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Abstract Magnetic mesoporous carbon composites incorpo-
rating hydrophilic metallic nanoparticles were synthesized from
resol, ZtO(NOy),, ferric acetylacetonate, and triblock copoly-
mer F127. The method involves a multi-component co-assem-
bly strategy associated with direct carbonization. The resulting
carbon material is shown to be useful as a metal oxide affinity
chromatography (MOAC) material for enrichment of
phosphopeptides owing to its large mesoporous (4.8 nm) sur-
face area (442 m* g '), large pore volume (0.37 cm® g ') and
excellent hydrophilicity. The metallic iron and ferric oxide par-
ticles modified on the mesoporous carbon exert a magnetic
force and, in combination with the metallic zirconia, is a viable
MOAC material for enrichment of low-abundance
phosphopeptides. Because of metal chelation between metallic
nanoparticles and the phosphate groups of phosphopeptides,
the zirconia/magnetic mesoporous carbon displays high
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selectivity even at a phosphopeptide/nonphosphopeptide molar
ratio of 1:500. As little as 1.5 fimol of phosphopeptides become
detectable. The MOAC was successfully applied to the identi-
fication by MALDI-TOF MS of phosphopeptides in human
serum and nonfat milk.
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Introduction

Phosphorylation is one of the protein post-translational mod-
ifications [ 1] that is a key regulator of cell cycling, cell growth,
cell differentiation and metabolism [2]. It is also involved in
several diseases including cancers [3], Alzheimer’s disease [4]
and diabetes [5]. The detection of low-abundance
phosphopeptides is one of the most important research fields
[6-8]. High abundant proteins from the complex biological
samples always had severe interference to the detection of
low-abundance phosphopeptides which were connected with
some diseases. Therefore, it is urging for the removal of high-
abundance protein or peptides and enrichment of low-
abundance phosphopeptides.

Numerous strategies have been developed for the enrich-
ment of phosphopeptides. These include immobilized metal
ion affinity chromatography (IMAC) [9, 10], molecularly
imprinted [11, 12], chemical modification [13], strong
cation exchange (SCX) [14, 15], strong anion exchange
(SAX) [16], amine-based affinity [17] and metal oxide
affinity chromatography (MOAC) [18]. Because of the
excellent combining capacity between metal oxides and
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phosphate groups in acidic environment, MOAC is one of
the most commonly used methods [19]. Lots of metal
oxides, such as TiO, [20], ZrO, [21], Fe,O3 [22], Ta,Os5
[23] and HfO, [24], were acted as MOAC material for
enrichment of phosphopeptides. For example, Kailasa
[25] et al. used BaTiO3 NPs as MOAC material for the
enrichment of phosphopeptides from microwave tryptic
digests of o-casein and non-fat milk.

As for MOAC, many matrixes were used to load metal
oxides in the phosphopeptides enrichment, such as mag-
netic Fe;04, grapheme oxide, yolk-shell structural magnet-
ic nanocomposites and mesoporous silica nanotubes. For
example, Long [26] et al. use the magnetic Fe;0,4 as matrix
to synthesize core—shell structured magnetic lutetium phos-
phate (Fe;0,@LuPO,) affinity microspheres to selectively
enrich phosphopeptides for MALDI-TOF MS analysis.
Huang [27] et al. reported a graphene oxide induced growth
of fusiform zirconia nanostructures for capture of phos-
phopeptides. Wan [28] et al. synthesized magnetic yolk-
shell (Fe;04,@mTiO,@mSiO, nanocomposites) for selec-
tively enrichment of endogenous phosphopeptides. Zhang
[29] et al. prepared zirconia layer coated with mesoporous
silica nanotubes (ZrO,-MSN) for the enrichment of
phosphopeptides. Among these matrixes, the magnetic
Fe;0,4 had the advantage in quick magnetic separation,
but the relatively low surface areas limits the loading of
metal oxides. Graphene oxide, mesoporous silica nano-
tubes or ordered mesoporous carbon own large surface
areas for metal oxides loading, however, they required
laborious separation procedure (e.g. centrifugation), which
is inconvenient and may lead to undesirable non-specific
peptides and loss of low-abundance phosphopeptides.

In our previous work [30], hydrophilic nanostructure
metallic zirconia incorporated ordered mesoporous carbon
composites were synthesized via soft template of multi-
component co-assembly strategy. The zirconia/OMC com-
posites had lots of merits such as large mesoporous
(5.6 nm), high surface area (387 m* g '), large pore vol-
ume (0.35 cm® g '), high loading content of metallic zir-
conia (3.5 wt%) and high hydrophilicity for selective en-
richment low abundant phosphopeptides. Herein, based on
the previous works, the metallic nanoparticles iron and
ferric oxides were introduced to the surface of mesoporous
carbon to form the metallic nanoparticles-incorporated
magnetic mesoporous carbon composites. The ferric ox-
ides were regarded as both the magnetic source and the
metal oxide affinity chromatography material for enrich-
ment low-abundance phosphopeptides. The obtained nano-
composites possess a suitable pore structure, high surface
area, moderate pore volume and uniform and highly dis-
persed metallic oxides. Because of the highly dispersed
metallic mesoporous carbon and excellent hydrophilicity,
the material was suitable for enrichment phosphopeptides.
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Materials and methods
Apparatus

The metallic zirconia incorporated magnetic mesoporous car-
bon composites structure and surface morphology of micro-
spheres were studied with ultrahigh resolution field emission
scanning electron microscopy (https://www.fei.com,
UHRFESEM, NOVA Nano SEM450, FEI, USA) and
ultrahigh resolution transmission electron microscope
(http://www.jeol.co.jp, HR-TEM, JEM-2100, JEOL, Japan).
The crystalline structure of material was characterized by
D/MAX 2550 VB/PC advance X-ray powder diffraction
(http://www.rigaku.com/en, XRD, RIGAKU, Japan) with a
Cu K« source. The 26 angles probed were from 10° to 80°
at a rate of 5° min '. The X-ray photoelectron spectra were
obtained using an ESCALAB 250Xi X-ray photoelectron
spectrometer (https://www.thermofisher.com, XPS, USA).
The material element contents were determined by energy
dispersive spectrometer (http://www.edax.com, EDS, Falcon,
EDAX, USA). Nitrogen sorption/desorption isotherm was
measured at 77 K with a Micromeritics Instrument
Corporation TriStar IT 3020 (http://www.micromeritics.com,
USA). Before the sorption/desorption measurement, the sam-
ples were degassed in a vacuum at 300 °C for 10 h. The
Brunauer-Emmett-Teller (BET) method was used to calculate
the specific surface area according to the adsorption data in a
relative pressure from 0.06 to 0.30. The pore size distribution
(PSD) was calculated based on the adsorption branch by using
the Barrett-Joyner-Halenda (BJH) model. The quantification
of Fe and Zr in the mesoporous carbon composite was per-
formed by using inductively coupled plasma spectrometry
with Radial ICP-OES equipment (http://www.agilent.
com/home, ICP-OES, Agilent 725, USA).

Reagents and materials

Phenol, ethanol, acetylacetone, ammonium hydroxide, hydro-
chloric acid, sodium hydroxide, ammonium hydrogen carbon-
ate and formalin solution (37 wt%) were analytical reagent
grade and obtained from Sinopharm Chemical Reagent Co.,
Ltd. (http://www.sinoreagent.com, Shanghai, China).
ZrO(NO3),°xH,0 was from Aladdin Chemical Reagent Co.,
Ltd. (http://www.aladdin-e.com, Shanghai, China). Poly
(ethylene oxide)-block-poly-(propylene oxide)-block-poly
(ethylene oxide) triblock copolymer Pluronic F127
(PEOIOGPPO70PE0106, Mw = 12,600), ferric
acetylacetonate, (3-casein (from bovine milk), bovine serum
albumin (BSA), Trypsin (TPCK treated), dithiothreitol (DTT),
iodoacetamide (IAA), urea, trifluoroacetic acid (TFA),
Acetonitrile (ACN) and 2,5-dihydroxyl benzoic acid (DHB)
were purchased from Sigma-Aldrich (http://www.
sigmaaldrich.com/china-mainland.html, USA). These
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reagents were at least of analytical-reagent grade and used as
received without further treatment. Human serum from a
healthy volunteer was provided by the Dalian Medical
University and stored at —80 °C before analysis. Nonfat milk
was obtained from a local supermarket. Pure water (18.4
M2 cm) used in all experiments was purified by a Milli-Q
system (http://www.merckmillipore.com/CN/zh, Millipore,
Milford, MA, USA).

Preparation of the zirconia/magnetic mesoporous carbon
composite

Soluble resol precursors were prepared by using phenol and
formaldehyde via a base-catalyzed procedure according to the
previously reported procedure [31]: 10 g phenol were heated
to melt at 42 °C, then 2.13 g NaOH solution (20 wt%) was
added slowly under stirring. After that, 17.7 g formalin solu-
tion (37 wt%) was added dropwise. The obtained mixture was
heated at 75 °C under stirring for 60 min. After the mixture
was cooled down to room temperature, it was adjusted to pH 6
by hydrochloric acid solution. The mixture solution was dried
by vacuum distillation at 50 °C and centrifuged for removal of
the produced NaCl. Then, the obtained resol precursor was
redissolved in ethanol (20 wt%) for further use.

The metallic iron, ferric oxides and zirconia incorporated
mesoporous carbon composites were synthesized through the
chelate-assisted multi-components co-assembly strategy. The
preparation was accomplished by gently evaporation of an
ethanol solution containing Pluronic F127, resol,
acetylacetone, ferric acetylacetonate and ZrO(NOj3),°xH,O.
In general, 0.5 g Pluronic F127 was dissolved in 7.0 g absolute
ethanol. Then, 2.5 g resol precursor solution was added and
the mixture was stirred for 10 min. 0.234 g ZrO(NOs3),*xH,0
and 0.141 g ferric acetylacetonate were dissolved in 1.75 g
ethanol. After that, 0.025 g acetylacetone solution was se-
quentially added dropwise into the above mixture solution.
After stirring for 30 min, the mixture solution was cast onto
a Petri dish, followed by evaporation of ethanol at room tem-
perature for 12 h. Then the generated sticky film was heated at
100 °C for 24 h. The resulting film was scrapped off and
followed by calcinations in a tube furnace at 600 °C for 3 h
at a temperature ramp of 1 °C min~' under N, atmosphere.
During the carbonization of resol precursor in the calcinations
process, iron, ferric oxides and zirconia nanoscrystallites were
generated in situ.

Preparation of tryptic digests of standard proteins

1 mg {3-casein or «-casein was dissolved in NH4HCO;
solution (1 mL, 50 mmol L") and denatured by boiling
for 5 min. Then, the denatured solution was incubated
with trypsin (an enzyme/protein ratio of 1:40, w/w) for
16 h at 37 °C. The tryptic peptide mixtures were stored at

—20 °C for further use. The 2 mg BSA was denatured in
urea (1 mL, 8 mol L' ) and NH,HCO; solution (1 mL,
50 mmol L"), followed by addition of DTT (20 pL,
1 mol L™'") and incubating at 60 °C for 1 h.
Subsequently, 7.4 mg IAA was added and incubated at
room temperature in the dark for 40 min. The mixture
solution was diluted by ten-fold NH,HCO; solution
(50 mmol L"). Then, the protein was enzymolysis by
trypsin with the same procedure of (3-casein. The tryptic
peptide solution was desalted by C18 SPE and dried by
freeze until further use.

Preparation of human serum and tryptic digests
of proteins extracted from non-fat milk

20 pL of human serum was diluted by 120 uL water and
denatured by boiling for 5 min. The denatured human serum
was stored at —20 °C until further use. 30 uL of nonfat milk
was added into NH4HCOj solution (1 mL, 25 mmol L) and
centrifuged at 16000 rpm (17,930 g) for 15 min. The super-
natant was collected and denatured by boiling for 5 min. The
supernatant was digested with trypsin (40 pg) at 37 °C for
16 h.

Enrichment of phosphopeptides

200 pg of zirconia/magnetic mesoporous carbon compos-
ites were added into loading buffer (ACN-H,O-TFA, 90:
9: 0.1, (v/v/v), 400 pL) containing (3-casein tryptic di-
gest, x-casein tryptic digest, BSA tryptic digest, diluted
human serum or digest of proteins extracted from nonfat
milk, respectively. The mixture was gently incubated at
room temperature for 30 min. After removing the super-
natant by external magnet, the zirconia/magnetic mesopo-
rous carbon composites were washed three times with
loading buffer. The captured phosphopeptides were eluted
by ammonium hydroxide (20 pL, 10 wt%) by powerful
shaking for 15 min. The eluate was directly analyzed by
MALDI-TOF MS.

Mass spectrometry analysis

All MALDI-TOF MS experiments were performed in the re-
flector positive mode by AB Sciex 4800 plus MALDI-TOF
MS/MS mass spectrometer (http://www.absciex.com.cn, AB
Sciex, USA) with a pulsed Nd/YAG laser at 355 nm. The
DHB matrix was dissolved in ACN-H,O-H;PO, (70 : 29 :
1, (v/v/v), 25 mg). A 0.5 uL aliquot of the eluate and 0.5 uL
of the DHB matrix were sequentially dropped onto the
MALDI plate for MS analysis.

@ Springer


http://www.merckmillipore.com/CN/zh
http://www.absciex.com.cn

550

Microchim Acta (2017) 184:547-555

Results and discussion

Preparation and characterization of zirconia/magnetic
mesoporous carbon composites

The preparation of zirconia/magnetic mesoporous carbon
composites is illustrated in Scheme 1. Firstly, a soluble phe-
nolic resin precursor (resol) was synthesized through a base-
catalyzed procedure. Then, the zirconia/magnetic mesoporous
carbon composites were synthesized through the chelate-
assisted solvent evaporation induced co-assembly strategy.
Finally, the decomposition film was pyrolyzed at 600 °C un-
der N, atmosphere to remove template F127 and form the
aligned mesopores. In the meanwhile, the resol framework
was carbonized accompanied by in situ growth of metallic
zirconia, iron and ferric oxides nanoparticles.

The structure and surface morphology of zirconia/magnetic
mesoporous carbon composites were investigated with HR-
TEM (Fig. S1, Electronic Supp. Material) and Ultrahigh
Resolution Field Emission Scanning Electron Microscopy
(Fig. S2, Electronic Supp. Material). The images of elements
of Zr, Fe and O about zirconia/magnetic mesoporous carbon
composites were observed through SEM. The quantification
of Zr (7.9 wt%) and Fe (5.1 wt%) were determined by ICP-
OES. The zirconia/magnetic mesoporous carbon composites
were shown by XRD patterns. The valence states of element
on the surface of the zirconia/magnetic mesoporous carbon
composites were characterized by XPS spectra. The BET sur-
face area and pore volume about zirconia/magnetic mesopo-
rous composites were obtained by N, sorption/desorption
curves. The magnetic properties of the zirconia/magnetic

Scheme 1 Synthetic procedure
of zirconia/magnetic mesoporous
carbon composites

"”"“"”’ Fc/Zr/resolK

R -C o

mesoporous composites were studied by using a vibrating
sample magnetometer at room temperature. Such results and
discussion about characterization of the materials were sup-
plied to the Electronic Supporting Material (ESM).

What’s more, the zirconia/magnetic mesoporous carbon
composites can be uniformly dispersed in water without pre-
cipitating after two days, showing excellent hydrophilicity,
which benefits the enrichment of phosphopetides in soluble
biological sample. The OMC without metallic nanoparticles
showed hydrophilicity too, which might be from oxidation of
carbon material. But better hydrophilicity was observed after
modified by zirconia and ferric oxide. Zirconia and ferric ox-
ide are known for amphoteric property and have excellent
hydrophilicity, which can react either as a Lewis acid or
Lewis base depending on the pH of the reaction solution.
Then the excellent hydrophilicity of magnetic mesoporous
carbon nanocomposite may be from the joint effect of oxida-
tion of mesoporous carbon and hydrophilic metallic zirconia,
iron and ferric oxide.

Application in phosphopeptides enrichment

To demonstrate the practicability of the zirconia/magnetic
mesoporous composites as the MOAC stationary phase for
the enrichment of phosphopeptides, bovine {3-casein (Fig. 1)
and «-casein (Fig. 2) tryptic digests were used as standard
phosphopeptides for enrichment. Protein tryptic digests were
incubated with zirconia/magnetic mesoporous composites in
loading buffer. The captured phosphopeptides were separated
by external magnet and eluted after enrichment. Last, the
droplet was deposited on the MALDI target for MALDI-
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Fig. 1 MADIL-TOF mass
spectra of the tryptic digests of [3-
casein. (a) Direct analysis

(0.5 pmol) and (b) after
enrichment by zirconia/magnetic

mesoporous composites 1000 1500 2000 2500 3000 3500
(1.0 pmol) and (¢) ordered
mesoporous carbon (0.5 pmol). * :
indicates phosphopeptides, # 2> o
indicates dephosphopeptides, the ‘D /"
(3 indicates phosphopeptide was q=> l Bk
from f3-casein 'E 7 i )
. 1000 1500 2000 2500 3000 3500
>N
300 ¢
150 -
0 -l“ L] — L] : - L} : L}
1000 1500 2000 2500 3000 3500
Mass(m/z)

TOF MS analysis. From parallel experiments (z = 3), the same
three phosphopeptides and one dephosphopeptide could be
detected every time for the enrichment of phosphopeptides
from bovine (3-casein after enriching by zirconia/magnetic
mesoporous composites. And sixteen phosphopeptides were
detected from bovine x-casein for three duplicate experiments
too (n = 3), showing excellent reproducibility. The results
indicated that irregular structure of mesoporous carbon had
no effect on enrichment reproducibility.

As shown in Fig. la, owning to the low-concentration of
phosphopeptides and signal suppression by abundant non-
phosphopeptides, only two phosphopeptides with weak MS
signal intensity and low signal-to noise (S/N) ratio were de-
tected. However, after enrichment by zirconia/magnetic meso-
porous composites (Fig. 1b), three phosphopeptides (m/z
2061.7, 2555.9 and 3122.6) could be clearly examined with
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Fig. 2 MADIL-TOF mass spectra of the tryptic digests of «-casein. (a)
Direct analysis (0.5 pmol) and (b) after zirconia/magnetic mesoporous
composites (1.0 pmol) * indicates phosphopeptide, # indicates
dephosphopeptide

strong MS signal intensity and S/N ratio, along with
dephosphopeptides (m/z 2352.4) which were likely to form
during the ionization process by MOLDI-TOF MS analysis.
The detailed information of the captured phosphopeptides
from {3-casein digest was displayed in Table S1. By contrast,
nearly no MS signal was enriched by ordered mesoporous
carbon from [3-casein tryptic digest (Fig. 1¢). It well indicated
that the metallic iron, ferric oxides and zirconia had the dom-
inant effect during the enrichment process. Similarly, enrich-
ment of x-casein digests by zirconia/magnetic mesoporous
composites were illustrated in Fig. 2. Only several
phosphopeptides were detected by direct analysis (Fig. 2a).
After enriching by the zirconia/magnetic mesoporous com-
posites, the strong MS intensity and S/N signals of
phosphopeptides were highly enhanced with the removal of
abundant non-phosphopeptides (Fig. 2b). Seventeen
phosphopeptides and dephosphopeptides were indentified in-
cluding ten mono-phosphopeptides and six multi-
phosphopeptides. Detailed information was displayed in
Table S2.

To evaluate the high selectivity for the enrichment of
phosphopeptides by the MOAC materials, mixtures of f3-
casein and BSA tryptic digests with different molar ratios
were selected as testing sample. As shown in Fig. 3a, the
mixture of [3-casein and BSA (1:100) was directly examined,
only showing non-phosphopeptides and hardly can see any
phosphopeptides. Then, different molar ratios of 3-casein
and BSA tryptic digests (1:300 (b), 1:400 (c) and 1:500 (d))
were selected for enrichment by zirconia/magnetic mesopo-
rous composites. As shown in Fig. 3d, when the molar ratio of
[3-casein and BSA was increased to 1:500, three expected
phosphopeptides and the corresponding dephosphopeptides
can still be identified with a clear background. Detailed infor-
mation was shown in Table S3. Compared to our previous
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Fig. 3 MALDI-TOF mass a
spectra of the tryptic digests 160001
mixture of 3-casein and BSA
before enrichment (a)1:100 and 80001
after enrichment by zirconia/ 0 o] | .I .
magnetic mesoporous composites A v v v v ’
at molar ratios of (by 1 - 300, (€) 1 1000 1500 2000 2500 3000 3500
: 400, and (d) 1 : 500. * indicates 1800{ b * .
phosphopeptide, # indicates
dephosphopeptide 900 #
W x op#
_ 0 . [ . N
£ 1000 1500 2000 2500 3000 3500
c
o
€ 12004 c *
= 600
# £ . *
0 " 1. 1
1000 1500 2000 2500 3000 3500
2400{ d *
1200 *
# # * # #
0 i | " i I
1000 1500 2000 2500 3000 3500
Mass(m/z)

work, the selectivity of molar ratio of (3-casein and BSA
(1:500) was higher than the material of zirconia/OMC com-
posites (1:300). It also contained less non-phosphopeptides.
The above results indicated that material shown high selectiv-
ity in a complex peptide mixture, which mostly attributed to
the loading of magnetic iron and ferric oxides.

The ability of enriching and detecting process is still a key
task to evaluate the enrichment performance of the MOAC

materials due to the low abundance of phosphopeptides.
Thus, concentration gradient of (3-casein tryptic digest was
given to evaluate the ability of zirconia/magnetic mesoporous
composites. As shown in Fig. 4a, the peak with m/z of 2061.7
was clearly detected in 150 fmol of (3-casein tryptic digest
with the S/N ratio of 516. The dephosphopeptides at 1963
was also detected with S/N ratio of 11.4. A high S/N ratio of
118 can still be detected as the concentration decreased to the

Fig. 4 MADIL-TOF mass * S/N=516 a
spectra of the tryptic digests of [3- 2000
casein after enrichment by
zirconia/magnetic mesoporous 1000
composites. (a) 150 fmol S/N=11.4 #
(0.5 pL), (b) 15 fimol (0.5 uL) and 0 -
(¢) 1.5 fimol (0.5 uL). * indicates ! ' ! ! v !
phosphopeptides 1 1500 2000 2500 3000 3500
1600 * S/N=118 b
>
x
2 800 S/N=10.7 #
£ o0
U J U J v J
= 3000 1500 2000 2500 3000 3500
X 6 c
* S/N=5.53
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Fig. 5 MADIL-TOF mass spectra of diluted human serum. (a) Direct
analysis and (b) after enrichment by zirconia/magnetic mesoporous
carbon composites. *indicates phosphopeptide, # indicates
dephosphopeptide

% Intensity

15 fmol (Fig. 4b). Even though the total amount of [3-casein
tryptic digest was as low as 1.5 fmol (Fig. 4c), the peak at
2061.7 can be clearly detected with the S/N ratio of 5.53. The
determination of detection limit experience indicated that the
zirconia/magnetic mesoporous composites had high detection
sensitivity for phosphopeptides.

Application in enrichment of phosphopeptides
from human serum and nonfat milk

Based on the excellent results from above-mentioned experi-
ments, further investigation was introduced by application on
real biological sample. Human serum and nonfat milk were
then applied as model samples. As for the MS spectra of
human serum showing in Fig. 5a, only three phosphopeptides
with weak MS signal intensity appeared due to the
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Fig. 6 MADIL-TOF mass spectra of tryptic digests of nonfat milk. (a)
Direct analysis and (b) after enrichment by zirconia/magnetic
mesoporous carbon composites. *indicates phosphopeptide

The comparison of zirconia/magnetic mesoporous carbon composite to other nanomaterials reported previously for capturing low-abundance phosphopeptides

Table 1

Ref

Separation mode

Identified phosphopeptides

(nonfat milk)

Content of LOD Specificity (ratios of
-casein and BSA)

2 -1

Surface area (m” g )

Method

Material

metal element

11

1:2000
1:200

0.5 fimol
107'°M

Ti: 44.38 ug mg™'

=

=

=

=

=

=

=

1253

IMAC

Fe;0,@Si0,@(HA/CS),,-Ti**
Urea-modified MIL-101 (Cr)

BaTiO;

Amine-based affinity

MOAC

centrifugal
centrifugal

21

1:100

2.5 fmol

357

MOAC

710,-MSN
710,-NP

centrifugal

1:300

MOAC

1.5 fimol
2 fmol

Zr: 3.5 wt%

387

MOAC

Zirconia/OMC
*-Zr0,-NP

centrifugal
centrifugal

13

MOAC
IMAC

1:1000
1:1000
1:5000
1:500

1 fmol

6.76 wt%

5x107°M
3 amol

50.45

Ti*-G@PD
Fe;0,@fTiO,

MOAC

Magnetic separation
Magnetic separation

This work

18

1.5 fmol

Zr: 7.9 wt%, Fe: 5.1 wt%

442

IMAC
MOAC

Ti**-ATP-MNPs

zirconia/magnetic mesoporous carbon
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interference of abundant non-phosphopeptides and high salt
content. However, after enrichment by zirconia/magnetic
mesoporous composites (Fig. 5b), many non-
phosphopeptides peaks disappeared, and four peaks of
phosphopeptides and one peak of dephosphopeptides were
examined with high intensity of MS signals. The detailed
information of the captured phosphopeptides from diluted hu-
man serum is displayed in Table S4.

Similarly, the direct analysis results of the digested nonfat
milk by MALDI-TOF MS are shown in Fig. 6a, only several
weak MS signal of phosphopeptides can be seen. However,
eighteen peaks MS of phosphopeptides were identified after
enrichment by zirconia/magnetic mesoporous composites in-
cluding eight mono-phosphopeptides and ten mulit-
phosphopeptides (Fig. 6b) [32-34]. The detailed information
of phosphopeptides from the tryptic digest of proteins extract-
ed from nonfat milk is given in Table S5. More
phosphopeptides (18 vs 15) were enriched and detected by
the zirconia/magnetic mesoporous carbon composites com-
pare to our previous work by removing high abundant of
non-phosphopeptides. It may be relevant to the joint effect
of iron and ferric oxides and the lossless of magnetic separa-
tion during enrichment. The results indicated that zirconia/
magnetic mesoporous composites can be selected an appro-
priate candidate for effectively and selectively capturing of
phosphopeptides from a naturally complex biological sample.

To compare with other materials reported previously, mul-
tiple characters of the prepared material and others including
the surface area, content of metal, LODs, specificity, number
of identified phosphopeptides (nonfat milk) and separation
mode were compared in Table 1. The zirconia/magnetic meso-
porous carbon composite and related method had advantages
in surface area, content of metal, LODs, numbers of identified
phosphopeptides. The process of preparation and operation
were also relatively simple and costless. However, the pre-
pared material has limitation too. It could not be used to dis-
tinguish between multiphosphopeptides and
monophosphopeptides as guanidyl-functionalized magnetic
polymer microsphere [32].

Conclusions

In this work, the metallic iron, ferric oxides and zirconia in-
corporated mesoporous carbon were prepared. The zirconia/
magnetic mesoporous carbon composites own large
mesopores (4.8 nm), high surface area (442 m? g "), large pore
volume (0.37 cm® g "), high loading content of metallic zir-
conia (7.9 wt%) and iron element (5.1 wt%) and high hydro-
philicity. The metallic nanoparticles iron and ferric oxides
which were introduced to the surface of mesoporous carbon,
acted as both the source of the magnetic force for magnetic
separation and the metal oxide affinity chromatography

@ Springer

material for the enrichment low-abundance phosphopeptides.
The material improved the selectivity (1:500) and sensitivity
(1.5 fmol) for enrichment phosphopeptides. For the selective
enrichment of phosphopeptide from human serum and nonfat
milk, the zirconia/magnetic mesoporous carbon composites
displays excellent practicability in identifying low abundance
phosphopeptide from complex biological sample.
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