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ARTICLE INFO ABSTRACT

The iron oxide nanoparticles (Fe304) were prepared by organic molecule-assisted method in aqueous solution.
The facile synthetic process of Fe304 nanoparticles was conducted only by mixing FeCl, and 2-methylimidazole
(2-MIM) without any additives. A possible growth mechanism of the Fe304 nanocrystals was proposed for this
mild reaction. Then, the Fe;0,4 nanoparticles were anchored onto graphene oxide (GO) sheets in water by ul-
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zzojzgnglzzﬁishmem trasound-assisted method, forming an affinity probe with strong biocompatibility. Due to the hydroxy and
MI(-\lLDI-TOF MS carboxylic groups of GO sheets, Fe;0,/GO probe exhibits excellent performance for enriching low-abundance

hydrophilic peptides, while the Fe;0, nanoparticles endure the probe with specific affinity to phosphopeptides.
The analytical protocol was developed for sequential enrichment of low-abundance peptides and phosphopep-
tides by the affinity probe. It exhibited the sequence coverage of 26% for capture of 17 low-abundance peptides
from bovine serum albumin (BSA), as well as the selectivity of 1:1:100 for phosphopeptides from a-/B-casein/
BSA, and low detectable concentration of 2.5 fmol and probe reusability of 5 times for capture of phospho-
peptides from a-/B-casein. Consequently, the prepared Fe;0,/GO material possesses excellent feature as mul-
tifunctional affinity probe for low-abundance peptides including phosphopeptides from complex biological

matrices detected by matrix-assisted laser desorption ionization time-of-flight mass spectrometry.

1. Introduction

As well known, many endogenous peptides provide valuable in-
formation for revealing various diseases and illuminating pathological
variations [1,2]. In particular, protein phosphorylation plays a crucial
role in signal transduction, metabolism, cell cycle control, proliferation
and differentiation [3]. As a powerful soft ionization technique, matrix-
assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) is especially suitable for analysis of peptides/proteins
[4]. Nevertheless, it is still arduous and difficult for direct analysis of
the low-abundance peptides/phosphopeptides in MALDI-TOF MS. Pri-
marily, these peptides in real biological samples remain extremely low
concentrations. Besides, abundant proteins/peptides as well as other
impurities (salts and surfactants) generate serious interference and
suppression in peptides analysis [5]. Moreover, the detection of phos-
phopeptides by MS analysis continuously suffers from the low ioniza-
tion efficiency of phosphopeptides due to the negative phosphate
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groups [6]. Thus, it is indispensable to selectively enrich low-abun-
dance peptides including phosphopeptides from biological samples
with proper sampling procedures before MALDI-TOF MS analysis [7,8].

Until now, diversified sample pre-treatment techniques based on
functional magnetic materials have been explored for analysis of low-
abundance peptides/phosphopeptides, which could achieve better se-
paration than conventional approaches [9]. Notably, various core-shell
structured magnetic materials have been prepared and applied for the
enrichment of low-abundance peptides [10-19]. As mentioned in above
reports, the acting sites of functional magnetic materials for pre-con-
centration of low-abundance peptides are principally based on carbon
material shells. Meanwhile, related researches affirmed that the main
driving forces for the affinity between peptides/proteins and carbon
nanomaterials are ascribed to hydrophobic and s-;t stacking interac-
tions. Otherwise, for capturing and isolating phosphopeptides, various
attractive functional magnetic materials have been developed [20-32].
Among these affinity materials, the high sensitive and selective
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combination with phosphate groups by metal oxide nanoparticles relies
on the robust Lewis acid-base interaction. Recently, some bare or doped
magnetic ferrites, including vy-Fe,Os3, Fe3O4, NiFe;O4, ZnFey0y,
MnFe,0, etc. [33-35], which combine merits of magnetic property and
solid Lewis acid function, have been exploited for capturing phospho-
peptides. However, from the thermodynamic point of view, these na-
noscale particles are potentially unstable because of their high surface
energy [36]. It trends to aggregate and form large particles due to an-
isotropic dipolar interactions in aqueous solution, which decreases their
dispersivity and specific surface, and diminishes their merits for phos-
phopeptides enrichment. Therefore, it is significant to immobilize these
nanoparticles onto certain supports to prevent their aggregations.

Furthermore, some newly developed affinity materials were used to
enrich low-abundane peptides and phosphopeptides simultaneously.
For instance, Bai and Liu's group developed a multifunctional composite
(r-GO-SnO, NRs) for sequential capturing low-abundance peptides and
phosphopeptides prior to MS detection [37]. Zhang's group fabricated
CeO,//Si0,-Cg Janus fiber and magnetic LaPO,4-r-GO affinity probe
(LaGM) to isolate low-abundance peptides and phosphopeptides for MS
detection [38,39]. However, the preparation procedures of above de-
licate affinity probes are relatively time-consuming. It is somewhat te-
dious for the enrichment process with r-GO-SnO, and Ce0O,//SiO,—Cg
Janus fiber due to centrifugation compared with magnetic separation.
In addition, both r-GO-SnO, and LaGM composites are graphene-based
materials, which often exhibit weak dispersibility owing to the hydro-
phobic graphene part. That is perhaps unfavorable for the analysis of
low-abundance hydrophilic peptides including phosphopeptides.
Moreover, the reciprocal superposition of the affinity site of LaPO, may
act against hydrophobic graphene during the capture and isolation of
hydrophilic low-abundance peptides and phosphopeptides. However,
the hydroxyl and epoxy groups of hydrophilic graphene oxide (GO)
offer numerous active sites for the modification of functional materials
such as Fe304 [40,41]. Apart from huge specific surface, high-load ca-
pacity and unique large delocalized -t electron system, GO is
equipped with excellent biocompatibility and stability, which can
strongly interact with proteins/peptides via H-bonding and electrostatic
interaction or m-;t interaction, therefore providing a highly efficient
platform for low-abundance peptides enrichment.

Fe30,4 nanoparticles have received considerable attention for the
development of biomedical applications compared with other higher
magnetic materials [42]. Furthermore, some factors are significant for
their biomedical application. For instance, narrow size distributions
and micro-size below 100 nm of Fe;04 nanoparticles are propitious to
minimize sedimentation, reduce the dipolar interaction between na-
noparticles, and facilitate tissular diffusion [43]. Many synthesis routes,
including solvothermal method, thermal decomposition method, sol-gel
method and co-precipitation method [44-49], have been explored for
fabricating Fe3zO4 particles. Solvothermal method was firstly reported
by Li's group [44], which is easily controlled and could produce uni-
form nanoparticles. However, this tedious method is arduous to acquire
small nanoparticles. Thermal decomposition method offers great ad-
vantages of obtaining the monodisperse particles with magnetic sus-
ceptibility owing to higher crystallinity degree and purer phases, which
has a facile scaling-up possibility. However, the resultant nanoparticles
synthesized via this method are hydrophobic and need further surface
modification for further application in bioanalysis. Sol-gel method in
aqueous matrix has an additional advantage for biomedical application
without further surface modification. However, it is also a little bit
time-consuming. The co-precipitation method, which is a reaction in
alkali media entailed stoichiometric mixtures of ferrous and ferric hy-
droxides [48], can produce abundant Fe;04 nanoparticles. However, it
is difficult to control the temperature and pH of reaction. Therefore, a
facile, timesaving and reliable approach to prepare this material at an
affordable cost is desirable for large-scale application.

In this present work, a facile strategy to fabricate FesO, affinity
materials was developed in aqueous solution by 2-methyl imidazole (2-
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MIM) -assisted method. The structure of 2-MIM is shown in Fig. S1.
Meanwhile, a possible growth mechanism of the Fe;O, nanocrystals
was proposed preliminarily. In addition, as-prepared Fe;O, nano-
particles were uniformly decorated onto hydrophilic GO nanosheets
through ultrasonic-assisted method. Notably, the possibility of the
Fe304/GO nanocomposites were explored to be utilized as bifunctional
affinity probe not only for effectively enriching low-abundance peptides
based on the integrated interaction from the unique property of GO, but
also for selectively capturing phosphopeptides form complex bio-
samples in virtue of the affinity of Fe;04 nanoparticles.

2. Experimental
2.1. Materials and reagent

2-Methylimidazole (2-MIM) and ammonium bicarbonate
(NH4HCO3) were obtained from Aladdin Chemical (Shanghai, China).
Ferric chloride (FeCls-H,0), ferrous chloride (FeCl,-4H,0) and ammo-
nium solution (NH3-H,0) (28%, w/w) were purchased from Nanjing
Chemical Reagent (Nanjing, China). Bovine serum albumin (BSA,
MW = 67 kDa), angiotensin II (MW = 1046.2 Da), bovine a-/}-casein
(MW = 25kDa), phosphoric acid (85%, w/w), 2,5-dihydroxybenzoic
acid (DHB) (puriss p.a.), trifluoroacetic acid (TFA) and acetonitrile
(ACN) of HPLC grade were offered by Sigma-Aldrich (St. Louris, MO,
USA). Sequencing grade modified trypsin was obtained from Promega
(Madison, WI, USA). Commercial ZipTipC18 pipette tips were supplied
by Millipore (Billerica, MA, USA). All the chemical agents were ana-
lytical grade unless otherwise noted and used without further pur-
ification. Ultrapure water was from a Milli-Q system (Millerica, USA).
Human urine and serum samples were ungrudgingly provided by
healthy volunteers. The study was approved by the Medical Ethical
Committee of the First Affiliated Hospital of Nanjing Medical
University. Nonfat milk was bought from an Education Supermarket in
Xianlin campus of Nanjing University (Nanjing, China) within 24 h
before the experiment and used during the shelf-life. All samples were
stored in a refrigerator at —80 °C prior to treatment.

2.2. Preparation of superparamagnetic Fe304 nanoparticles and Fe304/GO
nanocomposites

A schematic representation of the synthesis procedure of Fe304 and
Fe304/GO displays in Scheme 1A. FeCl,-4H,0 (127.5mg, 0.6 mmol)
was solubilized in the 5mL water, and 2-MIM (1.642 g, 2 mmol) was
solubilized in another 15 mL water. For synthesis of the Fe;04 nano-
particles, these two solutions were mixed vigorously by vortex for 60s,
then, the obtained solution was incubated for another 30 min at room
temperature. Finally, the resulting black Fe;O,4 precipitates were col-
lected with the external magnetic field, and then rinsed with water and
ethanol in turn, and dried at 60 °C for further use.

According to previous reports with minor modification [40], Fe30,4/
GO nanocomposites were prepared by assembling Fe;0, nanoparticles
onto GO nanosheets. Briefly, 5 mg of GO nanosheets were dispersed in
water via ultrasonication for 60 min to form GO suspension at a con-
centration of approximately 1 mgmL~'. Then, 10 mL of Fe30, sus-
pension (10 mgmL~') was slowly injected into GO dispersion system
with the assistance of sonication and further mechanical stirred for
60 min to obtain magnetic Fe;0,4/GO nanocomposites.

2.3. Characterization of materials

The characterization of as-prepared Fe;0, nanoparticles and Fe30,/
GO nanocomposites were performed by transmission electron micro-
scopy (TEM), scan electron microscopy (SEM), X-ray powder (XRD),
Fourier-transform infrared spectroscopy (FT-IR), Raman microscope
configuration, quantum design SQUID VSM magnetometer as well as
nitrogen  adsorption-desorption measurements. The detailed
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Scheme 1. Schematic illustration of the synthesis strategy of Fe304/GO nanocomposites (A), and the procedure for capture and labeling of low-abundance peptides

and phosphopeptides (B).

information of apparatus and characterization are listed in the elec-
tronic supplementary material.

2.4. Protein digestion

The digests of standard a-/f-casein, BSA and nonfat milk, human
serum were prepared according to our previous work [29]. Briefly,
standard a-/p-casein or BSA (1 mg) was dissolved in 1.0mL of
NH4HCO;3; aqueous solution (50 mM, pH 8.3), respectively. Then,
trypsin was added into the solution with a molar ratio of 1:50 (trypsin/
substrate) at 37 °C for 18 h. Afterwards, the obtained tryptic digests
were diluted to the target concentration with aqueous solution of 50%
ACN and 2% TFA (v/v, denoted as A-T solution) or water, respectively.
30 pL. nonfat milk was 30-fold diluted by 50 mM NH4HCO; aqueous
solution, followed by centrifugation at speed of 14000 rpm for 10 min.
Then, the albuminous supernatant was degenerated at 100 °C for
15 min. Subsequently, 80 uL of trypsin (20pugmL~') was added for
proteolysis at 37 °C for 16h. Before analysis, the frozen digests at
—80 °C were thawed and then diluted to suitable concentration with A-
T solution or water.

2.5. Enrichment of low-abundance peptides

BAS digest was diluted to 10nM with water, angiotensin II was
prepared in water (5nM, pl = 6.74), and human urine was diluted 10-
fold with water. Then, 500 puL of sample solution was mixed with 5 pL of
20 mgmL ™! Fe30,/GO nanocomposites suspending solution and vor-
texed for 10 min. Subsequently, the composites with trapped peptides
were isolated via magnetic separation, and washed with 500 pL of
water twice to remove unbound impurities. Afterwards, the target
peptides were eluted with 5.0 puL of A-T solution (60% ACN, 1% TFA),
and the supernatant was collected for MALDI-TOF MS analysis.

2.6. Enrichment of phosphopeptides

Digests of a-/B-casein were diluted to 10 pmol with A-T solution,

and digest of nonfat milk was diluted 30-fold with A-T solution. Then,
100 pL of sample solution was mixed with 5L of 20 mg mL~! Fe;0,/
GO nanocomposites. Then, Fe30,/GO affinity probe loaded with
phosphopeptides was separated with a magnet after vortex for 30 min.
After wash by A-T solution three times to remove impurities, the
trapped phosphopeptides were eluted with 5.0 pL of 10 wt% NH3-H,0
by ultrasonication for 10 min. Finally, the supernatant was taken out by
magnetic separation for MS analysis.

2.7. Stepwise enrichment of low-abundance peptides and phosphopeptides in
human serum

The workflow to sequential enrichment of low-abundance peptides
and phosphopeptides is illustrated in Scheme 1B. 10 pL of human serum
was diluted 20-fold by water to form a uniform solution. 5uL of
20 mg mL ™! Fe30,/GO nanocomposites were mixed with the 500 uL of
sample solution and then vortexed for 10min. Thereafter, nano-
composites loaded with peptides were rinsed three times with 100 L of
water for eliminating unspecific adsorption. Afterwards, the trapped
low-abundance peptides were eluted with 5.0 uL of A-T solution, and
the supernatant was collected by magnetic separation for MALDI-TOF
MS detection. Subsequently, the retained phosphopeptides were eluted
with 5.0 uL of 10 wt% NHj3-H,O for MALDI-TOF MS analysis.

2.8. MALDI-TOF MS analysis

All the MALDI-TOF MS experiments were carried out in a reflector
positive ion mode on a 4800 Plus MALDI TOF/TOF TM analyzer
(Applied Biosystems, USA) with the Nd-YAG laser at 355nm and an
acceleration voltage of 20 kV [35]. The MALDI-TOF mass spectrometer
used a ground-steel sample target plate with 384 spots. 20 mgmL ™!
DHB (in 50% ACN/water containing 1% H3PO, solution, v/v) was used
as the matrix for the analysis of peptides by MALDI-TOF MS. Sample
aliquots (0.5pL) were placed on the MALDI plate and dried at room
temperature. After adding DHB matrix (0.5 uL), the sample spots were
dried under vacuum prior to TOF-MS analysis.
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Fig. 1. TEM images of Fe304 (A) and Fe304/GO (B), HRTEM images (C) and SAED pattern (D) of Fe;0, nanoparticles. The inset image shows size distribution of

Fe304 nanoparticles.

The obtained mass spectrometry raw data were processed via
ProteinPilot 4.0 software (AB SCIEX) with the Paragon search mode.
Trypsin was set as the specific proteolytic enzyme and a maximum of
two missed cleavages were allowed for the analysis. Phosphorylation
modification emphasis was selected as a search parameter. The pre-
cursor tolerance was set to 1.5Da. Proteins were identified using
MASCOT search engine (database: SwissProt; digested used: trypsin;
maximum of missed cleavages: 1; mass tolerance: + 50 ppm).

3. Results and discussion
3.1. Synthesis and characterization of Fe304/GO affinity probe

Herein, we conducted a simple and high yield organic molecule-
assisted method to synthesize Fe;0,4 nanoparticles. That is, FeCl,, used
as the source of ferrous ion, was mixed with 2-MIM in water to obtain
black Fe304. The possible formation mechanism of Fe;0, is elucidated
in supplementary material. Afterwards, Fe;04 nanoparticles were as-
sembled onto GO surface by mixing GO and Fe30,4 solutions with ul-
trasound-assistant method to obtain Fe304/GO affinity probe materials.

Fig. 1 shows the TEM images of Fe;04 nanoparticles and Fe304/GO
nanocomposites. The mean grain size of approximately spherical-
shaped Fe;O, nanocrystals was nearly 15 nm (see Fig. 1A, inset). The
satisfactory shape and size of the nanostructure profited from the as-
sistance of organic 2-MIM in preparation process. Then, the surface-
bound nanocomposites Fe304/GO were formed by ultra-distributed
Fe30,4 nanoparticles on GO sheets (Fig. 1B), which is attributed to many
oxygenated functional groups, such as epoxy, hydroxyl and carboxyl on
the surface of GO sheets [40]. Fe304/GO still retained well the 2D
nanostructure of GO sheets. Moreover, the fringe spacing of 0.235 nm
and 0.242nm (Fig. 1C) observed from HRTEM image matched the d
(220) and d(440) planes of Fe;O4 nanoparticles. Moreover, the poly-
crystalline of Fe;0,4 crystal was confirmed in the selected area electron
diffraction (SAED) pattern (Fig. 1D).

In addition, the phase of as-prepared Fe;O, nanoparticles was at-
tributed to Fe;O4 on account of their Raman shifts at around 305, 528
and 663 cm ! (Fig. S2) [32,50]. The phase composition and the crys-
tallite size of Fe304 nanoparticles and Fe;04/GO nanocomposites were
determined by XRD spectra in Fig. S3. The planes (111), (220), (311),
(400), (422), (511) and (440) of Fe304 and Fe30,/GO overlapped the

standard XRD data card of Fe;O, crystal [29] which indicated that the
high crystalline state of Fe;0,4 retained in the synthesized Fe304/GO
probe. The functional groups of the Fe;04 nanoparticles and Fe;04/GO
composites were studied using FT-IR spectra (Fig. S4). The broad peak
at 3409 cm ™! was attributed to surface hydroxyl group. The peaks at
1730cm ™! and 1560 cm ™! corresponded to the C=O stretching vi-
bration and O-H bending of carbonyl COO~ group. The peak at
1190 cm ! represented epoxy C-O symmetric vibration of GO sheets.
The peak at 567 cm ™', which was ascribed to Fe-O stretching vibra-
tion, indicated that Fe3O4 nanoparticles were successfully anchored
onto the GO sheets. However, the strength of Fe-O stretching peak
decreased for Fe30,/GO affinity probe owing to the effect of non-
magnetization component GO.

The magnetic hysteresis loops of Fe30,4 nanoparticles and Fe30,/GO
composites are displayed in Fig. S5, indicating that both of the mate-
rials manifested typical superparamagnetic property. The saturation
magnetization of Fe;0,/GO nanocomposites (25.0 emu g~ ') was lower
than that of Fe;04 nanoparticles (77.6 emu g~ 1) mainly due to the
presence of non-magnetic GO sheets. The superparamagnetic perfor-
mance suggested that Fe;0,/GO affinity probe can be rapidly isolated
by a magnet. Meanwhile, Fe30,/GO can be dispersed again into solu-
tion after removing the magnetic field. In order to estimate the porous
structure and surface area of Fe30,/GO composites, N, adsorption-
desorption isotherms were drawn as shown in Fig. S6. The BET surface
area of the Fe;0,4/GO was calculated 96.05 m? g~ '. Obviously, Fe304/
GO nanocomposites possessed much higher specific surface area than
Fe30,4 nanoparticles (51.44m? g~ ') owing to the GO sheets involved.
The contact angle values of the prepared Fe;O, nanoparticles and
Fe30,4/GO nanocomposites were measured to be 53.2° and 33.8°, re-
spectively (Fig. S7). Such results indicated that Fe;O, nanoparticles
were relatively hydrophilic. Moreover, the hydrophilicity was sub-
stantially improved after FesO, nanoparticles were anchored on GO
sheets.

3.2. Feasibility evaluation of Fe304,GO probe in enrichment of low-
abundance peptides

BSA tryptic digest (10nM) was employed as a model sample
(Fig. 2). Only four peptides were observed by direct analysis (Fig. 2A).
After capture and isolation with the Fe304,GO probe, 17 peptides were



J.-y. Li, et al.

Z

Intensity (%)

Z

Intensity (%)

C

p—a

Intensity (%)

=

Intensity (%)

v
~

Intensity (%)

Talanta 208 (2020) 120437

100 144.6
1 e
804 |&
- ,\o\
o4 ¥ .
4 (}\1 b
= o
404 ¢ = =
4 — g
20 T z
OP-' 1 ..Y a
T T T T " T T W
1000 1500 2000 2500 3000 3500
m/z
100 8897.1
1 [«
804 S
m O\m
60 - I Qpa @
IREEERE:
04ea] K L-ds 3 58 S
oo 3*@ o Y 2~ <
=1 = =l e 2 =
0ol
0 -n ' Iv| I 11 I Y
T ¥ T T L T T L
1000 1500 2000 2500 3000 3500
m/z
y
1004 Y Yo 3 2848.0
1 |¢ g 8
804 |2 2ls <
] 13N 1\8 Q
60 - 22 I 5
1 | § 882 Y B
s = |
07 14 §§VT { g
20 4 E l
" IL[ IL Y 1 § l
0_
T J T T T I L
1000 1500 2000 2500 3000 3500
m/z
100 o | 2056.4
& o
(=)} Nel
3 L
- &
N
@
v

T
1500

T
2000

T
2500

T
3000

m/z
1004 2Y Q 7973.0
2 3
18 v3
80—_ Sr —
60 g -
4 — (\ «
40 v L 8 9
e =N D
v £
_ v Vv
0L [
T L T 4 T
1000 2000 3000
m/z

1
3500
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Table 1
The search results of 10nM BSA digests before and after enrichment with
Fe304/GO nanocomposites.

Position  Calc. m/z Peptide sequences pl GRAVY  Before After
562-568 818.3 ATEEQLK 4.53 —-1.36 +
242-248 847.4 LSQKFPK 10.00 -1.01 +
249-256 922.4 AEFVEVTK 4.53 0.18 + +
161-167 927.5 YLYEIAR 6.00 —-0.07 + +
37-44 974.4 DLGEEHFK 4.65 -1.10 +
549-557 1014.6 QTALVELLK 6.00 0.64 +
588-597 1050.4 EACFAVEGPK 4.53 0.02 +
548-557 1142.7 KQTALVELLK 8.59 0.19 +
66-75 1163.6 LVNELTEFAK 4.53 0.13 + +
25-34 1193.5 DTHKSEIAHR 6.92 -1.70 +
35-44 1249.6 FKDLGEEHFK 5.45 -1.25 +
402-412 1305.7 HLVDEPQNLIK 5.32 —-0.58 +
360-371 1439.7 RHPEYAVSVLLR 8.75 -0.13 +
421-433  1479.7 LGEYGFQNALIVR 6.00 0.29 + +
437-451 1567.6 DAFLGSFLYEYSR 4.37 -0.09 +
413-427 1639.9 KVPQVSTPTLVEVSR 8.75 —0.067 +
168-183 2044.9 RHPYFYAPELLYYANK 8.39 —-0.812 +
Match 4 17
Coverage N.D. 26%

measured by MS detection with the sequence coverage of 26% (Fig. 2B).
Table 1 lists the corresponding peptide sequences of these ions. It is
worthwhile to note that the grand average of hydropathy (GRAVY)
value of 12 peptides among all 17 peptides is negative, which implies
that these peptides are hydrophilic. This is mostly due to synergic ac-
tion including hydrophilic interaction, hydrogen-bond interaction and
electrostatic interaction between low-abundance peptides and graphene
oxides. In brief, the above results showed the advantage of the as-pre-
pared Fe30,4/GO probe in enrichment of low-abundance peptides. As a
comparison, after treatment with Fe;O4 nanoparticles (Fig. 2C) and
ZipTipC18 (Fig. 2D), only 10 and 8 peptides were detected from the
BSA tryptic digest respectively, indicating that the novel Fe;04/GO
affinity probe possesses a universality towards low-abundance peptides.

A standard peptide, angiotensin II was chosen as a model sample
(Fig. S7). Before enrichment, angiotensin II (5nM) was barely detect-
able with low signal-to-noise (S/N) ratio less than 20 (Fig. S8A). After
capture by Fe;04/GO affinity probe, the peak intensity raised sharply
with the S/N ratio of 623.98 (Fig. S8B), and the enrichment factor was
more than 30, indicating that Fe30,4/GO probe has a high efficiency of
enrichment in peptide analysis. Contrastively, after treatment with
commercial ZipTipC18 pipette tip (Fig. S8C), the S/N ratio merely in-
creased to 39.93 with enrichment factor of around 2. Thus, the results
indicated that the novel Fe;04/GO affinity probe possesses high effi-
ciency for low-abundance peptides.

Furthermore, Fe;0,4/GO affinity probe was in an attempt to enrich
and isolate peptides from human urine. Only two peaks with the poor
MS signals were detectable due to the low concentration in diluted
urine sample by direct detection (Fig. S9A). Then, several peaks of urine
peptides with proper intensity and S/N ratio of MS signal were observed
through a rapid enrichment process (Fig. S9B). In a few work, the
procedures of enriching low-abundance peptides by prepared nano-
composite were unaffected by the negative effect and other con-
taminants existing in complex urea sample. These characters exposited
the applicability of Fe304/GO probe in capture of low-abundance
peptides from real biological samples.

3.3. Feasibility evaluation of Fe30,/GO affinity probe in capture of
phosphopeptides

To obtain the best performance of phosphopeptides enrichment for
MALDI-TOF MS detection, tryptic digests of a-/B-casein (10 pmol,
molar ratio 1:1) were exploited as models, and A-T solutions with dif-
ferent TFA and ACN concentrations were optimized as loading buffer.

Talanta 208 (2020) 120437

In general, acidity of the loading buffer is a key factor for selectively
trapping peptides. As is well known to all, protonation of acidic residues
will happen at low pH, and decrease the nonspecific bonding with
acidic peptides. Nevertheless, a high TFA concentration will weaken
effectiveness in capture of phosphopeptides due to the destruction of
the nature of Fe;0,4 decorated on GO sheet.

The influence of TFA on the enrichment of phosphopeptides was
cheked at different concentrations (0.1%, 0.5%, 1.0%, 2.0% and 6.0%,
respectively). As shown in Fig. S10, with the increment of TFA con-
centration in loading buffer, the signals of high abundant non-phos-
phopeptides in MS strongly declined, indicating TFA would facilitate
the Fe30,4/GO affinity to capture and isolate phosphopeptides. How-
ever, when the concentration of TFA is up to 6.0%, both number and
intensity of phosphopeptides in MS decreased. After all, 2.0% TFA was
the optimum acidity of loading buffer. Besides, it is essential to select
appropriate concentrations of ACN in A-T solution due to the reduction
of hydrophobic interaction between affinity probe and non-phospho-
peptides. Thus, we optimized ACN proportions for enrichment of
phosphopeptides (Fig. S11). Compared Fig. S11B with S11A, the in-
tensity of MS peaks at 50% ACN concentration was higher than that at
30% ACN, indicating that the peak intensity of phosphopeptides will
raise with increasing ACN concentration. Nevertheless, when ACN at
high proportions of 70% and 90%, the peaks of non-phosphopeptides,
at m/z 1383.7 and m/z 1760.8 dominated the MS spectra (Figs. S11C
and D). Thus, 50% ACN concentration was optimum proportion for the
loading buffer. In short, the optimum A-T solution was chosen with
2.0% TFA in 50% ACN loading buffer for efficiently capturing phos-
phopeptides.

To assess the enrichment efficiency of Fe30,4/GO probe for isolation
and capture of phosphopeptides under the optimal A-T solution, a-/f3-
casein (10 pmol each) tryptic digests were employed as model samples.
As shown in Fig. 3A, only 2 phosphopeptides with low MS intensity
were detected and non-phosphopeptides were sovereign before en-
richment (Fig. 3A). After extraction with Fe304/GO affinity probe
(Fig. 3B), 20 phosphopeptides with strong MS intensity were expected
exclusive of the interference of non-phosphopeptides. This is because of
selective affinity on ground of Lewis acid-base interaction between
phosphate groups of phosphopeptides and Fe3O, in Fe30,/GO nano-
composites. We further identified them through the characteristic
fragment ions of mass loss of 80 Da (marked with “#“). Table S1 lists
corresponding peptide sequences of these ions. In addition, Fe304 na-
noparticles was also used for enrichment experiment. The mass spec-
trum in Fig. 3C indicated that poor effect on trapping phosphopeptides
was presumably due to the aggregation of Fe;O4 nanoparticles. Com-
mercial TiO, were used for capture of phosphopeptides (under the
optimum extraction condition from Figs. S12 and 13), and the effi-
ciency of enriching phosphopeptides by TiO, was inferior to Fe;0,/GO
affinity probe.

To further test the sensitivity, selectivity and recyclability of Fe;0,/
GO probe for capture of phosphopeptides, several experiments were
carried out as follows. Firstly, the different concentrations of a-/f3-
casein tryptic digests were mixed with Fe;0,/GO affinity probe to
capture phosphopeptides (Fig. S14). One phosphopeptide could still be
clearly observed even under 2.5 fmol of tryptic digests of a-/B-casein.
Then, different amounts of BSA digest were added to tryptic digests of
a/B-casein solution. As shown in Figs. S15A1, Bl and C1, with the
increase of interfering substance BSA digest added, the signals of non-
phosphopeptides dramatically raised and phosphopeptides were sup-
pressed before enrichment. After capturing phosphopeptides by Fe304/
GO probe at the mixture sample of protein digests, several phospho-
peptides were detected preventing the influence of non-phosphopep-
tides (Figs. S15A2 and B2). When BAS digest was at the concentrations
100 folds that of a-/B-casein digests, seven phosphopeptides peaks
were still observed, although the non-phosphopeptides peaks domi-
nated the mass spectrum owing to the GO sheets part of the affinity
probe (Fig. S15C3). Moreover, Fe;04/GO affinity probe was recycled
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Fig. 3. Mass spectra of phosphopeptides from the trypsin digest of a-/B-casein (10 pmol, v/v = 1 : 1) treated with different materials: A. Before treatment; B. Fe;04/

GO; C. Fe304; D. TiO,. “*” represents phosphpeptides or the corresponding doubly charged ions peaks; “#” represents the dephosphorylate fragments of phos-
phopeptides. The number in the upper right corner represents the strongest peak intensity.

for enrichment of phosphopeptides by washing with the A-T solution
three times. As shown in Fig. S16, even after being regenerated for five
times, the Fe;0,4/GO affinity probe can still capture phosphopeptides

effectively, and there was no obvious attenuation of peak intensity in
MS spectra. On all accounts, the results manifested the high sensitivity,
robust specificity as well as excellent reusability of the Fe3;04/GO
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nanocomposites towards phosphopeptides.

To further estimate the performance of Fe30,4/GO affinity probe in
practical application, nonfat milk was explored as a real sample for
isolation of phosphopeptides. As shown in Fig. S17A, only four phos-
phopeptides with low peaks intensity were observable in the direct
analysis. In contrast, after treated with Fe;0,/GO affinity probe, 15
phosphopeptides with high MS intensity can be easily observed free
from interference of non-phosphopeptides (Fig. S17B). Table S2 lists the
identified phosphopeptides enriched by Fe304/GO probe in the amino
acid sequence pattern. These results illustrated the excellent applic-
ability of Fe30,4/GO for phosphopeptides enrichment.

3.4. Simultaneous enrichment of the two kinds of target peptides in human
serum

The analysis of endogenous peptides in human serum is significant
for potential application of biological and pathological elucidation.
However, it is still a challenge to detect endogenous peptides in serum
by direct MS detection due to the highly dynamic nature, complexity as
well as low peptide levels. Therefore, we applied the Fe30,/GO affinity
probe to capture low-abundance peptides and phosphopeptides stage by
stage from serum sample before individual MS detection. Because of
serious interference from the salts and other impurities as well as low
peptide levels in serum, no peptides were identified before treatment of
Fe304/GO probe (Fig. 4A). In contrast, after capture by Fe304/GO af-
finity probe, a large amount of endogenous peptides with strong MS
peak intensity and S/N ratio appeared in MS spectrum (Fig. 4B) in the
first elution step, which manifested good effect on trapping low-abun-
dance peptides by Fe30,4/GO probe from real serum sample. More im-
portantly, after second elution by 10 wt% ammonia, four phospho-
peptides identified from serum were detectable, eliminating other
influence of impurity and salts (Fig. 4C, Table S3). Meanwhile, Zip-
TipC18 pipette tips and TiO, nanoparticles were chosen for enrichment
of the target peptides (low-abundance peptides and phosphopeptides,
respectively) from human serum through the same extraction process
(Fig. 4D and E). Obviously, these mono-functional commercial mate-
rials hardly execute multi-target enrichment. Moreover, the capability
and efficiency of Fe304/GO affinity probe are superior to these two
affinity probes for trapping the correspongding peptides. Overall, the
Fe304/GO nanocomposites can efficiently extract these two kinds of
target endogenous peptides step-by-step from real biological samples in
individual MS detection.

3.5. Comparison with other bifunctional affinity materials

Detailed comparisons of the Fe30,4/GO affinity probe fabricated on
the Fe304 nanoparticles that are synthesized by FeCl, and 2-MIM in
aqueous solution with previously reported bifunctional affinity probes
are shown in Table 2 in terms of amount of materials, separation mode,
number of enriched peptides in BSA, limit of detection and enrichment
selectivity for phosphopeptides, and application (tryptic digests). It is
concluded that our Fe30,/GO nanocomposites have comparable en-
richment effects with these existing materials. In contrast to non-mag-
netic nanomaterials, magnetic separation endowed the enrichment
process with a more convenient and rapid operation. This is likely be-
cause as-prepared Fe;O,4 nanocrystals by facile organic molecule-as-
sisted method are more uniform and anti-aggregative.

4. Conclusions

Fe;04 nanocrystals were synthesized successfully by organic mole-
cule-assisted method, mixing FeCl, and 2-methylimidazole (2-MIM)
without any additives in aqueous solution. Meanwhile, a possible
growth mechanism of the Fe;O4 nanostructure was proposed. The
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Table 2

Comparison of enrichment performance of the prepared Fe;04/GO nanocomposites in this work with other bifunctional materials for low-abundance peptides and/or phosphopeptides.

Ref.

Application (Tryptic digests)

Selectivity (X: Y: Z)°

LODs (M)”

Separation mode” BSA digests

Amount (ug)

Typical materials

[37]
[38]
[39]
[51]

BSA; B-Casein; Human serum

0:1:25
0:1: 500
0:1:50
0:1:100
1:1:100
1:1:100

4x1071°
1x10°°
1x107°

NM

36 peptides
23 peptides
16 peptides
13 peptides
17 peptides
17 peptides

CS

400
400
350

300

r-GO-SnO,

BSA; B-Casein; Human serum

Cs

Ce0,//Si0,-Cg Janus fiber

BSA; B-Casein; Human urine; Human serum

BSA; a-Casein; Human serum;

MS

Fe30,4/G/LaPO,4 (LaGM)

Ti-MMSS

MS

[52]

BSA; a/f-Casein; Nonfat milk; Human saliva; Human serum; A549 cell lysate
BSA; Angiotensin II, a/p-Casein; Human urine; Nonfat milk; Human serum

2x1071°

MS

100

CuFeMnO, NSAP
Fe30,4/GO

This work

2.5 x 10711

MS

100

2 CS: Centrifugal separation; MS: Magnetic separation; NM: Not mentioned.

> LODs: Limits of detection for phosphopeptides.

¢ X: a-Casein; Y: B-Casein; Z: BSA.
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amino group of 2-MIM is able to provide enough OH™ ions to induce
the hydrolysis of Fe2™ forming Fe(OH), precipitates. At the same time,
O, in the air oxidizes the partial fresh Fe(OH), to Fe304 nanocrystals. In
addition, the amine with negative charge can combine Fe?* ions by
electrostatic interaction, and its negative charges make the as-prepared
Fe304 nanoparticles more uniform via electrostatic repulsion. Then,
Fe30,4/GO probe materials were prepared by simple ultrasonic assisted
method for sequential enrichment of low-abundance peptides and
phosphopeptides in real biological sample. Thanks to the allied merit of
hydrophilicity of GO sheets and the strong affinity as well as super-
paramagnetism of Fe3O4 nanoparticles, the multifunctional Fe;04/GO
probe displayed rapidly, selectively and sensitively towards target
peptide enrichment in human serum, which performed better than TiO»
and ZipTipCl8 pipette tips. This is a new analytical application of
Fe304/GO nanocomposites to low-abundance peptides including phos-
phopeptides. The findings introduce a new thought of designing and
building a binary probe for isolating various peptides from real complex
biological samples.
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