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ABSTRACT: Global characterization and in-depth under-
standing of phosphoproteome based on mass spectrometry
(MS) desperately needs a highly efficient affinity probe during
sample preparation. In this work, a ternary nanocomposite of
magnetite/ceria-codecorated titanoniobate nanosheet (MC-
TiNbNS) was synthesized by the electrostatic assembly of
Fe3O4 nanospheres and in situ growth of CeO 2 nanoparticles
on pre-exfoliated titanoniobate and eventually utilized as the
probe and catalyst for the enrichment and dephosphorylation
of phosphopeptides. The two-dimensional (2D) structured
titanoniobate nanosheet not only promoted the efficacy of capturing phosphopeptides with enlarged surface area, but also
functioned as a substrate for embracing the magnetic anchor Fe3O4 to enable magnetic separation and mimic phosphatase CeO2
to produce identifying signatures of phosphopeptides. Compared to single-component TiNbNS or CeO2 nanoparticles, the
ternary nanocomposite provided direct evidence of the number of phosphorylation sites while maintaining the enrichment
efficiency. Moreover, by altering the on-sheet CeO2 coverage, the dephosphorylation activity could be fine-tuned, generating
continuously adjustable signal intensities of both phosphopeptides and their dephosphorylated tags. Exhaustive detection of both
mono- and multiphosphorylated peptides with precise counting of their phosphorylation sites was achieved in the primary mass
spectra in the cases of digests of standard phosphoprotein and skim milk, as well as a more complex biological sample, human
serum. With the resulting highly informative mass spectra, this multifunctional probe can be used as a promising tool for the fast
and comprehensive characterization of phosphopeptides in MS-based phosphoproteomics.
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■ INTRODUCTION

As a fundamental post-translational modification occurring
widely in biological entities, reversible protein phosphorylation
is an essential pathway for the implementation of protein
functionality and the regulation of enzyme activity.1 Never-
theless, for a long time, in-depth and comprehensive character-
ization of protein phosphorylation was always restricted by the
low abundance and high dynamic range of phosphorylated
proteins and peptides, even by mass spectrometry (MS), the
premier means for current proteome research.2−5 To tackle this
challenge, picking the target phosphorylated species out of
high-complexity biomolecules has been accomplished by the
principles of immobilized metal ion affinity chromatography
(IMAC)6−8 and metal oxide affinity chromatography
(MOAC).9,10 Rather than IMAC strategies involving possible
metal-ion leakage, a wide diversity of elaborately structured
transition-metal oxides (such as TiO2,

9,11,12 ZrO2,
10,13

Al2O3,
14,15 Nb2O5,

16 and SnO2
17,18) were alternatively

developed as probes with excellent selectivity and recovery,

due to the robust Lewis acid−base interaction with phosphate
moieties. To maximize the separation efficiency for phospho-
peptides, enormous efforts have recently been made to explore
mesoporous structured MOAC affinity probes, such as
mesoporous TiO2,

19 ZrO2,
20 and SnO2;

21 mesoporous silica-
supported nanocomposites;22,23 and magnetic core−mesopo-
rous shell architectures,24,25 because of their extremely high
surface areas and excellent surface properties. At the same time,
considering the rapid isolation and high recovery rate of
magnetic particles with the aid of an external magnetic field,
further functionalizing the above metal oxides with magnetites
in a core−shell fashion has become a prevailing mode for
devising separation probes.26,27

In the universe of phosphate affinity nanoprobes, CeO2 is a
unique type that was recently employed as the “solid
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phosphatase” that efficiently mediated the dephosphorylation
of phosphopeptides,28,29 facilitating the identification of
phosphopeptides by the mass difference of 80 Da between
adjacent peaks. This natural advantage avoids the tedious
procedure of conventional tandem mass spectrometry (MS2)
analysis to verify phosphopeptides and realized direct
recognition at the level of primary mass spectrometry (MS1).
Such functionalities have also been demonstrated for other rare
earth compounds including REPO4 (RE = Eu, Tb, Er, Yb, Gd,
Y) and GdF3.

30−32 However, existing CeO2-containing or
lanthanide materials were synthesized with fixed compositions,
surface components, and morphologies, yielding a constant
hydrolytic catalytic activity in a given case.24,33 With regard to
the high dynamic range of phosphorylation, it was difficult to
observe every dephosphorylated state for all of the
phosphopeptides in a certain specimen, particularly for low-
abundance or multiphosphorylated peptides, which suffer from
low ionization efficiency. Moreover, despite the capability for
dephosphorylation, the performance of existing CeO2 or
lanthanide nanostructures (focused on nanoparticles, nano-
spheres, and core−shell architectures) in harvesting phospho-
peptides has yet to be improved, compared with diversely
structured (mesoporous19,25,34 and silica35,36/graphene-sup-
ported37−39) TiO2 and ZrO2 materials and derivate composites
with maximized enrichment efficiency.
Two-dimensional (2D) materials including graphene, tran-

sition-metal dichalcogenides (TMDs), and transition-metal
oxides (TMOs) present a wide variety of intriguing properties
in sensing, catalysis, and energy transduction because of its 2D
structural systems,21,40−44 while also having great application
potential in biological separation. Graphene initially under-
scored this promising possibility by acting as the scaffold to
support metal ions or oxides for enhancing phosphopeptide
enrichment,45−48 giving us inspiration for offsetting the
deficiencies of CeO2 materials in the global characterization
of phosphopeptides. Very recently, we employed another 2D
nanomaterial, titanoniobate nanosheet (TiNbNS), composed
of TiO6 and NbO6 octahedra and exfoliated from the layered
metal oxide HTiNbO5, to form an Fe3O4 nanocrystal-
embedded nanocomposite for highly efficient capture of
phosphopeptides.49

Herein, we further extended the ability of the 2D phosphate
absorbent TiNbNS to construct a ternary nanocomposite of

magnetite/ceria-codecorated titanoniobate nanosheet (MC-
TiNbNS). As illustrated in Scheme 1, this 2D nanoprobe was
generated by a two-step protocol, including preloading of
Fe3O4 nanospheres by electrostatic interaction and in situ
growth of CeO2 nanoparticles from Ce3+ in the presence of
hexamethylenetetramine (HMT). In this composite, TiNbNS
serves not only as a platform for simultaneously holding CeO2
and Fe3O4 nanoparticles but also as a 2D adsorbent of
phosphopeptides, compensating for the relatively low efficiency
of CeO2 nanoparticles; Fe3O4 nanospheres endow the entire
composite with a magnetic response, speeding and facilitating
sample preparation; and the central role played by CeO2 is to
produce a set of dephosphorylated signatures for each
phosphopeptide. Taking advantage of spacious reactive surface
of 2D TiNbNS, the coverage of the CeO2 component can be
elaborately regulated to achieve simultaneous enrichment and
programmed dephosphorylation of phosphopeptides, thus
providing identifying information on phosphopeptides and an
exact count of phosphorylation sites.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Trifluoroacetic acid (TFA), poly-

(diallyldimethylammonium chloride) (PDDA) solution (20%), 4-
nitrophenyl phosphate di(tris) salt (pNPP), 2,5-dihydroxybenzoic acid
(DHB), trypsin (from bovine pancreas, TPCK treated), β-casein
(from bovine milk), and bovine serum albumin (BSA) were all
purchased from Sigma (St. Louis, MO). Iron(III) chloride hexahydrate
(FeCl3·6H2O), 1,6-hexanediamine, anhydrous sodium acetate
(CH3COONa), ammonium bicarbonate (NH4HCO3), cerium(III)
nitrate hexahydrate [Ce(NO3)3·6H2O], titanium(IV) oxide (TiO2),
niobium(V) oxide (Nb2O5), potassium carbonate (K2CO3), urea, and
10% tetrabutylammonium hydroxide (TBAH) were obtained from
Shanghai Reagent Co. (Shanghai, China). Hexamethylenetetramine
(HMT) was purchased from Shanghai Shunqiang Reagent Co.
(Shanghai, China). Acetonitrile (ACN) of chromatographic grade
was obtained from Merck (Darmstadt, Germany), and all other
chemicals including nitric acid (HNO3) and ammonium hydroxide
(NH3·H2O) were of analytical grade.

Preparation of Titanoniobate Nanosheets, Fe3O4 Nano-
spheres, and MC-TiNbNS Composite. First, KTiNbO5 was
prepared by heating a stoichiometric mixture of Nb2O5, K2CO3, and
TiO2 in a tube furnace at 1100 °C for 24 h at a heating rate at 5 °C/
min. The protonated form, HTiNbO5, was synthesized by continuous
stirring of a KTiNbO5 suspension in 2 M HNO3 at 70 °C for 6 h to
accomplish cation exchange. The obtained HTiNbO5 particles were

Scheme 1. Schematic Diagram of the Synthetic Strategy for MC-TiNbNS Composite and the Mechanism of Phosphopeptide
Enrichment and Dephosphorylation
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washed with distilled water and dried in air at 60 °C overnight. To
prepare titanoniobate nanosheets (TiNbNS), 1 g of HTiNbO5 was
dispersed in 100 mL of distilled water, and then 10 wt % TBAH
solution was slowly introduced until the pH value reached 10, after
which the mixture was stirred continuously at room temperature for 7
days. Finally, incompletely exfoliated bulk materials were removed
from the suspensions by centrifugation at 9000 rpm for 8 min, and the
supernatant colloids containing the exfoliated nanosheets were kept
for further use.
Fe3O4 nanospheres were generated by a microwave solvothermal

reaction. One gram of FeCl3·6H2O, 2 g of anhydrous sodium acetate,
and 6.5 g of 1,6-hexanediamine were successively dissolved in 30 mL
of ethylene glycol with stirring for 15 min until transparency. The
precursor solution was then transferred into a microwave synthesis
system and reacted at 200 °C for 30 min (45 psi upon stability). After
the microwave solvothermal reaction, the product magnetites were
collected and washed with ethanol and water twice with the help of an
external magnet. Ten milligrams of as-synthesized Fe3O4 nanoparticles
was redispersed in 0.5% PDDA aqueous solution and shaken for 20
min. Then, PDDA-coated Fe3O4 microspheres were recovered with an
external magnet and rinsed with water three times.
Magnetite-attached TiNbNS was obtained by mixing a 0.9 mL

portion of an Fe3O4 suspension (10 mg/mL) with 5 mL of TiNbNS
(12.5 mg/mL) colloid in 30 mL of ethanol and vibrated at a vortex for
30 min. After that, a given amount of Ce(NO3)3·6H2O was added to
the solution with ultrasonic vibration for 15 min. Subsequently, a
corresponding amount of HMT initially dissolved in 15 mL of
deionized water was added and treated with ultrasonic vibration for
another 15 min. The fully dispersed particle solution was then
mechanically stirred in an oil bath maintained at 70 °C for 2 h. Finally,
magnetite/ceria-codecorated TiNbNS (MC-TiNbNS) was magneti-
cally separated, washed with deionized water and ethanol, and
lyophilized to dryness. As a control, pure CeO2 nanoparticles were
prepared by the identical method in the absence of Fe3O4 nanospheres
and TiNbNS.
Hydrolysis of Phosphate Ester by MC-TiNbNS. A stock

solution of p-nitrophenylphosphate (pNPP) (650 μmol/L) was
prepared in 10% NH3·H2O in advance. Then, 20 μL of pNPP
solution was mixed with 20 μL of the suspension of MC-TiNbNS
composite (10 mg/mL) and sonicated at room temperature for 3−60
min. Water in the sonicator was refreshed every 10 min to keep the
temperature constant. At a given reaction time, the resulting solution
was rapidly isolated from MC-TiNbNS solids with the help of a
magnet, and 10 μL of the supernatant was pipetted for UV−vis
spectroscopy characterization. The concentration of reactant pNNP
and product pNP were monitored by the UV absorbance at λ = 310
and 401 nm, respectively. The time-dependent concentration of the
product pNP was calculated from the absorbance at λ = 401 nm and
the calibration curve of standard pNP.
Tryptic Digestion of Standard Proteins and Skim Milk. One

milligram of β-casein or BSA was dissolved in 1 mL of NH4HCO3
buffer solution (10 mM, pH 8.0), denatured at 100 °C for 5 min, and
then incubated with trypsin at an enzyme-to-substrate ratio of 1:40
(w/w) at 37 °C for 16 h. For the complex sample, 30 μL of skim milk
(protein content of 3.5 wt %, MUH, Germany) was added to 900 μL
of NH4HCO3 buffer solution (10 mM, pH 8.0) and centrifuged at
16000 rpm for 15 min. After denaturation at 100 °C for 5 min, the
supernatant was mixed with 30 μg of trypsin for digestion at 37 °C for
16 h and then diluted 25-fold with the loading buffer 6% (v/v) TFA in
50% (v/v) ACN.
Enrichment and Dephosphorylation of Phosphopeptides by

MC-TiNbNS. Digests for phosphopeptide capture were diluted with
6% (v/v) TFA in 50% (v/v) ACN. MC-TiNbNS (0.1 mg) was mixed
with 200 μL of tryptic digests in an Eppendorf tube and incubated for
1 h at room temperature with gentle shaking. After being washed three
times with 0.1% (v/v) TFA in 50% (v/v) ACN, the trapped
phosphopeptides were dephosphorylated and eluted by 10 μL 10%
NH3·H2O under sonication for 15 min. An external magnet was used
for the separation and recovery of magnetic probes all through this
procedure.

Human serum samples were collected from 20 healthy volunteers in
Nanjing University Hospital according to the standard clinical
procedures, mixed together, and stored at −80 °C before use.
Typically, 10 μL of the pooled human serum was diluted by 200 μL of
loading buffer 1% (v/v) TFA in water and then incubated with 0.1 mg
of MC-TiNbNS in the procedure elucidated above for phosphopeptide
capture and dephosphorylation.

Apparatus. The microwave solvothermal reaction was carried out
in a DISCOVER-SP microwave synthesis system (CEM, Matthews,
NC). Transmission electron microscopy (TEM) images were acquired
on a JEM 1011 (JEOL 2010) electron microscope at an accelerating
voltage of 200 kV. Scanning electron microscopy (SEM) was
performed on a Hitachi S-4800 field-emission electron microscope
at an accelerating voltage of 5 kV. UV−vis spectra were recorded on a
NanoDrop 2000c spectrophotometer (Thermo Scientific, Waltham,
MA). XRD patterns were collected on an ARL X’TRA X-ray
diffractometer using Cu Kα radiation (λ = 0.15405 nm). X-ray
photoelectron spectroscopy (XPS) analyses were carried out on a
PHI5000 VersaProbe photoelectron spectrometer (ULVAC-PHI,
Kanagawa, Japan). Nitrogen adsorption−desorption isotherms were
recorded on a Micromeritics ASAP 2020 M automated sorption
analyzer. The samples were degassed at 100 °C for 12 h. A
superconducting quantum interference device (SQUID, Quantum
Design) magnetometer was used in magnetic measurements at 300 K.
Inductively coupled plasma-optical emission spectrometry (ICP-OES)
experiments were conducted on an Optima 5300DV system (Perkin-
Elmer, Wellesley, MA).

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight
Mass Spectrometry (MALDI-TOF MS) Analysis. The eluate (0.5
μL) and DHB matrix solution [25 mg/mL DHB in 70% (v/v) ACN,
1% (v/v) H3PO4] were deposited in turn on a steel MALDI plate.
MALDI-TOF MS analysis was performed in positive reflection mode
on a 4800 Plus MALDI-TOF/TOF mass spectrometer (AB Sciex)
with a Nd:YAG laser at 355 nm. MS spectra were collected as averages
of 16 subspectra acquired from the edge bias of the DHB matrix spot
with a sum of 25 laser shots per subspectrum. The same laser intensity
of 5500 was applied for all analyses. The diameter of the laser spot was
50 μm, and the power of the laser pulse was estimated to be ∼5 μJ at
the laser intensity value of 5500.

■ RESULTS AND DISCUSSION
Characterization of Materials. Scanning electron micros-

copy (SEM) and transmission electron microscopy (TEM)
images of MC-TiNbNS show two types of nanoparticles with
different sizes and distributions codecorated on the 2D
nanostructure, featuring visible wrinkles (Figure 1). Loosely

scattered on the nanosheets is a Fe3O4 polycrystalline structure
with a spherical morphology sized at 60−80 nm, whereas CeO2
nanoparticles with a size of 5 nm exhibit a uniform distribution
all over the nanosheets (Figure 1b). The high-resolution TEM
(HRTEM) image shown in the inset of Figure 1b provides
information on the lattice fringes corresponding to the 111 and
220 planes of cerianite. X-ray diffraction (XRD) patterns of
MC-TiNbNS show the typical diffraction peaks of CeO2 and

Figure 1. Representative (a) SEM and (b) TEM images of MC-
TiNbNS. Inset: HRTEM of CeO2 nanocrystals on TiNbNS.
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Fe3O4, which are indexed to JCPDS cards 04-0593 (cerianite)
and 75-1610 (magnetite), respectively (Figure S1, Supporting
Information), further confirming that Ce(IV) is the predom-
inant state in cerium oxide. The predominant diffraction peak
derived from the 002 plane of layered oxide HTiNbO5 was
sharply passivated upon postexfoliation restacking and nano-
particle attachment, and the low-angle-shifted peak position
also implied enlarged gaps between nanosheets by the foreign
nanostructures of CeO2 and Fe3O4.
X-ray photoelectron spectroscopy (XPS) was performed to

investigate the elemental composition and surface elemental
valence states in the nanocomposite. The presence of all
elements in the XPS survey spectrum provides solid evidence
for the successful combination of all three functional parts into
one nanocomposite (Figure 2a). The binding energies of Ti 2p

and Nb 3d are the characteristic values of Ti(IV) and Nb(V) at
their highest valence states in the octahedral skeleton of the
nanosheets (Figure 2b,c).50,51 In the Ce 3d spectrum (Figure
2d), the peaks centered at 882.3, 885.6, 897.4, 900.7, 903.8,
907.1, and 916.5 eV are labeled as v, v′, v″, u, u′, u″, and u‴,
respectively. Doublets u′/v′ and u‴/v‴ are derived from
Ce(III) and Ce(IV), respectively, because of their characteristic
photoemissions. The u/v and u″/v″ doublets are shakedown
features corresponding to the transfers of one or two electrons
from an occupied O 2p orbital to an empty Ce 4f orbital during

the photoemission of Ce(IV) cations.52,53 Except for the
characteristic peaks u‴/v‴ of Ce(IV), the emergence of the
doublet u′/v′ peaks confirmed the coexistence of Ce(III) on
the oxide surface,52 greatly contributing to the overall
hydrolytic activity.54

Limited amounts of Fe3O4 nanospheres were introduced to
reserve as many sites as possible for CeO2 attachment under
the premise of assuring flexible magnetic manipulation. Figure
3a shows that the saturation magnetization value of the ternary
nanocomposite was measured to be 9.9 emu/g. Although this
value was markedly decreased in comparison to that of pristine
Fe3O4 nanospheres (74.5 emu/g) because of their combination
with the other two components, the composite probes could
still be rapidly isolated within 1 min by use of an external
magnet (Figure 3a, inset). As parts for assembling the
nanocomposite, H+-stacked TiNbNS and CeO2 nanoparticles
were separately prepared as controls. Figure S2 (Supporting
Information) presents the TEM images of H+-stacked TiNbNS
and CeO2 nanoparticles, the dimensions and morphologies of
which appear basically identical to those in the MC-TiNbNS
composite. Nitrogen adsorption−desorption experiments were
carried out for MC-TiNbNS, H+-stacked TiNbNS, and CeO2 to
provide insight into the material surface structure. The
Brunauer−Emmett−Teller (BET) surface area of MC-TiNbNS
was calculated from the nitrogen adsorption−desorption curves
to be 128.8 m3/g, larger than those of single-component CeO2
particles (66.8 m3/g) and H+-stacked TiNbNS (33.7 m3/g),
indicating that the TiNbNS 2D substrate could enhance the
specific surface are of the composite accessible for guest
molecules. The isotherms of both MC-TiNbNS and H+-stacked
TiNbNS were assigned to type IV isotherms with a hysteresis
loop categorized as shape H3 (Figure 3b), indicative of slit-
shaped mesopores formed inside aggregates of platelike
nanoparticles, which reflects the disordered stacking architec-
tures of TiNbNS. In the ternary nanocomposite, the CeO2
nanoparticles significantly contributed to the formation of a
porous structure, thus giving MC-TiNbNS a higher pore
distribution in the mesopore and micropore ranges than H+-
stacked TiNbNS (Figure 3c), also partially answering why the
specific surface area was increased by assembling zero-
dimensional CeO2 nanoparticles and magnetic beads onto 2D
TiNbNS.

Evaluation of Mimic Phosphatase Activity of MC-
TiNbNS. As a catalyst in the hydrolysis of phosphate ester
bonds, CeO2 was the crucial component in the ternary
nanocomposite for the final application in eliminating the
phosphate moieties of phosphopeptides. Considering the

Figure 2. (a) XPS survey spectrum of MC-TiNbNS. (b−d) High-
resolution XPS spectra of (b) Ti 2p, (c) Nb 3d, and (d) Ce 3d.

Figure 3. (a) Room-temperature magnetization curves of Fe3O4 and MC-TiNbNS. Inset: Magnetic response of MC-TiNbNS to an external magnet.
(b) Nitrogen adsorption−desorption curves and (c) pore distributions calculated from the desorption branches of MC-TiNbNS, H+-stacked
TiNbNS, and CeO2.
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sufficient sites for crystal growth afforded by the 2D TiNbNS
platform, we attempted to adjust the catalytic activity by
altering the feed ratio of the Ce source to the TiNbNS colloids.
The resulting series of composites are denoted as MC-
TiNbNS-n, where the dosage of Ce source increased with
increasing value of n (precursor ratios are listed in Table S1,
Supporting Information). Quantitative information on the
Fe3O4 and CeO2 components in the resulting MC-TiNbNS-n
composites was obtained by ICP-OES, and the values
correlated well with the dosages of the Ce source (Table S2,
Supporting Information). As shown in the TEM and SEM
images recording the morphological gradient (Figure S3,
Supporting Information), the compactness and dimensions of
the CeO2 nanoparticles were gradually raised by continuously
increasing the Ce source. At the lowest precursor ratio, the
CeO2 nanoparticles could not be visualized even under high
magnification (Figure S3a, Supporting Information); then, as
the dosage of the Ce source rose, the particle size increased
from 5.5 to 7.7 nm (Figure S3b−f, Supporting Information). In
addition, the tiny nanocrystals were uniformly distributed on
the 2D nanosheets under each set of synthetic conditions,
demonstrating a high homogeneity in morphology even when
the precursor ratios were varied from sample to sample. The
model molecule p-nitrophenylphosphate (pNPP) was used to
rate the catalytic activities of the MC-TiNbNS-n composites.
Figure 4a presents UV−vis spectra of the reagent−product

couple under catalysis of MC-TiNbNS-n composites with
different CeO2 contents. At a given reaction time, the
absorbance of hydrolysis product p-nitrophenol (pNP)
regularly varied with the CeO2 coverage and perfectly coincided
with the decay of pNPP, confirming that the overall hydrolytic
reactivity was proportional to the coating amount of CeO2.
Monitoring of the pNP concentration over time indicated
diverse reaction rates and yields that agreed strictly with the
content of CeO2 (Figure 4b), meaning that the hydrolytic
capability was continuously adjustable over a large range.
Selective Capture and Dephosphorylation of Phos-

phopeptides from Digests of Standard Phosphoprotein.
With easily-tailored catalytic activity in mind, we utilized tryptic
digests of standard phosphoprotein β-casein to investigate the
applicability of the MC-TiNbNS-n series in phosphopeptide
enrichment and dephosphorylation. After treatment with the
composites with different precursor ratios, phosphopeptides
and dephosphorylated species were detected in MALDI-TOF
MS spectra with a clean background, and the relative ion
intensity ratio of the dephosphorylated peptides to the parent
phosphopeptides was found to progressively increase from 5%
to 100% (Figure 5a−f), indicating that the dephosphorylation

degree could also be rationally programmed by tuning the
CeO2 content. Detailed peptide information is provided in
Table S3 (Supporting Information).
To clarify the contributions of the three components to the

extraction and dephosphorylation of phosphopeptides, Fe3O4
nanospheres and CeO2-decorated TiNbNS (C-TiNbNS) were
separated and employed for the selective adsorption of
phosphopeptides. The Fe3O4 nanospheres gave fairly weak
ion signals of three phosphopeptides from digests of β-casein
(Figure S4a, Supporting Information), whereas C-TiNbNS
exhibited almost the same behavior as MC-TiNbNS in the MS
peak distribution of both phosphopeptides and their
dephosphorylation products (Figure S4b,c, Supporting In-
formation), verifying that the magnetic Fe3O4 component
contributed little to phosphopeptide enrichment. To further
demonstrate the complementary roles of TiNbNS and CeO2,
the performances of individual H+-stacked TiNbNS and CeO2
were assessed as well (Figure 5g,h). After the enrichment by
H+-stacked TiNbNS, intense peaks from the phosphopeptides
were detected, with higher sensitivity than those obtained from
its precursors, namely, commercial TiO2 and Nb2O5 (Figure S5,
Supporting Information). However, the deficiency of H+-
stacked TiNbNS was its inability to offer marking signals for
phosphopeptide verification, indicating that TiNbNS itself is an
ideal probe for capturing phosphopeptides but is unable to
mediate dephosphorylation. In the case of CeO2, the spectrum
exhibited only thoroughly dephosphorylated products, from
which one cannot accurately deduce the number of
phosphorylation sites. Also, CeO2 probes suffered relatively
low sensitivity toward phosphopeptides compared to TiNbNS.
In turn, by integrating the properties of TiNbNS and CeO2 into
one unit, the MC-TiNbNS composite ensured high sensitivity
while executing the dephosphorylation in control. Note that, in
any single spectrum, only some of the theoretical peaks
originating from tetraphosphorylated peptide β4 were detected
(Table S3, Supporting Information), as also found for the
strategies based on fixed-component CeO2 (four peaks),24

REPO4 (four peaks),
30,31 and GdF3 (three peaks).

32 However,
by combining the spectra obtained from the series, the number
of phosphorylation sites could be readily counted from the five
total peaks corresponding to β4. Meanwhile, because of the
poor ionization efficiency of multiphosphopeptides, the low-
abundance tetraphosphorylated peptide β3 has rarely been
reported in previous works on MOAC-based enrichment and
dephosphorylation24,30,32,33,55 and was undetectable at low
CeO2 contents in our experiments (Figure 5a,b). However, the
signal of dephosphorylated β3 appeared in the spectra after the
Ce dosage had been increased (Figure 5e,f). In this sense, the
series of component-adjustable MC-TiNbNS composites
provides a global perspective on phosphorylation sites and
better detection of low-abundance phosphopeptides that might
be missed in simple enrichment and dephospho labeling by
fixed-component materials.

Assessment of Sensitivity, Selectivity, and Reusabil-
ity. In addition to catalytic capability, detection sensitivity was
investigated using the typical composite MC-TiNbNS-3, which
revealed the most dephosphorylated species and provided
unbiased signals between the parent and product peptides for
digests of β-casein (Figure 5c). MALDI-TOF MS spectra of the
resulting phosphopeptides from the digests with concentration
ranging from 8 × 10−8 to 2 × 10−10 M are presented in Figure
S6 (Supporting Information). Phosphopeptides β1, β2, and β4
and their dephosphorylated signatures were distinctly observed

Figure 4. (a) UV−vis spectra of the hydrolysis product of pNPP after
reacting with MC-TiNbNS-n for 20 min. (b) Concentration of the
product pNP varying with time in the presence of MC-TiNbNS-n.
Curves i−vi correspond to n values of 1−6, respectively.
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when the concentration dropped to 8 × 10−10 M (Figure S6c,
Supporting Information). For an even lower concentration of 2
× 10−10 M, peaks belonging to β2 and β4 were still detectable
with a signal-to-noise ratio of around 10 (Figure S6e,
Supporting Information). With the decrease of the target
phosphopeptide concentration, we found that the dephos-
phorylated species was correspondingly suppressed. This
tendency should be due to the priority of the TiNbNS
component in capturing phosphopeptides, which reduced the
opportunity for dephosphorylation occurring on CeO2
component once the phosphopeptide loading was low enough.
Regarding a separation probe for extracting phosphopeptides

from complex pools of biological molecules, selectivity is a
critical index for judging its applicability. Here, we inspected the
selectivity of MC-TiNbNS toward phosphopeptides by
introducing excess digests of BSA, a nonphosphorylated
protein, into digests of β-casein. As the mass ratio of β-casein
to BSA was decreased from 1:10 to 1:200, the three
phosphopeptides β1, β2, and β4 were definitely identified
along with their dephosphorylation clusters in the spectra
(Figure S7a−d, Supporting Information), with only several
weak ion signals due to the nonspecific adsorption of BSA
fragments. Further addition of digests of BSA magnified the
contaminant signals over those of the phosphopeptides, but the
phosphopeptides with few dephosphorylated products could
still be detected even at a β-casein-to-BSA mass ratio of 1:2000
(Figure S7e−g, Supporting Information).
Compared with other titanium-based nanomaterials pro-

posed for phosphopeptide enrichment (for which reports in the
literature on titanium-based nanostructures for extracting
phosphopeptides from the past five years are listed in Table
S4 of the Supporting Information), MC-TiNbNS exhibits top-
middle performance on sensitivity and selectivity for
phosphopeptide extraction and detection. Admittedly, owing
to the differences in morphology and surface properties, MC-
TiNbNS is not as effective as mesoporous TiO2,

22,25 polymer
brush-supported Ti4+-IMAC,56 and some graphene-based

nanocomposites18,57,58 in phosphopeptide extraction, but the
ceria-decorated 2D TiNbNS nanoprobe is endowed with
exceptional properties in regulating dephospho-labeling signals
for phosphopeptide identification. On the other hand, among
the dephospho-affinity probes (e.g., rare earth element
compounds) summarized in Table S5 (Supporting Informa-
tion), MC-TiNbNS displays superior sensitivity and selectivity
to other probes, because of the excellent ability of the
additional TiNbNS component to capture phosphopeptides.
In addition to the dephospho-labeling signals for the
verification of the phosphopeptides, the most significant
advantage of this component-tunable composite series is its
ability to produce all dephosphorylation states of each
phosphopeptide, thus directly outputting a precise count of
phosphorylation sites at the MS1 level, which cannot be
achieved using routine cerium- or lanthanide-containing
materials.24,30−32,55

Finally, the reusability of MC-TiNbNS composites was
investigated using digests of β-casein as the analyte (Figure S8,
Supporting Information). Typically, phosphopeptides from β-
casein with a stable MS signal intensity were obtained by
recycling MC-TiNbNS-3 even for four times, indicating that
the phosphate affinity of the TiNbNS component remained
constant during four cycles of reuse. However, the yield of
dephosphorylation products decreased dramatically with the
number of recycles, especially after the first use, which was also
observed for other dephospho-affinity probes.30 This inactiva-
tion was most likely because the phosphate moieties dissociated
from phosphopeptides were still tightly attached to the active
sites on the CeO2 surface, leading to the reduced catalytic
activity in the following reuses.54

Identification of Phosphopeptides from Real Samples
Using MC-TiNbNS Composite. Having confirmed the good
detection sensitivity and selectivity exclusive to phosphopep-
tides even in the presence of high-abundance nonphosphory-
lated proteins of the MC-TiNbNS composite, we explored the
feasibility of using this composite in capturing phosphopeptides

Figure 5. MALDI-TOF MS spectra of tryptic digests of β-casein (8 × 10−8 M) after treatment with (a−f) MC-TiNbNS-n, (g) H+-stacked TiNbNS,
and (h) CeO2. Panels a−f correspond to n values of 1−6, respectively. Pound signs (#) and asterisks (*) denote the neutral losses of H3PO4 and
HPO3, respectively, from phosphopeptides upon ionization.
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from digests of skim bovine milk, a more complex sample
containing casein proteins (phosphorylated proteins, such as α-,
β-, and κ-casein), whey proteins (nonphosphorylated proteins,
such as lactoglobulin), and a number of carbohydrates. From
the representative MS spectrum obtained after pretreatment
with MC-TiNbNS-3 (Figure 6a), we grouped the ion signals
into 10 phosphopeptides (6 from α-casein and 4 from β-casein)
marked with their graded dephosphorylation states. The
sequences and masses of the identified phosphopeptides are
reported in Table S6 (Supporting Information). To test the
catalytic tunability, the whole series of MC-TiNbNS
composites loaded with different amounts of CeO2 were used
in this real case (Figure S9, Supporting Information). Unlike for
standard β-casein, whose degraded phosphopeptides underwent
complete dephosphorylation when exposed to MC-TiNbNS-6,
the hydrolysis process was slightly alleviated by the biological
complexity of the milk sample. To acquire a higher
dephosphorylation degree, MC-TiNbNS-7 and MC-TiNbNS-
8, carrying more catalytic particles, were prepared and added to
the series. Figure 6b shows the dephosphorylation efficacy of
the MC-TiNbNS composite from the viewpoint of each fixed
phosphopeptide. In general, the proportion of dephosphory-
lated species was increased stepwise in contrast to the
downward trend in the intensities of the pristine phosphopep-
tides, confirming that the functionality of the MC-TiNbNS
composite in programmed dephosphorylation remained valid in
the complex environment. Another observation was that the
composite probes with the lowest and highest CeO2 loadings (n
= 1 and 8) both provided fewer peaks than those with medium
Ce dosages, which would maintain as many dephospho labels as
possible for directly counting the phosphorylation sites from
the MS1 spectrum. More convincingly, for diphosphorylated
peptides α3 and α4 and tetraphosphorylated peptides α6, β3,
and β4, the most signature peaks were obtained when moderate

CeO2 coverages (n = 3 or 4) were applied. Compared to the
previously reported Fe3O4@SiO2@mCeO2 (seven phospho-
peptides)24 and core−shell-structured Fe3O4@LnPO4 (five
phosphopeptides),30 the proposed MC-TiNbNS 2D nanoprobe
captured more phosphopeptides (10 phosphopeptides) from
the digests of skim milk, as well as their informative
dephosphorylation products. Another recently presented
ceria-based nanocomposite (CeO2−SnO2 and CeO2−Fe2O3)
selectively collected more phosphopeptides (17 phosphopep-
tides) than our nanoprobe, but no information on dephosphor-
ylation fragments was obtained in that case, because of the
intense phosphopeptide signals and relatively low dephosphor-
ylation rates.33 In our case, by continuously modulating the
catalytic activity of the MC-TiNbNS composite, we were able
to trap phosphopeptides of various abundances and phosphor-
ylation states from a real system while labeling them and
counting the modification sites by dephospho-signal clusters.
Including hundreds of proteins of high dynamic range,

human serum was employed in this work as the application
object to estimate the performance of MC-TiNbNS in
enriching phosphopeptides from a raw biological sample. As
shown by the representative MS spectrum in Figure 7a, eight
peaks were clearly observed and grouped into four pairs
corresponding to phosphorylated fibrinogen peptide A (FPA)
and its isoforms in serum. (Peptide sequences and masses are
summarized in Table S7, Supporting Information.) In addition
to the signals of endogenous phosphopeptides also provided by
other documented ceria-based materials,31,33,35 MC-TiNbNS
was capable of producing global and adjustable signals of the
dephosphorylation species. As shown in Figure S10 (Support-
ing Information), the MS spectra displayed diverse intensity
distributions of phosphopeptides versus dephospho labels, after
application of the MC-TiNbNS composites with different ratios
of CeO2. Figure 7b illustrates the tradeoff between

Figure 6. (a) Representative MALDI-TOF MS spectrum of tryptic digests of skim milk after treatment with MC-TiNbNS-3. Pound sign (#) denotes
the neutral loss of H3PO4 from the phosphopeptides upon ionization. (b) Statistics of dephosphorylation states of all 10 phosphopeptides obtained
after sample preparation based on eight types of MC-TiNbNS-n probes (n = 1−8). Bar charts describe the signal intensity percentages of each
dephosphorylated species normalized by the sum of all peaks belonging to the same phosphopeptide. Line graphs count the MS peaks coming from
certain phosphopeptides obtained using probe MC-TiNbNS-n. M and M-mp (m = 1−4) symbolize the corresponding phosphopeptides and m-site
dephosphorylation products, respectively.
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phosphopeptide HS3 and its dephosphorylation marker, whose
intensities monotonically decreased and increased, respectively,
with variations in the CeO2 loading, demonstrating the ability
of the MC-TiNbNS composite to control the hydrolysis of the
phosphate ester bonds of phosphopeptides under conditions of
overwhelming biological molecules. By monitoring its applica-
tion behaviors in skim milk and human serum, we confirmed
the feasibility of the MC-TiNbNS composites to capture and
identify phosphopeptides from real biological samples. More
importantly, the complete readout of all dephosphorylated
species indicated that, even for biological cases, comprehensive
characterization of the phosphorylation sites under MS1
conditions can still be realized by continuously adjusting the
CeO2 coverage in the MC-TiNbNS series.

■ CONCLUSIONS
To summarize, a 2D ternary composite MC-TiNbNS
combining magnetic separability, phosphate affinity, and
adjustable dephosphorylation activity was prepared by preload-
ing of Fe3O4 followed by in situ growth of CeO2 on TiNbNS
and then applied to phosphopeptide enrichment and
programmed dephosphorylation. The MS signals of the parent
phosphopeptides and each dephosphorylation signature were
simultaneously detected and flexibly regulated by tuning the
CeO2 coverage on TiNbNS. With remarkable detection
sensitivity and selectivity to phosphopeptides, this composite
probe series can also provide exhaustive information on low-
abundance multiphosphopeptides and phosphorylation site
counts. This unique property in both capturing and labeling
phosphopeptides still remained reliable in skim milk and
human serum specimens because of the good tolerance of the
composite to high biological complexity. Our study opens a
universal pathway for the highly efficient extraction and global
identification of both mono- and multiphosphopeptides with
accurate site counting at the MS1 level and highlights the
potential of 2D multicomponent composites for functional
integration in various applications.
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