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M
agnetic composite microspheres
have been extensively investi-
gated, due to their wide range of

current and potential applications in the
biomedical field.1�11 They allow mechanical
sorting, trafficking, and other forms of micro-
manipulation to be easily performed in bio-
logical systems; this is achieved simply via

the application of an external magnetic field,
while the particles are viewed and followed
using MRI tomographic methods.12�15 Re-
cently, the application of magnetic compo-
sitemicrospheres in proteomics research has
received much attention.16�21 Reversible
protein phosphorylation is one of the most
important protein post-translational modifi-
cations; it plays a vital role in regulatingmany
complex biological processes such as cellular
growth, division, and signaling transduction,
and investigations into this process are of
keen interest in the field of proteomics.22�24

Mass spectrometry (MS) has become the
most important and powerful tool for the
analysis of protein phosphorylation, due to
its ultrahigh sensitivity, its wide dynamic
range, and its superior speed in analyzing
mixtures. However, the identification and
characterizationofphosphoproteins remains
one of the most challenging tasks in con-
temporary proteomic research, due to their
low dynamic stoichiometry. The selective
enrichment of phosphoproteins or phospho-
peptides from complex mixtures is therefore
essential for MS-based phosphoproteomics.
Of the various enrichment strategies, im-

mobilized metal affinity chromatography
(IMAC);which relies on the affinity of the

phosphate groups to metal ions immobi-
lized on a matrix;is the most commonly
used technique to fish the phosphorylated
peptides out of the pool of predominantly
non-phosphorylated peptides. In recent
years, metal oxide nanoparticles such as
TiO2, ZrO2, and HfO2 have been demon-
strated to be more specific in the trapping
of phosphoproteins/phosphopeptides than
conventional IMAC; this is because such
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ABSTRACT Selective enrichment of phos-

phoproteins or phosphopeptides from complex

mixtures is essential for MS-based phospho-

proteomics, but still remains a challenge. In

this article, we described an unprecedented

approach to synthesize magnetic mesoporous

Fe3O4@mTiO2 microspheres with a well-defined core/shell structure, a pure and highly

crystalline TiO2 layer, high specific surface area (167.1 m
2/g), large pore volume (0.45 cm3/g),

appropriate and tunable pore size (8.6�16.4 nm), and high magnetic susceptibility. We

investigated the applicability of Fe3O4@mTiO2 microspheres in a study of the selective

enrichment of phosphopeptides. The experiment results demonstrated that the Fe3O4@mTiO2
possessed remarkable selectivity for phosphopeptides even at a very low molar ratio of

phosphopeptides/non-phosphopeptides (1:1000), large enrichment capacity (as high as

225 mg/g, over 10 times as that of the Fe3O4@TiO2 microspheres), extreme sensitivity (the

detection limit was at the fmol level), excellent speed (the enrichment can be completed in

less than 5 min), and high recovery of phosphopeptides (as high as 93%). In addition, the high

magnetic susceptibility allowed convenient separation of the target peptides by magnetic

separation. These outstanding features give the Fe3O4@mTiO2 composite microspheres high

benefit for mass spectrometric analysis of phosphopeptides.

KEYWORDS: mesoporous microspheres . magnetic clusters . titanium oxide .
enrichment of phosphopeptides . mass spectrometric analysis
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oxides display more specific and reversible chemi-
sorption of phosphate groups on their amphoteric
surface.25�27 In particular, recent advances in meso-
porous TiO2 synthesis have led to the development of
the current state of the art phosphate-adsorbing ma-
terials, which have a higher enrichment capacity and
better selectivity than solid oxides.28�30 However,
when the phosphopeptide-bound materials were har-
vested using centrifugation, high-molecular-weight
non-phosphopeptides were sedimented at high
rotation speeds (up to 16 000 rpm). We therefore
formulated a rational design to combine magnetic
nanomaterials with mesoporous TiO2, with the aim of
achieving the simple and efficient separation of the
phosphopeptides from the peptide mixture in the
harvesting step.
Herein, for the first time, we present a novel method

to fabricate well-defined core/shell microspheres with
an Fe3O4 colloidal nanocrystal cluster as a core and a
mesoporous crystalline TiO2 as a shell (Fe3O4@mTiO2).
These composite nanomaterials were investigated in a
study of the selective enrichment of phosphopeptides.
The Fe3O4@mTiO2 microspheres were designed to
possess the following features: (1) a pure and highly
crystalline TiO2 layer showing a remarkable selectivity
toward phosphopeptides; (2) a relatively large pore
volume and appropriate pore size, which ensured a
large enrichment capability and a high mass transport
efficiency by allowing the enrichment time to be
shortened and a high recovery efficiency to be
achieved; (3) a high-magnetic-response Fe3O4 core,
allowing separation to be conveniently performed,
by the simple application of an external magnetic field.
These Fe3O4@mTiO2 composite microspheres with the
aforementioned unique properties are anticipated to

become sustainable reservoirs for the selective enrich-
ment of phosphopeptides; this would be highly ben-
eficial for mass spectrometric analysis.

RESULTS AND DISCUSSION

The protocol for the synthesis of the Fe3O4@mTiO2

composite microspheres is illustrated in Scheme 1a.
A compact TiO2 layer was deposited directly on the
surface of magnetite colloidal nanocrystal clusters
(MCNCs) using a sol�gel method. They were then
subjected to a hydrothermal treatment, which led to
the formation of a tailor-made mesoporous TiO2 shell.
Briefly, the citrate-stabilized MCNCs were prepared

using amodified solvothermal route.31,32 The obtained
MCNCs had a spherical shape with a mean diameter
of about 280 nm (Figure 1a). A high-resolution TEM
(HRTEM) image (Figure S1) further reveals that the
microspheres are composed of nanocrystals with a size
of about 7�11 nm. The average crystallite size in these
microspheres can be further calculated by the stron-
gest peak at 25.2� in the PXRD spectrum (Figure 2a)
using Scherrer's formula; the data were around
10.4 nm. The thermogravimetric analysis (TGA) of
MCNCs (Figure 3a) indicates that the content of the
citrate stabilizer is as high as 18 wt %, which suggests
that the citrate molecules are not only at the surface
but also located between the magnetite nanocrystals
forming the MCNC cores.
The carboxyl groups provided by the citrate stabi-

lizer gave the MCNCs outstanding dispersibility in
many polar solvents and also adsorbed positive am-
monium ions, which further drew the negatively
charged tTiO� species together, and thereby facili-
tated the direct deposition of titania via the sol�gel
process.33,34 The coating reaction was thoroughly

Scheme 1. Schematic illustration of (a) synthetic procedure for the fabrication of the mesoporous Fe3O4@mTiO2 core/shell
microspheres and (b) the selective process for the enrichment of phosphorylated peptides using Fe3O4@mTiO2microspheres
and magnetic separation.
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investigated by varying the feeding amounts of am-
monia and tetrabutylorthotitanate (TBOT) and the

volume ratio of ethanol/acetonitrile. As is evident from
the TEM image shown in Figure 1b, a well-defined
core/shell structure was produced. An energy disper-
sive X-ray (EDX) spectrum was recorded to identify the
composition of the resulting microspheres (Figure S2).
Ti, Fe, and O were the three main elements found,
indicating that the obtained microspheres were com-
posed of the target materials. This confirmed that it
was possible for well-structured Fe3O4@TiO2 materials
to be obtained. The hydrodynamic diameter (Dh) of
MCNCs and Fe3O4@TiO2 represented in Figure S3a and
S3b provides additional evidence for the successful
coating; the average Dh of MCNCs and Fe3O4@TiO2 is
314 and 558 nm, respectively (close to the size mea-
sured by TEM), and the narrow size distributions
(the polydispersity index for MCNCs and Fe3O4@TiO2

is 0.097 and 0.071, respectively) indicate that they all
have a good dispersibility in water. In addition, the TiO2

shell appeared to be continuous and compact in terms
of its structure; the possibility of tuning the thickness
was afforded by varying the amount of TBOT that was
fed into the reaction. In contrast to the known strate-
gies for the synthesis of TiO2 composite microspheres,

Figure 1. Representative TEM images of (a) MCNCs and (b)
Fe3O4@TiO2 and Fe3O4@mTiO2, prepared under different
ethanol/deionized water ratios of (c) 60:0, (d) 40:20, (e)
20:40, and (f) 0:60. (All scale bars are 200 nm.)

Figure 2. (a) XRD patterns for MCNCs, Fe3O4@TiO2, and Fe3O4@mTiO2, (b) nitrogen adsorption�desorption isotherms
(9 = adsorption, 0 = desorption) and BJH pore-size distribution curves (inset) for Fe3O4@mTiO2 prepared with an NH3 3H2O
dosage of (i) 0 and (ii) 3 mL.

Figure 3. (a) TGA curves and (b) magnetic hysteresis curves of (i) MCNCs, (ii) Fe3O4@TiO2, and (iii) Fe3O4@mTiO2 (prepared
with 40:20 volume ratio of ethanol to water and 3 mL of NH3 3H2O).
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this facile approach allowed the growth of TiO2 over
Fe3O4 colloids to be achieved without the use of any
intermediate components (for example, an SiO2 sand-
wich layer is typically used to give higher accessibility
to TiO2 precursors).

35�37

The magnetic properties of MCNCs and the Fe3O4@-
TiO2 composite microspheres were studied using a
vibrating sample magnetometer (Figure 3b). The mag-
netic hysteresis curves of MCNCs and Fe3O4@TiO2

showed that the two kinds of microspheres have no
obvious remanence or coercivity at 300 K, indicating
that they all possess a superparamagnetic feature.
The superparamagnetism is coming from the small
nanocrystals in the MCNC cores, which behave as
superparamagnets. Additionally, the citrate stabilizer
may also screen the dipolar interactions between the
nanocrystals so as to greatly decrease the coercivity.
A similar result could be found in the previous
literature.38 As a control, the saturation magnetization
(Ms) value of the MCNCs was measured; it reached
68.4 emu/g. Upon coating of a 100 nm thick amor-
phous TiO2 layer, the Ms value for the Fe3O4@TiO2

microspheres was reduced to 17.8 emu/g. Accordingly,
the TiO2 content of the composite microspheres was
estimated to be as high as 74 wt %; this estimate was
performed by comparing the Ms values before and
after coating of the TiO2 layers, which agrees well with
the calculation (72.2 wt%) from the thermogravimetric
measurements (Figure 3a). The high TiO2 content
was responsible for the abundance of binding sites
on the microspheres that were available to anchor the
phosphopeptides. The composite microspheres could
be separated from the solution (VH2O/VCH3CN, 1:1)
in only 30 s when the magnetic field was applied
(Figure S4a). The specific surface area of the Fe3O4@-
TiO2 microspheres was characterized using nitrogen
adsorption�desorption measurements (Figure S5).
A typical micropore isotherm curve was obtained,
and the average pore size calculated using the
Horvath�Kawazoe model39 was approximately 0.7 nm.
This was unfortunately too small to allow the infiltration
of the phosphopeptides (the diameter of gyration of
the investigated phosphopeptides was calculated to
be about 2�3 nm).
The mesoporous TiO2 shell was created by hydro-

thermally treating the as-synthesized Fe3O4@TiO2

microspheres in a mixed ethanol/water solvent, with
NH3 3H2O as porosity modifier. TEM images of the
Fe3O4@mTiO2microspheres prepared at various ethanol/
water volume ratios (in a total volume of 60 mL)
are shown in Figure 1c to f. The feeding amounts of
Fe3O4@TiO2 and NH3 3H2O were maintained at a con-
stant level (50 mg and 3 mL), and the volume ratios
of ethanol to water were varied (the samples had
ratios of 60:0, 40:20, 20:40, and 0:60), producing the
different samples displayed in Figure 1c, d, e, and f,
respectively. The TiO2 shells appeared to have different

textures; more porous-looking shells were produced as
the volume ratios were changed from 60:0, to 40:20,
to 20:40 under otherwise identical conditions. Without
ethanol in the reaction, the TiO2 shell was almost
nonexistent, leaving only a small remainder on the
MCNCs (Figure 1f). Selected-area electron diffraction
(SAED) patterns recorded from a certain shell area for
individual microspheres revealed that the TiO2 shells
prepared under these four reaction conditions were
all polycrystalline and were constructed from many
TiO2 nanocrystals (see insets in Figure 1c�f). Interest-
ingly, the crystallization and pore-creation processes
took place simultaneously during the hydrothermal
treatment.
In addition to the role played by the solvents, we

also found that the concentration of ammonia had a
great effect on the formation of the structures in the
Fe3O4@mTiO2 microspheres, which was achieved by
adjusting the alkalinity of the solution and thereby
tuning the crystal process.40 Representative TEM
images are shown in Figure 4 for the products prepared
with different amounts of NH3 3H2O, with a constant
40:20 volume ratio of ethanol to water. Even with no
NH3 3H2O in the solution, the TiO2 shell seemed to be
porous. When the amount of NH3 3H2O was increased,
the porosity of the TiO2 shell was enhanced accord-
ingly, as confirmed in Figure 4b, c, and d. However, it is
surprising that as the amount of NH3 3H2O was in-
creased to over 3 mL, numerous sheet-shaped crystals
became bound onto the peripheral surface of the TiO2

shell (Figure 4e and f). We believe that the excess
NH3 3H2O did not facilitate the formation of the homo-
genously structured porous shell, but promoted the
crystal growth of the surface; this was further confirmed
in the SEM images (Figure 5). Thephase evolution of the

Figure 4. (a�f) Representative TEM images of Fe3O4@mTiO2

preparedwithdifferentamountsofNH3 3H2O: (a) 0mL, (b) 1mL,
(c) 2 mL, (d) 3 mL, (e) 4 mL, (f) 6 mL. (All scale bars are
200 nm.)
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TiO2 in the shell was closely monitored as a function of
reaction time, to reveal the process of crystalline con-
version (Figures S6 and S7). It can be seen that the
sheet-like nanocrystals on the shells were just formed
after 8 h; as the reaction continued, the crystallization
extended into the internal layer to yield a considerable
amount of nanocrystals, and this was accompanied by
the continuous growth of the superficial sheet crystals.
The crystalline structure of the composite Fe3O4@-

mTiO2 microspheres was rigorously investigated using
powder X-ray diffraction (PXRD, Figure 2a). Prior to the
crystallization treatment of the TiO2 shells, the Fe3O4@-
TiO2 microspheres showed a simple PXRD pattern,
which could be well ascribed to the typical cubic
structure of Fe3O4 (JCPDS 19-629). No characteristic
TiO2 crystal peaks were detected, which was indicative
of an amorphous TiO2 shell formed around the MCNC
core. After hydrothermal treatment for 20 h, the PXRD
pattern for the synthesized Fe3O4@mTiO2 micro-
spheres was noticeably different from the former
pattern. In addition to the diffraction peaks that were
preserved due to the Fe3O4 component, the other
peaks (marked with “A” in the spectrum) could be well
indexed to the typical crystallographic planes of an
anatase-phase TiO2. This confirmed again the occur-
rence of a structural transition in the TiO2 shell, from
amorphous to crystalline phase. The average crystal
sizes in the shells of the composite microspheres were
calculated using Scherrer's formula. The strongest peak
at 25.2� in the PXRD spectrum was used, and the
average nanocrystal size in the TiO2 shells that were
synthesized with 3 mL of NH3 3H2Owas about 18.7 nm.
In the other samples, which were synthesized using

2, 1, and 0 mL of NH3 3H2O, the grain sizes of the TiO2

nanocrystals in the shells showed a decreasing ten-
dency, which were further confirmed by the HRTEM
images shown in Figure S8; the peaks for these samples
corresponded to nanocrystals with sizes of 15.3, 13.4,
and 9.8 nm. This showed that NH3 promoted the size
evolution of the TiO2 nanocrystals during their struc-
tural transition; it is possible that the presence of excess
NH3 3H2O in the synthesis led to more pronounced
orientational growth, which in turn led to the forma-
tion of the larger sheet-shaped crystals fixed on the
outmost layer, as shown in Figure 4e and f.
The well-structured Fe3O4@mTiO2 microspheres

synthesized with NH3 3H2O amounts of 0 and 3 mL
under the 40:20 volume ratio of ethanol to water were
subjected to further study of their porosity, by means
of nitrogen sorption analysis performed at 77 K. As
shown in Figure 2b, the two kinds of Fe3O4@mTiO2

exhibited typical type IV gas sorption isotherms, which
were indicative of the mesoporous character that
both samples showed. According to calculations made
using the BET model,41 the Fe3O4@mTiO2 materials
synthesized without andwith the addition of NH3 3H2O
(3 mL) resulted in specific surface areas of 167.1 and
126.2 m2/g, respectively, and similar pore volumes of
0.45 cm3/g. Their corresponding pore-size distributions
were evaluated using the Barrett�Joyner�Halenda
(BJH) model,42 and the populations were found to be
centered at 8.6 and 16.4 nm (Figure 2b, inset), respec-
tively. Considering these results together with the
small sizes of the TiO2 nanocrystals (as calculated
from the PXRD patterns) leads to a possible hypothesis;
the mesoporosity might result from a number of
nanocrystals stacking with each other to form a
shell, simultaneously producing tiny slits between the
neighboring primary nanocrystals in the shells. The
Fe3O4@mTiO2 synthesized with 3 mL of NH3 3H2O
showed a reduced surface area and larger pore sizes;
this could be explained to result from the larger TiO2

nanocrystals in their shells. Even with impaired poros-
ity, this sample showed larger pore sizes than the
others; the larger pore size is conducive to the perme-
ation of peptides during the selective enrichment. The
magnetic properties of this larger-pore-size sample
were assessed, to determine whether a fast separation
of the particles (out of the medium) could be per-
formed. The magnetic hysteresis curve shows an Ms of
21.2 emu/g, slightly higher than that of pristine
Fe3O4@TiO2 (17.8 emu/g) (see Figure 3b), which also
agrees well with the TGA result (Figure 3a). In the
practice separation test, the Fe3O4@mTiO2 composite
microspheres could be completely attracted within
only 15 s (Figure S4b). Such a short separation time
reflects the potential of these particles for the rapid
isolation of target peptides. The average Dh of these
particles (Figure S3c) of 632 nm (a few larger than
Fe3O4@TiO2) and the narrow size distribution (the PDI

Figure 5. (a�f) Representative SEM images of Fe3O4@mTiO2

core/shell microspheres prepared under different NH3 3H2O:
(a) 0mL, (b) 1mL, (c) 2mL, (d) 3mL, (e) 4mL, (f) 6mL. (All scale
bars are 1 μm.)
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for Fe3O4@mTiO2 is 0.062) further confirm that they are
dispersed as single spheres rather than aggregating in
solution, which is essential for the following enrich-
ment experiments.
TiO2 has attracted considerable attention as a novel

material for the enrichment of phosphopeptides from
complex mixtures. Phosphopeptides can be captured
by TiO2 through bridging bidentate bonds between
the phosphoric acid group of phosphopeptides and
TiO2 (Scheme 2),43 which are formed between the
phosphate anions and the metal oxide surface. Here,
the enrichment selectivity and capacity of Fe3O4@mTiO2

toward phosphopeptides were investigated using
the tryptic digest of a standard phosphoprotein,
β-casein. In a typical enrichment procedure, the
β-casein digest was first dissolved in a 100 μL loading
buffer consisting of 50% acetonitrile containing 1%
trifluoroacetic acid (TFA) and was then incubated with
Fe3O4@mTiO2. The Fe3O4@mTiO2 and captured phos-
phopeptides were then separated from the mixed
solution, using an external magnetic field. The col-
lected products were then washed with the loading
buffer, to remove any nonspecifically adsorbed pep-
tides. Finally, the trapped phosphopeptides were
eluted with 10 μL of 5% NH3 3H2O, and 1 μL of this
solution was used for MALDI-TOF MS analysis. Figure
S9 shows the mass spectra for the peptides before and
after the Fe3O4@mTiO2 enrichment. After selective
enrichment, signals could be clearly observed for all
three phosphopeptides (at m/z 2061.83, 2556.09, and
3122.27) (Figure S9b). As a control, the same amount of
β-casein digest was analyzed in the absence of the
pretreatment procedure. The obtained spectrum was
dominated by non-phosphopeptides (Figure S9a), and
their presence led to a low signal-to-noise ratio for the
phosphopeptides. This result confirmed the enrich-
ment selectivity of Fe3O4@mTiO2 for phosphopeptides.
To further evaluate their ability to capture phospho-

peptides in complex samples, the Fe3O4@mTiO2micro-
spheres were applied to trap phosphopeptides in
mixtures of a tryptic digest of β-casein and bovine
serum albumin (BSA) (with a molar ratio of 1:1000); the
Fe3O4@TiO2 microspheres with amorphous TiO2 shells
were used as a reference comparison. As shown in
Figure 6a, no phosphopeptides were detected before
enrichment, due to the presence of large amounts of

non-phosphopeptides (from the BSA). When the
Fe3O4@TiO2 microspheres with amorphous shells
were used, the efficacy of the enrichment was inferior
(Figure 6c), with lower phosphopeptide intensities and
non-phosphopeptide peaks dominating the spectrum.
However, after incubation with Fe3O4@mTiO2, all three
phosphopeptides could be easily detected, with a very
clean background in themass spectrum (Figure 6b). To
the best of our knowledge, this is the highest enrich-
ment selectivity hitherto observed; we achieved an
order-of-magnitude improvement over the recently
reported mesoporous TiO2 synthesized using a
surfactant-aided assembly route,29 and the selectivity
is also much better than the previously reported
Fe3O4@TiO2 nanoparticles.44�46 We attribute this un-
precedented selectivity of the Fe3O4@mTiO2 to the
100% purity and high crystallinity of the TiO2 composi-
tion, with no impurity moieties left within the shells.
With their exceptional porosity in mind, we investi-

gated the enrichment capacity of the Fe3O4@mTiO2

composite microspheres toward β-casein phospho-
peptides. Equivalent amounts of Fe3O4@mTiO2 and
Fe3O4@TiO2 were used to selectively enrich phospho-
peptides from β-casein; a series of samples using
varying amounts of phosphopeptides were prepared.
After the samples were loaded, the flow-through frac-
tions were analyzed using MALDI-TOF MS. When the

Scheme 2. Schematic illustration of the interaction be-
tween the phosphoric acid group of phosphopeptides and
TiO2.

Figure 6. MALDI mass spectra of the tryptic digest mixture
of β-casein and BSA (with amolar ratio of β-casein to BSA of
1:1000). (a) Direct analysis and analysis after enrichment
using (b) Fe3O4@mTiO2 and (c) Fe3O4@TiO2. “*” and “f”
indicate phosphorylated peptides and their dephosphory-
lated counterparts, respectively.
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total amount of β-casein was lower than the capacity
of the materials, the phosphopeptides could not be
detected. Once the phosphopeptide's signal was de-
tected by MALDI-TOF MS;meaning that the material
could not capture all of the phosphopeptides at the
concentration in question;the enrichment capacity
of the material could be estimated. As illustrated in
Figure 7a, the enrichment capacity of Fe3O4@TiO2 was
20mg/g. Themesoporous Fe3O4@mTiO2microspheres
showed enrichment capacities as high as 225 mg/g,
nearly 10 times higher than that of Fe3O4@TiO2. As
detailed above, the porous structure of the Fe3O4@-
mTiO2 microspheres featured a large pore volume
(0.45 cm3/g) and a suitable mesopore size (16.4 nm),
which ensured the infiltration of the peptides into
the cavities between the primary TiO2 nanocrystals
(and thereby produced behavior that was clearly
different from that of the microporous Fe3O4@TiO2

microspheres). Also by virtue of the large pore volume,
the enrichment can be completed in less than 5 min.
The postenrichment recovery of phosphopeptides

from Fe3O4@mTiO2was investigated. A certain amount
of standard phosphopeptide (pSADGQHAGGLVK)
was divided equally into two parts. The first part
was treated with immobilized trypsin (homemade)
in H2

18O, which produced a 4 Da mass increase by
introducing two 18O atoms at the C-termini of the
peptides. The second part was applied in our trap-
and-release strategy. Bymixing the two parts, we could
profile the product with MS to make a comparative
study of the abundances of the phosphopeptides from
different oxygen isotopes, according to the peak re-
lative intensities.47 As the MALDI mass spectrum in
Figure 7b reveals, the recovery of phosphopeptides
from the Fe3O4@mTiO2 was as high as 93%. Further-
more, the high detection sensitivity of this approach
was demonstrated, as illustrated in the MALDI mass
spectrum shown in Figure 7c. The targeted phospho-
peptide (m/z 2061.83) could be easily enriched and
could be detected at a signal-to-noise ratio of 56, even
when the total amount of β-casein was decreased to
only 10 fmol. This indicated that the detection limit of
thismethodwas at the fmol level. These tests lead us to
believe that the Fe3O4@mTiO2 microspheres act as an
ideal adsorbent for phosphopeptides with remarkable
selectivity, extreme sensitivity, large capacity, excellent
speed, and sustainable enrichment recovery.

CONCLUSION

In summary, we have presented a new facile,
repeatable, and mass spectrometry-friendly synthetic
route for the preparation of magnetic mesoporous
Fe3O4@mTiO2 core/shell microspheres with a magne-
tite core and a homogeneous mesoporous crystalline
TiO2 shell. The characterization results showed that
the ethanol/water volume ratio and the amount of
NH3 3H2O had large effects on the structure of the
obtained Fe3O4@mTiO2 microspheres. The phospho-
peptide enrichment experiments confirmed that the
Fe3O4@mTiO2 microspheres had excellent selectivity
for phosphopeptides. This research has important im-
plications for the preparation of other similar core/shell
magnetic mesoporous nanomaterials. We also believe
that these mesoporous Fe3O4@mTiO2 microspheres
have great potential for photocatalysis and other
biomedical applications.

EXPERIMENTAL SECTION

Materials. Iron(III) chloride hexahydrate (FeCl3 3 6H2O), am-
monium acetate (NH4OAc), ethylene glycol, anhydrous ethanol,
trisodium citrate dehydrate, and aqueous ammonia solution
(25%) were purchased from Shanghai Chemical Reagents

Company and used as received. β-Casein, bovine serum
albumin (95%), 2,5-dihydroxybenzoic acid (2,5-DHB, 98%),
ammonium bicarbonate (ABC, 99.5%), and 1,1-(tosylamido)-2-
phenylethyl chloromethyl ketone (TPCK)-treated trypsin (E.G
2.4.21.4) were purchased from Sigma (St.Louis, MO, USA).

Figure 7. (a) Enrichment capacity analysis of Fe3O4@mTiO2

and Fe3O4@TiO2; (b) MALDImass spectrumof phosphopep-
tide pSADGQHAGGLVK (a mixture of unlabeled enriched
and an equal amount of 18O-labeled unenriched, used as a
control); (c) MALDI mass spectrum of a tryptic digest of
β-casein (0.1 nM, 100 μL), after enrichment.
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Acetonitrile (ACN, 99.9%) and trifluoroacetic acid (99.8%) were
purchased from Merck (Darmstadt, Germany). Phosphoric acid
(85%) was purchased from Shanghai Feida Chemical Reagents
Ltd. (Shanghai, China). Matrix DHB was dissolved in an acetoni-
trile (ACN)/water (50/50, v/v) solution containing 1% H3PO4 by
keeping DHB at 10 mg/mL. Deionized water (18.4 MΩ cm) used
for all experiments was obtained from a Milli-Q system
(Millipore, Bedford, MA, USA). Field-emission transmission elec-
tron microscopy (FE-TEM) images were taken on a JEM-2100F
transmission electron microscope at an accelerating voltage of
200 kV. Samples dispersed at an appropriate concentration
were cast onto a carbon-coated copper grid. Field-emission
scanning electron microscopy (FE-SEM) was performed with a
Hitachi S-4800 scanning electron microscope at an accelerating
voltage of 20 kV. Samples dispersed at an appropriate concen-
tration were cast onto a glass sheet at room temperature
and sputter-coated with gold. Magnetic characterization was
carried out with a vibrating sample magnetometer on a Model
6000 Physical Property Measurement System (Quantum, USA)
at 300 K. XRD patterns were collected on an X0Pert Pro
(Panalytical, The Netherlands) diffraction meter with Cu KR
radiation at λ = 0.154 nm operating at 40 kV and 40 mA.
Nitrogen adsorption�desorption measurements were per-
formed on an ASAP2020 (Micromeritics, USA) accelerated sur-
face area analyzer at 77 K. Before measuring, the samples were
degassed in a vacuum at 120 �C for at least 6 h.

Preparation of MCNCs Stabilized by Citrate. The magnetite colloi-
dal nanocrystal clusters were prepared through a modified
solvothermal reaction. Typically, 1.350 g of FeCl3 3 6H2O, 3.854 g
of NH4Ac, and 0.400 g of sodium citrate were dissolved in 70 mL
of ethylene glycol. The mixture were stirred vigorously for 1 h at
170 �C to form a homogeneous black solution and then trans-
ferred into a Teflon-lined stainless-steel autoclave (100 mL
capacity). The autoclave was heated at 200 �C and maintained
for 16 h; then it was cooled to room temperature. The black
product was washed with ethanol and collected with the help
of a magnet. The cycle of washing and magnetic separation
was repeated several times. The final product was dispersed in
ethanol for further use.

Preparation of Fe3O4@TiO2 Core/Shell Microspheres. The Fe3O4@-
TiO2 core/shell microspheres were synthesized by directly coat-
ing a TiO2 layer on the surface of MCNCs in the mixed solvent of
ethanol and acetonitrile at room temperature by hydrolyzing
TBOT in the presence of ammonia. Briefly, about 50 mg of the
as-prepared MCNCs was dispersed in a mixed solvent contain-
ing 90 mL of ethanol and 30 mL of acetonitrile with the aid of
ultrasound and then mixed with 0.5 mL of NH3 3H2O at room
temperature. Finally, 1 mL of TBOT was added to the above
suspension under stirring. After reacting for 1.5 h, the products
were collected by magnetic separation and washed with etha-
nol and acetonitrile several times.

Preparation of Fe3O4@mTiO2 Core/Shell Microspheres. The meso-
porous TiO2 shells were achieved by treating the obtained
Fe3O4@TiO2 microspheres with a hydrothermal method. Typi-
cally, 50 mg of the as-synthesized Fe3O4@TiO2 microspheres
was dispersed in 60 mL of mixed solvent of ethanol and
deionized water, and then a certain amount of NH3 3H2O was
added to the above suspension. The mixture was then trans-
ferred to a Teflon-lined stainless-steel autoclave (100mLcapacity).
The autoclavewas heated at 160 �C andmaintained for 20 h. Then
it was cooled to room temperature, and the black product was
washed with ethanol and collected with the help of a magnet.

Preparation of Tryptic Digest of Standard Proteins. β-Casein and
BSA were each dissolved in 25 mM ABC at pH 8.0 (1 mg/mL for
each protein) and denatured by boiling for 10 min. Protein
solutions were then incubated with trypsin at an enzyme/
substrate ratio of 1:40 (w/w) for 12 h at 37 �C to produce
proteolytic digests, respectively. The tryptic peptide mixtures
were stored at �20 �C until further use.

Selective Enrichment of Phosphopeptides with Fe3O4@TiO2 and
Fe3O4@mTiO2 Microspheres. The obtained Fe3O4@TiO2 or Fe3O4@-
mTiO2 was first washed with ethanol three times and then
suspended in deionized water at 10 mg/mL. Tryptic digests of
β-casein and BSA was dissolved in 200 μL of loading buffer
(50% ACN containing 1% TFA); then 2 μL of Fe3O4@TiO2 or

Fe3O4@mTiO2 was added, and the mixture was incubated at
room temperature for 60min, respectively. After that, Fe3O4@TiO2

or Fe3O4@mTiO2 with captured phosphopeptides was separated
from the mixed solutions by applying an external magnet. After
washing with 200 μL of loading buffer to remove the nonspeci-
fically adsorbed peptides, the trapped phosphopeptides were
eluted with 10 μL of 5% NH3 3H2O for further MS analysis.

MALDI Mass Spectrometry. A 1 μL amount of the eluate was
deposited on the MALDI probe, and then matrix solution DHB
(1 μL) was deposited for MS analysis. MALDI-TOF mass spectro-
metry analysis was performed in positive reflection mode on a
5800 Proteomic Analyzer (Applied Biosystems, Framingham,
MA, USA) with a Nd:YAG laser at 355 nm, a repetition rate of
200 Hz, and an acceleration voltage of 20 kV. The range of laser
energy was optimized to obtain good resolution and signal-to-
noise ratio (S/N) and kept constant for further analysis. External
mass calibration was performed by using standard peptides
from myoglobin digests.
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