymer nanomaterials in glycoproteomics.
(A) magG@PDA@PAMAM. Adapted from ref. 75 with permission from Copyright Royal Society of Chemistry. (B) Fes0,@PGMA@Au-cys. Adapted from ref.

84 with permission from Copyright Elsevier B.V.
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Table 1 Representative display of hydrophilic interaction based magnetic polymer nanomaterials in glycoproteomics

Identified Identified
Nanomaterials Polymer linkers =~ Hydrophilic moieties ~ Practical samples glycoproteins  glycopeptides ~ Ref.
magG@PDA@PAMAM PDA PAMAM Human serum — 11 75
GO/Fe;0,/Au/PEG PEI PEG Human serum 127 255 76
Fe;0,/TiO,@PEG — PEG Human serum — 300 77
dM-MNPs Dendrimers Maltose Mouse liver 418 653 78
Fe;0,-PEI-maltose PEI Maltose Mouse liver 684 1567 79
Fe;0,-PEI-pMaltose PEI Maltose Human renal mesangial cell ~ 323 449 80
magG/PDA/Au/L-Cys PDA Cys Human serum — 31 83
Fe;0,@PGMA®@Au-L-cys PGMA Cys Mouse liver 411 — 84
Fe;0,@Si0,@PMSA — PMSA Mouse liver 458 — 85

Molecularly imprinted polymers (MIPs) are designed and prepared
by copolymerizing suitable functional monomers in the presence
of templates. MIPs are considered as attractive candidates due
to their outstanding advantages, such as high specificity, reversible
binding capacity, and applicability in harsh environments. In
glycoprotein separation applications, combining molecular
imprinting and the boric acid affinity technology is a common
strategy to achieve synergistic selectivity toward glycoproteins.
Therefore, various molecularly imprinted magnetic polymer nano-
materials with boric acid affinity sites have been reported for
glycoprotein separation. Xie et al. prepared magnetic MIP micro-
spheres by the ATRP method using 2-(dimethylamino)ethyl metha-
crylate and 4-vinylphenylbronic acid as monomers. Meanwhile,
the glycoprotein ovalbumin (OVA) was employed as the template
(Fig. 7). The microspheres showed excellent performance in
capturing glycoprotein OVA. Sun et al synthesized magnetic
molecularly imprinted microspheres by employing polydopamine
as the polymer matrix and glycoprotein horseradish peroxidase
(HRP) and OVA as dual templates.®® The as-prepared microspheres
could simultaneously and selectively capture HRP and OVA. Using
the same strategy, numerous molecularly imprinted magnetic
polymer nanomaterials have been developed to selectively capture
glycoproteins.® ' However, these nanomaterials can only be used
to capture a limited amount of glycoproteins. In addition, the
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Fig. 7 Schematic illustration of the preparation procedures of molecularly
imprinted magnetic polymer nanomaterials (FesO,@MIP). Reprinted from
ref. 87 with permission from Copyright Elsevier B.V.
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molecular imprinting technique is not suitable for glycopeptide
enrichment. The lack of universality is a major obstacle to the
application of molecular imprinting technology in glycoproteomics.

5. Magnetic polymer nanomaterials in
phosphoproteomics

As another ubiquitous PTM, reversible protein phosphorylation
plays a vital role in regulating multiple biological processes.”?
Abnormal phosphorylation is closely associated with various
diseases including cardiovascular diseases, Alzheimer’s disease
(AD), and cancer.”*** The effective separation and enrichment
of phosphopeptides prior to MS analyses is the prerequisite to
analyze phosphoproteomics-related biological and pathological
processes. Numerous materials and methods have been devel-
oped to selectively enrich phosphopeptides. Affinity methods are
mainly divided into immobilized-metal ion affinity chromato-
graphy (IMAC), metal oxide affinity chromatography (MOAC),
amine-based affinity materials, and some combinations of these
methods.”® In order to enhance the enrichment performance of
these traditional materials, various IMAC, MOAC, and amine-
based magnetic polymer affinity materials have been developed for
phosphoproteomics. The present section focuses on the applica-
tions of magnetic polymer nanomaterials in phosphoproteomics.

5.1 IMAC-based magnetic polymer nanomaterials in
phosphoproteomics

IMAC is a widely used enrichment technique in phosphoproteo-
mics. Metal cations interact with phosphate groups through elec-
trostatic interactions and chelation. In order to fabricate IMAC
affinity materials, matrix supports carrying chelating ligands are
first prepared, and then metal cations are immobilized on
chelating ligands. Polymers with abundant functional groups
can serve as novel chelating ligands with higher chelating ability,
strength, and capacity.

PDA is a commendable linker for immobilizing metal ions
because it can offer good hydrophilicity, biocompatibility, and
abundant active amino and hydroxyl groups.”® Sun et al. developed
PDA-coated magnetic graphene/mesoporous silica composites for
titanium immobilization (denoted as Ti*-MGMSs) to selectively
enrich phosphopeptides (Fig. 8A).°” The resultant Ti**-MGMSs
presented high enrichment sensitivity (B-casein tryptic digest
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Fig. 8 Schematic illustration of the preparation procedures of IMAC-based nanomaterials. (A) Ti**-MGMSs. Reproduced from ref. 97 with permission
from Copyright American Chemical Society. (B) Fez04@PDA-Ti/Nb. Reprinted with permission 100. (C) Fes0,@Si0,@PEG-Ti**. Adapted from ref. 101
with permission from Copyright Royal Society of Chemistry. (D) Fes0,@SiO,@(HA/CS)10-Ti**. Reprinted with permission from ref. 102.

(0.5 fmol pL™")) and selectivity (mass ratio of B-casein to BSA
(1:500)). In addition, Lin et al reported a kind of magG@PDA-
Sn** composite by immobilizing Sn**(1v) ions on polydopamine-
coated magnetic graphene.”® The obtained magG@PDA-Sn**
possessed large surface area, fast magnetic response perfor-
mance, outstanding hydrophilicity, and strong metal ion bonding
ability, leading to high sensitivity (B-casein, 8 fmol) and excellent
selectivity (molar ratio of B-casein to BSA (1:1000)) toward phos-
phopeptides. Moreover, magG@PDA-Sn*" was used to capture
endogenous phosphopeptides from human saliva, and a total of
20 phosphopeptides were identified after enrichment. Jiang et al.
immobilized different metal ions (Nb**, Ti*', Zr*, Ga**, Y*', In*",
Ce™, and Fe**) on PDA-coated Fe;0, (denoted as Fe;0,@PDA-M™").*
The microspheres functionalized with different metal ions pre-
sented diverse phosphopeptide enrichment efficiencies. Hence,
Fe;0,@PDA-Nb*>* and Fe;0,@ PDA-Ti*" manifested great perfor-
mances in capturing phosphopeptides with higher selectivity and
enhanced sensitivity. Jiang et al. modified the Fe;0,@PDA micro-
spheres with Ti(wv) and Nb(v) ions to prepare Fe;O0,@PDA-Ti/Nb
composites (Fig. 8B)."” Due to the complementary electrostatic
interactions among phosphopeptides, binary Fe;O,@PDA-Ti/Nb
microspheres displayed good enrichment efficiency with higher
selectivity and sensitivity as compared to single metal ion-loaded
microspheres (Fe;0,@PDA-Ti and Fe;0,@PDA-Nb) and their
physical mixture.

Numerous polymers have also emerged as novel ligands to
increase the chelating ability for phosphoproteomics research. Zhao
et al. introduced a titanium phosphate moiety on a poly(ethylene
glycol)methacrylate (PEG) brush-decorated Fe;O,@SiO, core-shell
nanoparticle (denoted as Fe;0,@Si0,@PEG-Ti*") (Fig. 8C)."""
Due to the enhanced chelating capacity of thick PEG brushes,

2208 | Mater. Adv, 2021, 2, 2200-2215

the Fe;0,@Si0,@PEG-Ti*" IMAC nanoparticle demonstrated a
low limit of detection (B-casein, 0.5 fmol) with an excellent
specificity towards a tryptic digest of o-casein and BSA (molar
ratio of up to 1:2000). In the analysis of the real biological
samples (Arabidopsis), a superior enrichment performance of
Fe;0,@Si0,@PEG-Ti*" (2447) was achieved compared to those
of Fe;0,@Si0,-Ti*" (1186) and commercial TiO, microspheres
(961). In order to further strengthen the chelation of metal ions,
multilayer chelating ligands were developed for metal ion immobi-
lization. For instance, Xiong et al. introduced a titanium phosphate
moiety on a cross-linked multilayer polysaccharide (hyaluronate
(HA) and chitosan (CS)) to enhance the chelating ability. Meanwhile,
the multilayer titanium phosphate modified polysaccharide was
coated on the Fe;0,@SiO, nanoparticle to obtain the Fe;0O,@-
Si0,@(HA/CS)10-Ti*" nanocomposite (Fig. 8D)."* Due to the hydro-
philic properties and high Ti** binding capacity of the multilayer
chelating ligands, the prepared nanocomposites showed excellent
enrichment performance in model proteins. In addition, after
treatment with the above nanocomposites, four phosphopeptides
from human serum and eleven phosphopeptides from nonfat
milk were successfully identified. Ma et al. modified poly(ethylene
glycol methacrylate phosphate) (PEGMP) and poly(methylacrylic
acid) (PMAA) to a magnetic colloid nanocrystal cluster (MCNC)
core through two-step distillation—precipitation polymerization
followed by Ti*" immobilization on the surface of the PEGMP
shell (dubbed MCNC@PMAA@PEGMP-Ti**) for phosphopeptide
enrichment.’® Due to the high grafting density of chelating
ligands, the MCNC@PMAA@PEGMP-Ti*" composite microsphere
revealed remarkable selectivity (B-casein/BSA molar ratio = 1: 500),
sensitivity (B-casein, 50 fmol), and excellent recovery (87%) toward
phosphopeptide enrichment. Poly(vinylphosphonic acid) (PVPA)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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is also a commonly used polymer for chelating metal ions. For
example, Wang et al. introduced poly(vinylphosphonic acid) (PVPA)
shells on SiO,-coated Fe;O, microspheres through a radical poly-
merization reaction to immobilize Ce(iv) ions (denoted as Fe;0,@-
Si0,@PVPA-Ce(1v)) for phosphopeptide enrichment.'®*

In summary, the inherent performance of magnetic polymer
nanomaterials strengthens the chelating ability of metal ions
and enhances the enrichment capacity for phosphopeptides
based on the IMAC method. The development and design of
various chelating ligands with stronger chelating ability will
further promote the application of IMAC-based magnetic polymer
nanomaterials in phosphoproteomics.

5.2 MOAC-based magnetic polymer nanomaterials in
phosphoproteomics

MOAC is another widely used enrichment strategy for phospho-
peptides, and it works based on the reversible Lewis acid-base
interactions between surface metal cations and phosphate groups.
The in situ growth of metal oxides on magnetic polymer surfaces
is the main strategy for MOAC-based magnetic polymer nano-
material design, in which polymers act as growth sites. Liang et al.
designed and prepared a functional graphene/Fe;O,/PDA/TiO,
composite for phosphopeptide enrichment.'®® The polydopamine
layer promoted the growth of TiO, and decreased the non-specific
adsorption to improve selectivity. The material possessed extre-
mely high sensitivity (B-casein, 0.2 amol) and selectivity (B-casein/
BSA molar ratio = 1:500) toward phosphopeptides. Wang et al.
prepared Fe,O, and ZrO, nanoparticles co-doped layered porous
polyimide nanocomposites by a one-step strategy (denoted as
PI-Fe,0,~Zr0,).'"" The layered and porous structure of the
polymer offered abundant reaction sites for metallic oxide anchor-
ing and provided a large specific surface area. The high doping of
Zr0O, facilitated better adsorption performance toward phospho-
peptides as compared to commercial titanium dioxide nano-
particles. In addition, multi metal oxides were immobilized on
magnetic polymer materials to further improve the ability to
capture phosphopeptides. Deng et al. integrated binary metal
oxides (ZrO, and TiO,) into polydopamine-coated magnetic
graphene to prepare the magG/PD/(Zr-Ti)O, nanocomposites
(Fig. 9)."°” Compared with single metal oxide, the as-prepared
magG/PD/(Zr-Ti)O, composites with binary metal oxides
exhibited better enrichment efficiency. This affinity material
showed extremely high enrichment performance for phospho-
peptides from model proteins and real biological samples. In
addition, there are many other MOAC-based magnetic polymer

-polydopamine

titanium
isopropoxide

dopamine L 2L ~%
zirconium
isopropoxide

magnetic graphene magG/PD magG/PD/(Zr-Ti)O,
(magG)

Fig. 9 Schematic illustration of the preparation procedures of MOAC-
based nanomaterials (magG/PD/(Zr-Ti)O4). Reprinted from ref. 107 with
permission from Copyright Wiley-VCH.
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nanomaterials used in phosphoproteomics.'”®™*™ A summary of
IMAC/MOAC-based magnetic polymer nanomaterials used in
phosphoproteomics is presented in Table 2.

5.3 Amine-based magnetic polymer nanomaterials in
phosphoproteomics

Amine-based affinity materials capture phosphopeptides based
on the electrostatic attraction and hydrogen bonding interactions
between amine groups and phosphate groups. Chen et al. used
polyethyleneimine (PEI) to modify magnetic nanoparticles for the
preparation of Fe;0,@Si0,@PEI nanoparticles."'” The abundant
amine groups on PEI interacted with phosphate groups, leading
to high enrichment efficiency toward phosphopeptides. The detec-
tion limit for both a-casein and B-casein was 5 fmol, and mono-
phosphopeptides and multiphosphopeptides could be selectively
enriched. Recently, our group introduced polyamidoamine den-
drimers (PAMAM) to prepare (PAMAM)-grafted poly(methacrylic
acid) (PMAA) brush-modified magnetic composite nanospheres
(dubbed Fe;0,@PDA@PMAA@PAMAM) (Fig. 10A).*° The extremely
abundant amine groups of PAMAM-PMAA brushes and the
magnetism of the Fe;O, core endowed the composite nano-
spheres with high detection sensitivity (B-casein, 1 fmol mL ™)
and excellent selectivity (B-casein/BSA molar ratio = 1:500).
In addition, the nanospheres exhibited an amazing tunable capturing
ability toward global phosphopeptides, monophosphopeptides,
or merely multiphosphopeptides based on the tunable bonding
strength between PAMAM and phosphate groups.

Guanidinium with three amine groups can also strongly inter-
act with phosphate groups by forming steady salt bridge structures.
Xiong et al. introduced guanidyl on poly(glycidyl methacrylate)
(PGMA)-modified Fe;O, microspheres (denoted as Fe;O,@PGMA-
guanidyl) to selectively enrich global phosphopeptides or only
multiphosphopeptides (Fig. 10B).""* Benefitting from the abundant
guanidino groups, the composite microspheres achieved high
enrichment performance for phosphopeptide enrichment. Notably,
the Fe;0,@PGMA-guanidyl possessed a flexible tunable enriching
ability for global phosphopeptides or only multiphosphopeptides
in both model protein and complex biological samples. Recently,
our group fabricated Fe;0,/polydopamine/poly(2-aminoethyl metha-
crylate hydrochloride)/arginine composite nanospheres (Fe;0,/PDA/
PAMA-Arg) that manifested tunable enrichment selectivity toward
global phosphopeptides or multiphosphopeptides with extre-
mely high detection sensitivity (B-casein, 0.2 fmol) and selectivity
(B-casein/BSA molar ratio = 1: 500) due to the abundant guanidyl
and amino groups of PAMA-Arg brushes.*" Employing the materials,
1059 phosphopeptides including 923 monophosphopeptides
(87.2%) and 136 multiphosphopeptides (12.8%) were success-
fully identified from a rat brain lysate digest. It can be seen that
the adjustable enrichment performance for phosphopeptides
makes the guanidyl-based magnetic polymer nanomaterials
possess great application potential.

5.4 Multi-strategy-based magnetic polymer nanomaterials in
phosphoproteomics

As different affinity materials exhibit different capturing abilities
toward phosphopeptides, the integration of various materials into
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Table 2 Summary of the magnetic polymer nanomaterials based on IMAC/MOAC in phosphoproteomics

Main functional

Identified

Nanomaterials moieties Linkers Selectivity Sensitivity Practical samples  glycopeptides Ref.
Ti"*-MGMSs Ti* PDA — 0.5 fmol uL~' Human saliva 14 97
magG@PDA-Sn** sn** PDA B-Casein/BSA 8 fmol Human saliva 20 98
(molar ratio = 1:1000)
Fe;0,@PDA-M™" Nb**, Ti**, Zr"', Ga®', PDA B-Casein/BSA 2 fmol Nonfat milk 16 99
Y, In?', ce*', Fe** (molar ratio = 1:100)
Fe;0,@PDA-Ti/Nb Ti**/Nb>* PDA B-Casein/BSA 2 fmol Nonfat milk 19 100
(mass ratio = 1:1000)
Fe;0,@Si0,@PEG-Ti*" Ti** PEG a-Casein/BSA 0.5 fmol Arabidopsis 2447 101
(molar ratio = 1:2000)
MCNC@PMAA@PEGMP-Ti** Ti** PMAA/PEGMP B-Casein/BSA 50 fmol Milk with a fat 10 103
(molar ratio = 1:500) content of about 3%
Fe;0,@Si0,@PVPA-Ce(v)  Ce* PVPA B-Casein/BSA 500 fmol Nonfat milk 9 104
(molar ratio = 1:100)
PI-Fe,0y-Zr0O, ZrO, Polyimide B-Casein/BSA — Human serum 4 106
(mass ratio = 1:1000)
MagG/PD/(Zr-Ti)O, TiO,/ZrO, PDA B-Casein/BSA 8 fmol Mouse brain 622 107
(mass ratio = 1:8000)
MPCS-Ti*" Ti*" N-Methylene B-Casein/BSA — Human serum 4 108
phosphonic  (molar ratio = 1:200)
chitosan
DFMMOF Ti*"/Zr-0 PDA B-Casein/BSA 5 fmol Nonfat milk 15 109
(molar ratio = 1:1000)
MCTiMs TiO, Cellulose B-Casein/BSA 50 fmol Human serum 4 110
(molar ratio = 1:1000)
PEG-Ce/Ce0,-Fe;0, Ce*"/Ce0, PEG o-, B-Casein/BSA 50 fmol Nonfat milk 12 111

(mass ratios = 1:200)

one system is one of the most interesting topics in phospho-
proteomics research. Jiang et al. prepared magnetic hydrazide-
functionalized PAMAM dendrimers embedded with TiO, (denoted
as TiHP-MNPs) for phosphopeptide enrichment (Fig. 11)."'* The
synergistic strength of multiple binding interactions (electrostatic
attraction, hydrogen bonding, and Lewis acid-base interaction)

PAMAM

Fig. 10 Schematic illustration of the preparation and protein separation
procedures of the amine-based magnetic polymer nanomaterials in phos-
phoproteomics. (A) Fes0,@PDA@PMAA@PAMAM. Adapted from ref. 30 with
permission from Copyright Royal Society of Chemistry. (B) Fez0,@PGMA-
guanidyl. Reprinted with permission 113.
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contributed to an improved enrichment performance. The spe-
cificity toward phosphopeptides was as high as 1:500: 500 (mass
ratio of B-casein:BSA:ovalbumin), and the detection limit of
B-casein digests was 0.4 fmol. Recently, our group coated polyvinyl
pyrrolidone (PVP) and PEI on Fe;O, nanoparticles to initiate the
epitaxial growth of Zn-MOF and the post-synthetic modification of
arginine to prepare the SPIOs@PVP-PEI@MOF@Arg nanospheres
(denoted as SPMA nanospheres).""> The integration of multiple
affinity sites (Zn-O clusters, NH,, and guanidyl groups) into one
material endowed SPMA nanospheres with a high enrichment
performance with a low detection limit (B-casein, 10 fmol) and
high selectivity (B-casein : BSA molar ratio = 1:1000) toward global
phosphopeptides. The nanospheres were further used to extract a
tryptic digest of rat brain lysate. After enrichment, 1659 unique
phosphopeptides (including mono- and multiphosphopeptides)
were identified, indicating their good performance toward global

OMA QEDA
_—
Repeating...

TEOS
APTES

A A
g

Fe,0,8510,GNHGPAMAM-G,, Fo,0UBSI0,@NH,@H-PAMAM Gy,

5 TIHP-MNPs.

Fig. 11 Schematic illustration of the preparation of the magnetic polymer
nanomaterials (TIHP-MNPs). Reprinted from ref. 114 with permission from
Copyright Elsevier B.V.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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phosphopeptides. It can be seen that integrating multiple enrich-
ment methods into a single affinity material will hopefully further
improve the enrichment capacity for phosphopeptides.

5.5 Molecularly imprinted magnetic polymer nanomaterials
in phosphoproteomics

Molecularly imprinted polymers (MIPs), as synthetic mimics of
antibodies or enzymes, have found important applications in
phosphopeptide enrichment. The introduction of MIPs favorably
complements the deficiencies of affinity methods and remark-
ably increases the precise recognition of given phosphorylated
amino acid residues (serine, threonine, and tyrosine phosphory-
lation). Chen et al. developed a dual-template docking-oriented
molecular imprinting strategy to prepare molecularly imprinted
mesoporous materials (MSNs)."*® The resultant MSNs exhibited
excellent selectivity, fast binding equilibrium, and large binding
capacity toward phosphopeptides. Zhang et al. employed the
epitope imprinting strategy to synthesize imprinted mesoporous
materials (MIM) with structurally analogous phenylphosphonic
acid (acted as the template) and mesoporous materials for the
selective recognition of phosphorylated tyrosine.'’” The MIM
materials had excellent selectivity and a high adsorption capacity
toward pTyr peptides from a mixture of angiotensin II peptide and
B-casein (pY peptide:p-casein molar ratio = 1:100). However,
more smart MIPs and MIPs combined with Fe;O, are urgently
needed to further improve enrichment efficiency.

5.6 Smart magnetic polymer nanomaterials in
phosphoproteomics

Smart polymers can dynamically and reversibly change their
structures and functions in response to external stimuli, such
as temperature, pH, electric field, and biomolecules. Smart
polymers with unique tunability and controllability had a broad
prospect in macromolecular separation and purification.
Nishio et al. developed dual temperature- and pH-responsive

View Article Online
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chromatography based on a terpolymer composed of N-isopropyl-
acrylamide, N,N-dimethylaminopropylacrylamide, and butyl-
methacrylate to analyze phospho-amino acid, phosphopeptide,
and oligonucleotides."*® Our group prepared Fe;0,@SiO,@poly(N,N-
dimethylamino-2-ethyl methacrylate-co-4-(3{2-methacryloyloxy)ethyl)-
ureido)benzoic acid) composite microspheres through comple-
mentary multiple hydrogen-bonding interactions to selectively
enrich phosphopeptides (dubbed SPMM) (Fig. 12).**° Driven by
specific and tunable hydrogen bonding interactions, smart
polymers display tunable adsorption behavior toward phos-
phorylated and non-modified peptides. The above-mentioned
microspheres successfully captured cancer-related phosphopeptides
from phosphoprotein Stathmin-1 and identified their relevant phos-
phorylation sites from the saliva and tissue lysate of oral carcinoma
patients, demonstrating their potential toward phosphorylated
disease marker detection and discovery. The combination of smart
polymers with magnetic Fe;O, can lead to the development of
more intelligent enrichment materials for phosphoproteomics
research in the near future.

6. Magnetic polymer nanomaterials in
multi-PTM proteomics

Generally, a real bio-sample contains multiple PTM proteins.
Both protein phosphorylation and glycosylation are closely
related to physiological and pathological processes; therefore,
it is necessary for proteomics studies to simultaneously obtain
information about phosphoproteins and glycoproteins from
one sample. Similar to single PTM, the sample pretreatment
process for multi-PTMs is indispensable prior to MS analyses.
Therefore, the design and preparation of multifunctional nano-
materials to achieve the simultaneous enrichment of phosphopep-
tides and glycopeptides is an attractive research topic. In recent
years, some nanomaterials have been developed to simultaneously

: DMAEMA .
& TEOS BiBB MUBA
Wl -’ " ’ ul
RT APTES ATRP g X
; a
8
SPIOs SPIOS@Si0, SPIOS@Si0,@BiBB “ PDMA-co-MUBA '
a:b=6:1
T O
/U Rat\ D
o .
-
Brain g ! < o s, W L T g
~~~~~~~~~~~~~~ o 1] — . 1UEE: | | m— % . | [
| Head and ( 2 e A 't’ P
\neck \ Extract Digest o~ Selective L MS ‘ v
\ Proteins Enrichment Analysis '

Saliva and tissue

Fig. 12 Schematic illustration of the preparation of the magnetic polymer nanomaterials (SPMM) and the general procedure for phosphopeptide
extraction, digestion, enrichment, and identification. Adapted from ref. 119 with permission from Copyright Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Schematic illustration of the preparation of the IMAC-based
magnetic polymer nanomaterials (MagG@PEI@PA-Ti**). Reprinted from
ref. 123 with permission from Copyright Elsevier B.V.

120-122

capture phosphopeptides and glycopeptides. Among them,
magnetic polymer nanomaterials manifest great advantages. For
instance, Hong et al. designed and prepared a kind of microsphere
modified with phytic acid (PA) and Ti*" ions (denoted as Mag-
MSMs@PEI-PA-Ti"") (Fig. 13).'*® According to the IMAC and
HILIC mechanisms, the as-prepared Mag-MSMs@PEI-PA-Ti*"
microspheres were endowed with excellent properties for the
enrichment of phosphopeptides and glycopeptides. For phospho-
peptide enrichment, the prepared Mag-MSMs@PEI-PA-Ti** micro-
spheres showed outstanding selectivity and high sensitivity in
model proteins. After enrichment with the microspheres, a total
of 1645 phosphopeptides from 200 ng of HeLa cell extract were
successfully detected. For glycopeptide enrichment, the Mag-
MSMs@PEI-PA-Ti*" microspheres also exhibited high selectivity
and sensitivity. Meanwhile, 276 N-glycopeptides corresponding to
132 glycoproteins were identified from 2 puL of human serum after
the enrichment process. Recently, they also reported another Ti**-
immobilized magnetic graphene nanocomposite (dubbed MagG@-
PEI@PA-Ti*") to enrich both phosphopeptides and glycopeptides
with outstanding performances.'** Although these affinity materi-
als are endowed with the ability to enrich phosphopeptides and
glycopeptides, they cannot achieve the simultaneous enrichment of
phosphopeptides and glycopeptides from one buffer solution,
leading to several problems including complicated operations,
time consumption, and the loss of peptide information. Therefore,
the design of magnetic polymer nanomaterials for the simulta-
neous enrichment of glycopeptides and phosphopeptides may be a
key research topic for multi-PTM proteomics in the future.

7. Conclusion and perspective

In order to meet the requirements of MS-based proteomics, the
purification of target proteins/peptides from complex samples
is a crucial prerequisite. Among various affinity materials,
magnetic polymer nanomaterials have made great progress in
proteomics, especially PTM proteomics. Due to the advantages

2212 | Mater. Adv., 2021, 2, 2200-2215
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including mature preparation methods, fast magnetic response,
and flexible functionality, magnetic polymer nanomaterials are
widely used in the separation and enrichment of proteins/
peptides. In the above-discussed review, some most commonly
used preparation methods of magnetic polymer nanomaterials
are summarized. In ordinary proteomics, magnetic polymer
nanomaterials produced by charge interactions and molecular
imprinting are mostly used to capture ordinary proteins. In
glycoproteomics applications, hydrophilic interaction-driven
magnetic polymer nanomaterials manifest great potential in
capturing glycoproteins/glycopeptides. It is worth noting that
the exploitation of zwitterionic molecules with high hydrophili-
city would be a hotspot in material design for glycopeptide
enrichment in the future. In phosphoproteomics applications,
IMAC/MOAC-based magnetic polymer nanomaterials are mainly
used to enrich phosphopeptides. The design of high-perfor-
mance chelating ligands is the key to ensure the phosphopeptide
enrichment ability of IMAC/MOAC-based magnetic polymer
nanomaterials. Therefore, magnetic polymer nanomaterials play
an important role in sample pretreatment in proteomics.

However, there are still numerous challenges involved in
designing high-efficiency magnetic polymer nanomaterials for
comprehensive analyses of MS-based proteomics. First, the
design of novel affinity molecules with high specificity toward
target proteins/peptides is highly required. To search for highly
specific affinity molecules, large-scale model calculations and
molecular docking would be potential techniques. Second,
there is currently a lack of multifunctional magnetic polymer
nanomaterials to achieve the simultaneous enrichment of
multiple PTM peptides. For example it is possible that a
bifunctional magnetic polymer nanomaterial could simulta-
neously enrich glycopeptides and phosphopeptides from one
sample. The design and preparation of multifunctional affinity
materials will facilitate the comprehensive analysis of proteomics.
Third, smart polymers have attracted increasing attention due to
their excellent responses to external stimuli and meet the require-
ments of sample pretreatment in proteomics; thus, smart polymer-
based magnetic nanomaterials hold huge potential in proteomics.
This review summarizes the applications of magnetic polymer
nanomaterials in proteomics and provides references for scientists
interested in this field.
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