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ARTICLE INFO ABSTRACT

Keywords: The spinel-type magnetic manganese ferrite (MnFe,0,4) microspheres synthesized by simple solvothermal
Spinel method were used as a novel adsorbent for selective enrichment and effective isolation of phosphopeptides. The
MnFe,04 MAMSs uniform MnFe,0, magnetic affinity microspheres (MAMSs) had a narrow particle size distribution between 250
Affinity probe . and 260 nm, and displayed superparamagnetism with a saturation magnetization value of 67.0 emu/g.
Phosphopeptides enrichment Comprehensively, the possible formation mechanism of MnFe,O, microspheres with ferric and manganous
sources as dual precursors was elucidated by comparison with those of Fe3O4 nanoparticles and MnOOH
nanosheets respectively with either ferric or manganous source as single precursor. It was suggested that the
spherical or sheet nanostructures could be achieved via secondary recrystallization or Ostwald ripening. The
MnFe»,04 MAMSs probe exhibited excellent dispersibility in aqueous solution, and rapid magnetic separation
within 15 s, as well as good reusability. More importantly, MnFe,O,4 was highly selective for phosphopeptides
because of the strong coordination interaction between metal ions (Fe** and Mn?*) and phosphate groups of
phosphopeptdies. This high specificity was demonstrated by effectively enriching phosphopeptides from digest
mixture of -casein and bovine serum albumin (BSA) with high content of non-phosphopeptides, and embodied
further in phosphopeptides enrichment from non-fat milk digests and human serum. Consequently, the

prepared MnFe,O, affinity materials are expected to possess great potential in phosphoproteome research.

1. Introduction

Spinels with the general chemical formula of AB»,O,4, which are a
common crystal structure, can disorder over A and B sites, resulting in
a normal and an inverse structure [1]. The unit cell contains 32 oxygen
atoms in cubic close packing, 16 octahedral sites (O) and 8 tetrahedral
sites (T) occupied by the A and B cations. In the normal structure,
divalent cations (A) and trivalent cations (B) occupy in T and O sites,
respectively, while in the inverse structure, all divalent and half of the
trivalent B cations fill in the O sites, with the rest of trivalent B cations
in the T sites [2]. Over the past decades, spinels nanomaterials, which
contribute to their diverse properties such as chemical stability,
catalysis and coordination, are important technological materials
because of their widespread applications as information storage,
catalyst, battery materials, sorbents and so on [3—-6]. Magnetic spinel
ferrites (M®Fe,(*Y0,), as a special class of spinel-structured com-
pounds, which integrate magnetic responsivity with metal ionic affinity,
have attracted growing research interest owing to unique magnetic
properties further to expand their application in magnetic resonance
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image (MRI), biomedicine and drug delivery [7-9]. Meanwhile, it is
endowed with them a capability of convenient fast magnetic separation
together with great potential for adsorbing various biomolecules [10].
For manganese ferrite (MnFe,O,), it is found to be a completely
inverted configuration with a low carrier density half-metal in the fully
ordered state [11]. Recently, numerous works have been reported that
MnFe,0, particles are favorable candidates as adsorbent for applica-
tions in wastewater treatment, such as removal of heavy metal ions and
adsorption of dyes [12—16], but few in bioenrichment. Therefore, it is
reasonable to believe that they could have important applications in the
bio-separation field as well due to their potential for superior affinity
towards biomolecules.

Reversible protein phosphorylation is a critical regulatory post-
translational mechanism by which metabolism and most signaling
pathways such as cell growth, differentiation and apoptosis as well as
gene expression in eukaryotes operate [17-20]. Moreover, it is
reported that some diseases (e.g., rheumatoid arthritis, diabetes,
Alzheimer and cancer) are relevant to the abnormal phosphorylation
of proteins, and some phosphorylated biomolecules play key roles in
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medical inspection [21-23]. Nevertheless, mass spectrometry (MS)
detection of phosphoproteins or phosphopeptides, which remains a
major challenge, often suffers from the sub-stoichiometry of phospho-
proteins and the low ionization efficiency of phosphopeptides together
with the signal suppression effect by non-phosphopeptides or proteins.
Hereby, it is a strong requirement to capture and purify phosphopep-
tides before MS analysis. In recent years, significant efforts have been
expended to the development of novel affinity materials that can
rapidly and effectively enrich or isolate phosphopeptides. Especially,
magnetic spinel-type ferrites materials (Fe3O4, y-Fe>Os, NiFe Oy,
7ZnFe, 04, and NiZnFe,0,4), which are the most commonly used affinity
materials, have been explored to trap and identify phosphopeptides
based on their coordination affinity of metal ions with phosphate
moieties of phosphopeptides [10,24,25].

In this study, spinel manganese ferrite magnetic affinity micro-
spheres (MnFe,O4, MAMSs) was synthesized via a simple solvothermal
method. Meanwhile, possible growth mechanisms of the spherical
MnFe,0,4 nanostructure in liquid-phase process was also proposed.
In addition, the affinity probe material was characterized by various
tools as well. Model phosphoprotein -casein tryptic digest was chosen
for proof-of-principle demonstrations. Notably, thanks to these nano-
particles’ intrinsic magnetic properties, high affinity and high specific
surface area, they enabled to rapidly isolate phosphopeptides by an
external magnetic field. We evaluated the enrichment performance of
MnFe»,04 MAMSs and Fe3O, nanoparticles by comparing to their
selective coordination affinity abilities towards phosphopeptides. The
nanoparticles had also been applied for the selective enrichment and
effective isolation of phosphopeptides from synthetic complicated
sample (different mass ratios from tryptic digest of S-casein to BSA)
and practical biosamples (non-fat milk tryptic digest and human
serum). Results showed great potential of MnFe,O, MAMSs as an
affinity probe in phosphopeptidome research due to excellent selectiv-
ity, remarkable reusability, and quite fast magnetic isolation of
phosphopeptides. It is expected that the present work could provide
new insights for the other spinel-type ferrites affinity probes for
extracting and separating phosphopeptides from complicated biosam-
ples in biomedical applications.

2. Experimental
2.1. Chemicals

Bovine f-casein (MW=25 kDa), bovine serum albumin (BSA,
MW=67 kDa), 2,5-dihydroxybenzoic acid (DHB) (puriss, p.a.), p-
nitrophenyl phosphate (pNPP), acetonitrile (ACN) and trifluoroacetic
acid (TFA) of HPLC grade and phosphoric acid (85%) were bought
from Sigma-Aldrich (St. Louis, MO, USA). Sequencing grade modified
trypsin was purchased from Promega (Madison, WI, USA). Ferric
chloride (FeCl3-6H,0), manganous dichloride (MnCl,-4H,0), sodium
acetate (NaAc), ethylene glycol (EG), anhydrous ethanol and ammo-
nium hydroxide (NH3-H,O) were obtained from Nanjing Chemical
Reagent (Nanjing, China). Commercial TiO, affinity materials were
bought from Aladdin (Aladdin Industrial Corporation, Shanghai,
China). All these reagents were used as received without further
purification. Non-fat milk was purchased from Jiangsu Province
Educational Supermarket. Human serum sample from healthy volun-
teer was provided by Nanjing University and obtained according to the
standard clinical procedures. The samples were stored at —80 °C before
analysis. Ultrapure water (18 MQ cm) was prepared with a Milli-Q
water purification system (Millipore, Billerica, MA, USA). All of other
chemicals were of analytical grade unless otherwise noted.

2.2. Sample preparation

B-Casein or BSA (1.0 mg) was dissolved in 1 mL NH,HCOj3 aqueous
solution (50 mM, pH 8.2) to form a substrate solution, and digested at
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Scheme 1. Schematic illustration of the synthesis strategy of MnFe,O, MAMSs (A),
MnOOH sheets (B), and Fe304 NPs (C); Workflow of selective enrichment of phospho-
peptides using MnFe,O4 MAMSs for MALDI-TOF mass spectrometric analysis (D).
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37 °C for 18 h with trypsin at the ratio of enzyme-to-substrate of 1:40
(wt/wt).

30 L. non-fat milk sample was diluted with 1 mL 50 mM of
NH4HCO;3 aqueous solution (pH 8.2) and centrifugated at a speed of
16,000 rpm for 15 min. Then, the albuminous supernatant was degen-
erated at 100 °C for 15 min. Subsequently, 20 ug/mL of trypsin was
added for proteolysis at 37 °C for 16 h.

All of above aliquots of proteolytic digests were frozen at —80 °C for
standby application. The frozen digests were thawed and diluted to the
target concentration with an aqueous solution of 50% ACN and 5.0%
TFA (v/v, loading buffer, LB) prior to use.

2.3. Synthesis of MnFe>O, MAMSs

MnFe,04 MAMSs were synthesized through a solvothermal route at
200 °C for 8 h according to previously reported procedure [26] with
certain small modifications (Scheme 1A). Briefly, NaAc (3.6 g) was first
completely dissolved in EG (40 mL) via ultrasonication for 10 min to
form clear solution, followed by the addition of MnCl,-4H,0 (0.4925 g,
0.0025 mol) and FeCl3-6H»>0 (1.35 g, 0.005 mol). The resultant yellow-
ish mixture was transferred into a Teflon-lined stainless-steel autoclave
and sealed to heat at 200 °C for 8 h. After cooling to room temperature
naturally, the grayish produced MnFe,O, MAMSs were obtained with
the help of a magnet. The products were rinsed with ultrapure water
and ethanol for three times, respectively, and dried at 60 °C for stay
over. For a comparison, Fe;04 nanoparticles (NPs) or MnOOH sheets
affinity materials, which were only just using FeCl; or MnCl, as the
precursor, respectively, were prepared under the same conditions with
MnFe»0,4 microspheres (Scheme 1B and C).
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Fig. 1. SEM images (left) and EDS spectra (right) of MnFe,O,4 (A and D), Fe;04 (B and E), and MnOOH (C and F), respectively.

2.4. Characterization of MnFe,0, MAMSs

Scanning electron microscopic (SEM) images of MnFe,04, Fe304
and MnOOH materials were obtained with a Hitachi S-3400 N SEM
(Hitachi, Tokyo, Japan) at an acceleration voltage of 10kV. The
transmission electron microscopic (TEM) images were gained on a
JEM-2100 TEM (JEOL, Tokyo, Japan). The compositions of MnFe»Oy,
Fe3;04 and MnOOH materials were characterized on energy dispersive
X-ray spectroscopy (EDS) (Hitachi, Tokyo, Japan). Fourier-transform
infrared (FT-IR) spectrum of MnFe,O4 was collected on a NEXUS 870
FTIR spectrometer (Nicolet, Madison, WI, USA) using KBr pellets.
XRD pattern of MnFe»O,4 was collected on an ARL X’TRA X-ray power
diffractometer (Karlsruhe, German) using Cu Ka radiation (A=0.154
05 nm) at a scanning rate of 10°/min and a detection range from 10° to
80°. X-ray photoelectron spectroscopy (XPS) analyses for MnFe,O4
were carried out on a PHI5000 Versa Probe photoelectron spectro-
meter (ULVAC-PHI, Kanagawa, Japan). The magnetic properties of the
prepared magnetic microspheres (MnFe,O,4 and Fe304) were measured
by using a vibration sample magnetic properties measurement system
(VS-MPMS) utilizing a superconducting quantum interference device
(SQUID) equipped with SQUID VSM (Quangtum Design, San Diego,
CA, USA).

MnFe,04 MAMSs (5.0 uL, 20 mg/mL) were added into 500 uL
PNPP solution (0.2 mg/mL in 50% acetonitrile and 5% TFA aqueous
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solution) and the suspension was vortexed for 1-45 min. At a given
reaction time, the pNPP-loaded magnetic particles were separated by a
magnet and the supernatants were kept for UV-vis detection.
Afterwards, the adsorbed pNPP on the MnFe,O, MAMSs was eluted
with ammonium hydroxide (500 4L, 10 mM) for 5 min. The time-
dependent concentration of pNPP was calculated from its calibration
curve.

2.5. Use of MnFe,0, MAMSs in the enrichment of phosphopeptides

A schematic representation of the workflow to enrich phosphopep-
tides from different samples is shown in Scheme 1D. For enrichment of
the phosphopeptides from the standard protein digests, MnFe,O4
MAMSs (5.0 uL, 20 mg/mL) were added into a peptide mixture
(100 uL), which was originating from S-casein (as a model) or non-
fat milk tryptic digest (2.5 uL), or human serum (5.0 uL) diluted to
1 mL with LB solution. The mixture was vortexed for 20 min at room
temperature, then, the phosphopeptide-loaded MnFe,O4 MAMSs were
collected with a magnet. Next, the particles were washed three times
with 100 uL of 50% ACN and 0.1% TFA (v/v, washing buffer, WB) to
remove unspecific adsorbates and other unbound impurities.
Afterwards, the captured phosphopeptides were eluted with ammo-
nium hydroxide (5.0 uL, 10 mM) with sonication for 5 min. Finally, the
supernatants were collected with magnetic separation for further
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MALDI-TOF MS analysis.

For convincing comparison, Fe304 NPs and MnOOH sheets were
employed to enrich phosphopeptides from f-casein tryptic digest, and
commercial TiO, NPs affinity material was also adopted for enrichment
of the phosphopeptides from peptide mixtures (ff-casein, non-fat milk,
and human serum) under the same experimental conditions as
described above, while the MnOOH and TiO, materials were isolated
by centrifugation at a speed of 10 000 rpm for 5 min.

The details of MALDI-TOF MS analysis method were consistent
with those described in our group's previous reports [27,28]. That is,
0.5 uL of the eluate was deposited on a MALDI plate, and then another
0.5 uL of DHB aqueous solution (20 mg/mL, 50% ACN and 1% H3PO,)
was introduced as a matrix to perform MALDI-TOF MS analysis in
positive ion mode on a 4800 Proteomics Analyzer (Applied Biosystems,
Framingham, CT, USA) with a Nd-YAG laser at 355 nm, a repetition
rate of 200 Hz, and an acceleration voltage of 20 kV. Spectra were
obtained by accumulation of 2000-3000 consecutive laser shots.

3. Results and discussion
3.1. Morphologies and structures of MnFe,O4 MAMSs microspheres

The morphology and size, and composition of the MnFe;O4
magnetite microspheres (MMSs) were examined by SEM and EDS,
and TEM, respectively. Fig. 1A presents the representative SEM image
of the MnFe»04 microspheres, indicating that the as-prepared material
consists of many nearly monodisperse microspheres. The average
diameter of MnFe,O, microspheres was calculated to be around
260 nm based on statistical analysis for size measurement of 100
microspheres. The SEM image also shows that the microspheres are
endowed with narrow size distribution and possess good dispersity as
shown in Fig. S1A in SI. The result from EDS spectrum (inset in
Fig. 1D) shows that the nanospheres contain Fe, O and Mn, and no
contamination elements are detected (the signal of C maybe come from
the adsorbed small organic molecules). TEM image (Fig. 2A) further
confirms that the magnetic MnFe,O,4 microspheres are uniform and
their surface is rough. The particle size measured from TEM images is
254 + 5 nm, which is in good agreement with the SEM result. In order
to verify the crystalline structure of MnFe,O,4 nanoparticles, we present
the HRTEM image of MnFe,O, in Fig. 2B. Furthermore, MnFe,O4
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nanoparticles show a well-defined lattice plane with perfect crystal-
linity. The crystal lattice fringes with a spacing of 0.242 nm can be
assigned to the (311) planes of MnFe,O,, which is consistent with the
XRD result. For comparison, the as-synthesized of Fe;0, and MnOOH
also were characterized respectively by SEM, TEM and EDS (Fig. 1B-F
and 2C-D). The SEM and TEM images of Fe30, all exhibit very uniform
approximate spherical morphology with uniform diameter of around
320 nm and 308 + 5 nm, respectively, similar to those obtained as like
MnFe,04. Both results are very consistent. From the SEM of MnOOH,
it is clearly observed that the morphology of MnOOH is made up of
plate like, which also is confirmed by the TEM image. For EDS, Fe304
NPs merely contain Fe and O elements, while MnOOH mainly contains
Mn, O and C elements. From the above results, the particle size of
MnFe,04 MAMSs is smaller than that of Fes04 NPs. And all of them,
which possess good dispersity, are endowed with narrow size distribu-
tion.

The FT-IR spectrum of the MnFe,>O, microspheres in the range
4000-450 cm™ is shown in Fig. S2A in SI. The strongest characteristic
peaks of metal oxides at 584.9 cm™! was assigned to the metal—oxygen
bonds (Mn-O/Fe-0) in the material [29]. Moreover, the broad adsorp-
tion bands centered at 1632.1 and 3457.4 cm™! corresponded to the
surface hydroxyl (-OH) and the adsorbed water molecule [30]. The
characteristic peaks at about 878.3 and 1048.6 cm ™ were ascribed to
the -CH, bending vibration, while the peak at 1090.5 cm™ was
attributed to the C-O vibration of adsorbed small organic molecules,
respectively [31]. The results of the high abundant of C element are in
good accordance with the EDS analysis. The phase of the synthesized
MnFe»0,4 powder was identified by XRD characterization as shown in
Fig. S2B in SI. All the diffraction peaks of the material can be perfectly
indexed to a spinel manganese ferrite with cubic structure MnFe,O,4
(JCPDS 10-0319). The lack of diffraction peaks from impurities
suggests the high phase purity of the MnFe,O, microspheres.

To further investigate the structure and chemical composition of
MnFe,0,4, X-ray photoelectron spectroscopy (XPS) spectra were taken
for MnFe»0,4 and the corresponding results are presented in Fig. 3. In
Fig. 3A, the general XPS spectrum further confirms that MnFe,0, is
composed of C, O, Mn and Fe elements. In addition, the photoelectron
lines at binding energies of about 711, 642, 531 and 284 eV are
attributed to Fe 2p, Mn 2p, O 1s and C 1s, respectively. Obviously, the
Fe 2pl/2 signal appears at 724.4 eV, and the peaks at 710.9 eV is

Fig. 2. TEM images of MnFe,;04 (A), Fe;04 (C) and MnOOH (D), and HRTEM image of MnFe,O, (B).
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Fig. 3. The general XPS (A), Fe 2p (B), Mn 2p (C), O 1s (D) and C 1s (E) of MnFe,0,.

ascribed to the Fe 2p3/2 (Fig. 3B). Fig. 3C shows that the typical
binding energy at 653.1 and 641.6 eV are attributed to the character-
istic doublets of Mn 2p1/2 and Mn 2p3/2, respectively. The substitu-
tion of Mn for Fe in Fe30,4 crystals, which formed the MnFe,O,4
crystals, was further verified by the results of XPS spectra of Fe 2p and
Mn 2p characteristic peaks. The O 1s spectrum (Fig. 3D) of MnFe,O,
consists of two main components arising from O-C (532.9 eV) of
chemisorbed small organic molecules and O-Fe/Mn of metallic oxide
(529.8 eV), respectively. As for the C 1s spectrum (Fig. 3E), it consists
of three main components, respectively, arising from C O (288.1 eV),
C-0 (286.4 eV) and C-C (284.6 €V) of organic molecules groups or CO,
molecules [32,33]. On the basis of the above data and analysis, XPS

40

results are in good conformity with the EDS and FT-IR. Hence, all
these data demonstrated the successful preparation of MnFe,O,4
MAMSs and adsorption of small organic molecules on the surface.
The magnetic property of the prepared Fe;O, and MnFe,O4
composites were evaluated by magnetometry at 300 K using a super-
conducting quantum interference device (SQUID). Fig. S3 in SI shows
their hysteresis loops, and it is apparent that they show superpar-
amagnetic properties. The maximum saturation magnetization (Ms)
values were measured to 71.8 and 67.0 emu/g for Fe304 and MnFe,O4
MAMSs, respectively. The magnetic property endowed them a quick
and convenient magnetic separation within 15 s by placing a magnet
next to the solution, and are easily redispersed by while shaking the
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data in parentheses represent S/N ratios.

sample after removing the external magnetic field (Fig. S3 inset in SI).
That the Ms value of MnFe,O4 magnetic material was observed to be
lower slightly than that of the Fe3O, might because Mn?* was the
supplant part of Fe?* in the Fe;0, inverse spinel structure to form the
MnFe,0,4 normal spinel structure compound.

3.2. Possible formation mechanism of MnFe,O, MAMSs

In a general way, magnetic spinel ferrite particles have a strong
tendency to agglomerate during their formation in the liquid-phase
process [34]. To obtain monodisperse spherical Fe3O04/MnFe,O4
nanoparticles, we employed a facile method to synthesize magnetic
spinel ferrite particles through a solvothermal reaction. Ethylene glycol
(HgC20,, EG) has been widely used in the polyol process to provide
monodisperse fine metal or metal oxide nanoparticles because it is a
strong reducing agent with a relatively high boiling point [35-37]. The
addition of NaAc seems to assist in the ethylene glycol mediated

reduction of FeCl; to Fe;0,4 due to Fe®* could not be reduced by EG
alone [38]. On the whole, an aggregation mechanism (secondary
recrystallization) to form Fe;04/MnFe»>O,4 microspheres is proposed,
with reference to the preparation of monodispersed SiO, or TiO»
microspheres [39—-41]. In our reactions, the Fe®* ions first undergo
hydrolysis to form Fe(OH)s, which are further reduced by EG to Fe;O4
monomers (Egs. 1 and 2) or to MnFe,O4 monomers at the existence of
Mn?*(Eq. (3)). After the initial nucleation, the monomers will grow into
nanocrystals. Then, these nanocrystals have a tendency to aggregate
each other (Egs. 4 and 5). Therefore, a series of possible chemical
reactions concerning the formation of Fe;04/MnFe>04 microspheres
are suggested as follows:

Fe3* + 3H,0 © Fe(OH); + 3H* 1)

30Fe(OH); + H¢C,0, < 10Fe;04 + 2CO, + 48H,0 2)

41
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10Mn2+ +30Fe(OH); + H¢C,0, < 10MnFe,0, + 10Fe?* + 2CO,

+ 48H,0 6]

nFe;0, < (Fe30y), 4

nMnFe,0; & (MnFe,0y), )
Overall reaction:

30Fe3* + HgC,0, + 42H,0 < 10Fe3;04 + 2CO; + 90H* (6)

Mn?* + 12Fe3* + H¢C,0, + 6H,0 < MnFe,04 + 10Fe?* + 2CO, + 18H*

(7)

As comparison, the reaction with MnCl, as precursor was con-
ducted under similar solvothermal conditions, in which the formation
of metal glycolates or manganic alkoxides (denoted as MnOOH) sheet
crystals by alcoholysis and coordination of ethylene glycol with the
metal ions [42] likely undergo the nucleation — structural rearrange-
ment — decomposition — diffusion — in situ epitaxial growth processes.
Firstly, manganous chloride is oxidized to form manganic alkoxide
crystal nucleus under high pressure and high temperature in the closed
autoclave. Following, the majority of MnOOH crystal nucleus are
rearranged to large size MnOOH sheets matrix. Next, some tiny crystal
granules diffuse to the surface of sheets matrix after disintegration and
then undergo epitaxial growth in situ gradually based on Ostwald
ripening [43,44], that is, smaller crystallites would dissolve into
solution and regrow on the larger ones.

3.3. Highly specific enrichment of phosphopeptides from B-casein
tryptic digest

To examine the enrichment efficiency of the MnFe,O4 MAMSs to
phosphopeptides, we took advantage of standard phosphoprotein (-
casein) hydrolysate mixture as objective analysis solution. The peptides
mixture, which contained bovine f-casein tryptic digest (10 pmol) and
remained constant in all test samples, were incubated with MnFe,O,
MAMSs (100 pg) and the phosphopeptides were selectively isolated by
a magnet. The enrichment performance was evaluated with MALDI-
TOF MS signal intensity and enrichment factor (EF). Three phospho-
peptides (8;-2061, $>-2556, and f3-3122) with low signal-to-noise
ratio (S/N) were detected without enrichment in the spectrum
(Fig. 4A). And the corresponding peptide sequences of the three ions
are listed in Table S1 in SI. In addition, the signal intensity of these
phosphopeptides was suppressed intensely by non-phosphopeptides.
However, after being enriched with MnFe,O4 MAMSs, the MS signals
were increased largely, and three phosphopeptides with high S/N
values and their correlative dephosphorylate fragments of phospho-
peptides can be detected as well. It is worth mentioning that the S/N of
peak ;-2061 was up to 14275.95 with an EF of about 34, and for peak
Bo—2556, the S/N increased to 2307.70 with an EF of about 83
(Fig. 4B).

For comparison, self-prepared Fe;O, NPs and MnOOH sheets
together with commercial TiO, NPs affinity materials were also used
for treatment of the B-casein tryptic digest. Results showed that the
enrichment performance of these affinity materials were inferior to that
of MnFe,0O, MAMSs and also demonstrated that manganese ferrite
(MnFe»0,4), metal oxide (TiO» and Fe;0,), and manganite (MnOOH)
have distinct selectivities towards phosphopeptides. In conclusion,
there is the coordination interaction between phosphate group of
phosphopeptdies and metal ions (Ti**, Fe3*, and Mn?") due to their
unoccupied orbit (3d). Remarkably, for MnOOH sheets, except three
phosphopeptides (81, B2, and Bs) were detected but some non-
phosphopeptides with higher MS signal were also observed (see the
small red frame of Fig. 4D). It showed that MnOOH sheets possess
capacity of non-special adsorption due to hydrophobic interaction
between organic carbochain on the surface of MnOOH sheets with
other peptides. Besides, for Fe;04 NPs, Fe304 has an inverse spinel
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structure in which Fe?* and half Fe>* ions are arranged in octahedral
sites and another half Fe®' ions are arranged in tetrahedral sites.
Because binding of phosphate groups is dependent on the distribution
of metal ions at the surface octahedral sites, Fe** occupied in
octahedral sites applies to the enrichment of phosphopeptides well.
However, the enrichment efficiency of Fe;04 NPs was not as good as
that of MnFe>O4 MAMSs. On the one hand, the component of Fe;04
can be regarded as Fe®“Fe®9,0, which is analogous to
Mn@YFe®,0,. It is a crucial difference in the ionic radius between
Mn?* and Fe?*. The outer electron configurations are 3d°4s® and
3d%4s? for Mn and Fe, respectively. Two extranuclear electrons () are
lost to form bivalent metal ions. If the two electrons were lost in the
orbit of 4s, the number of outer shell of Mn?* would be equal to that of
Fe®*. In this situation, the more the nuclear charge number, the
stronger the attraction or constraint capability to extranuclear elec-
trons. And it should lead to the ionic radius of Fe?* smaller than Mn?".
Actually, according to the minimum energy principle, Pauli principle
and Hund's Rules [45,46], the formation of Mn>* just loses 2e from the
orbit of 4s, while Fe?* loses 1e separately from the orbits of 3d and 4s,
with coming into being 3d®4s® and semi-full 3d°4s! stable electronic
structure, respectively. The result of r\ 2+ < rp2+ is caused by the
difference of both electron shell number. The small unit cell of
MnFe,0, and the minimal sterically hindered effect of Mn?*, due to
the small ionic radius of Mn?*, lead to specific surface area enlarge-
ment and the exposure area of Fe>* increase and further provide the
abundant binding sites for phosphate groups. On the other hand, spinel
structure is based on a face centered cubic lattice of oxygen ions, and
therefore forms tetrahedral and octahedral coordination sites, while
MnFe,0, belongs to a normal spinel structure in which all Fe®* ions
are arranged in octahedral sites and Mn>* ions are arranged in
tetrahedral sites. Moreover, Mn?* has a certain affinity interaction
with phosphate group owing to the same extranuclear electron number
as Fe*. Consequently, the high performance capable of selectively
isolating phosphopeptides with MnFe»Oy, is superior to that of FeFe,O4
(Fe304).

The enrichment specificity of MnFe,O4 MAMSs toward phospho-
peptides was further evaluated with tryptic digests of bovine -casein
and BSA at mass ratios of 1:1, 1:10, 1:50, 1:100, 1:200, and 1:500.
With the increase of digested BSA in the sample solutions, the signals
of high-abundant non-phosphopeptides dramatically enhanced
through directly spotting sample analysis by MALDI-TOF MS, as
shown in Figs. S4 A-F in SI. Only three or two phosphopeptides (51,
B, and/or fB3) with low peak intensity were observed, or no phospho-
peptides were detected from the different mass ratio of mixture sample
solutions (B-casein: BSA) because of the non-phosphopeptides sup-
pression effect. However, at f-casein: BSA ratios of 1:1, 1:10, and 1:50,
all By, P», and B3 with high-S/N and their corresponding depho-
sphorylate fragments were isolated after being enriched with
MnFe»,04 MAMSs (Figs. S4 A’-C’ in SI). With the increase of digested
BSA to 200-fold, although tens of non-phosphopeptides derived from
BSA were detected in the range of 1 000—2 000 Da, S, -, and B3 can
be greatly enriched from these complex mixture samples, and the peaks
of phosphopeptides dominated the mass spectra (Figs. S4 D-E’ in SI).
Very importantly, when the mass of interfering substance (BSA) was up
to 500-fold, 2 phosphopeptides (8; and f3) with some dephosphorylate
fragments were still clearly detected in spite of strong signal intensity
from non-phosphopeptides of BSA (Fig. S4F’ in SI). Based on the above
results, therefore, it is further indicated that highly efficient trapping
and enrichment of phosphopeptides from complex mixture samples
were realized with MnFe,O, MAMSs treatment.

To verify the sensitivity of the MnFe,O, MAMSs for phosphopep-
tide enrichment, we applied them to enrich the phosphopeptides from
P-casein tryptic digest with 500, 100, 10 and 1 fmol, respectively. As
shown in Fig. 5, three theoretical phosphopeptides and their corre-
sponding dephosphorylated ions peaks were observed completely when
P-casein protein amount was 500 fmol. The S/N ratios of phosphopep-
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Fig. 5. MALDI-TOF MS spectra of mixture of bovine f-casein digest treated with MnFe,04 MAMSs. A. 500 fmol; B. 100 fmol; C. 10 fmol; D. 1 fmol. “*” indicates phosphopeptides; “#”
indicates the dephosphorylate fragments of phosphopeptide. The data in parentheses represent S/N ratios.

tides (B, P2, and B3) were 626.48, 47.98, and 8.66, respectively. 2
phosphopeptides (8; and B3), with S/N ratios of 12.08 and 3.17,
respectively, were observed from the amount of S-casein protein
decreased to 100 fmol. Furthermore, the f; peak with S/N of ca.
8.29 was as plain as Salisbury extracted from 10 fmol proteolytic
digest. More importantly, the results show that the ion signals from the
phosphopeptide (;) can still be detected in amount as low as 1 fmol
with S/N ratio of ca. 2.62, which demonstrated the high detection
sensitivity of MnFe,O4, MAMSs.

The recyclability and reproducibility of the MnFe,O, MAMSs for
phosphopeptides was also investigated by taking advantage of 10 pmol
of B-casein digests mixture as objective analytes. For the recyclability,
as shown in Fig. S5 in SI, there was a little attenuation in analytical
performance during the sequential three extractions times perhaps due
to the acid erosion of the surface of material under the process of
loading sample. The same batch of MnFe,O, MAMSs was used three
times and they were rinsed fully by WB solution for re-use before each
selective enrichment procedure. While Fig. S6 in SI shows the
reproducibility for two diverse batches (Batch A (I, II, III) and Batch
B (I, II, III)) of MnFe»O4 MAMSs. The MALDI-TOF MS spectra reveal
no difference in the enrichment potential of the two batches affinity
materials. The standard deviation (SD) is calculated for the identified
phosphopeptides and is listed in Table S2 in SI. The SD value
calculated for MnFe»,O, MAMSs is between 0.36 and 0.82. Therefore,
the results indicated excellent specificity and affinity as well as good
reusability of the MnFe,O4 MAMSs towards phosphopeptides.

3.4. Highly specific enrichment of phosphopeptides from non-fat milk
tryptic digest and human serum

To investigate practical application potential of MnFe,O, MAMSs
affinity materials, non-fat milk and human serum were chosen as real-
world samples for isolating phosphopeptides. For non-fat milk digests,
only four weak phosphopeptides (a3-1660.9, a;—1951.9, $;-2061.9,
and B3-3122.3, marked with “*”) with low S/N were detected in the
direct analysis because of the non-phosphopeptides suppression effect
as shown in the mass spectrum (Fig. S7A in SI). In contrast, after
treated with MnFe,O4, MAMSs, 16 phosphopeptides, including 7 or 9
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were derived from a-casein or f-casein, respectively, with high MS
peak intensity and S/N ratio can be easily observed without any
interference from high-abundant non-phosphopeptides (Fig. S7B in
SI) and the results are listed in Table S3 in SI. The details are pointed
out in Fig. S8 in SI. To the peaks of a3, a;, and f; as examples, their
enrichment factors (EFs) were approximate 68, 45 and 81, respectively.
For comparison, commercial TiO> NPs were used to capture phospho-
peptides from the real non-fat milk sample under the same experi-
mental conditions. Only 10 phosphopeptides were isolated in the mass
spectrum (Fig. S7C in SI). However, the EFs of f; and f33, were only
about 12 and 34, respectively. Above results demonstrated the selec-
tivity and the efficiency of the MnFe,O4 MAMSs for enrichment of
phosphopeptides are superior to those of commercial TiO, NPs affinity
materials.

Human serum is a biosample commonly available, which plays a
crucial role in the elucidation of biological and pathological variation
and discovery of useful biomarkers. It contains various informative
endogenous peptides including the phosphopeptides released by dis-
eased tissue and these peptides have gained considerable interest for
the disease biomarker discovery [49-51]. However, due to the huge
complexity and extremely high dynamic range of human serum,
endogenous phosphopeptides can hardly be found without enrichment,
therefore, analysis of human serum peptidome is a very great challen-
ging task. In order to further prove the practical effect of the MnFe,O4
MAMSs affinity materials, human serum was employed as a real-world
biosample for the selective enrichment of phosphopeptides. It is found
that some non-phosphopeptides (only one phosphopeptide, marked
with “*”) and several peaks of proteins (large molecular weight, range
of 10 000-80 000 Da) were detected from the serum sample (Fig. SOA
in SI). After treated with the affinity materials, 4 phosphopeptides
(HS1-1388.7, HS2-1459.7, HS3-1544.8, and HS4-1615.8, marked with
“*” shown in Table S4 in SI) can be observed free of the interference of
non-phosphopeptide peaks in the mass spectrum, and no protein was
detected in high mass molecular weight cut-offs (Fig. S9B in SI).
Among these phosphopeptides the EF for HS4 peak was up to about 47.
Similarly, we also use commercial TiO, NPs for enriching phosphopep-
tides and removing proteins with large molecular weight from the
biosample as control experiments. Results in the mass spectrum (Fig.
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Fig. 6. (A). The UV-vis absorption spectra of the pNPP solution (0.2 mg/mL) before (a) and after (c) adsorption by the MnFe,04 MAMSs; The UV—vis absorption spectrum of the eluate
with ammonium hydroxide solution (b). (B). Concentration of the pNPP with time in the presence of MnFe,O4 MAMSs (1.0-45.0 min, n=3). The inset shows calibration curve of pNPP

with the fitted standard equation using 310 nm as detection wavelength.

S9C in SI) showed that only two of phosphopeptides were captured and
no protein was captured under the same experimental conditions.
Above results further confirm the effectiveness of MnFe,O, MAMSs
affinity materials for selective capturing of phosphopeptides and
removal of non-phosphoproteins.

3.5. Enrichment efficiency of MnFe,O0, MAMSs to phosphopeptides

To examine the capacity of MnFe>O, MAMSs prepared toward
phosphopeptides, p-nitrophenyl phosphate (pNPP), a common sub-
strate of phosphatase, was used as a model [47,48]. The adsorption
procedure referred to the phosphopeptides enrichment process. Fig. 6A
shows the UV—-vis absorption spectra of the pNPP solution with an
initial concentration of 0.2 mg/mL before and after adsorption by the
MnFe,04, MAMSs, as well as the UV-vis absorption spectrum of the
eluate with the same volume of ammonium hydroxide solution to
loading sample solution. Under strong basic conditions, the wave-
lengths with maximum absorbance 310 nm were used as detecting
wavelengths for pNPP. The time-dependent concentration of pNPP
(1.0-45.0 min) was calculated according to the calibration curve
(Fig. 6B and its inset, the data are listed in Table. S5 in SI), indicated
that the adsorption process is quiet rapid within several minutes. When
the initial concentration of pNPP was 0.2 mg/mL, the adsorption
capacity of pNPP adsorbed by MnFe,O, MAMSs was 109.33 mg/g.
The elution efficiency of pNPP from the MnFe>O4 MAMSs particles was
as high as 89%.

4. Conclusion

In this work, normal spinel structural magnetic ferrite MnFe,O4
MAMSs, readily synthesized via a facile solvothermal method and well
characterized with various techniques, was utilized as a novel probe to
enrich phosphopeptides. The possible formation mechanism of the
MnFe,0, MAMSs, Fe304 NPs, and MnOOH nanosheets with ferric
and/or manganous sources as precursors were also revealed prelimi-
narily. It was concluded that spherical nanostructures could be
obtained with an underlying mechanism of secondary recrystallization
during which larger particles with the original shape were produced
from tiny crystallites, while sheet nanostructures were formed by
Ostwald ripening, that is, smaller crystallites dissolve into solution
and regrow on the larger ones. Notably, since both Fe** and Mn?* have
unoccupied empty orbit (3d) as well as the ionic radius of Mn?* is
smaller than that of Fe®*, MnFe,O,4 has higher selectivity than Fe;04
for phosphopeptides enrichment because of the strong coordination
interaction between metal ions and phosphate groups of phosphopept-
dies. In addition, the nano-structured affinity particles possess good
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aqueous dispersibility, relatively high surface area, and excellent
magnetic responsiveness. Accordingly, we proposed a simple, rapid
enrichment process of selective isolation phosphopeptides from mimic
and real-world intricate biological samples. Above of all, owing to their
highly selective enrichment towards phosphopeptides, MnFe,O4
MAMSs should be a promising and fascinating material for high-
throughput phosphoproteomic research in various fields. We also
provide a new possibility to design various spinel structured magnetic
ferrites with practical applications for phosphoproteome analysis.
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