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ABSTRACT: Designed with a two-in-one strategy, the magnetic
mesoporous y-Fe,O; nanocrystal clusters (m-y-Fe,O;) have been
successfully prepared for integrating the functions of effective
enrichment and quick separation of phosphopeptides into a single
architecture. First, the mesoporous Fe;O, nanocrystal clusters
(mFe;0,) were synthesized by solvothermal reaction and then were
subjected to calcination in air to form m-y-Fe,O;. The obtained m-y-
Fe,O; have spherical morphology with uniform particle size of about
200 nm and mesoporous structure with the pore diameter of about 9.7
nm; the surface area is as large as 117.8 m?/ g, and the pore volume is
0.34 cm®/g. The m-y-Fe,0; possessed very high magnetic responsive-
ness (Ms = 78.8 emu/g, magnetic separation time from solution is less
than S s) and were used for the selective enrichment of
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phosphopeptides for the first time. The experimental results demonstrated that the m-y-Fe,O; possessed high selectivity for
phosphopeptides at a low molar ratio of phosphopeptides/nonphosphopeptides (1:100), high sensitivity (the detection limit was
at the fmol level), high enrichment recovery (as high as 89.4%), and excellent speed (the enrichment can be completed in 10
min). Moreover, this material is also quite effective for enrichment of phosphopeptides from the real sample (drinking milk),

showing great potential in the practical application.
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1. INTRODUCTION

Protein reversible phosphorylation is recognized as one of the
most biologically relevant post-translational modifications,
regulating many essential functions such as cell growth,
division, and signal transduction."” Currently, mass spectrom-
etry (MS) has been demonstrated to be a powerful tool for the
analysis of protein phosphorylation; however, even with the
rapid development of new instruments, MS analysis of protein
phosphorylation is still a challenge due to its highly dynamic
nature, low stoichiometry, and the ion suppression effect caused
by the abundant coexistence of nonphosphopeptides. Thus, the
enrichment of the phosphoproteins/peptides prior to MS
analysis is an essential step.

Among the different enrichment strategies, immobilized
metal affinity chromatography (IMAC) is the most widely used
one. IMAC requires the immobilization of metal ions, such as
Fe*, Ga**, Zr*, and Ti*37° Recently, metal oxide affinity
chromatography (MOAC) based phosphopeptide enrichment
methods, including TiO,” and ZrO,® have grown rapidly
because of the high recovery and selectivity. Magnetic
nanoparticles have been the focus of intense research, especially
in the fields of biological applications.” "' Magnetic composite
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microspheres, merging the fundamentals of IMAC and MOAC
with magnetic separation, have been applied for the
phosphopeptides enrichment. Magnetic nanoparticles are
immobilized with metal ions>™'* as well as coated with
metal oxide.">'® Meanwhile, mesoporous metal oxides
(TiO,,'** Zr0,,"® HfO,°) have also been developed to
provide higher purification efficiency and higher loading
capacity due to the large surface areas, together with many
active surface sites. In the previous studies, magnetic iron oxide
materials were mainly used as the magnetic cores to accelerate
the separation; few reports have focused on the phosphopep-
tides enrichment using bare magnetic iron oxides.”"**
Mesoporous a-Fe,O; microspheres were first used for the
enrichment of phosphopeptides because of their high surface
area and the affinity for the phosphopeptides.”® However, these
mesoporous a-Fe,O; microspheres could not be separated by
magnet, and the centrifugation is indispensable for separation.
As a result, mesoporous ferric oxides with high saturation
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magnetization are promising substrates for the fast and efficient
enrichment of phosphopeptides. However, it is difficult to
synthesize magnetic mesoporous ferric oxides, because it is hard
to control the hydrolysis and condensation of ferric precursors.
To date, mesoporous Fe,O; particles were synthesized mainly
through soft templating methods>*™® or hard templating
methods,”” >’ but the process is complicated and the template
is relatively difficult to remove. Hence, developing a simple
method for preparing magnetic y-Fe,O; with a mesoporous
nature is urgently needed.

One facile method for phosphopeptide enrichment is to coat
a porous shell onto the magnetic core for specific interaction
with phosphopeptides, but the coating will reduce the magnetic
responsiveness and a multistep synthetic route is usually
needed. Herein, we present a novel and facile two-in-one
strategy to fabricate magnetic mesoporous y-Fe,O; nanocrystal
clusters (m-y-Fe,0;) for selective enrichment of phosphopep-
tides for the first time. The well designed magnetic m-y-Fe,O;
possess the following features: (1) An excellent magnetic
response of m-y-Fe,O; allows the rapid magnetic separation
(less than S s), compared with magnetic composite micro-
spheres which have to coat a nonmagnetic layer on the surface
of magnetic core; (2) The m-y-Fe,0; have a large surface area
due to the mesopores throughout the magnetic nanocrystal
clusters, ensuring the high enrichment capacity of phosphopep-
tides; (3) The fabrication procedure is quite facile, and the
enrichment of phosphopeptides can be completed in a short
time (within 10 min); (4) The magnetic m-y-Fe,O; is, for the
first time, applied to enrichment of phosphopeptides from
complex peptide mixtures as well as milk, showing high
selectivity and sensitivity, demonstrating their potential for
practical application.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Iron(IlI) chloride hexahydrate
(FeCly-6H,0), ammonium acetate (NH,OAc), ethylene glycol (EG)
and anhydrous ethanol were purchased from Shanghai Chemical
Reagents Company (China) and used as received. Poly(y-glutamic
acid) (PGA) was purchased from Dingshunyin Biotechnology
Company (China) and used as received. f-Casein (98%), bovine
serum albumin (BSA, 95%), 2,5-dihydroxybenzoic acid (2,5-DHB,
98%), ammonium bicarbonate (ABC, 99.5%), and trypsin (from
bovine pancreas, TPCK treated) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Acetonitrile (ACN, 99.9%) and trifluoroacetic
acid (TFA, 99.8%) were purchased from Merck (Darmstadt,
Germany). Phosphoric acid (85%) and ammonium hydroxide solution
(25—28%) were purchased from Shanghai Feida Chemical Reagents
Ltd. (Shanghai, China). Drinking milk was purchased from a local
grocery store. All these reagents were used as received without further
purification. Deionized water (18.4 MQ cm) used for all experiments
was obtained from a Milli-Q system (Millipore, Bedford, MA).

2.2. Preparation of Magnetic Mesoporous Fe;0, Stabilized
by PGA. Magnetic mesoporous Fe;O, colloidal nanocrystal clusters
(mFe;0,) were prepared by a modified solvothermal reaction.>**'
Typically, 1.350 g of FeCl;-6H,0, 3.854 g of NH,OAc, and 1.0 g of
PGA were dissolved in 70 mL of ethylene glycol. The mixture was
stirred vigorously for 1 h at 160 °C to form a homogeneous black
solution and then transferred into a Teflon-lined stainless-steel
autoclave. The autoclave was heated at 200 °C and maintained for
16 h. Then, it was cooled to room temperature. The resulting mFe;O,
were washed several times with ethanol and finally redispersed in
ethanol for subsequent use. The mFe;O, were about 200 nm in
diameter.

2.3. Preparation of Magnetic Mesoporous 7y-Fe,0; by
Calcination. Twenty milligrams of mFe;O, was dispersed in 2 mL
of ethanol in the combustion boat and then dried for 30 min in the
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vacuum drying oven until a layer of membrane formed. After that, the
boat was put into the muffle furnace, heated slowly to 300 or 500 °C,
and calcined for 2 h. Then, it was cooled to room temperature. The
resulting mesoporous y-Fe,0; nanocrystal clusters (m-y-Fe,O;) were
washed several times with water and ethanol and then redispersed in
ethanol for subsequent use.

2.4. Enrichment of Phosphopeptides Using Mesoporous y-
Fe,0;. 2.4.1. Tryptic Digests of Standard Proteins. -Casein (1 mg)
and BSA (1 mg) were each dissolved in 1 mL of ammonium
bicarbonate (25 mM, pH 8.0) and denatured by boiling for 10 min.
Protein solutions were then incubated with trypsin with a 1:40
enzyme-to-protein ratio (w/w) for 12 h at 37 °C to produce
proteolytic digests, respectively. The tryptic peptide mixtures were
stored at —20 °C until further use.

2.4.2. Tryptic Digests of Proteins Extracted from Drinking Milk.
Thirty microliters of drinking milk was diluted in ABC (25 mM, 900
uL). This solution was then centrifuged at 16 000 rpm for 15 min, and
the supernatant was collected and used for tryptic digestion. After
denaturation by boiling for 10 min, the supernatant was incubated with
30 ug of trypsin overnight at 37 °C for proteolysis. The tryptic peptide
mixtures were stored at —20 °C until further use.

2.4.3. Enrichment of Phosphopeptides. The obtained m-y-Fe,O,
were first washed with ethanol for three times and then suspended in
deionized water (20 mg/mL). Tryptic digests of f-casein and BSA or
proteins extracted from drinking milk were dissolved in loading buffer
(50% ACN containing 1% TFA, 100 uL), and then, 100 yg m-y-Fe,O5
were added and incubated at room temperature for 10 min. After that,
m-y-Fe,O; with captured phosphopeptides were separated from the
mixed solutions using an external magnet. After washing with loading
buffer (200 yL) to remove the nonspecifically adsorbed peptides, the
trapped phosphopeptides were directly eluted with 5 uL of matrix
solution (20 mg/mL DHB in 50% ACN containing 1% H;PO,) and 1
uL of mixture was deposited onto the MALDI target for further MS
analysis.

2.4.4. MALDI Mass Spectrometry. MALDI-TOF mass spectrometry
analysis was performed in positive reflection mode on a 5800
Proteomic Analyzer (Applied Biosystems, Framingham, MA, USA)
with a Nd:YAG laser at 355 nm, a repetition rate of 200 Hz, and an
acceleration voltage of 20 kV. The range of laser energy was optimized
assuring that the absolute intensity of the observed standard peptides
was in the range of 12 000—15 000, signal-to-noise ratio (S/N) was
over 30, and the laser energy was kept at a constant value for further
analysis. External mass calibration was performed using standard
peptides from myoglobin digests.

2.5. Characterization. High-resolution transmission electron
microscopy (HR-TEM) images were taken on a JEM-2100F
transmission electron microscope at an accelerating voltage of 200
kV. Samples dispersed at an appropriate concentration were cast onto
a carbon-coated copper grid. Field-emission scanning electron
microscopy (FE-SEM) was performed on a Hitachi 5-4800 scanning
electron microscope at an accelerating voltage of 20 kV. Sample
dispersed at an appropriate concentration was cast onto a glass sheet at
room temperature and sputter-coated with gold. Powder X-ray
diffraction (PXRD) was performed on a Panalytical XPert Pro
diffraction meter. X-ray photoelectron spectroscopy (XPS) was
conducted using an RBD upgraded PHI-S000C (Perkin-Elmer,
USA) ESCA system with Mg Ka radiation (hv = 1253.6 eV) at 250
W and 14.0 kV with a detection angle at 54°. Raman spectra were
recorded on a Renishaw spectrometer (model Invia Reflex) with 632.8
nm laser excitation. The data acquisition time was 10 s, and the peak
intensities of the samples were normalized with respect to that of the
silicon wafer at 520 cm™'. Nitrogen adsorption—desorption measure-
ments were performed on an ASAP2020 (Micromeritics, USA)
accelerated surface area analyzer at 77 K. Before measuring, the
samples were degassed in a vacuum at 120 °C for at least 6 h. Magnetic
characterization was carried out on a VSM on a Model 6000 physical
property measurement system (Quantum, USA) at 300 K. Hydro-
dynamic diameter (Dh) measurements were conducted by dynamic
light scattering (DLS) with a ZEN3600 (Malvern, UK) Nano ZS
instrument using He—Ne laser at a wavelength of 632.8 nm.
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Thermogravimetric analysis (TGA) measurements were performed on
a Pyris 1 TGA instrument. All the measurements were taken under a
constant flow of nitrogen of 40 mL/min. The temperature was first
increased from room temperature to 100 °C and held until constant
weight and then increased from 100 to 600 °C at a rate of 20 °C/min.

3. RESULTS AND DISCUSSION

3.1. Preparation of Magnetic Mesoporous y-Fe,0;.
The procedure for synthesis of the mesoporous y-Fe,O,
nanocrystal clusters (m-y-Fe,0;) was schematically illustrated
in Scheme 1la. Briefly, the mesoporous Fe;O, nanocrystal

Scheme 1. Schematic Illustration of (a) the Synthesis
Strategy of m-y-Fe,O; and (b) the Selective Enrichment
Process for Phosphopeptides Using m-y-Fe,0,
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clusters (mFe;O,) were prepared using a modified solvother-
mal method, in which PGA acted as stabilizer and resulted in
mesopores.”’ Then, the as-prepared mFe;0, were calcined in
air to form m-y-Fe,O; through the oxidation reaction.

The representative TEM image of the mFe;O, (Figure 1a)
reveals that the obtained mFe;O, are structurally loose and
have a spherical shape with a mean diameter of about 200 nm.
The SEM image shown in Figure 1b clearly demonstrates that
the magnetic clusters consist of many small nanocrystals. After
calcination in air at 300 or 500 °C, m-y-Fe,0;-300 (calcinated
at 300 °C) and m-y-Fe,0;-500 (calcinated at 500 °C) are still
composed of many small building nanocrystals, and the
previous shapes are well preserved for m-y-Fe,0;-300 (Figure
1c,d). In addition, the magnetic particles changed from black to
reddish brown after calcination (Figure S2a, Supporting
Information), which indicated the transformation from
mFe;0, to m-y-Fe,O;. For m-y-Fe,03-500, the pores became
larger (Figure le), which may be due to the rearrangement of
nanocrystals. However, when the calcination temperature was
increased to 600 °C, hematite (a-Fe,O;) particles were
produced. Because hematite is the most stable state of iron
oxide, stable hematite will be the end product at high
temperature, but when the calcination temperature is lower, it
tends to become the substable y-Fe,0;>° The hydrodynamic
diameter and size distribution were determined by dynamic
light scattering (DLS). The hydrodynamic diameter (D) of
mFe;0, is about 280 nm (Figure S1b, Supporting Informa-
tion), which is quite close to the size measured by TEM. The
Dy, of m-y-Fe,03-300 and m-y-Fe,0;-500 changed little after
calcination. The polydispersity indexes (PDI) of mFe;O,, m-y-
Fe,0;-300, and m-y-Fe,05-500 are 0.117, 0.155, and 0.218,
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Figure 1. Representative TEM and SEM images of (a, b) mFe;0,, (c,
d) m-y-Fe,0;-300, and (e, f) m-y-Fe,0;-500. The scale bars for (a, c,
e) are 200 nm and for (b, d, f) are S00 nm.

respectively, which indicate that all the particles are nearly
uniform.

The powder X-ray diffraction (PXRD) patterns of the as-
prepared magnetic nanoparticles are shown in Figure 2a. From
these PXRD results, we can determine that the resulted
particles are y-Fe,O; or Fe;O, other than a-Fe,0;, due to the
PXRD pattern of a-Fe,O; being different from Fe;O, or y-
Fe,0; (JCPDS 75-1610 or 25-1402; See Figure S3, Supporting
Information).*® In fact, we cannot distinguish y-Fe,O; from
Fe;O, clearly by PXRD patterns.”® In order to distinguish
them, we further conducted the X-ray photoelectron spectros-
copy (XPS) measurement. All the XPS spectra exhibit the peaks
at 712.1 and 725.4 eV, which are the characteristic peaks of Fe
2ps,, and Fe 2p,, oxidation states (Figure 2b). The curves in
Figure 2b (ii) and (jii) have an additional peak at about 720.5
eV, which is the shakeup satellite geak, corresponding to the
characteristic peak of Fe>* in Fe,0,.%” Besides, the phase of our
materials was also studied by Raman spectroscopy. Raman
shifts at 305, 528, and 663 cm™" are the characteristic peaks of
Fe;0, and at 352, 500, and 701 cm™ are the characteristic
peaks of y-Fe,O; (Figure S4, Supporting Information).** These
results mean that the iron oxide phase has transferred from
Fe;0, to Fe,0; after calcination. Considering all the results of
PXRD, XPS, and Raman spectra, we can conclude that the
phase of the magnetic particles after calcination is y-Fe,Oj;.

The magnetic properties of the particles were determined
using vibrating sample magnetometer (VSM). As revealed in
the hysteresis loops (Figure 3a), the particles show very strong
magnetism at room temperature. For mFe;0,, m-y-Fe,0;-300,
and m-y-Fe,0;-500 particles, the saturation magnetization
(Ms) values are 70.5, 78.8, and 80.5 emu/g, respectively. The
Ms values of m-y-Fe,O; increased compared with mFe;O,,
revealing the elimination of PGA during the calcination. With
such strong magnetism, the magnetic particles can easily be
separated from the mixture solution within 5 s using a magnet
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Figure 2. (a) PXRD patterns and (b) XPS spectra of (i) mFe;0,, (i)
m-y-Fe,0;-300, and (iii) m-y-Fe,0;-500.

(Figure S2, Supporting Information). This excellent magnetic
responsiveness will contribute greatly to rapid and high
throughput enrichment and separation of phosphopeptides.
The amount of PGA stabilizer in mFe;O, was characterized
through thermogravimetric analysis (TGA). The TGA curves of
mFe;0, m-y-Fe,0;-300, and m-y-Fe,0;-500 were shown in
Figure 3b. The weight loss of (i) mFe;O, is mainly attributed to
the amount of PGA, which is finely agreeable with the result
gained from VSM. During calcination in air, mFe;O, should
gain some weight (about 3%) because of the oxidation of Fe*".
However, the stabilizer PGA in mFe;O, causes a weight loss of
about 12%, so the total weight loss was about 9%. For (ii) m-y-
Fe,05-300 and (iii) m-y-Fe,05-500, there was no weight loss
mainly because of the elimination of PGA during the
calcination in air. Meanwhile, the component of the material
was also proven to be Fe,O3, as Fe;O, would show a weight
increase due to the oxidation in air.

The mesoporous structure was further characterized by N,
adsorption/desorption isotherms. The adsorption/desorption
isotherms (Figure 4) and the Barrett—Joyner—Halenda (BJH)
pore size distribution from the desorption branch (inset in
Figure 4) indicate the formation of mesoporous structure
among the nanocrystals. The Brunauer—Emmett—Teller
(BET) surface area, average pore diameter, and total pore
volume are calculated and summarized in Table 1. The
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Figure 4. Nitrogen adsorption—desorption isotherms and BJH pore-

size distribution curves (inset) for (i) mFe;0, and (ii) m-y-Fe,05-300.

Table 1. Porous Characteristics of the As-Prepared mFe;0,,
m-y-Fe,0;-300, and m-y-Fe,0;-500

surface area pore volume pore size
sample code (m*/g) (em?/g) (nm)
mFe,0, 1732 0.46 9.5
m-y-Fe,05-300 117.8 0.34 9.7
m--Fe,0,-500 489 0.34 25

dx.doi.org/10.1021/am3019806 | ACS Appl. Mater. Interfaces 2013, 5, 614—621



ACS Applied Materials & Interfaces

Research Article

Barrett—Joyner—Halenda (BJH) pore size distribution from the
desorption branch shows a peak centered at the mean value of
9.5 nm (mFe;0,4) and 9.7 nm (m-y-Fe,05-300), respectively,
indicating that the pores mainly arise from the spaces among
the nanocrystallites within the magnetic nanocrystal clusters.
3.2. Enrichment of Phosphopeptides Derived from
Standard Proteins. Considering the appropriate pore
diameter and larger surface area of m-y-Fe,0;-300 compared
with m-y-Fe,05-500, the sample of m-y-Fe,0;-300 was used for
the following experiments. In view of the unique characters of
the synthesized m-y-Fe,0;-300 and the strong interaction of
Fe,O; with the phosphate group, we investigated their
applicability in selective enrichment of phosphopeptides using
the standard phosphoprotein $-casein as the model. Scheme 1b
shows a typical enrichment procedure; 100 ng of f-casein
digests were incubated with m-y-Fe,0;-300 in 100 uL of
loading buffer (consisting of 50% ACN containing 0.1% TFA)
for 10 min. After magnetic separation and thorough washing
with the loading buffer, the m-y-Fe,0;-300 particles with
trapped phosphopeptides were eluted with 5 uL of matrix
solution (20 mg/mL DHB in 50% ACN containing 1%
H,PO,), and 1 uL of this solution was used for MALDI-TOF
MS analysis. For comparison, direct MS analysis of the 20 ng of
p-casein digests was also performed (Figure Sa). Without the
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Figure 5. MALDI mass spectra of the tryptic digests of f-casein (a)
direct analysis and (b) analysis after enrichment using m-y-Fe,0;-300.
“+” indicates phosphopeptides, “#” indicates their dephosphorylated
counterparts, and “@” indicates their doubly charged phosphopeptides,

respectively.

enrichment procedure, the phosphopeptides signals were
severely suppressed by the dominated nonphosphopeptides.
However, after selective enrichment with m-y-Fe,05-300
(Figure Sb), only phosphopeptides signals (listed in Table
1S, Supporting Information) could be distinctly observed (the
corresponding dephosphorylated counterparts and doubly
charged phosphopeptides were likely formed during the
MALDI ionization process) and the nonphosphopeptides
were almost eliminated. Additionally, the enrichment experi-
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ment using mFe;O, precursor was also performed; the
enrichment result (Figure SS, Supporting Information)
indicated that the mFe;O, has poor effect on the enrichment
of phosphopeptides compared with m-y-Fe,03-300, which is
mainly due to the unclear and nonuniform surface of mFe;O,
without calcination.

To further inspect the selectivity of m-y-Fe,0;-300 for the
enrichment of phosphopeptides in the presence of a huge
amount of nonphosphopeptides, a large amount of tryptic
digests of nonphosphorylated protein BSA was added to the
tryptic digests of f-casein (the molar ratio of BSA to f-casein is
100:1) in the loading buffer (consisting of 50% ACN
containing 1% TFA). As shown in Figure 6a, before
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Figure 6. MALDI mass spectra of the tryptic digests mixture of j-
casein and BSA (with a molar ratio of f-casein to BSA of 1:100): (a)
direct analysis and (b) analysis after enrichment using m-y-Fe,05-300.
“+” indicates phosphopeptides, “#” indicates their dephosphorylated
counterparts, and “®” indicates their doubly charged phosphopeptides,
respectively.

enrichment, phosphopeptides were submerged by the high
abundance nonphosphopeptides (from the BSA). However,
after incubation with m-y-Fe,05-300 (Figure 6b), the
phosphopeptides could be easily detected, without the
interference of the nonphosphopeptides. Besides, as a
comparison, commercial TiO, (Titansphere, S ym, GL sciences
Inc.) were also used for phosphopeptide enrichment. The
results were comparable with that of m-y-Fe,O; with a clean
background in the mass spectrum when only f-casein digests
were used as the sample (Figure S6a, Supporting Information).
However, when tryptic digest mixtures of f-casein and BSA
(with a molar ratio of f-casein to BSA of 1:100) were used as
the sample, the efficacy of the enrichment using commercial
TiO, was inferior, with lower phosphopeptide intensities and
nonphosphopeptide peaks dominating the spectrum (Figure
S6b, Supporting Information). Besides, the centrifugation is
needed when commercial TiO, is used for the enrichment
which is time-consuming, while fast separation could be easily
achieved when our magnetic m-y-Fe,03-300 is used. The
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results indicate the high selectivity of m-y-Fe,05-300 toward
phosphopeptides in a short loading time, which benefits from
the pure m-y-Fe,O; without the existence of PGA.

The sensitivity and the postenrichment recovery of m-y-
Fe,0;-300 toward phosphopeptides were also investigated.
Even when the total amount of S-casein was reduced to only 50
fmol (the concentration was S X 107 M), all three
phosphopeptides of f-casein could still be clearly detected
(Figure 7a). The postenrichment recovery was investigated
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Figure 7. MALDI mass spectrum of (a) tryptic digests of f-casein (0.5
nM, 100 pL), after enrichment using m-y-Fe,05-300. “+” indicates
phosphopeptides; S/N means signal-to-noise ratio. (b) Phosphopep-
tide EQDSESpQTLDK (a mixture of unlabeled enriched and an equal
amount of '®0-labeled unenriched, used as a control).

using the '*O labeling method. A certain amount of standard
phosphopeptides (EQDSESpQTLDK) was treated with
immobilized trypsin (homemade) in H,'™0. The natural
catalytic activity of trypsin can exchange both C-terminal
oxygen atoms with an oxygen atom from water. By performing
trypsin digestion in '*O water, both C-termini '°O atoms are
replaced with 80 atoms, which produced a 4 Da mass increase
of the standard peptides. Another certain amount of standard
phosphopeptides were enriched and eluted from m-y-Fe,O;.
Then, a theoretically equal amount of the enriched
phosphopeptides and labeled phosphopeptides (differing by 4
Da) were mixed and measured by MALDI-MS. According to
the relative intensities of the phosphopeptides with different
oxygen isotopes that were obtained from the MALDI mass
spectrum in Figure 7b and using the equation that was
previously reported,®*® the recovery of phosphopeptides from
the m-y-Fe,0;-300 was calculated to be 89.4%.

3.3. Enrichment of Phosphopeptides from Drinking
Milk. The capability of m-y-Fe,03;-300 to selectively trap
phosphopeptides was further evaluated using drinking milk as a
real sample due to drinking milk containing abundant proteins
including phosphoproteins such as a-casein and S-casein. Milk
has been widely used as a real complex samgple for
phosphopeptide enrichment in previous literature.>”** In our
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experiment, the protein concentration of this drinking milk is
about 3%, indicated by the milk producer. Figure 8a shows a

100 (a)
80
£
2 60 -
2
=
= 40+
RS
20 “ * "
0 i I l 1* i
i T T T T
1000 1500 2000 2500 3000 3500
Mass (m/z)
*
100 (b)
* *
80
2
Z 60
3
=Y *
e 40
i * * |#
. iy B A} |
0 . L
1000 1500 2000 2500 3000 3500
Mass (m/z)

Figure 8. MALDI mass spectra of the tryptic digests of the milk (a)

before and (b) after enrichment using m-y-Fe,05-300. “#” indicates
phosphopeptides; “#” indicates the dephosphorylated counterpart.

mass spectrum obtained from direct analysis of 1 uL of tryptic
digests of drinking milk; only three weak phosphopeptide peaks
appeared before enrichment. However, after extracting with m-
7-Fe,0;, more than ten phosphopeptide peaks with relatively
high intensity were clearly observed (Figure 8b). For clarity,
detected phosphopeptides from the tryptic digests of milk are
listed in Table S2, Supporting Information. The results further
indicate the potential application of our material in the
enrichment of phosphopeptides from real samples.

All of the above results have shown the high selectivity and
effectiveness of m-y-Fe,03-300 in the enrichment of
phosphopeptides. The excellent performance is due to the
high porosity and large surface area of the mesoporous Fe,O;
which can provide more binding sites for phosphopeptides
compared with other nanomaterials used for the enrichment of
phosphopeptides.*®*® Compared with the previous reported
mesoporous metal oxides,'”'”** m-y-Fe,O; show higher
selectivity for phosphopeptides at a low molar ratio of
phosphopeptides/nonphosphopeptides (1:100) and lower
detection limit (5 X 107'° M). Moreover, compared with the
previous magnetic composite microspheres, the bare m-y-
Fe,05-300 particles show excellent magnetic responsiveness
without the reduction in the magnetic properties caused by the
thick-coating layer.'®*® Besides, m-y-Fe,O; show similar
detection limits (fmol level) compared with those employing
magnetic particles">'® and much better performance than the
bare magnetic Fe;O, particles.”’ The inherent capability of
convenient enrichment by magnetic separation has an addi-
tional advantage as the long-time and high-speed centrifugation
needed by nonmagnetic materials often lead to nonspecific
entrapment of other peptides.”” The incorporation of the
excellent magnetic property in m-y-Fe,O; facilitates the rapid
and effective enrichment of phosphopeptides.
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4. CONCLUSION

In summary, we have designed and successfully prepared
magnetic mesoporous y-Fe,O; nanocrystal clusters through a
facile method. The well designed m-y-Fe,O; possessed uniform
mesoporous structure as well as high magnetic responsiveness.
Then, the magnetic m-y-Fe,O; particles were applied to rapid
enrichment of phosphopeptides, demonstrating high selectivity,
excellent sensitivity, and sustainable enrichment recovery to
trap phosphopeptides from complex samples within a short
time. The experimental results showed that the magnetic
mesoporous y-Fe,O; nanocrystal clusters with only one
component could integrate different functions, such as high
magnetic responsiveness and many helpful merits on the
enrichment of phosphopeptides. This two-in-one strategy has a
great potential in practical application. Moreover, considering
the easy synthesized processing and low cost, it is convenient to
be commercialized.
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TEM image of a single m-y-Fe,03-300 particle. DLS plots of m
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