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A one-step and template-free method to prepare uniform SnO2
nanospheres with a mesoporous structure was developed for the
applications in phosphopeptide enrichment. The as-synthesized
mesoporous SnO2 nanospheres have a large surface area and highly
active surfaces for the eﬀective binding of phosphopeptides.
Compared with the non-porous SnO2 and commercial TiO2, mesoporous SnO2 nanospheres represent superior performance in the
speciﬁc trapping of phosphopeptides from both standard protein and
complex nonfat milk digests for mass spectrometry-based phosphoproteomic analysis. The feasible synthetic approach and the excellent
enrichment performance make the mesoporous SnO2 nanospheres
promising in further phosphoproteomic research.

Protein phosphorylation, one of the most common post-translational modications, is of great importance in regulating
various biological processes,1 and powerful sample preparation
methods for in-depth exploration of phosphorylation-related
biological processes have long been in urgent demand.2 Among
those methods metal oxide aﬃnity chromatography (MOAC)
takes advantage of the excellent selectivity of various metal
oxides, which leads to a rapid increase of its applications.3 The
basic mechanism of MOAC is based on the aﬃnity between
the phosphate group and metal oxides acting as Lewis acid
under acidic conditions. The surface properties of diﬀerent
metal oxide nanomaterials aﬀect their aﬃnity towards
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phosphopeptides, which oen leads to diﬀerent enrichment
performance4 in sensitivity,5 specicity6–9 or phosphoproteome
coverage.10–12 Therefore, both the component and structure of
nanomaterials are crucial in designing eﬀective aﬃnity probes.
Due to their large surface area with high surface activity and
ready modication, mesoporous nanomaterials are considered
promising in various elds13–16 and have already attracted
increasing attention for the development of an eﬀective sample
preparation method.14–19 With relatively higher Lewis acidity,
SnO2 is considered as an ideal complement for the existing
aﬃnity probes and several SnO2-based nanomaterials were
prepared for the improvement of phosphoproteomic
analysis.4,5,20,21 Reports of other metal oxides demonstrated that
mesoporous structures have great potential for eﬃcient phosphopeptide enrichment.10,11,17 Therefore, mesoporous SnO2
nanospheres for biological application and their detailed
performance are well worth being investigated. Several literature
studies reported the synthesis of mesoporous SnO2 spheres as
well as their applications in gas sensing, lithium-ion batteries,
and photocatalysis.22–27 However, the synthesis was mostly
carried out with the assistance of organic additives or
templates,22,23,26–29 which may result in complex steps in synthesis
or uncontrollable interferents in phosphopeptide binding and
thus limits their practical applications. On the other hand,
mesoporous SnO2 nanospheres with sizes less than 100 nm have
been prepared without organic additives, but their surface areas
were generally not very high and the application of mesoporous
SnO2 nanospheres in MOAC materials has not been well explored
so far.24,25,30 Hence, it is well worth putting more eﬀort into
developing template-free and simple synthetic methods to obtain
mesoporous SnO2 nanospheres with high surface areas and ideal
surface properties for large-scale phosphoproteomic analysis.
Herein we report the facile synthesis of nearly monodisperse
mesoporous SnO2 nanospheres via a one-step, template-free
solvothermal method for eﬃcient phosphopeptide enrichment.
First, owing to the mesoporous structure, these uniform SnO2
nanospheres have a large surface area of 109.9 m2 g 1, which
results in more active sites exposed for the eﬀective binding of
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phosphopeptides. Second, the absence of organic additives,
such as surfactants, reduces uncontrollable interferents, which
makes the mesopores accessible during the binding step of
the phosphopeptide enrichment. Third, the simplicity of this
synthesis makes it feasible for biological applications and
nanomaterials commercialization. The subsequent MS-based
phosphoproteomics analysis showed excellent performance in
both sensitivity and real sample analysis by using these mesoporous SnO2 nanospheres, indicating their promising potential
in phosphoproteomic research.
Mesoporous SnO2 nanospheres were synthesized by a facile
solvothermal treatment of the solution consisting of ethanol,
hydrochloride acid and SnCl4$5H2O. Fig. 1a shows a lowmagnication SEM image of the obtained nanospheres aer the
solvothermal reaction at 150  C for 24 h, which suggests the
large-scale formation of nearly monodisperse nanospheres with
an average diameter of 70 nm. The high-magnication SEM
image shows that all the nanospheres have a rough surface,
indicating that each nanosphere consists of primary nanoparticles (Fig. 1b). The TEM image shown in Fig. 1c reveals the
mesoporous structure of a typical nanosphere consisting of
nanoparticles of about 5 nm in size. The related selected-area
electron diﬀraction (SAED) pattern shows clearly rings characteristic of rutile SnO2. The HRTEM image shown in Fig. 1d
exhibits clear lattice fringes with d spacings of 0.34 nm and
0.26 nm, which can be indexed to the (110) and (101) plane of
rutile SnO2, respectively. The X-ray diﬀraction (XRD) pattern
shown in Fig. 1e reveals that all the diﬀraction peaks can be

SEM images (a and b), TEM image (c), HRTEM image (d), XRD
pattern (e) and N2 adsorption–desorption isotherm (f) of mesoporous
SnO2 nanospheres. The inset in (c) is the corresponding SAED pattern.

Fig. 1

1122 | J. Mater. Chem. B, 2014, 2, 1121–1124

Communication

ascribed to SnO2 crystals with a tetragonal rutile phase (JCPDS
no. 41-1445), which is consistent with the SAED results. Detailed
analysis of the peak broadening of the (101) reection using
the Scherrer equation indicates an average crystalline size of
5.3 nm, which is in agreement with the TEM results. The N2
adsorption–desorption isotherm shows a type-IV isotherm with
a hysteresis loop in the relative pressure range (P/P0) of 0.8–1.0
(Fig. 1f), which suggests a mesoporous structure. An average
pore size of around 12 nm was calculated from the desorption
branch of the nitrogen sorption isotherm using the BJH
(Barrett–Joyner–Halenda) model. The mesoporous SnO2 nanospheres have a BET (Brunauer–Emmett–Teller) surface area of
109.9 m2 g 1, which is very high for SnO2 considering its high
density (6.95 g cm 3). This surface area is considerably higher
than those of the reported mesoporous SnO2 nanospheres with
similar sizes synthesized without organic additives.24,25,30
It was found that hydrochloride acid has binary eﬀects on
controlling the hydrolysis process in this ethanol solvent
system. A synthesis system comprising 50 mL of concentrated
aqueous HCl in 8 mL ethanol is adopted aer optimization.
Firstly, hydrochloride acid aﬀorded water for the hydrolysis of
SnCl4. When no hydrochloride acid was added, the hydrolysis
process of Sn4+ was greatly inhibited, resulting in a very low
output of smaller porous nanospheres (Fig. 2a). The hydrolysis
process could still occur without hydrochloride acid due to the
small amount of water in SnCl4$5H2O and ethanol. Secondly,
hydrochloride acid acted as a proton donor to control the
hydrolysis rate of Sn4+. Fig. 2b shows the products obtained with
addition of 50 mL water instead of HCl solution. The yield of
products was increased, but the uneven size of products reveals
that the hydrolysis rate was not well controlled without the
acidity of HCl. If the amount of concentrated hydrochloride acid
was increased from 50 mL to 200 mL, the hydrolysis rate was too
fast, and irregular aggregates of small nanoparticles were
obtained (Fig. 2c), indicating that an appropriate amount of
hydrochloride acid is the key to keep a moderate hydrolysis rate.
This mesoporous SnO2 synthetic method has several
advantages for the applications of mesoporous SnO2 nanospheres in phosphopeptide enrichment: (1) by this facile
route, uniform mesoporous SnO2 nanospheres can be achieved
without templates or organic additives, which eliminates
interferents and makes the active surface of the material fully
accessible to the peptides; (2) with the mesoporous structure
and relatively high density, the mesoporous SnO2 nanospheres
provide a highly active binding surface as well as convenient

Fig. 2 TEM (a and b) and SEM (c) images of SnO2 products obtained
with addition of diﬀerent amounts of hydrochloride acid or water: (a)
without addition of hydrochloride acid and water, (b) 50 mL water, (c)
200 mL concentrated hydrochloride acid.
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downstream separation by using usual centriguation; (3) this
facile synthesis approach is cost eﬃcient, environmentally
friendly, and easy to be scaled up for widespread applications in
phosphoproteomic analysis.
As illustrated in Fig. 3a, phosphopeptide enrichment from
the tryptic protein digests was performed in a batch mode
using the as-synthesized mesoporous SnO2 (mSnO2) nanospheres as the aﬃnity probe. MALDI-ToF mass spectra show the
tryptic digested b-casein (4  10 7 M) before and aer enrichment by mesoporous SnO2. Three phosphopeptides were
detected with the highest signal to noise ratio (S/N) of 4821 in
the digests of b-casein (4  10 7 M) with enrichment by using
mesoporous SnO2 (Fig. 3c), which demonstrated the strong
aﬃnity of mesoporous SnO2 towards phosphopeptides. Under
the same conditions, both SnO2 nanoparticles with a smaller
surface area of 39.9 m2 g 1 (shown in Fig. S1 and S2†) and
commercial TiO2 showed similar results (Fig. S3†). However,
mesoporous SnO2 revealed much better enrichment eﬃciency
when the concentration of b-casein was lowered to 4  10 10 M
(Fig. 4). Under such low concentration, only one phosphopeptide was detected aer enrichment by either non-porous SnO2
nanoparticles or commercial TiO2, while three ones were
detected aer enrichment by mesoporous SnO2. This result
indicated a more eﬀective and accurate detection of b-casein
under low concentration by mSnO2, which was superior to
previous reports using non-porous SnO2 as aﬃnity probes,5,20
highlighting the relatively higher sensitivity of mesoporous

Fig. 3 Scheme of phosphopeptide enrichment (a) and MALDI-ToF
mass spectra of tryptic digested b-casein (4  10 7 M) without
enrichment (b) and after enrichment by mesoporous SnO2 (c).
(* phosphopeptides and # peptide residues from phosphoric acid
neutral loss of phosphopeptides).
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Fig. 4 Phosphopeptide enrichment from b-casein (4  10

10

M) by
using mSnO2, nSnO2 and cTiO2 (* phosphopeptides, mSnO2: mesoporous SnO2, nSnO2: non-porous SnO2, cTiO2: commercial TiO2).

SnO2 generated from their highly accessible active surfaces and
large binding area. It is interesting that researchers have proved
that the rutile form of titania exhibited better selectivity for the
phosphopeptide,31 and the same phenomenon has been found
for our synthesized rutile SnO2. All these features are promising
in actual applications considering the high dynamic range of
phosphoproteins in biological samples.
To demonstrate their ability to improve phosphoproteomic
analysis in complex real samples, these mesoporous nanospheres were further tried to trap phosphopeptides in protein
digests from nonfat milk. Before enrichment most of the
detected peaks corresponded to nonphosphorylated peptides
(Fig. S4†), while the signals of phosphorylated ones dominated
the MS spectrum aer treatment by mesoporous SnO2, as
shown in Fig. 5. These mesoporous materials also revealed
higher eﬃciency from the comparison of the MS results of SnO2
nanoparticles and commercial TiO2. Using the same nonfat
milk digests, 10 phosphopeptides were detected by SnO2
nanoparticles or commercial TiO2, while 17 phosphopeptides
were detected aer enrichment by mesoporous SnO2. The
detailed information of the detected phosphopeptides is listed
in Table S1.† This result demonstrated that the large surface

Fig. 5 MALDI-ToF mass spectrum of tryptic digested diluted
nonfat milk after enrichment by mesoporous SnO2 (* phosphopeptides and # peptide residues from phosphoric acid neutral loss of
phosphopeptides).
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area, highly active binding sites and fully accessible surfaces of
these SnO2 spheres are benecial for binding equilibrium and
thus strengthen the enrichment eﬃciency from complex
samples. Meanwhile, high-quality SnO2 nanospheres with all
the above advantages were obtained by a feasible synthetic
method, thus it was practical for the full utilization of their
advantages in further phosphoproteomic research on more
complex biological systems.
In summary, a feasible synthetic approach for preparation of
highly uniform mesoporous SnO2 nanospheres via a templatefree solvothermal method was developed. The absence of
templates during synthesis helped to generate an accessible
binding surface, and the resulting SnO2 nanospheres have a
mesoporous structure and a relatively high density, which oﬀer
a large surface area together with convenience in centrifugal
separation. In addition, the synthesis was cost eﬃcient, environmentally friendly and easy to be amplied for large scale
applications. All the above advantages made the mesoporous
SnO2 nanospheres promising MOAC aﬃnity probes with high
sensitivity in both laboratory and real systems. We believe this
work is the starting point for investigating applications of
mesoporous SnO2 in phosphopeptide enrichment and detection, and more complex biological samples are well-worth
exploring in further study, especially in phosphoproteomic
study. Furthermore, our work indicates that developing feasible
methods for the synthesis of high-quality metal oxides should
be considered in the screening of eﬃcient and applicable
MOAC aﬃnity probes in target proteomic research.
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