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Abstract Protein glycosylation is one of the most important
post-translational modifications. Also, efficient enrichment
and separation of glycopeptides from complex samples are
crucial for the thorough analysis of glycosylation.
Developing novel hydrophilic materials with facile and easily
popularized synthesis is an urgent need in large-scale
glycoproteomics research. Herein, for the first time, a one-
step functionalization strategy based on metal-organic coordi-
nation was proposed and Fe;O,4 nanoparticles were directly
functionalized with zwitterionic hydrophilic L-cysteine (L-
Cys), greatly simplifying the synthetic procedure. The easily
synthesized Fe;04/L-Cys possessed excellent hydrophilicity
and brief composition, contributing to affinity for glycopep-
tides and reduction in nonspecific interaction. Thus, Fe;O4/L-
Cys nanoparticles showed outstanding sensitivity (25 amol/
pL), high selectivity (mixture of bovine serum albumin and
horseradish peroxidase tryptic digests at a mass ratio of
100:1), good reusability (five repeated times), and stability
(room temperature storage of 1 month). Encouragingly, in
the glycosylation analysis of human serum, a total of 376
glycopeptides with 393 N-glycosylation sites corresponding
to 118 glycoproteins were identified after enrichment with
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Fe;04/L-Cys, which was superior to ever reported L-Cys
modified magnetic materials. Furthermore, applying the one-
step functionalization strategy, cysteamine and glutathione re-
spectively direct-functionalized Fe;0O4 nanoparticles were
successfully synthesized and also achieved efficient glycopep-
tide enrichment in human serum. The results indicated that we
have presented an efficient and easily popularized strategy in
glycoproteomics as well as in the synthesis of novel materials.
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Introduction

As one of the most predominant post-translational modifica-
tions, protein glycosylation carries abundant biological infor-
mation and regulates complicated functions, such as signal
transduction, immune response, cell growth and differentia-
tion [1, 2]. Importantly, many clinical biomarkers and thera-
peutic targets are glycoproteins [3]. Therefore, a thorough
analysis of protein glycosylation is of great significance.
However, owing to low abundance of glycoproteins and
strong ion suppression of non-glycosylated species, direct
glycoproteome analysis by powerful mass spectrometry
(MS) technology still remains challenging [4]. Hence, effi-
cient separation and enrichment of glycopeptides from com-
plex samples prior to MS analysis is an indispensable step.
To date, several strategies have been applied to enrich gly-
copeptides, including boronate affinity, hydrazide chemistry,
metal coordination, lectin affinity, and hydrophilic interaction
chromatography (HILIC) [5]. Thereinto, HILIC approach,
separating the analyte by hydrophilicity differences, is widely
adopted because of broad glycan adaptability, simple
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enrichment procedure, excellent reproducibility, and good MS
compatibility [6]. In addition to conventional HILIC mate-
rials, zwitterionic-HILIC (ZIC-HILIC) materials, possessing
both positive and negative charges, demonstrate improved
hydrophilicity and better interaction with glycopeptides [7].
Recently, Cao et al. developed poly(amidoamine) dendrimer
for the synthesis of zwitterionically functionalized materials
and achieved highly selective enrichment of glycopeptides
from biological samples [8]. Magnetic zwitterionic hydrophil-
ic nanoparticles Fes0,@Si0, @PMSA were also reported for
efficient glycopeptide enrichment [9]. Notwithstanding the
successful cases, the preparation of most ZIC-HILIC materials
usually required a complicated multistep procedure, even suf-
fering from harsh conditions, expensive reagents, and unex-
pected side reactions [10]. Moreover, the complex structure of
composite could probably cause more uncertainties in analysis
procedure [11]. All these severely restricted the operability
and widespread application. Thus, there is an urgent need to
explore a facile and generally applicable synthesis strategy to
develop ZIC-HILIC materials, maintaining better glycopep-
tide affinity simultaneously.

Magnetic materials, especially Fe;O,4 nanoparticles, have
aroused much attention in biochemistry, cytology, and many
other fields due to their fast magnetic response, biocompati-
bility, easy preparation, and flexible functionalization [12, 13].
Therefore, functionalized Fe;O4 nanoparticles with excellent
hydrophilicity were considered to be a fine candidate for gly-
copeptide enrichment. In previous research, Fe;O,4 nanoparti-
cles were usually functionalized via multistep reactions, with
surface anchor involved [14, 15]. Thus, it is significative to
explore novel approaches to functionalize Fe;O, nanoparti-
cles to enhance hydrophilicity and simplify the process.

There have been reports that thiol reagents were directly
assembled on an iron surface via metal-organic group coordi-
nation, supposed to be Fe—S interaction [16, 17]. Besides, in
our unpublished research, Fe;O, nanoparticles were success-
fully used to couple sulfydryl peptides for N-terminal peptide
isolation. Inspired by these works, we have proposed a one-
step functionalization strategy in the synthesis of ZIC-HILIC
materials that Fe;O4 nanoparticles are functionalized directly
with hydrophilic molecules containing thiol groups under
mild conditions. With thiol, carboxyl, and amino groups, zwit-
terionic hydrophilic L-cysteine (L-Cys) could be a wonderful
choice for one-step functionalization. Herein, to the best of our
knowledge, for the first time, L-Cys one-step functionalized
Fe;0,4 nanoparticles were synthesized as ZIC-HILIC mate-
rials for glycopeptide enrichment. With excellent hydrophilic-
ity and brief composition, the easily synthesized Fe;0,4/L-Cys
contributed to affinity for glycopeptides and reduction in non-
specific interaction, thus exhibiting outstanding sensitivity,
selectivity, reusability, and stability in the enrichment of tryp-
tic digests of standard glycoprotein HRP. Meanwhile, Fe;O4/
L-Cys achieved efficient enrichment and analysis in complex
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human serum. In addition, applying the one-step
functionalization strategy, cysteamine and glutathione respec-
tively direct-functionalized Fe;O4 nanoparticles were success-
fully synthesized and also displayed excellent performance of
glycopeptide enrichment in human serum, indicating an effi-
cient and easily popularized strategy in glycoproteomics as
well as in the synthesis of novel materials.

Materials and methods
Chemicals and materials

Horseradish peroxidase (HRP), bovine serum albumin (BSA),
formic acid (FA), trifluoroacetic acid (TFA), dithiothreitol
(DTT), iodoacetamide (IAA), ammonium bicarbonate
(NH4HCO3), 2,5-dihydroxy-benzoic acid (DHB), L-cysteine
(L-Cys), and sequence-grade trypsin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). PNGase F was from
New England Biolabs (Ipswich, MA, USA). Acetonitrile
(ACN) was obtained from Merck (Darmstadt, Germany).
Phosphate buffered solution (PBS) was purchased from
Solarbio (Beijing, China). FeCl;-6H,0, sodium acetate, and
ethanediol were from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). BCA Protein Assay Kit was produced by
Beyotime (Shanghai, China). Human serum was provided by
Zhongshan Hospital (Shanghai). All used ultrapure water was
purified by Milli-Q system (Millipore, Bedford, MA). All oth-
er reagents were of analytical grade.

Synthesis of Fe;0,/L-Cys nanoparticles

Magnetic particles Fe;04 were prepared via hydrothermal
process according to a previous report [18]. As-prepared
Fe;04 particles (22 mg) and L-cysteine (68 mg) were
ultrasonic-dispersed into 60 mL PBS buffer (0.01 M). With
stirring for 3 h at 60 °C, the functionalization was completed.
The synthesized Fe;0,4/L-Cys nanoparticles were isolated by
a magnet, washed with ultrapure water, and dried in vacuum.
The same procedure was conducted for the synthesis of cys-
teamine functionalized Fe;O4/CS nanoparticles and glutathi-
one functionalized Fe;04,/GSH nanoparticles.

Tryptic digestion of the standard proteins and human
serum

HRP and BSA were dissolved in 25 mM NH,4HCO; solu-
tion to a final concentration of 1 ug/ulL and denatured in
boiling water for 5 min. Sequence-grade trypsin was
added into the solution at an enzyme/protein mass ratio
of 1:40 and incubated at 37 °C overnight. The digestion
was stored at — 20 °C for further use.
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The total protein content of human serum (2 pL) was de-
termined by BCA method and diluted with a solution contain-
ing 25 mM NH4HCO;. After denaturing in boiling water for
5 min, DTT was added with a final concentration of 5 mM.
Following reduction of 1 h at 60 °C, alkylation was conducted
by adding TAA with a final concentration of 12.5 mM in the
dark at 37 °C for 1 h. Finally, the mixture was treated with
trypsin (enzyme/protein mass ratio of 1:40) at 37 °C over-
night. The digestion was lyophilized and stored at — 20 °C
for further use.

Enrichment process of glycopeptides

Fe;04/L-Cys nanoparticles (50 pg) were added into 50 pL
loading buffer (85% ACN/0.1% TFA aqueous solution, v/v)
containing tryptic digests, and the mixture was incubated at
37 °C for 15 min to make the nanoparticles capture glycopep-
tides. The nanoparticles were isolated by a magnet and
washed with loading buffer (at least three times) to remove
nonspecifically adsorbed non-glycopeptides. Then, the cap-
tured glycopeptides were released from the particles with
5 pL eluting buffer (40% ACN/0.1% FA aqueous solution,
v/v) at 37 °C for 30 min. The eluent was directly identified
with MALDI-TOF MS. As for the optimization of conditions
and the investigation of enrichment performance, the as-
mentioned procedure was conducted with specific
modification.

For the enrichment of glycopeptides from human serum,
the lyophilized tryptic digests were dissolved in 500 pL load-
ing buffer, followed by adding 800 pg Fe;0,4/L-Cys nanopar-
ticles. After incubating at 37 °C for 30 min, the nanoparticles
capturing glycopeptides were separated, rinsed four times
with loading buffer, and eluted twice with 30 pL eluting buff-
er. The eluent was lyophilized and redissolved in 60 pL
25 mM NH4HCO; and then incubated with 500 U of
PNGase F at 37 °C overnight to remove glycan moieties.
The resulting deglycosylated peptides were further analyzed
by Nano-HPLC-MS/MS.

MALDI-TOF MS analysis

A sample eluent (1.5 uL) was loaded on MALDI plate
(MDS SCIEX; Applied Biosystems, USA) and dried at
room temperature. And then 1 pL matrix solution (60%
ACN/0.1% TFA aqueous solution, v/v) containing
20 mg/mL. DHB was added on the sample spot and
dried for MS analysis. All the MALDI-TOF MS spectra
were determined by 5800 MALDI-TOF MS instrument
(Applied Biosystems, USA), which was performed in
the positive reflector mode. The laser was at 366 nm,
the repetition rate was 200 Hz, and the acceleration volt-
age was 20 kV.

Nano-HPLC-MS/MS analysis

The analysis was conducted on an EASY-nLC 1000 system
(Thermo Fisher Scientific, Waltham, MA) connected to an
Orbitrap Fusion mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) equipped with an online nano-
electrospray ion source. The deglycosylated samples were re-
suspended with 10 pL. mobile phase A (99.9% H,0/0.1% FA,
v/v), and 5 pL sample solution was injected and loaded on the
trap column (Thermo Scientific Acclaim PepMap C18,
100 pm X 2 cm). The separation was carried out on the ana-
lytical column (Acclaim PepMap C18, 75 pm X 25 cm) with a
linear gradient, from 2% B (99.9% ACN/0.1% FA, v/v) to
40% B in 105 min and held at initial conditions for 15 min.
The flow rate was 300 nl/min.

The Orbitrap Fusion mass spectrometer was operated in the
data-dependent mode to switch automatically between MS
and MS/MS acquisition. Full-scan MS spectra (m/z 400—
1600) were acquired in Orbitrap with a resolution of
120,000 at m/z 200. MS/MS spectra were obtained in
Orbitrap with a cycle time of 3 s and resolution of 15,000 at
m/z 200. The intensity threshold was 50,000, and the maxi-
mum injection time was 100 ms. lons with charge states 2+,
3+, and 4+ were sequentially fragmented by higher energy
collisional dissociation with a normalized collision energy of
35%.

Database searching

Tandem mass spectra were extracted by Proteome Discoverer
software (Thermo Fisher Scientific, version 1.4.0.288). All
MS/MS data were analyzed via Mascot (Matrix Science,
London, UK; version 2.3), searching Uniprot—SwissProt da-
tabase (taxonomy—Homo sapiens, 20,199 entries), and as-
suming the digestion of enzyme trypsin. The parameters were
set as follows: fragment ion mass tolerance of 0.05 Da, parent
ion tolerance of 10.0 ppm, fixed modification of
carbamidomethyl on cysteine, variable modifications of oxi-
dation on methionine, and deamidation on asparagine. The
peptide level false discovery rates were lower than 1%.
Since N-glycosylation generally occurred at sequences of N-
X-S/T/C (X # P), the remaining peptides were further filtered
to remove non-motif-containing peptides.

Characterizations and measurements

Scanning electronic microscope (SEM) images were obtained
by Phenom ProX scanning electronic microscope
(Netherlands). Transmission electron microscopy (TEM) im-
ages were collected on a JEM2011 transmission electron mi-
croscope (Japan). Elemental analysis was performed on
Phenom energy-dispersive X-ray (EDX) spectrometer
(Netherlands). Fourier-transform infrared (FT-IR) spectra
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were analyzed on a Nicolet spectrophotometer using KBr pel-
lets (Thermo Fisher, USA). Thermogravimetric analysis
(TGA) was carried out on TGA8000 thermogravimetric ana-
lyzer (USA) under a nitrogen atmosphere at a heating rate of
10 °C/min from 30 to 900 °C. Zeta potential analysis was
conducted on a Malvern Zetasizer Nano instrument (UK).

Results and discussion

Synthesis and characterization of Fe;O4/L-Cys
nanoparticles

The procedure for preparing Fe;O4/L-Cys nanoparticles is
shown in Scheme 1. Briefly, Fe;O4 nanoparticles synthesized
by well-developed solvothermal reaction were directly func-
tionalized with zwitterionic L-cysteine through metal-organic
group coordination between Fe and thiol groups. Benefiting
from the favorable features of Fe;O4 and L-Cys, the obtained
nanoparticles exhibited remarkable characteristics, including
simple composition, rapid magnetic response, and outstanding
hydrophilicity, thus ensuring the potential in effective enrich-
ment of glycopeptides. Furthermore, with simple operation,
mild reaction conditions, and easily available reagents, the
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concise synthesis route of the magnetic ZIC-HILIC material
was commonly applicable.

The morphology of the resulting Fe;O4/L-Cys nanoparti-
cles was analyzed by TEM and SEM. As shown in Fig. 1a and
b, the particles were spherical, monodisperse, well distributed,
and about 200 nm in diameter. Compared with bare Fe;04
particles (see Electronic Supplementary Material (ESM) Fig.
S1), there was no discernable change after the modification of
L-Cys. To further investigate the immobilization of L-Cys,
FT-IR spectroscopy was used for characterization (Fig. 1c).
The spectra of Fe;04 and Fe;04/L-Cys showed a strong ab-
sorption peak at 570 cm ' which was the characteristic peak of
Fe-0, indicating the fabrication of Fe;0,4 [19]. In the finger-
print region (dotted-line box marked), the peak at 1667, 1585,
and 1340 cm ! were assigned to the group of COOH, NH,,
and CH, and many other significant fingerprint peaks of
Fe;04/L-Cys were consistent with that of pure L-Cys while
Fe;0, did not exhibit these features, demonstrating that L-Cys
was successfully immobilized on the surface of Fe;O4 parti-
cles. Moreover, EDX analysis (ESM Fig. S2) proved the ex-
istence of C, N, and S elements, also confirming the successful
synthesis of Fe;04/L-Cys. Meanwhile, the surface
functionalization led to the change of the surface charge of
nanoparticles in aqueous solution, which made the zeta poten-
tial change from 20.7 to — 0.907 mV (ESM Fig. S3).
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In order to evaluate the content of immobilized L-Cys,
thermogravimetric analysis (TGA) was conducted. As seen
from TGA curves (Fig. 1d), Fe;0, particles displayed a slight
mass loss with increasing temperature while Fe;04/L-Cys
showed a larger mass loss, which was attributed to the loss
of L-Cys. Calculating from TGA data at 900 °C, the L-Cys
content of Fe;0,4/L-Cys was approximately 9.33%, larger than
other reported L-Cys modified materials [20-22]. The abun-
dantly immobilized L-Cys highly enhanced the zwitterionic
hydrophilicity of the nanoparticles. It was worth noting that
the brief structure and composition of Fe;O4/L-Cys, cutting
down possible hydrophobic impacts, could reduce the nonspe-
cific interaction with non-glycopeptides and other non-target
components. All these would contribute to efficient enrich-
ment and analysis of glycopeptides from complex samples.

Optimization of conditions

The procedure for enriching glycopeptides by Fe;O4/L-Cys
nanoparticles is illustrated in Scheme 1. When incubated with
Fe;0,4/L-Cys in loading buffer, the relatively hydrophilic gly-
copeptides tend to bind on the particles while non-
glycopeptides remained in the solution [23]. After separated
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from the solution and washing out non-glycopeptides by mag-
netic response, the captured glycopeptides were eluted from
particles and identified by MS.

In order to achieve the best performance, several condi-
tions, including loading buffer, eluting buffer, mass ratio,
and incubation time, were optimized with tryptic digests of
standard glycoprotein HRP [24]. By comparing the number of
matched glycopeptides and peak intensity of four parallel ex-
periments, 85% ACN/0.1% TFA (v/v) aqueous solution was
chosen to be the loading buffer (ESM Fig. S4a). For the pur-
pose of obtaining the full elution of captured glycopeptides,
five different eluting buffers were examined and 40% ACN/
0.1% FA (v/v) aqueous solution was selected as optimized
eluting buffer (ESM Fig. S4b). In the investigation of incu-
bation time (ESM Fig. S4c), there was no significant dif-
ference in the enrichment performance from 1 to 30 min,
suggesting Fe;04/L-Cys’ rapid affinity for glycopeptides.
In accordance to Fig. S4d (see ESM), the optimal material
amount for 0.25 pg HRP digests was 50 pg, indicating the
best mass ratio of materials to peptides as 200:1. So far,
with magnetic separation and rapid enrichment, the ZIC-
HILIC approach of glycopeptide enrichment was
established based on Fe;04/L-Cys nanoparticles.
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Fig.1 (a) TEM and (b) SEM images of Fe;04/L-Cys; (¢) FT-IR spectra of L-Cys, Fe;0y, and Fe;04/L-Cys; (d) TGA curves of Fe;0, and Fe;04/L-Cys
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Selective enrichment of glycopeptides from standard
protein

Applying the optimal approach mentioned above, the glyco-
peptide enrichment performance of Fe;O4/L-Cys and Fe;O4
was evaluated. As shown in Fig. 2a, without any pre-treat-
ment, when 125 fmol/uL. HRP tryptic digests were directly
analyzed by MALDI-TOF MS, only four glycopeptides with
low signal intensity were observed, owing to low abundance
and ionization efficiency of glycopeptides. After enrichment
with Fe;04/L-Cys, 21 glycopeptides with enhanced signal
intensity were identified (Fig. 2b and ESM Table S1),
exhibiting better enrichment performance than previous mate-
rials modified with L-Cys [20]. Two identified glycopeptides
(GLIQSDQELFSSPN#ATDTIPLVR and
LHFHDCFVNGCDASILLDN#TTSFR) were confirmed by
MALDI-MS/MS, validating the successful enrichment
(ESM Fig. S5). In comparison, after the same treatment of

Fig. 2 MALDI-TOF MS spectra @ 1
of 125 fmol/uL (6.25 pmol) HRP
tryptic digests: (a) direct analysis, 3
after enrichment with (b) Fe;0,4/
L-Cys and (c) Fe;04
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Fe;0y, six glycopeptides with marked non-glycopeptide sig-
nals were determined (Fig. 2c), presenting little enrichment
effect. The results made it clear that the outstanding enrich-
ment ability of Fe;O4/L-Cys nanoparticles benefited from the
one-step immobilized L-Cys. Moreover, the control experi-
ment of a reversed phase enrichment by ZipTip C18 tip
showed that the dominant hydrophobic non-glycopeptides
with a few hydrophilic glycopeptides of weak signal intensity
were captured (ESM Fig. S6), indicating the superior hydro-
philicity of Fe;O4/L-Cys nanoparticles.

In order to evaluate the sensitivity of the enrichment
approach, HRP tryptic digests with lower concentration
were enriched by Fe;04/L-Cys. When the concentration
of HRP digestion decreased to 0.0625 fmol/puL and no
signal could be detected in direct MS analysis, four
glycopeptides could be identified after enrichment
(Fig. 3a). Even at the ultralow concentration of
25 amol/uL, three glycopeptides were still detected after
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Fig. 3 MALDI-TOF MS spectra @
of (a) 0.0625 fmol/uL, (b)

25 amol/puL HRP tryptic digests
after enrichment by Fe;04/L-Cys,
and a mixture of BSA and HRP
tryptic digests at a mass ratio of
10:1 (c) before and (d) after
enrichment
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treatment of Fe;04/L-Cys (Fig. 3b). Compared with ev-
er reported results, such as metal-organic frameworks
functionalized magnetic graphene (0.8 fmol/uL) [25]
and maltose-functionalized Fe;O4 (1.25 fmol/uL) [14],
Fe;04/L-Cys nanoparticles provided superior sensitivity
at present, indicating great potential in trace analysis of
protein glycosylation.

To further investigate the selectivity of Fe;04/L-Cys
nanoparticles for glycopeptide enrichment, tryptic di-
gests of non-glycoprotein BSA were introduced as the
interference and the mixtures of BSA and HRP tryptic

3400 4100 4800 5500
Mass (m/z)

digests at different mass ratios were used as the sam-
ples. As shown in Fig. 3¢, in the direct MS analysis of
the digests’ mixture of BSA and HRP at a mass ratio of
10:1, non-glycopeptide peaks occupied a dominant po-
sition in MS spectra and only four glycopeptides from
HRP were detected with weak signal intensity due to
strong ion suppression of non-glycopeptides. After being
enriched by Fe;04/L-Cys, a large number of non-
glycopeptides were effectively removed and 18 glyco-
peptides were clearly observed with enhanced signal in-
tensity (Fig. 3d), which was contrary to the performance
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Fig. 4 MALDI-TOF MS spectra @
of HRP digests after enrichment
with Fe;0,4/L-Cys nanoparticles
used for (a) the first time, (b) the
third time, (c) the fifth time, and
(d) being stored for 1 month at
room temperature
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of reversed phase enrichment by ZipTip C18 tip (ESM
Fig. S7). Even when the mass ratio was further in-
creased to 100:1 (BSA/HRP), although there were some
peaks of non-glycopeptides after enrichment, 13 glyco-
peptides from HRP were still enriched and identified
(ESM Fig. S8). The results confirmed that highly selec-
tive enrichment and separation of glycopeptides from
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complex samples could be achieved by Fe;04/L-Cys
nanoparticles.
Reusability and stability of Fe;0,/L-Cys nanoparticles

In addition, the reusability and stability of Fe;04/L-Cys nano-
particles were also evaluated. With full eluting until no
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Replicate 1

Fig. 5 Data of three replicated
analyses of the identified
glycopeptides and glycoproteins
enriched by Fe;04/L-Cys
nanoparticles

glycopeptides remained, the particles were applied to enrich
the HRP digests again. As Fig. 4a—c shows, the MS spectra
were similar from the first to the fifth enrichment, indicating
that the particles could be reused at least five times. Moreover,
after being stored for 1 month at room temperature, Fe;04/L-
Cys offered almost the same enrichment performance as the
freshly prepared ones (Fig. 4d). These robust features counted
for a great deal for practical and large-scale application.

Selective enrichment of glycopeptides from human serum

With comprehensive advantages in the enrichment of HRP
digests, Fe;04/L-Cys nanoparticles were further applied for
glycosylation analysis of human serum, a real sample with
glycosylation of clinical significance and sheer complexity.
Without any pre-treatment, according to the same process with
HRP enrichment, tryptic digests of 2 pL. human serum were
enriched by Fe;04/L-Cys. Also, the captured glycopeptides
were deglycosylated and analyzed by nano-LC-MS/MS.
Encouragingly, a total of 376 glycopeptides with 393 N-gly-
cosylation sites corresponding to 118 glycoproteins were
identified after three replicated analyses (ESM Table S2).
The LC-MS/MS spectra of three identified glycopeptides are
shown in Fig. S9 (see ESM) as examples. The reproducibility
of'identified glycopeptides and glycoproteins in three replicat-
ed analysis are shown in Fig. 5. It could be seen that about

Replicate 3
Glycopeptides

Replicate 2

Replicate 1

Replicate 2

Replicate 3
Glycoproteins

70.2% glycopeptides (264 out 376) and 84.7% glycoproteins
(100 out of 118) were detected at least in two replicated anal-
ysis, displaying the effectiveness and advantage of Fe;O4/L-
Cys nanoparticles for comprehensive glycosylation research
in biological samples. Moreover, the enrichment performance
from even a micro-amount of human serum was also investi-
gated. A total of 186 glycopeptides with 197 N-glycosylation
sites mapped to 87 glycoproteins were finally identified from
0.5 puL human serum sample within only one LC-MS/MS
analysis (ESM Table S3), showing superior sensitivity for
practical application. In addition, compared with previously
reported L-Cys modified magnetic materials [20, 26], Fe304/
L-Cys exhibited superior performance for the enrichment and
analysis of glycopeptides in human serum (Table 1), thanks to
the excellent hydrophilicity and brief composition.

It should be also emphasized that the preparation process
of Fe;04/L-Cys just involved a one-step functionalization.
Applying the same one-step strategy, cysteamine function-
alized Fe;0,4/CS nanoparticles and glutathione functional-
ized Fe;04/GSH nanoparticles were also successfully syn-
thesized. With excellent hydrophilicity, the two nanoparti-
cles also showed very prominent performance in the glyco-
sylation analysis of human serum (Table 1, ESM Figs. S10
and S11). It can be seen that an economical, efficient, and
easily replicable way to enrich and analyze glycosylation
has been presented.

Table 1  Functionalized magnetic materials for enrichment and glycosylation analysis of human serum
Number Type of materials Performance Reference
1 MagG/PDA/Au/L-Cys 40 glycosylation sites, 31 glycoproteins 20
2 Fe;0,@8Si0,@L-Cys 199 glycosylation sites, 88 glycoproteins 26
3 Fe;0,4/L-Cys 393 glycosylation sites, 376 glycopeptides, 118 glycoproteins
4 Fe;04/CS 433 glycosylation sites, 406 glycopeptides, 116 glycoproteins
5 Fe;04/GSH 427 glycosylation sites, 402 glycopeptides, 117 glycoproteins
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Conclusion

In summary, based on metal-organic coordination, novel ZIC-
HILIC nanoparticles Fe;04/L-Cys were easily synthesized via
one-step functionalization. Owing to superior hydrophilicity,
brief composition, and rapid magnetic response, the prepared
nanoparticles exhibited high sensitivity, selectivity, and effi-
ciency for the enrichment of glycopeptides. Furthermore, the
nanoparticles achieved a remarkable result in the enrichment
and analysis of complex human serum. In addition, one-step
functionalization was successfully applied in the synthesis of
other two HILIC materials Fe;0,/CS and Fe;04/GSH, also
achieving efficient glycopeptide enrichment in human serum.
With easy synthesis, simple operation, and excellent reusabil-
ity and stability, an economical and easily popularized strategy
has been presented, showing great potential in
glycoproteomics as well as in the synthesis of novel materials.
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