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Abstract
For the first time, dual metal ions (Ti4+-Zr4+) were successfullymodified into the channel of magnetic mesoporous silica to obtain
an affinity probe for highly selective capture of endogenous phosphopeptides in biological samples. The newly prepared
Fe3O4@mSiO2@Ti4+-Zr4+ composites possessed the advantages of ordered mesoporous channels, superparamagnetism, and
enhanced affinity properties of dual metal ions of Ti4+ and Zr4+. The phosphopeptide enrichment efficiency of the
Fe3O4@mSiO2@Ti4+-Zr4+ composite was investigated, and the result indicated an ultrahigh size exclusive ability (weight ratio
of β-casein tryptic digests, BSA, and α-casein protein reached up to 1:1000:1000). Compared to magnetic affinity probes with
singlemetal ions (Fe3O4@mSiO2@Ti4+, Fe3O4@mSiO2@Zr4+), the composite possessed stronger specificity, higher sensitivity,
and better efficiency; and more importantly, it showed much enhanced enrichment ability towards both mono- and multi-
phosphorylated peptides. Additionally, by utilizing the Fe3O4@mSiO2@Ti4+-Zr4+ affinity probe, a total number of 104
endogenous phosphopeptides including 95 mono-phosphopeptides and 9 multi-phosphopeptides were captured and iden-
tified from human saliva, indicating the great potential for the application of the novel probe for the peptidome analysis in
the future.
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Introduction

Peptidome, which is defined as the low-molecular-weight
part of the proteome, has been considered a source of bio-
markers for the diagnostics, for they consist many

bioactive peptides including peptide hormones, endoge-
nous peptide products, and potentially bioactive degrada-
tion from the parent proteome [1]. Endogenous peptides
can derive from a regulated process which would represent
the proteins with post-translational maturation [2]. Thus,
the endogenous peptides with post-translational modifica-
tions (PTMs) can also provide important information [3].
As one of the most important post-translational modifica-
tions, phosphorylation plays a significant role in many
biological processes, such as cell growth, differentiation,
a n d a p o p t o s i s [ 4 ] . T h u s , t h e s t u d i e s o f
phosphopeptidomics in human biofluids hold great re-
search value for the disease biomarker discovery.
However, the traditional mass spectrometry (MS) method
in the profiling of endogenous phosphopeptides still faces
big challenges, because of the low content and poor ioni-
zation efficiency of endogenous phosphopeptides in sam-
ples and the serious signal suppression from high abun-
dance proteins [5, 6]. Therefore, it is imperative to explore
effective strategy to enrich endogenous phosphopeptides
before the MS analysis [7–9].

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00604-020-04323-6) contains supplementary
material, which is available to authorized users.

* Aizhu Miao
aizhu.miao@fdeet.org

* Chunhui Deng
chdeng@fudan.edu.cn

1 Department of Chemistry, Department of Gastroenterology and
Hepatology, Zhongshan Hospital, Institutes of Biomedical Sciences,
Collaborative Innovation Center of Genetics and Development,
Fudan University, Shanghai 200433, China

2 Department of Ophthalmology and Vision Science, Eye and ENT
Hospital, NHC Key Laboratory of Myopia, Fudan University,
Shanghai, China

https://doi.org/10.1007/s00604-020-04323-6

/ Published online: 22 June 2020

Microchimica Acta (2020) 187: 400

http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-020-04323-6&domain=pdf
http://orcid.org/0000-0002-8704-7543
https://doi.org/10.1007/s00604-020-04323-6
mailto:aizhu.miao@fdeet.org
mailto:chdeng@fudan.edu.cn


Nowadays, numerous strategies were employed to enrich
phosphopeptides from complex biosamples, such as SPE [10],
ion exchange chromatography (IEC) [11], metal oxide affinity
chromatography (MOAC) [12–14], and immobilized metal
ion affinity chromatography (IMAC) [15, 16]. Since 1986,
Fe3+-immobilized iminodiacetate-agarose gel was employed
to isolate phosphoproteins in Andersson’s group [17].
Immobilized metal affinity chromatography (IMAC) has been
widely used for the phosphoproteomics profiling for a long
time. To date, a large number of metal cations including Cu2+,
Zn2+, Fe3+, Ga3+, Al3+, Ti4+, and Zr4+ have been used for
IMAC [18–22]. Among these metal cations, high-valence
metal cation (e.g., Ti4+ and Zr4+) immobilized IMAC mate-
rials stand out with the higher selectivity for phosphopeptides
because of the unique coordination specificity of metal(IV)-
phosphate chemistry [23]. Additionally, different metal ions
may have different enrichment inclinations towards
phosphopeptides, through different binding affinities. Thus,
in Chen’s group, complementary Fe3+- and Ti4+-immobilized
metal ion affinity chromatography was employed to enrich
phosphopeptides. And the phosphopeptides were analyzed
more comprehensively with the above binary metal ions
[24] . However , for the ana lys i s of endogenous
phosphopeptides from complex biosamples containing a large
number of proteins, it is still a big challenge without appropri-
ate mesoporous. Thus, it is important to fabricate a novel
probe with not only multimetal cation affinity sites but also
size-exclusion abi l i ty to isolate the endogenous
phosphopeptides from complex biosamples.

The mesoporous silica materials were featured by control-
lable pore size, paintability in pore, and orderly pore size
distribution. The paintability in channels gives them more
functionalization for the wide range of usage [25–27]. The
narrow channel distribution equipped the material with the
selection to allow the infusion of small-size peptides and ex-
clusion of large-size proteins outside simultaneously [28].
Thus, the mesoporous materials play an important role in the
peptidomics analysis and were successfully applied in many
reports for the enrichment of endogenous peptides. Zou and
his co-workers fabricated a sandwich-like mesoporous mate-
rial with ordered mesoporous silica structure, graphene, and
carbon (denoted as graphene@mSiO2-C) for the capture of
c ommon endog e n ou s p e p t i d e s , t h e r e s u l t i n g
g r a p h e n e@mS iO 2 -C w i t h l a r g e p o r e v o l ume
(0.587 cm3 g−1), and the ordered narrow pore size (3 nm)
showed excellent enrichment efficiency towards low-
abundance common endogenous peptides in human serum.
And after analyzed by LC-MS/MS, 892 common endogenous
peptides were isolated from human serum by the
graphene@mSiO2-C nanocomposites [29]. In Su’s group,
adenosine phosphate-Ti4+-functionalized MG@mSiO2-ATP-
Ti4+ mesoporous materials were employed to enrich endoge-
nous phosphopeptides from complex biological samples. The

ATPwith three phosphate groups was coated on the inner wall
of mesoporous channels for the immobilization of Ti4+ cat-
ions . With the excel lent enr ichment abi l i ty , 13
phosphopeptides and 19 endogenous phosphopeptides were
successfully identified from nonfat milk and human saliva,
respectively [6]. In our group, the hierarchically ordered
macroporous/mesoporous silica nanohybrids (denoted as
HOMMS@TiO2) was designed facilely for the profiling of
endogenous phosphopeptides in complex biosamples. The
material with high surface area (255 m2/g), sensitive detection
(8 fmol), and rapid enrichment speed (within 1 min) were
s u c c e s s f u l l y emp l oy ed t o en r i c h endogenou s
phosphopeptides from complex biosample of human serum
with high efficiency [13].

In this work, a novel mesoporous magnetic affinity probe
with titania-zirconia binary metal cations (denoted as
Fe3O4@mSiO2@Ti4+-Zr4+) was synthesized for the endoge-
nous phosphopeptides’ enrichment. Facilely, the
polydopamine was coated on the surface of Fe3O4@mSiO2

nanoparticles. Afterwards, the metal cations Ti4+ and Zr4+

were grafted onto the dopamine integrally. The novel affinity
probe possessed the advantages of size-exclusion effect which
can enhance the selectivity towards small size of endogenous
phosphopeptides, and dual metal cation affinity sites which
can realize the identification of phosphopeptides comprehen-
sively. With the above advantages, the nanocomposites were
successfully used for the profiling of endogenous
phosphopeptides in the human biofluids of saliva and aqueous
fluid.

Experimental

Materials and reagents

Iron chloride hexahydrate (FeCl3·6H2O), sodium acetate, eth-
ylene glycol, NaOH, tetraethyl orthosilicate (TEOS), ethanol,
and cetyltrimethylammonium bromide (CTAB) were bought
from Shanghai Chemical Corp. Zirconium(IV) chloride, β-
casein, α-casein, bovine serum albumin (BSA), and trypsin
of bovine pancreas were bought from Sigma-Aldrich.
Titanium (IV) sulfate was purchased from Adamas Reagent.
ACN (HPLC-grade), 2,5-dihydroxybenzoic acid (DHB), and
trifluoroacetic acid (TFA) were obtained from Merck
(Darmstadt, Germany). All aqueous solutions were pretreated
byMilli-Q system (Millipore, Bedford,MA). Additionally, all
the other chemicals were of analytical grade.

Synthesis of Fe3O4@mSiO2@Ti
4+-Zr4+

The Fe3O4 nanoparticles were prepared according to the pre-
vious reports. Next, the obtained Fe3O4 nanoparticles were
dispersed in 50 mL distilled water containing 500 mg
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CTAB. After ultrasonication for about 30 min, 50 mL of
10 mM NaOH and 400 mL distilled water were furtherly
mixed into the mixture which was stirred for 30 min at
60 °C. Next, 2.5 mL mixture of TEOS/ethanol (v/v 1:4) was
instilled into the above solution. The resultant mixture was
under the sustaining mechanical rabbling for about 12 h under
60 °C. After that, the products were separated and washed
three times with distilled water and ethanol, respectively.
Finally, the product was vacuum-dried at 50 °C and was then
transferred to a muffle furnace with 350 °C for 4 h to dislodge
CTAB. Finally, 10 mL of obtained Fe3O4@mSiO2 nanopar-
ticles was dispersed in the mixture of 20 mL ethanol and
10 mL Tris buffer (10 mM, deionized water as the solvent).
Fifteen milliliters of dopamine hydrochloride aqueous solu-
tion (40 mg dopamine hydrochloride) was added into the
above dispersion liquid. The mixture was mechanically stirred
at room temperature for 20 min. After that, the obtained ma-
terial Fe3O4@mSiO2/PD was washed by deionized water and
ethanol. Then, the obtained Fe3O4@mSiO2/PD nanoparticles
were dispersed in 100 mL 50 mM titanium (IV) sulfate and
zirconium (IV) chloride aqueous. And the mixture was vibrat-
ed for 2 h. The Fe3O4@mSiO2-Ti

4+-Zr4+ nanoparticles were
rinsed thoroughly with deionized water and ethanol, followed
by drying at 50 °C.

Synthesis of Fe3O4@mSiO2@Ti
4+ and

Fe3O4@mSiO2@Zr
4+

The workf low for the Fe3O4@mSiO2@Ti4+ and
Fe3O4@mSiO2@Zr4+ nanocomposites’ preparation was a re-
s em b l a n c e w i t h t h e p r e p a r a t i o n p r o c e s s o f
Fe3O4@mSiO2@Ti4+-Zr4+ nanocomposites, other than the
amount of titanium sulfate was increased to 100 mL without
zirconium chloride. And for Fe3O4@mSiO2@Zr4+, the
amount of zirconium chloride was raised to 100 mL and with-
out titanium sulfate addition. The procedures to fabricate
mesoporous silica structure were similar to the preparation
process of Fe3O4@mSiO2@Ti4+-Zr4+.

Sample preparation

Firstly, 2 mg β-casein was dissolved into 500 μL of ammo-
nium bicarbonate (50 mM, pH 8.3), and then, the protein
solution was boiled in 100 °C water for about 8 min.
Afterward, 2 mg/mL protein solution was obtained by adding
500 μL of Milli-Q water in the mixture. Finally, the trypsin
(trypsin/protein, 1/40, w/w) was dissolved into the above pro-
tein solution and the solution was incubated sufficiently at
37 °C for 16–20 h.

The amount of 25 mg (0.16 mmol) DHB was dissolved
into 1 mL buffer which comprised of 70%ACN/1% H3PO4.

Human saliva was collected from the morning salivary of a
healthy volunteer. In brief, 2 mL saliva was mixed with 2 mL

solution containing 0.2% TFA and the solution was centri-
fuged in 4 °C for 3 min under the speed of 8000 rpm. The
supernatant was gathered for the biosample application.

Protocol of enrichment procedure

The workflow of phosphopeptide capture is demonstrated in
Fig. 1. In brief, 200 μg Fe3O4@mSiO2-Ti

4+-Zr4+ was mixed
in 100 μL solution containing peptides which were diluted by
50%ACN/0.1%TFA, the resultant mixture was wobbled in a
vortex at 37 °C for 30 min. Subsequently, the nanocomposites
in the solution were separated from the supernatant
surrounded by magnetic field. After discarding the superna-
tant, the nanocomposites was washed three times by the load-
ing buffer (50%ACN/0.1%TFA). Next, the nanocomposites
were dispersed in 10 μL 0.4 M ammonium hydroxide (v/v)
and incubated at 37 °C for another 30 min. At last, the eluent
containing enriched phosphopeptides was collected and ana-
lyzed with matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) or lyophilized
for furtherly nano-LC-ESI-MS/MS analysis.

MS analysis and database search

All MALDI-TOF-MS experiments were carried out in a re-
flector positive mode by an AB Sciex 5800 MALDI-TOF
mass spectrometer (AB Sciex, USA) with a Nd-YAG laser
at 355 nm, frequency of 200 Hz, and acceleration voltage of
20 kV. A matrix solution of 2,5-dihydroxybenzoic acid
(DHB, 10 mg/mL) was prepared in ACN/H2O/TFA
(50:50:0.1, v/v/v). Eluent (1 μL) was dropped on the
MALDI plate and dried naturally. Then, 1 μL matrix solution
was added and dried for mass analysis. More detailed infor-
mation about nano-LC-MS/MS analysis and Database Search
are shown in the Supporting Information.

Results and discussion

Synthesis and characteristics of Fe3O4@mSiO2@Ti
4+-

Zr4+ microspheres

The synthesis procedure of Fe3O4@mSiO2@Ti4+-Zr4+ nano-
composites is demonstrated in Fig. 2. Briefly, Fe3O4 nanopar-
ticles were synthesized according to previous reports [30].
Then, mesoporous silica shell was prepared and coated on
the Fe3O4 microsphere. Afterwards, dopamine was adhered
to the surface of mesoporous silica shell. With the abundant
hydroxyls, polydopamine can be used to immobilize metal
cations Ti4+ and Zr4+. Other than as the chelating ligand,
polydopamine can also enhance the hydrophilicity of nano-
composites which can minimize some nonspecific adsorption.
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Additionally, the whole fabricate procedure was carried out
under moderate conditions (Fig. 2).

The characterization of Fe3O4@mSiO2@Ti4+-Zr4+ was
carried out by various instruments. Firstly, transmission elec-
tron microscopy (TEM) images were employed to demon-
strate the morphology of Fe3O4@mSiO2@Ti4+-Zr4+ micro-
spheres. As can be seen in Fig. 3, the average diameter of
Fe3O4 nanoparticles was around 300 nm; after the fabrication
of mesoporous silica shell, a rough layer of mesoporous silica
shell has been coated on the outermost of Fe3O4 cores suc-
cessfully. After the modification of dopamine, the uniform
pore channels can also be observed obviously.

Additionally, scanning electron microscope (SEM) with
the energy dispersive spectrum and the chemical composition
chart of Fe3O4@mSiO2@Ti4+-Zr4+ nanocomposites illustrat-
ed the existence of Zr and Ti, which indicated the successful
immobilization of Ti4+ and Zr4+ ions onto the surface of
Fe3O4@mSiO2 (Fig. S1). Moreover, the TEM image
and element analysis of Fe3O4@mSiO2@Ti4+ and
Fe3O4@mSiO2@Zr4+ nanocomposites were also investigated.
As can be seen in Fig. S2, the core-shell structure was well
presented and the mesoporous channel can be observed clearly.
The existence of O, C, Fe, Si, and Zr and the existence of O, C,
Fe, Si, and Ti further verified the successful fabrication of

Fe3O4@mSiO2@Ti4+ and Fe3O4@mSiO2@Zr4+ nanocompos-
ites. The magnetic responsiveness of Fe3O4@mSiO2@Ti4+-
Zr4+ nanoparticles was demonstrated by separating materials
from distilled water when there is external magnetic field
around. As shown in Fig. S3, Fe3O4@mSiO2@Ti4+-Zr4+ nano-
particles dispersed well in distilled water; after the magnet was
applied beside the bottle, solid-liquid separation was realized
within 30 s, and the result indicated the fast isolation ability of
Fe3O4@mSiO2@Ti4+-Zr4+ from the solution.

Next, the nitrogen sorption was carried out to demonstrate
the mesoporous structure of Fe3O4@mSiO2@Ti4+-Zr4+. As
can be seen in Fig. 4a, when the P/P0 increased from 0.2 to
1.0, the adsorption volume increased in a curve, which was
due to the occurrence of capillary condensation process under
the high relative pressure. In general, the adsorption-desorption
isotherms showed a typical IV-type curve of mesoporous struc-
ture. And the pore size distribution mainly focused on 4.0 nm
(the inset in Fig. 4a); after the modification of polydopamine,
the pore size was estimated to be about 3.7 nm (the inset in Fig.
4b), which demonstrated the mesoporous channels were
retained after the immobilization of polydopamine. Besides,
the BET surface area of Fe3O4@mSiO2@Ti4+-Zr4+ was about
197.27 m2/g. All the above results implied the successful fab-
rication of Fe3O4@mSiO2@Ti4+-Zr4+ nanoparticles.

Fig. 1 Workflow of Fe3O4@mSiO2@Ti4+-Zr4+ probe for phosphopeptide enrichment from biological samples

Fig. 2 Synthetic procedure of
Fe3O4@mSiO2@Ti4+-Zr4+

microspheres
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Evaluation of phosphopeptide enrichment
performance by Fe3O4@mSiO2@Ti

4+-Zr4+ probe

The enrichment procedure for phosphopeptides is illustrated
in Fig. 1. Briefly, the procedure mainly contained four steps:
incubation, separation, elution, and MS analysis. Utilizing the
functional affinity probe, phosphopeptides were seized by
metal cations and went through the mesoporous channels. In
the washing step, large sizes of proteins and non-
phosphopeptides were excluded out and washed away. At last,
the eluent was analyzed by MALDI-TOF-MS without any
treatment. To investigate the feasibili ty of using
Fe 3O4@mSiO2@Ti 4+ -Z r 4 + fo r t he endogenous
phosphopeptides’ enrichment, the phosphoprotein β-casein
digest was employed as the standard sample. As shown in
Fig. 5, the concentration of β-casein digests was 100 fmol/
μL. Before the enrichment, barely no phosphopeptides were
detected in mass spectrogram, for the existence of non-
phosphopeptides can suppress the mass signal severely.
However, after enriched by Fe3O4@mSiO2@Ti4+-Zr4+, as
can be seen in Fig. 5d, eight phosphopeptides including six
mono-phosphopeptides and two multi-phosphopeptides were
identified with high intensity. For comparison, affinity probe
with mono-metal cations of Fe3O4@mSiO2@Ti4+ and

Fe3O4@mSiO2@Zr4+ was f ab r i c a t ed to en r i ch
phosphopeptides in the same way. As can be seen in Fig. 5
b and c, only five phosphopeptides including two multi-
phosphopeptides and three mono-phosphopeptides were iden-
tified after enriching by Fe3O4@mSiO2@Ti4+ and after cap-
tured by Fe3O4@mSiO2@Zr4+, five mono-phosphopeptides
appeared on the mass spectrum without any multi-
phosphopeptides. The results show the metal cation Ti4+

may have the enrichment inclination towards multi-
phosphopeptides and the Zr4+ may have the enrichment incli-
nation towards mono-phosphopeptides, which showed the
same inclination with the metal oxides TiO2 and ZrO2 [31].
Thus, the binary metal cation–integrated mesoporous nano-
composites exhibited more comprehensive enrichment ability
towards phosphopeptides and the detailed information could
be found in Table S1.

Subsequently, we investigated the detection limit of
Fe3O4@mSiO2@Ti4+-Zr4+ using the tryptic digests of β-
casein with lower concentration. As shown in Fig. 6, before
the enrichment, no phosphopeptides appeared in the mass
spectrum. After being treated with Fe3O4@mSiO2@Ti4+-
Zr4+, four phosphopeptides were identified distinctly.

By contrast, when the affinity probe with single metal cat-
ions was applied to the enrichment, only two phosphopeptides

Fig. 3 Transmission electron
microscopy (TEM) figures of
Fe3O4@mSiO2@Ti4+-Zr4+ nano-
particles (a, b)

Fig. 4 Nitrogen adsorption-desorption isotherms of a Fe3O4@mSiO2 and b Fe3O4@mSiO2@Ti4+-Zr4+. The pore size distribution profile was inserted
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were captured by Fe3O4@mSiO2@Zr4+. And only one phos-
phopeptide was enriched by Fe3O4@mSiO2@Ti4+ with much
low intensity and signal-to-noise ratio (S/N). Additionally, as
can be seen in Fig. 7, even with the concentration of β-casein
digest being as low as 0.1 fmol/μL, two phosphopeptides
could st i l l be observed af ter the enrichment by
Fe3O4@mSiO2@Ti4+-Zr4+. These results demonstrated the
better enrichment ability of Fe3O4@mSiO2@Ti4+-Zr4+ than
t h e p r o b e o f F e 3 O 4 @ m S i O 2 @ Z r 4 + a n d

Fe3O4@mSiO2@Ti4+ with single metal cations towards
phosphopeptides.

Furthermore, in view of the mesoporous structure, we
employed the standard protein bovine serum albumin (BSA)
and phosphorylated protein α-casein to investigate the size-
exclusion effect of Fe3O4@mSiO2@Ti4+-Zr4+. As shown in
Fig. 8a, the mixture contained β-casein tryptic digests, BSA
proteins, and α-casein protein and the mass ratio of β-casein
tryptic digests/BSA protein/α-casein protein was 1:100:100.

Fig. 5 Mass spectra of tryptic
digested β-casein (100 fmol/μL)
obtained a before enrichment and
b–d after treatment with b
Fe3O4@mSiO2@Ti4+, c
Fe3O4@mSiO2@Zr4+, and d
Fe3O4@mSiO2@Ti4+-Zr4+. Mass
spectrometric peaks of mono-
phosphorylated peptides were la-
beled with red square, multi-
phosphorylated peptides with
triangles
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Fig. 6 Mass spectra of tryptic
digested β-casein (2 fmol/μL)
obtained a before enrichment and
b–d after treatment with b
Fe3O4@mSiO2@Zr4+, c
Fe3O4@mSiO2@Ti4+, and d
Fe3O4@mSiO2@Ti4+-Zr4+. Mass
spectrometric peaks of mono-
phosphopeptides were labeled
with red square, multi-
phosphorylated peptides with
triangles

Fig. 7 MALDI-TOF mass
spectra of tryptic digested β-
casein (0.1 fmol/μL) after
enriched by
Fe3O4@mSiO2@Ti4+-Zr4+. Mass
spectrometric peaks of mono-
phosphorylated peptides were
marked with red square
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Before the enrichment, the peaks of proteins could be obvi-
ously observed (inset in Fig. 8a), and the peaks of
phosphopeptides could hardly be identified due to the severe
signal suppression by BSA proteins and α-casein proteins.
While, after the enrichment with Fe3O4@mSiO2@Ti4+-Zr4+,
seven phosphopeptides were detected distinctly without any
protein signals. When the interference increased to 1:500:500,
a number of phosphopeptides could be identified and the pro-
tein signals vanished. Even with the increase of the mass ratio
of β-casein tryptic digests/BSA protein/α-casein protein to
1:1000:1000, six phosphopeptides were still well distin-
guished on the spectrum without any protein peaks and the
interference from non-phosphopeptides was extremely low.
These results demonstrated the large concentration of phos-
phorylated proteins and non-phosphorylated proteins would
not influence the enrichment of Fe3O4@mSiO2@Ti4+-Zr4+

nanocomposites which could be ascribed to the uniformmeso-
porous structures on the outermost position of the nanocom-
posites. Thus, the results indicated the excellent size-exclusion
ability of the materials and the great potential for the applica-
tion of Fe3O4@mSiO2@Ti4+-Zr4+ in the endogenous
phosphopeptides profiling furtherly.

Also, the reusability of the materials was investigated by
treating β-casein tryptic digests. The nanocomposites were
reused for five times. Before each enrichment cycle, the

nanocomposites were washed with eluent and loading buffer
several times to remove the residual phosphopeptides and
non-phosphopeptides thoroughly. As shown in Fig. S4, after
repeating the enrichment cycles for five times, the analytical
performance had no significant difference during the sequen-
tial five enrichment cycles. Eight phosphopeptides (m/z
1030.9, 1253.1, 1278.6, 1466.5, 1562.0, 3123.0, 2556.8,
2061.6) were identified along the five enrichment cycles with
the similar intensity. The results demonstrated the good repro-
ducibility and stability of Fe3O4@mSiO2@Ti4+-Zr4+

nanocomposites.
Encouraged by all the above results, we employed the

Fe3O4@mSiO2@Ti4+-Zr4+ nanocomposites to enrich endog-
enous phosphopeptides from complex human biofluids with-
out enzymolysis. Human saliva, as one of the most important
human fluids, has the merits of easy collection and
noninvasiveness. Thus, it has been extensively used as
biosamples for the clinical diagnosis. As can be seen in
Fig. 9a, before the enrichment, few endogenous
phosphopeptides could be identified, and the mass spectrum
peaks were severely suppressed by non-phosphopeptides and
large size of proteins. However, after treatment with
Fe3O4@mSiO2@Ti4+-Zr4+, 13 endogenous phosphopeptides
including 11 mono- and 2 multi-phosphopeptides were de-
tected distinctly with high intensity. These peaks had been
testified to be phosphopeptides by MALDI-MS/MS (Fig.
S5). Moreover, human aqueous fluid as a complex biosample
was also analyzed for the endogenous phosphopeptides in
this work. After being analyzed by nano-LC-ESI-MS/MS,
totally 104 endogenous phosphopeptides containing 9 multi-

�Fig. 8 Mass spectra of the mixture of β-casein tryptic digests, BSA
protein, and α-casein protein with a mass ratio of a 1:100:100 before
enrichment, b 1:100:100, c 1:500:500, and d 1:1000:1000 after enrich-
ment by Fe3O4@mSiO2@Ti4+-Zr4+. Mass spectrometric peaks of mono-
phosphopeptides were labeled with red square

Fig. 9 Mass spectra of
endogenous phosphopeptides
enriched from human saliva a
without enrichment and b after
enriched by
Fe3O4@mSiO2@Ti4+-Zr4+. Mass
spectrometric peaks of mono-
phosphopeptides were labeled
with red square, multi-
phosphorylated peptides with
triangles
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and 95 mono-phosphopeptides were identified from 10 μL
pristine human saliva and 4 endogenous phosphopeptides
were identified from 10 μL human aqueous fluid, respective-
ly. And the detailed information could be found in Table S2
and S3, respectively. Compared with previous reports [4, 32,
33], the Fe3O4@mSiO2@Ti4+-Zr4+ nanocomposites exhibit-
ed great efficiency in detecting endogenous phosphopeptides
from complex human biofluids. Moreover, we furtherly ana-
lyzed the precursor proteins of the endogenous
phosphopeptides captured from human saliva; most endoge-
nous phosphopeptides are from salivary acidic proline-rich
phosphoproteins. The acidic proline-rich proteins can bind
calcium potently and inhibit the crystal growth of calcium
phosphates. Thus, they can prevent the formation of hydroxy-
apatite on the tooth surface and provide a protective and
reparative environment for dental enamel which is important
for the integrity of the teeth [34]. Also, a number of endoge-
nous phosphopeptides’ precursor protein are basic salivary
proline-rich protein. And in Lamkin’s work, the specific basic
proline-rich proteins in human parotid saliva were proved to
possess significant anti-HIV-1 activity [35]. Thus, the identi-
fication of endogenous phosphopeptides in human biofluids
has great significance for the disease researches and
diagnosis.

Conclusion

In this work, a novel affinity probe Fe3O4@mSiO2@Ti4+-
Zr4+ nanocomposite was successfully synthesized and
employed to enrich endogenous phosphopeptides from hu-
man biofluids. The as-synthesized Fe3O4@mSiO2@Ti4+-
Zr4+ has the advantages of bimetallic affinity site from Ti4+

and Zr4+, uniform mesoporous structure, and good
superparamagnetism. Additionally, the modified form of bi-
metallic ions on the mesoporous channels increased the ex-
posure of affinity sites and realized a more convenient and
replaceable multifunctional modified form. In comparison
w i t h t h e s i n g l e m e t a l c e n t e r e d m a t e r i a l s
(Fe3O4@mSiO2@Zr4+ and Fe3O4@mSiO2@Ti4+),
Fe3O4@mSiO2@Ti4+-Zr4+ could detect phosphopeptides in-
cluding mono- and multi-phosphorylated peptides more com-
prehensively and exhibited better sensitivity and selectivity.
Finally, the novel affinity was successfully employed to en-
rich endogenous phosphopeptides from human saliva and
human aqueous fluid, suggesting its further potential in pre-
treatment of human biofluids for the peptidome researches
and disease diagnosis.
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