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enhanced capture of phosphopeptidesw
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Fe3O4–graphene–TiO2 ternary composite networks were first

synthesized, which exhibited high selectivity and capacity in the

capture of phosphopeptides, due to the enhanced contact to

phosphopeptides given by the graphene scaffold.

Reversible protein phosphorylation is the most common post-

translation modification (PTM) in the proteome of both

prokaryotic and eukaryotic cells, which regulates a wide

variety of cellular processes such as cell growth, division,

signaling, differentiation and apoptosis.1 Unfortunately,

owing to the low abundance of phosphoproteins and the

stoichiometry of phosphorylation sites, it remains a great

challenge for comprehensive understanding of phospho-

proteome in mass spectrometric strategy which is considered

as the preferential choice in phosphoproteomics today.2,3 In

the past decade, numerous endeavors have been devoted to

separation and enrichment of phosphorylated peptides.

Among them, metal oxides, such as TiO2, ZrO2 and Nb2O5,

have been reported to demonstrate higher binding selectivity

to phosphate than immobilized metal ion affinity chromato-

graphy (IMAC) beads for the specific interaction between

Lewis acid and base.4–6 Recently, functionalized mesoporous

TiO2, ZrO2, CeO2 were exploited as affinity probes for the

enrichment of phosphopeptides, in virtue of their magnetic

separability and enhanced surface area.7–9

Since discovered in 2004,10 graphene, a flat monolayer of

carbon atoms tightly packed into a two-dimensional honey-

comb lattice,11 has become the focus of much attention in

materials science. Due to its intriguing electronic and mecha-

nical properties,12 graphene was considered an ideal candidate

for various areas, including photocatalysis,13 solar cells,14

supercapacitors,15 and lithium-ion batteries.16 Despite the wide

range of its applications mentioned above, the application in

biological separation based on its extremely high surface area

and multiple surface functionalization is still an untouched

territory. Herein, we loaded magnetic Fe3O4 particles and

phosphate anchor sites TiO2 on the graphene platform to

construct Fe3O4–graphene (GR)–TiO2 ternary composite net-

works, and demonstrated their advanced performance on

enrichment of phosphopeptides. This is the first application of

graphene composite materials for phosphopeptide capture.

As illustrated in Scheme 1a, the as-synthesized Fe3O4

nanoparticles were first assembled by electrostatic interaction

to the surface of graphene oxide (GO), which was prepared

according to a modified Hummer’s method.17 Then, TiO2 was

introduced by in situ growth from the precursor tetrabutyl

titanate in the mixture of alcohol and water, with the product

named as Fe3O4–GO–TiO2. Finally, hydrothermal treatment

was carried out to realize the deoxygenation of GO and

crystallization of TiO2, generating Fe3O4–GR–TiO2 compo-

site networks. In this case, pristine graphene nanosheets were

bifunctionalized by Fe3O4 and TiO2 nanoparticles, which

acted as targets for magnetic separation and capture sites of

phosphopeptides respectively.

Generating from oxidation and exfoliation of graphite, GO

was given abundant negative charge, with z potential of

�67.0 mV. On the other hand, owing to the protection of

amino groups, z potential of Fe3O4 nanoparticles obtained in a

1,6-hexanediamine-containing system was measured to be

9.7 mV, which enabled facile electrostatic assembly to GO.

Since this Fe3O4–GO composite was prepared in two-step

strategy, the active sites on the surface of GO were still

reserved for in situ nucleation and growth of TiO2 in a sol–gel

approach. As shown in Fig. 1, two kinds of particles with

different size, transparency and distribution spreading on a

Scheme 1 Schematic diagram of the synthetic route of

Fe3O4–GR–TiO2 networks (a) and enrichment protocol for phospho-

peptides by using Fe3O4–GR–TiO2 networks (b).
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graphene nanosheet were clearly resolved. In the networks of

Fe3O4–GO–TiO2 (Fig. 1a and c), Fe3O4 nanoparticles aggre-

gate by magnetism in a certain domain, while TiO2 nano-

particles with a mean size of 5 nm spread homogeneously on

the surface of GO. After hydrothermal treatment, along with

the reduction of GO, amorphous titania embedded in the

networks changed into the anatase TiO2 phase, resulting in a

larger size (B10 nm) compared to the former (Fig. 1b and d).

The high magnification TEM image (Fig. 1d, inset) displays

that the d-spacing of adjacent fringes for different particles

were 0.351 nm and 0.297 nm, corresponding to the (101) plane

of anatase and (220) plane of magnetite, respectively, which

indicates that the two types of particles are successfully

co-attached on the surface of GR. In addition, X-ray diffraction

(XRD) patterns of Fe3O4–GO–TiO2 and Fe3O4–GR–TiO2

were matched with the JCPDS card no. 21-1272 (anatase)

and 75-1610 (magnetite) (Fig. S1, ESIw). Before hydrothermal

crystallization, amorphous TiO2 in Fe3O4–GO–TiO2 networks

exhibits no Bragg diffraction. In contrast, the peak positions

of Fe3O4–GR–TiO2 were just the sum of theoretical values of

anatase and magnetite, confirming the co-existence of TiO2

and Fe3O4 in the composite networks. The magnetic property

of the ternary composite was examined by a superconducting

quantum interference device (SQUID), and its saturation

magnetization value is 19.9 emu g�1 (Fig. S2, ESIw). Com-

pared to the value of parent pure Fe3O4 (71.4 emu g�1),

the magnetite content in the composite was calculated to be

27.9 wt%. Meanwhile, the content of TiO2 was determined to

be 40.3 wt% by X-ray photoelectron spectroscopy (XPS)

quantification for Ti element (XPS spectra of Ti 2p is shown

in Fig. S3, ESIw).
Reduction of the GO component in Fe3O4–GO–TiO2 net-

works during a hydrothermal procedure was also investigated

by XPS. Fig. 2a illustrates the C 1s deconvolution spectrum of

Fe3O4–GO–TiO2. Four different peaks centered at 284.5,

285.6, 286.6 and 288.4 eV were assigned to CQC/C–C in

aromatic rings, C–OH, C–O (epoxy and alkoxy), and CQO

groups, respectively. After deoxygenation for 20 h, the inten-

sities of all C 1s peaks derived from the carbons binding to

oxygen, especially the peak of C–O (epoxy and alkoxy),

decreased by a large margin (Fig. 2b), suggesting that most

of the oxygen-containing groups were removed after hydro-

thermal treatment. At the same time, Raman spectroscopy was

performed to characterize carbon structure in the composite

networks. As depicted in Fig. S4 (ESIw), bands located at 1350

and 1590 cm�1 were designated as D (the symmetry A1g mode)

and G (the E2g mode of sp2 carbon atoms) bands. With the

hydrothermal process, the intensity ratio of D/G increased

obviously, indicating the occurrence of reduction,18 which

agreed well with the conclusion from XPS measurements.

In this functional composite, apart from the properties of

phosphate adsorbability and magnetic separability endowed

by TiO2 and Fe3O4, graphene herein acts as a scaffold for

combining functional nanomaterials and increasing the

effective contact between TiO2 and targeted phosphopeptides.

As reported previously, the theoretical surface area of a single

graphene nanosheet was calculated to be 2630 m2 g�1.19

However, owing to the agglomeration during drying, the

surface area was severely reduced in the actual nitrogen

adsorption measurement. In this case, we utilized the adsorp-

tion isotherm for tryptic digests of phosphoprotein a-casein
adsorbed on Fe3O4–GR–TiO2 to demonstrate its enhanced

contact surface to biomolecules compared to commercial TiO2

(Fig. S5, ESIw). The isotherm of Fe3O4–GR–TiO2 represents a

maximum adsorption of 425.2 mg g�1, whereas that for

commercial TiO2 is fairly low, only 82.9 mg g�1. The results

elucidated that the ternary composite displayed high capacity

to adsorb biomolecules in comparison with commercial TiO2

microspheres, due to expanded contact surface caused by the

introduction of graphene networks.

Based on the phosphate affinity, magnetic separability and

enhanced contact surface, Fe3O4–GR–TiO2 ternary composite

networks were subjected to the application for capture and

separation of phosphopeptides derived from the standard

phosphoprotein b-casein (2 pmol) (Scheme 1b). The details

of peptides detected in the MALDI-TOF spectra are

summarized in Table S1 (ESIw). Compared to commercial

TiO2 (Fig. 3a), peaks of b1, b2, b3 and b4 with much higher

intensities could be resolved in the spectra of phosphopeptides

captured by Fe3O4–GO–TiO2 and Fe3O4–GR–TiO2 (Fig. 3b

and c). Among them, low-abundant phosphopeptide b2 was

rarely reported in previous research. Notably, peaks at

1138.023 and 2163.738 designated as non-phosphopeptide

from b-casein and acidic peptides (pI = 4.0) from trypsin

autolysis, respectively (see details in Table S2, ESIw), also

appeared in the spectra of Fe3O4–GO–TiO2 (Fig. 3b). After

the hydrothermal procedure, peaks of phosphopeptides were

Fig. 1 SEM images of Fe3O4–GO–TiO2 (a) and Fe3O4–GR–TiO2

(b); TEM images of Fe3O4–GO–TiO2 (c) and Fe3O4–GR–TiO2 (d).

Inset shows the lattice fringes of Fe3O4 and TiO2 in Fe3O4–GR–TiO2

networks.

Fig. 2 XPS spectra of C 1s in Fe3O4–GO–TiO2 (a) and Fe3O4–

GR–TiO2 (b).
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obtained without any interference signal (Fig. 3c). This is

because crystallized TiO2 exhibits high selectivity to phospho-

peptides,7 and the oxygen groups on the surface of GO which

are potential to generate non-specific binding to phospho-

peptides were reduced in this procedure. Considering iron

oxides also exhibit affinity to phosphopeptides, the product

without TiO2 (Fe3O4–GR) was prepared and investigated for

comparison (Fig. 3d). Judging from the low intensity of

phosphopeptides, we could conclude that the enrichment effect

was most contributed from the TiO2 nanoparticles attached

on the surface of Fe3O4–GR–TiO2. Furthermore, we exam-

ined the better performer Fe3O4–GR–TiO2 for capturing

phosphopeptides in the digests of b-casein mixed with non-

phosphoprotein BSA. With the mole ratio of 1 : 10 and 1 : 100

(b-casein/BSA), three peaks of b1, b3 and b4 were definitely

detected, with a little lower intensity (Fig. S6a and b, ESIw).
The autolysis signal recognized in Fig. S6b (ESIw) was

ascribed to the rather abundant trypsin introduced from

digests of BSA. The interference test further demonstrated

the robustness and reliability of Fe3O4–GR–TiO2 networks for

separating phosphopeptides from a complex sample.

To estimate the capacity for phosphopeptide enrichment,

Fe3O4–GR–TiO2 was applied in the capture of phospho-

peptides from the digests of a-casein, a phosphoprotein with

more phosphorylation sites. Fig. 4a displays the MALDI-TOF

spectra of tryptic digests of a-casein (2 pmol) by direct

analysis, in which only 2 weak peaks generated from phospho-

peptides. Treated by Fe3O4–GR–TiO2, 22 phosphopeptides

with considerable intensities were confidently identified with a

clear background, suggesting its high capacity and selectivity

in enrichment of phosphopeptides resulting from its enhanced

contact surface (Fig. 4b). Encourged by its remarkable capture

performance, we further applied Fe3O4–GR–TiO2 in a real

sample, human serum, for enrichment of endogenous phospho-

peptides. 4 peaks of phosphopeptides could be distinctly

isolated from the extremely complicated biological system

(Fig. S7, ESIw). For clarity, detected phosphopeptides from

a-casein and human serum are listed in Table S3 and S4

(ESIw).
In conclusion, the Fe3O4–GR–TiO2 ternary composite

networks were fabricated by co-attaching magnetite Fe3O4

and phosphate adsorbent TiO2 on graphene nanosheets and

applied in selective capture of phosphopeptides for the first

time. Besides the facile magnetic separation, these materials

enriched phosphopeptides with high efficiency and capacity

due to the graphene network platform, which is beneficial to

comprehensive understanding of phosphoproteome. This

study opens up the exploitation of the graphene composite

series for the application in biological separation, especially

the MS-based phosphoproteomics.
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Fig. 3 MALDI-TOF spectra of the tryptic digests of b-casein
after enriched by commercial TiO2 (a), Fe3O4–GO–TiO2 (b),

Fe3O4–GR–TiO2 (c) and Fe3O4–GR (d).

Fig. 4 MALDI-TOF spectra of the tryptic digests of a-casein by

direct analysis (a) and enriched by Fe3O4–GR–TiO2 (b).
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