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Weaving a two-dimensional fishing net from
titanoniobate nanosheets embedded with Fe3O4

nanocrystals for highly efficient capture and
isotope labeling of phosphopeptides†

Xueqin Chen, Siyuan Li, Xiaoxia Zhang, Qianhao Min* and Jun-Jie Zhu

Qualitative and quantitative characterization of phosphopeptides by means of mass spectrometry (MS) is

the main goal of MS-based phosphoproteomics, but suffers from their low abundance in the large hay-

stack of various biological molecules. Herein, we introduce two-dimensional (2D) metal oxides to tackle

this biological separation issue. A nanocomposite composed of titanoniobate nanosheets embedded with

Fe3O4 nanocrystals (Fe3O4–TiNbNS) is constructed via a facile cation-exchange approach, and adopted

for the capture and isotope labeling of phosphopeptides. In this nanoarchitecture, the 2D titanoniobate

nanosheets offer enlarged surface area and a spacious microenvironment for capturing phosphopeptides,

while the Fe3O4 nanocrystals not only incorporate a magnetic response into the composite but, more

importantly, also disrupt the restacking process between the titanoniobate nanosheets and thus preserve

a greater specific surface for binding phosphopeptides. Owing to the extended active surface, abundant

Lewis acid sites and excellent magnetic controllability, Fe3O4–TiNbNS demonstrates superior sensitivity,

selectivity and capacity over homogeneous bulk metal oxides, layered oxides, and even restacked

nanosheets in phosphopeptide enrichment, and further allows in situ isotope labeling to quantify aber-

rantly-regulated phosphopeptides from sera of leukemia patients. This composite nanosheet greatly con-

tributes to the MS analysis of phosphopeptides and gives inspiration in the pursuit of 2D structured

materials for separation of other biological molecules of interests.

Introduction

As a pioneering two-dimensional (2D) nanoarchitecture, gra-
phene has gained sensational success in a wide range of appli-
cations during the past decade,1–3 thereby advancing efforts in
further exploration of other analogues in the 2D material
family. Subsequently, 2D transition metal dichalcogenides

(TMDs, such as MoS2, WS2, and TiSe2)
4–6 and charged 2D tran-

sition-metal oxide nanosheets7 have demonstrated their fasci-
nating performance in optoelectronic devices,8,9 sensoring
platforms,10–12 energy conversion,13 photoconductors and
photocatalysts.14–16 However, the flourish in aforementioned
applications is not the complete offering endowed by the bur-
geoning field of 2D nanosheets, and many applications based
on their unique crystal structures and morphology have yet to
be exploited and understood. Amidst their large untapped
potential, their possible application in high-efficiency biologi-
cal separation due to their extremely large surface area is of
great significance in the biomedical field but thus far virtually
unimplemented.

By altering protein functions and activities, reversible
protein phosphorylation regulates cellular growth, division,
differentiation and signaling.17 Mass spectrometric methods
have been considered to be the most powerful tool in compre-
hending such highly complicated processes,18,19 but are in
effect troubled by the low abundance and stoichiometry of
phosphorylation, which has severely limited the accurate
global characterization of phosphopeptides/phosphoproteins.
To tackle this issue, phosphopeptide enrichment strategies
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were initially developed based on bioseparation materials in
immobilized metal ion affinity chromatography (IMAC)20 and
metal oxide affinity chromatography (MOAC).21,22 In its
nascent stage, the separation probes for phosphopeptides were
mainly prepared in zero-dimensional structures such as nano-
particles or nanospheres of TiO2,

21 ZrO2
22 or Al2O3

23.
Although certain progress was made thereafter in improving
magnetic controllability by incorporating the magnetic com-
ponent Fe3O4, the core performances were still far from satisfy-
ing the requirements of high capacity separation and
sensitivity.24,25 Since then, macroprous,26,27 mesoporous,28,29

and even metal–organic frameworks (MOFs),30 equipped with
large surface areas and smooth mass transfer channels, as well
as their core–shell nanostructured variants integrating Fe3O4

as the inner core to facilitate fast and efficient separation,31,32

have been elaborately designed to enhance the efficiency of
enrichment while accelerating sample pretreatment. Very
recently, along with the advent of 2D graphene-based
materials, graphene or graphene oxide have been increasingly
adopted as platforms to broaden the contact area for holding
IMAC or MOAC probes, allowing easy access and adequate
binding of guest phosphorylated biomolecules.33–35 However,
the overall performance of graphene-based composites greatly
depended on the actual coverage of affinity species (metal ions
or metal oxides), and the uncovered graphene substrate made
no contribution to binding phosphopeptides but left opportu-
nities for non-specific adsorption, which had a negative influ-
ence on the selectivity. Thereby, it can be anticipated that a type
of 2D material with adsorbability toward phosphate groups
could be an excellent alternative to graphene-based composites.

This possibility may lie in a unique class of layered com-
pounds termed cation-exchangeable layered transition metal
oxides, which can be delaminated into negatively charged 2D
nanosheets.36,37 Among them, titanate, niobate and titanonio-
bate nanosheets have demonstrated the remarkable photo-
catalytic and alcoholytic activity of their abundant and strong
Lewis acid sites,38–40 which are indeed the prerequisite for che-
moaffinity towards phosphate groups. Their periodic structural
units, TiO6 and NbO6 octahedra, shared with classical phospho-
peptide affinity materials TiO2 and Nb2O5 crystals, also provide
the possibility of separating and enriching phosphopeptides.

Based on their crystalline similarity, we herein build a
bridge connecting 2D nanomaterials to the arena of biological
separation by introducing niobate and titanoniobate transition
metal oxide nanosheets (NbNS and TiNbNS) into the family of
phosphate affinity probes for recognizing and capturing phos-
phopeptides from a large excess of counterparts. Moreover,
making use of the negative charge expressed on the polyanion
nanosheets, Fe3O4 nanocrystals were in situ generated from
preloaded precursor cations to form titanoniobate nanosheets
embedded with Fe3O4 nanocrystals (Fe3O4–TiNbNS), which
were applied in qualitative and quantitative characterization of
phosphopeptides via enrichment and in situ isotope labeling
(Scheme 1). Due to the transformation in morphology from
bulk to 2D state, titanoniobate nanosheets exposed more plen-
tiful Lewis acid sites for accepting phosphate groups, most of

which would have been inaccessible in the layered metal
oxides. Not only serving as a magnetic medium to ease sample
processing, Fe3O4 nanocrystals embedded on the surface could
also disturb the restacking between nanosheets, maintaining
adequate active surface and space for adsorption of phospho-
peptides and allowing further on-site reactions. Thanks to the
above advantages brought about by the 2D morphology and
Fe3O4 nanocrystals, the Fe3O4–TiNbNS composite possessed
excellent sensitivity, selectivity and capacity in phosphopeptide
enrichment as well as simplicity in sample processing, and
allowed in situ isotope labeling in investigating the dysregu-
lated phosphopeptides in sera of leukemia patients.

Experimental section
Preparation of NbNS and TiNbNS

KNb3O8 was prepared by grinding and then heating a stoichio-
metric mixture of Nb2O5 and K2CO3 at 900 °C for 10 h. Like-
wise, a mixture of K2CO3, Nb2O5, and TiO2 in a stoichiometric
ratio underwent a similar solid phase reaction at 1100 °C over
24 h to form layered KTiNbO5. Afterwards, the proton
exchange reaction was performed by suspending 1 g of as-pre-
pared KNb3O8 or KTiNbO5 in a 5 M HNO3 aqueous solution
with stirring at room temperature for 3 days. After being
rinsed by water three times, the layered oxides HNb3O8 and
HTiNbO5 were collected and heated at 60 °C until dry.

1 g of the layered oxide (HNb3O8 or HTiNbO5) was dis-
persed in 100 mL of water and stirred while 10% tetrabutyl
ammonium hydroxide (TBAH) was added dropwise until the
pH value increased to 10. After continuous stirring for 7 days,
the suspension was centrifuged at 9000 rpm for 10 min, and
the supernatant containing NbNS or TiNbNS was collected for
further use. To obtain the H+-stacked nanosheets, 100 mL of
1 mol L−1 HNO3 aqueous solution was added dropwise into

Scheme 1 Schematic illustration of (a) the synthetic procedure for the
Fe3O4–TiNbNS composite and (b) workflow for phosphopeptide capture
and in situ isotope labeling based on Fe3O4–TiNbNS.
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100 mL of the NbNS or TiNbNS solution to induce formation
of aggregates, which were then centrifuged and successively
washed by ethanol and water three times to remove TBAH and
HNO3. The concentrations of NbNS and TiNbNS were calcu-
lated to be 5.4 mg mL−1 and 9.4 mg mL−1, respectively, by
weighing the H+-stacked nanosheets after they were dried.

Preparation of Fe3O4–TiNbNS

0.25 mol L−1 FeCl3 was combined with 0.125 mol L−1 FeCl2
aqueous solution in equal volume to form the Fe source solu-
tion, in which the resultant concentrations of Fe3+ and Fe2+

were respectively 0.125 mol L−1 and 0.0625 mol L−1. Nitrogen
was bubbled into the stock solutions of the nanosheets and
the Fe source in advance to remove dissolved oxygen. After-
wards, the TiNbNS solution was diluted with 15 mL of deio-
nized water, and a certain volume of the Fe source solution
was added dropwise with mechanical stirring. After stirring for
another 10 min, 25 mL of 2 mol L−1 NH3·H2O was introduced
drop-by-drop to create a basic condition for the co-precipi-
tation of Fe3+ and Fe2+. The obtained Fe3O4–TiNbNS composite
was isolated from the supernatant, rinsed with ethanol and
water three times with the help of a magnet, and finally dis-
persed in water for use. As a control, pure Fe3O4 nanoparticles
were generated via the above co-precipitation procedure in the
absence of the TiNbNS colloids.

Capture of phosphopeptides

Digests for phosphopeptide capture were diluted to certain
concentrations with a loading buffer containing 6% (v/v) TFA
and 50% (v/v) ACN. 0.1 mg of the affinity material was dis-
persed into a 200 μL sample solution, and vibrated in a vortex
for 30 min. After the supernatant was removed by centri-
fugation at 12 000g for 3 min (layered materials, H+-stacked
nanosheets) or magnetic separation (Fe3O4–TiNbNS compo-
sites), the affinity material combined with the phosphopep-
tides was rinsed twice with 200 μL of 0.1% (v/v) TFA 50% (v/v)
ACN containing 200 mM NaCl and then 200 μL of 0.1% (v/v)
TFA 50% (v/v) ACN, respectively. Afterwards, 10 μL of 10%
NH3·H2O was introduced to elute the captured phospho-
peptides from the affinity materials under sonication for 15 min.

In situ isotope dimethyl labeling of phosphopeptides

In situ isotope labeling was performed right after phospho-
peptide capturing and non-phosphopeptide rinsing steps and
before the elution step demonstrated above. At that point, the
affinity material was dispersed into 200 μL of 100 mM sodium
acetate buffer (pH = 5.8), followed by the addition of 8 μL of
4% (v/v) CH2O or CD2O and 8 μL of 0.6 M NaBH3CN. After
vibration in a vortex for 40 min, the labeling reaction was ter-
minated by the addition of 10 μL of 88% formic acid (FA).
Further rinsing with 200 μL of 0.1% (v/v) TFA solution in 50%
(v/v) ACN was required to remove excess labeling reagents.
Lastly, phosphopeptides enriched on the affinity materials and
labeled in situ by CH2O or CD2O were harvested by adding
10 μL of 10% NH3·H2O.

Relative quantification of serum phosphopeptides

Human serum samples were collected from 8 healthy adults
and 8 patients with acute promyelocytic leukemia in Nanjing
Drum Tower Hospital according to their standard clinical pro-
cedures. The control sample was the mixture of sera from
20 healthy volunteers in Nanjing University Hospital. All the
human serum samples were collected with consent of both
patients and healthy volunteers, and the use of human serum
samples were performed in compliance with the relevant laws
and institutional guidelines. Also, we have obtained the ethical
approval of the protocols from the institutional committee.
Typically, 8 μL of raw serum was diluted to 200 μL by loading a
buffer containing 0.5% TFA and shaken with 0.1 mg of Fe3O4-
TiNbNS for 30 min. Afterwards, the phosphopeptide capturing,
labeling, rinsing and eluting procedures were the same as in
the above experiments. For relative quantification, 0.5 μL ali-
quots were pipetted from the eluents for healthy adults/
patients (light-labeled) and the control sample (heavy-labeled),
combined and deposited onto the MALDI target.

Results and discussion
Morphologies and structures of NbNS and TiNbNS

For screening the nanosheet of optimal phosphopeptide
affinity, both titanoniobate and niobate were initially investi-
gated as phosphate absorbents. Layered metal oxides HNb3O8

and HTiNbO5 were obtained through proton exchange reaction
from their potassium salts KNb3O8 and KTiNbO5, and delami-
nated into isolated niobate/titanoniobate nanosheets (NbNS/
TiNbNS). After collection of the NbNS/TiNbNS colloids, H+ was
reintroduced to induce aggregation of the nanosheets. The
morphologies of layered oxides HNb3O8 and HTiNbO5 as well
as their H+-stacked nanosheets were characterized by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). As shown in Fig. 1a and b, HNb3O8 and
HTiNbO5 exhibited a wafer biscuit-like morphology, with
numerous highly ordered plates tightly assembled together.
After exfoliation and regeneration by H+-induced stacking,
SEM images displayed a film featuring disordered wrinkles,
indicating the overall 2D morphology of the nanosheets
(Fig. 1c). From the viewpoint of TEM (Fig. 1d), exfoliated
HNb3O8 and HTiNbO5 nanosheets sized at about 300 nm were
aggregated in a random manner, providing a larger accessible
surface for guest molecules in biological separation than their
parent layered oxides. Under the magnification of high-resolu-
tion TEM (HRTEM), the lattice fringe was clarified in the few-
layer domain for both the HNb3O8 and HTiNbO5 nanosheets
(Fig. 1e). As is evident from the selected-area electron diffrac-
tion (SAED) patterns of the single sheet (Fig. 1e insets), the
bright orthorhombic lattice of the 2D sheets further confirmed
the inheritance from the original crystal structures of the
layered oxides HNb3O8 and HTiNbO5. As characterized by
X-ray diffraction (XRD) (Fig. 2), the diffraction peaks of layered
oxides HNb3O8 and HTiNbO5 matched well with the JCPDS
card no. 44-0672 and 75-2062. The sharp dominant peaks
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respectively assigned to the 020 plane of HNb3O8 and the 002
plane of HTiNbO5 indicated the well-ordered structure of both
layered oxides, and the layer distances were calculated to be
1.12 nm and 0.83 nm, respectively. For H+-stacked samples of
both HNb3O8 and HTiNbO5, in addition to the smaller
number of diffraction peaks, the peaks designated to the 020
plane of HNb3O8 and the 002 plane of HTiNbO5 were markedly
weakened and shifted to the low angle region, evidencing the
poorer periodic structure of the stacked nanosheets than the
layered oxides. The chemical environment of surface Nb and
Ti in the layered oxides and nanosheets was identified by X-ray
photoelectron spectroscopy (XPS). As displayed in Fig. S1a,†
the Nb 3d5/2 and 3d3/2 peaks of HNb3O8 are located at 207.2 eV
and 210.0 eV, basically identical to the Nb 3d spectrum of bulk

Nb2O5 (207.3 eV and 210.1 eV).41 Meanwhile, the Nb 3d peaks
of layered HTiNbO5 are centered around a similar region
(Fig. S1b†), and the binding energy of the Ti 2p agreed well
with the reported value of octahedral-coordinated Ti(IV) in TiO2

crystals (Fig. S1c†).42 Furthermore, the peak positions of both
the Nb 3d and Ti 2p in layered oxides HNb3O8 and HTiNbO5

remained constant even after exfoliation and H+-induced stack-
ing. These observations gave solid evidence for the fact that the
chemical environment of the metal ion in HNb3O8 and
HTiNbO5 as well as in NbNS and TiNbNS coincided with those
of conventional MOAC materials TiO2 and Nb2O5 at the highest
valence, proving the theoretical feasibility of capturing phospho-
peptides in a mechanism similar to TiO2 and Nb2O5.

Layered oxides HNb3O8, HTiNbO5 and their H+-stacked
nanosheets were utilized in the capture of phosphopeptides
from tryptic digests of β-casein (1.6 pmol), a standard phos-
phoprotein, in comparison with commercial Nb2O5 and TiO2.
Fig. 3 summarizes the MALDI-TOF MS spectra of the phospho-
peptides enriched by the six types of affinity materials, with
detailed information of the captured phosphopeptides listed
in Table S1.† Classical phosphate affinity probes TiO2 and
Nb2O5 were only rarely able to capture and regenerate 3 phos-
phopeptides, whose signals came out of relatively rough base-
lines in the MS spectra (Fig. 3a and b). Using layered HNb3O8

and HTiNbO5, the MS detector showed signals for 4 phospho-
peptides, with enhanced peak intensity and better S/N ratio

Fig. 1 (a–e) SEM and TEM images of layered oxides HNb3O8 and HTiNbO5 as well as the H+-stacked nanosheets: (a and b) images of layered
oxides; (c and d) images of H+-stacked nanosheets; (e) HRTEM of few-layer nanosheets with SAED patterns shown in the insets. Row (i) and (ii) corre-
spond respectively to HNb3O8 and HTiNbO5.

Fig. 2 XRD patterns for HNb3O8 and HTiNbO5 as well as for the
H+-stacked nanosheets corresponding to JCPDS 44-0672 and 75-2062.

Fig. 3 MALDI-TOF MS spectra of tryptic digests of β-casein (1.6 pmol) enriched by (a) Nb2O5, (b) TiO2, (c) HNb3O8, (d) HTiNbO5, (e) H
+-stacked

NbNS, and (f ) H+-stacked TiNbNS.

Paper Nanoscale

5818 | Nanoscale, 2015, 7, 5815–5825 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 2
9 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

by
 N

A
N

JI
N

G
 U

N
IV

E
R

SI
T

Y
 o

n 
21

/0
5/

20
15

 0
2:

50
:4

6.
 

View Article Online

http://dx.doi.org/10.1039/c4nr07041k


(Fig. 3c and d). Also note that the signal for multi-phospho-
peptide β4 underwent a decline in contrast with the dramati-
cally intensified peak of monophosphopeptide β1. This bias
can be explained by the different surface characteristics in that
the exposed surface on the layered oxide is mainly a unique
crystal face (020 and 002 for HNb3O8 and HTiNbO5, respect-
ively) due to exceptionally high 2D anisotropy, while diverse
surface crystal planes may have the same chance to occupy the
surface sites of regular oxide crystals due to their isotropic
structure. In this sense, the surface five-coordinated Ti or
Nb species on the unique crystal face may preferentially
bind to the monophosphopeptides in a bridging bidentate
fashion.27,43 Upon further morphological conversion from
layered structures to nanosheets, the H+-stacked nanosheets
exhibited more efficient and less discriminative enrichment,
producing 4 signature peaks with enhanced intensities in both
spectra (Fig. 3e and f). This improved sensitivity and unbiased
enrichment was attributed to the enlarged active surface after
exfoliation into 2D nanosheets, which provided abundant
Lewis acid sites and a spacious microenvironment for effective
phosphopeptide enrichment and unimpeded elution. The
enrichment of sensitivity by these Ti/Nb-based materials was
also investigated. At a loading of 160 fmol, signals derived
from phosphopeptides were fairly low or even undetectable
using the bulk (Nb2O5 and TiO2) and layered oxides (HNb3O8

and HTiNbO5) (Fig. S2†). In contrast, the H+-stacked
nanosheets still allowed distinct detection of phosphopep-
tides, and the strongest signal and best S/N ratio was given by
H+-stacked TiNbNS. Further reduction of the loading led to no
MS peak in the spectra except for H+-stacked TiNbNS, which
reached a limit of detection of 40 fmol for β-casein and gener-
ated 3 peaks assigned to phosphopeptides (Fig. S3†). Overall,
varying with morphology, the performance of 2D nanosheets
in capturing phosphopeptides was significantly improved in
comparison with their homologous bulk and layered metal
oxides, and TiNbNS was selected as the better block from
which to build composite architectures.

Morphology and properties of Fe3O4–TiNbNS

Having determined the optimal candidate to be the affinity
probe for capturing phosphopeptides, we next sought to
combine magnetic manipulation with biological separation by
interfacing Fe3O4 nanocrystals with TiNbNS to produce a com-
posite nanosheet. As the structural unit of Fe3O4–TiNbNS,
TiNbNS was further characterized by atomic force microscopy
(AFM) to profile its 2D structure. According to the image and
height analysis in Fig. S4,† TiNbNS was determined to have a
fully exfoliated 2D nanostructure with a thickness of 1 nm.
Rather than feeding H+ into the nanosheet colloids to induce
restacking, we treated Fe2+ and Fe3+ as the initiating ions for
precipitating negatively charged TiNbNS. Moreover, the
immobilized Fe2+ and Fe3+ could also serve as precursors of
Fe3O4 nanocrystals at the high pH value caused by NH3·H2O.
During the construction of the composite, the dosage of the Fe
source was a pivotal factor in the growth of the Fe3O4 nanocrys-
tals and the morphology of the composite. Fig. 4 displays the

SEM and HRTEM images of the titanoniobate nanosheets
embedded with Fe3O4 nanocrystals, denoted as Fe3O4–TiNbNS-
x-y, where x and y are, respectively, the volumes in mL of the
Fe source and TiNbNS solutions. By introducing a relatively
small amount of the Fe source (1 : 6), nanoparticles could
hardly be seen in the image of the nanosheet (Fig. 4a). Upon
addition of more Fe source (2 : 6), tiny nanoparticles of
ca. 7 nm were generated and loosely distributed on the 2D
nanosheet (Fig. 4b). In both of the above cases, the majority of
the Fe3+ and Fe2+ ions were immobilized on negative charges
in advance, leaving few ions in solution for seed formation
and crystal growth, which accounted for their quite weak mag-
netic response and prolonged magnetic separation time.
When the volume ratio increased to 4 : 6, uniformly arranged
nanocrystals sized between 5 and 8 nm were spread all over
the nanosheets (Fig. 4c and f), with only a few larger particles
which were inferred to be the product of in-solution Fe3+/Fe2+

coprecipitation. Displayed in Fig. 4d and e is serious aggrega-
tion of Fe3O4 nanocrystals, which was yielded by the enormous
excess of Fe3+/Fe2+ in solution and adsorbed onto the
nanosheets afterwards. Depending on the variation in mor-
phology with different feeding ratios, the whole process of
in situ growth of Fe3O4 nanocrystals on the 2D nanosheets could
be hypothesized as being two steps: first, the initially intro-
duced Fe3+/Fe2+ cations were electrostatically attracted onto the
electronegative surface of TiNbNS, with the rest of the Fe3+/
Fe2+ cations freely dispersed in the surroundings; along with
the increase in pH value, Fe3+/Fe2+ cations around Fe3+/Fe2+–
TiNbNS aggregates might react with pre-adsorbed ones at their
sites on the nanosheets to produce crystal seeds. The likeli-

Fig. 4 (a–e) SEM images of Fe3O4–TiNbNS prepared with Fe source
to TiNbNS solution volume ratio of (a) 1 : 6, (b) 2 : 6, (c) 4 : 6, (d) 4 : 3 and
(e) 6 : 3. (f ) TEM image of Fe3O4–TiNbNS-4-6. The inset in (f ) shows the
lattice distance of a Fe3O4 crystal, assigned to its 311 crystal face.
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hood of co-precipitation between in-solution Fe3+/Fe2+ cations
also needed to be taken into account, especially in the case
where Fe3+/Fe2+ cations are in excess.

Zeta potential measurement was performed to monitor the
exfoliation of layered HTiNbO5 and formation of TiNbNS
embedded with magnetite particles (Fig. 5a). After TBA+-
induced exfoliation, TBA+ ions adsorbed on electronegative
TiNbNS comprised the stationary layer, which was surrounded
by a diffusion layer of mobile counter ions,44 and therefore
slightly weakened the electronegativity from −40.1 to
−36.5 mV. Upon introduction of H+, the double layer was rees-
tablished by cation exchange between H+ and TBA+, and the
zeta potential was measured to be more negative at −57.8 mV.
Colloids with higher zeta potential (negative or positive) were
more electrically stable in suspension due to electrostatic
repulsion,45 but in our case the addition of H+ disturbed the
stability of the nanosheet dispersion and resulted in irrevers-
ible precipitates. The precipitation was actually caused by the
enlarged size of the colloidal particles, implying that restack-
ing of TiNbNS occurred in solution. Once the Fe3O4 nano-
crystals were generated, the overall zeta potential (negative)
was positively shifted and experienced a stepwise decline with
an increase of Fe source, as a result of the accumulated Fe3O4

component in the composite. The magnetic property of the
Fe3O4–TiNbNS composite was demonstrated using a super-
conducting quantum interference device (SQUID) at 300 K
(Fig. 5b). Typically, the saturation magnetization value of
Fe3O4–TiNbNS-4-6 was 21.1 emu g−1, which enabled a quick
separation within 20 s by placing a magnet next to the solution
(Fig. 5b inset). The content of Fe3O4 in the composite was esti-
mated to be 49.6% through quantifying the Fe present by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). Through calculation, the theoretical saturation mag-
netization value for the Fe3O4 component should be 42.5 emu g−1,
lower than the measured value (50.8 emu g−1) of the pure
Fe3O4 nanoparticles prepared in the absence of TiNbNS. This
magnetism discrepancy offered additional evidence that the
in situ nucleation and growth gave rise to Fe3O4 nanocrystals
with different character from those obtained by the in-solution
strategy.

For better understanding of the intrinsic phosphate adsorb-
ability of Fe3O4–TiNbNS, a small molecule containing a phos-

phate group, p-nitrophenylphosphate (pNPP), was employed
as the target molecule for plotting the saturated adsorption
curves. As depicted in Fig. S5,† the saturated loading of phos-
phate on H+-stacked TiNbNS was measured to be around
40 μmol g−1, the highest among the six Ti/Nb-based materials,
exhibiting the most Lewis acid sites exposed for binding pNPP.
Comparing the Fe3O4–TiNbNS composite with H+-stacked
TiNbNS, we found that coupling Fe3O4 nanocrystals onto the
nanosheets was able to considerably enhance the adsorption
capacity up to 65 μmol g−1 (Fig. 6). As Fe3O4 itself exhibits only
relatively low adsorption of pNPP, the extraordinary improve-
ment in phosphate affinity should not be mostly attributed to
the relatively weak Lewis acidity of the Fe3O4 components,46 as
is also implied by the slightly decreased adsorption on Fe3O4–

TiNbNS-6-3, the carrier of the most Fe3O4 nanocrystals.
Next arose the question of why the Fe3O4–TiNbNS compo-

site afforded even higher phosphate loading than unmodified
TiNbNS aggregates, and urged us to investigate the nature of
the surface and variation in morphology triggered by
additional Fe3O4 nanocrystals. The XPS survey spectrum shows
the co-existence of Fe, O, Ti and Nb (Fig. S6a†). The binding
energy values of the Nb 3d and Ti 2p (Fig. S6b and c†) coincide
well with those obtained from layered oxide HTiNbO5 and
H+-stacked TiNbNS, confirming the preservation of the chemical
environment of surface Ti and Nb even during the formation
of the Fe3O4 nanocrystals. The information on porosity and
specific surface area was obtained from the nitrogen adsorp-
tion–desorption curves (Fig. 7a). Unexfoliated HTiNbO5

showed a type II isotherm, indicative of a typical non-porous
or macroporous adsorbent, which was also rationalized by its
extremely low BET surface area (4.7 m2 g−1). The isotherms of
both post-exfoliation products, H+-stacked TiNbNS and Fe3O4–

TiNbNS-4-6 were type IV with a visible hysteresis loop classified
as type H3, assigned to slit-shaped pores produced by the
aggregation of plate-like nanostructures.47 In addition, a
minor expansion in surface area (38.5 m2 g−1) was observed
after the exfoliation process, but restacking between

Fig. 5 (a) Zeta potential values for layered HTiNbO5, Fe3O4, TiNbNS,
H+-stacked TiNbNS, and Fe3O4–TiNbNS-x-y with different precursor
ratios. (b) Magnetic hysteresis curves for Fe3O4 and Fe3O4-TiNbNS-4-6
examined at 300 K; the inset displays the magnetic separability of
Fe3O4-TiNbNS in the presence of an external magnet.

Fig. 6 Saturated adsorption isotherms for pNPP adsorbed on (a–e)
Fe3O4–TiNbNS-x-y composites, (f ) Fe3O4 and H+-stacked TiNbNS. Ce:
equilibrium concentration; Qe: amount adsorbed at equilibrium.
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nanosheets counteracted the enhancement. On the other
hand, in situ growth of Fe3O4 could maintain the space
between adjacent nanosheets and thus compromise the
restacking to some extent, leading to a dramatically enlarged
surface area (135.5 m2 g−1). Demonstrated in the pore size dis-
tribution curves (Fig. 7a inset), the dominant pore size distri-
bution peaks for Fe3O4–TiNbNS and H+-stacked TiNbNS were
both located at 3.7 nm, corresponding to the slits between
restacked layers. Notably, a shoulder peak centered at 5.4 nm
was detected exclusively for Fe3O4–TiNbNS, which was specu-
lated to come from the gaps inside the incompact stack caused
by the extrinsic Fe3O4 species. In this manner, the additional
surface and space newly exploited by the Fe3O4 nanocrystals
released extra Lewis acid sites for accommodating more phos-
phate, which could elucidate the underlying principle as to
why the Fe3O4–TiNbNS composite possessed higher capacity
than H+-stacked TiNbNS in phosphate adsorption. The nitro-
gen adsorption–desorption curve for pure Fe3O4 nanocrystals
gave a starkly different pattern (Fig. S7†), and the pore dia-
meter (8.8 nm) of the agglomerates was larger than the second-
ary pore size of the Fe3O4–TiNbNS composite. Supported by
this characterization, we can infer with more confidence that
Fe3O4 nanocrystals were generated in situ on nanosheets along
a pathway rather distinct from in-solution crystallization. In
the representative XRD pattern (Fig. 7b), a set of diffraction
peaks matching well with the theoretical pattern of magnetite
Fe3O4 (JCPDS 75-1610), and the approximate particle size cal-
culated using the Debye–Scherrer equation was 7.8 nm, close
to the diameter measured from the SEM and TEM images
(Fig. 4c and f). Even more noteworthy was that the 002 face
diffraction peak was significantly weaker than that of
H+-stacked TiNbNS, reflecting that the regularity of the restacked
structure received further perturbation upon doping with
Fe3O4 nanocrystals. It can be speculated that instead of the
restacking effect induced by H+, the embedded Fe3O4 obstacles
loosened the interaction between the nanosheets and dimin-
ished the recovery of the stacked nanostructure. From the
structural interpretation by XRD, we could reach an identical
conclusion to the nitrogen adsorption–desorption measure-
ments that the Fe3O4 component played a crucial part in
enhancing the total surface area and providing extra space for
the adsorption events occurring on the nanosheet surface.

Selective capture and isotope labeling of phosphopeptides

Encouraged by the enhanced surface area and porosity, we
were eager to see if the newly constructed Fe3O4–TiNbNS could
lead to an improvement in capturing phosphopeptides. Fig. 8
shows the MALDI-TOF MS spectra of tryptic digests of β-casein
(1.6 pmol) after enrichment with Fe3O4–TiNbNS composites.
As illustrated in Fig. 8a and b, the MS peaks for the phospho-
peptides captured by Fe3O4 nanocrystals had about one-fifth of
the intensity of those obtained from the TiNbNS series, indi-
cating that TiNbNS was still the major force in the Fe3O4–

TiNbNS composite contributing to the adsorption of phospho-
peptides. The group of Fe3O4–TiNbNS composites exhibited
similar signal intensity to H+-stacked TiNbNS in the detection
of monophosphopeptides β1, β2, and β3, but witnessed a
3-fold elevation in the enrichment abundance of tetraphospho-
peptide β4 (Fig. 8c–g). The similar enhancement specifically
for multi-phosphopeptides also occurred by comparing the
layered oxides with H+-stacked nanosheets (Fig. 3c–f ). Mean-
while, the performance of Fe3O4–TiNbNS composites on
enriching phosphopeptides did not dramatically vary with the
precursor ratios, except in the modest decline of the multi-
phosphorylated species β4 when a higher proportion of Fe3O4

was introduced (Fig. 8f and g). This minor deterioration of
phosphate affinity was probably due to the decreased relative
content of TiNbNS. In the sensitivity evaluation, 4 distinct
analyte peaks with a higher signal-to-noise ratio were identi-
fied from 160 fmol digests of β-casein after enrichment with
the Fe3O4–TiNbNS series (Fig. S8†). For the further lowered
loading (16 fmol), signals of phosphopeptides β1, β2, and β3
were still detectable for Fe3O4–TiNbNS at every ratio (Fig. S9†),
whilst the H+-stacked TiNbNS could only give a detection limit
of 40 fmol (Fig. S3†). This sensitivity is much better than the
TiO2 or ZrO2 coated magnetic probes,25,48 and comparable
with the mesoporous TiO2 nanostructures.31,49 In comparison
with 2D graphene-supported separation materials presented in
previous studies,33,34,50 Fe3O4–TiNbNS also exhibits higher
detection sensitivity towards both mono- and multi-phospho-
peptides. In line with the better performance in adsorption of

Fig. 8 MALDI-TOF MS spectra of tryptic digests of β-casein (1.6 pmol)
enriched by (a) Fe3O4, (b) H

+-stacked TiNbNS, and (c–g) Fe3O4–TiNbNS-
x-y (c–g is successively assigned to 1 : 6, 2 : 6, 4 : 6, 4 : 3, and 6 : 3).

Fig. 7 (a) Nitrogen adsorption–desorption isotherms and pore size dis-
tribution curves (inset) calculated from the desorption branches of
HTiNbO5, H

+-stacked TiNbNS, and Fe3O4–TiNbNS-4-6. (b) XRD pattern
for Fe3O4–TiNbNS-4-6 matched with magnetite JCPDS 75-1610.
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pNPP, participation of Fe3O4 nanocrystals in the nanosheets
made a similar contribution to the further improved sensitivity
in phosphopeptide enrichment, which we attribute to the
hampered TiNbNS restacking process and larger active surface
preserved by the Fe3O4 nanocrystals generated in situ. Consid-
ering the degraded enrichment efficiency at high precursor
ratios (4 : 3 and 6 : 3) as well as the weak magnetism due to the
low Fe3O4 percentage (1 : 6 and 2 : 6), we eventually determined
Fe3O4–TiNbNS-4-6 to be the optimal composite for further
evaluation and extended application.

To assess the selectivity of the Fe3O4–TiNbNS composite in
trapping phosphopeptides, tryptic digests of bovine serum
albumin (BSA) were employed as interference to create a more
complex environment. Fig. S10a† shows that once 10-fold
digests of BSA were introduced, the signals of the phosphopep-
tides coming from β-casein (160 fmol) were totally over-
whelmed by the massive peaks of the peptides degraded
from BSA. After treatment with the Fe3O4–TiNbNS composite,
4 phosphopeptides were recovered out of the clean background
(Fig. S10b†), while layered oxide HTiNbO5 was not capable of
extracting the phosphorylated minority from the mixture
(Fig. S10c†). Even when the mass ratio of BSA to β-casein was
increased to 100 : 1, the Fe3O4–TiNbNS composite still exhibi-
ted its excellent anti-interference ability by selectively adsorb-
ing phosphopeptides from the non-phosphopeptide mixture
(Fig. S10d and e†), but not even a scant signal of phosphopep-
tides could be observed using layered oxide HTiNbO5

(Fig. S10f†). The enrichment capacity was evaluated by utiliz-
ing tryptic digests of α-casein (1.6 pmol), a standard phospho-
protein where around 20 amino acids were phosphorylated in
total, as the test specimen. 18 phosphopeptides with various
abundance and phosphorylation sites were successfully
extracted by Fe3O4–TiNbNS and yielded a group of peaks in the
spectrum (Fig. S11a and Table S2†), suggesting that Fe3O4–

TiNbNS was equipped with the capability to co-enrich a large
variety of phosphopeptides with diverse phosphorylation
degree and abundance. On the contrary, only 10 phosphopep-
tides appeared in the product after pretreatment with layered
oxide HTiNbO5 (Fig. S11b†). The superior performance of the
Fe3O4–TiNbNS composite over layered oxide HTiNbO5 both in
enrichment selectivity and capacity was attributed to the
expanded specific surface caused by exfoliation and extra
active binding sites resulting from the disturbed restacking
process by on-sheet Fe3O4 nanocrystals.

Stable isotope dimethyl labeling is a reliable and cost-
effective strategy for quantitative proteomics, in which the
N-terminus and ε-amino group of lysine go through reductive
amination with formaldehyde (CH2O) or deuterated formal-
dehyde (CD2O) to cause a mass difference of 28 or 32 Da.51 In
this work, we explored the potential of the Fe3O4–TiNbNS com-
posite as the carrier of as-captured phosphopeptides for in situ
stable isotope dimethyl labeling. The process of in situ
dimethyl labeling was monitored by quantifying the labeling
products of phosphopeptide β1 enriched from tryptic digests
of β-casein (1.6 pmol). Peptide β1 was estimated to take a
longer time than other phosphopeptides to complete the

labeling reaction, because it includes an extra lysine residue,
which is also active for amination with formaldehyde. As
shown in Fig. S12,† after reaction with the labeling reagent for
10 min, peptide β1 gave no signal at the pristine position (m/z
∼ 2062), but differentiated into 4 types of methylated products
with different labeling extents (mono-, di-, tri- and tetra-
methylated β1, respectively denoted as β1I, β1II, β1III and β1IV).
With the continuing reaction, the peaks corresponding to
incompletely labeled by-products were gradually weakened
(Table S3†). By 40 min, the yield of β1IV remained stable at
around 94% for even a prolonged reaction time (Fig. 9a),
which meant the labeling reaction reached thermodynamic
equilibrium after 40 min. Due to the lesser degree of freedom,
it was reasonable that peptides immobilized on the solid
phase would experience a decelerated labeling reaction com-
pared to that reported for the in-solution strategy.51

Relative quantification of serum phosphopeptides

As the most accessible bodily fluid sample, human serum is
regarded as a library of masses of informative biomolecules
such as proteins, peptides and microRNAs, whose dysregulated
expressions are potentially associated with the occurrence and
development of various diseases, including cancers.52,53

Endogenous phosphopeptides in serum have been extensively
reported to serve as a reflective factor of many diseases, and
the difference in expression is modulated by a cascade of
endogenous proteases, whose activities are highly distinct
between healthy and diseased states.54 For relative quantifi-
cation of serum phosphopeptides from normal and diseased
specimens, an in situ isotope dimethyl labeling protocol was
implemented after pre-enrichment based on the Fe3O4–

TiNbNS composite. As depicted in Fig. 9b, 4 endogenous phos-
phopeptides degraded from phosphorylated fibrinogen were
enriched from a mixed serum of 20 healthy volunteers and
fully labeled by CH2O and CD2O without any by-products, in
accordance with the mass shift of 28 and 32 Da (MS/MS
spectra and peptide sequences are listed in Fig. S13 and
Table S4†). To demonstrate the reliability of in situ labeling for
quantitative characterization of phosphopeptides, the isotope
cluster area of the most intensive peak from phosphopeptide
HS3 was recorded to plot a calibration curve by changing the
loading of the light-labeled sample while keeping the heavy-
labeled one constant. The peak area ratio changed proportionally

Fig. 9 (a) Percentage of fully labeled β1 varying with reaction time.
(b) Representative MALDI-TOF MS spectra of serum phosphopeptides
enriched by the Fe3O4–TiNbNS composite (red color) and labeled in situ
by CH2O (green color) and CD2O (blue color).
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with loading volume ratio over the range from 8 : 1 to 0.125 : 1
(Fig. S14a†), and linear fitting provided an equation with slope
and linear correlation coefficients of 0.966 and 0.996
(Fig. S14b†), validating the credibility of relative quantification
in this range. So far, abnormal expression of serum fibrinogen
and its phosphorylated fragments has been discovered and
discussed in the cases of ovarian cancer,55 gastric cancer56 and
liver cancer.28 Unlike solid cancer tumors, leukemia is a group
of hematologic malignancies featured by a large number of
abnormal white blood cells, toward which phosphoproteomic
research was extensively carried out regarding its complicated
subtypes.57,58 To date, most of this endeavor has been directed
to the exploration of the phosphoproteome in leukemia cell
lines, with the goal of comprehending the signaling pathways
of the tyrosine kinase family (Bcr-Abl kinase and Janus
families) and assessing inhibitor drug (imatinib, dasatinib
and nilotinib) efficacy,59,60 but the endogenous phosphopep-
tides existing in leukemia serum specimens were not as inves-
tigated or involved in the elucidation of pathology. Herein,
taking the sera of leukemia patients as a research object, we
applied an in situ labeling strategy based on Fe3O4–TiNbNS to
characterize the levels of serum phosphopeptides. Serum
samples were collected from 8 healthy adults and 8 patients
with acute promyelocytic leukemia (APL), enriched by Fe3O4–

TiNbNS-4-6 and labeled in situ with CH2O, while mixed serum
from 20 healthy volunteers was labeled with CD2O as a
control. All of the normalized MS spectra and relative abun-
dance of captured phosphopeptides from the sera of healthy
adults and leukemia patients (light-labeled) combined with
the control sample (heavy-labeled) are illustrated in Fig. 10a
and b by setting the value of the control sample as 100%. As
presented in the bar chart (Fig. 10c and d), little difference was
observed for all of the 4 phosphopeptides from the compari-
son between normal sera and the control group, whilst 3 of the
4 phosphopeptides in the sera drawn from leukemia patients

saw a significant variation compared to the control sample. As
calculated from the logarithmic ratios of the isotope cluster
areas, the phosphopeptide HS1 (D[pS]GEGDFLAEGGGV)
and HS2 (AD[pS]GEGDFLAEGGGV) respectively underwent a
3.3 and 1.5-fold up-regulation, but the phosphopeptide HS4
(AD[pS]GEGDFLAEGGGVR) conversely turned out to be down-
regulated by about 2.6 times. The elevation of phosphopeptide
HS1 accompanied with the decline in phosphopeptide HS4
was also observed in profiling the serum phosphopeptides of
patients with ovarian cancer or hepatocellular carcinoma.61,62

As for gastric cancer, down-regulation occurred on phospho-
peptides HS2 and HS3, and yet expression of phosphopeptide
HS4 was exceptionally raised.56 It is also worth mentioning
that the standard deviation of phosphopeptides HS1, HS2 and
HS4 from leukemia patients was much higher than that from
healthy adults, which can be explained by the highly compli-
cated causes of the disease and variation of states across indi-
viduals compared to the relative centralized phenotype in
normal specimens. It was extensively documented that APL
always occurs in concomitance with disseminated intravascu-
lar coagulation (DIC), a disorder in blood coagulation account-
ing for the bleeding and thrombosis.63 In these cases,
fibrinopeptide A (FPA), the nonphosphorylated form of HS4,
released from thrombin-induced degradation of fibrinogen
during blood coagulation, was measured to be markedly elev-
ated, reflecting the unexpected consumption of fibrinogen and
the aberrant enzyme cascade.64 To complicate matters further,
a number of enzymes including kinases, alkaline phospha-
tases and amino-peptidases are all implicated in the gene-
ration of phosphorylated and truncated forms of FPA before or
after thrombin action, resulting in the four endogenous phos-
phopeptides recovered in our study.65 Taken together, the dis-
similar profile of serum phosphopeptides to that of healthy
specimens was probably due to the dysregulation of multiple
endogenous enzymes within sera of patients with APL.

Fig. 10 Normalized MALDI-TOF MS spectra of 4 phosphopeptides enriched from the sera of (a) 8 healthy adults (light-labeled) and (b) 8 leukemia
patients (light-labeled) versus the control sample (heavy-labeled). Logarithms of the isotope cluster area ratio of the 4 phosphopeptides enriched
from (c) normal sera (light-labeled) to the control sera (heavy-labeled) and (d) patient sera (light-labeled) to the control sera (heavy-labeled).
Embedded are representative MS spectra of (c) normal and (d) patient sera mixed with the control sera.
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Conclusions

In summary, inspired by the similarity of structural units
between MOAC materials (TiO2 and Nb2O5) and their homo-
geneous 2D nanosheets (niobate and titanoniobate
nanosheets), we have developed a nanocomposite of titanonio-
bate nanosheets embedded with Fe3O4 nanocrystals (Fe3O4–

TiNbNS) using a facile and controllable cation-exchange route,
and emphasized its applicability in isolation and in situ
isotope labeling of phosphopeptides. Through exfoliation, the
2D morphology opened up the active inner surface of the tita-
noniobate accessible to target molecules and outperformed
conventional bulk and layered oxides in terms of phospho-
peptide enrichment. Characterization showed that Fe3O4 nano-
crystals generated in situ enabled the magnetic separability of
the composite and played an additional role in interrupting
the nanosheet restacking process so as to further expand the
surface area for binding phosphopeptides. The composite
nanosheet exhibited greatly improved sensitivity, selectivity
and capacity in phosphopeptide enrichment, and highlighted
its practicability in understanding the pathology of acute pro-
myelocytic leukemia through relative quantification of
endogenous phosphopeptides from leukemia patient sera. We
envision that this magnetic 2D metal oxide nanosheet would
be a powerful tool in addressing the issues that arise in bio-
logical recognition and separation.
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