
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Journal Name RSCPublishing 

COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 1  

 Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Fabrication of a novel magnetic yolk-shell 

Fe3O4@mTiO2@mSiO2 nanocomposite for selective 

enrichment of endogenous phosphopeptides from the 

complex sample 

Hao Wan,
ab

 Jinan Li,
b 
Wenguang Yu,

b
 Zheyi Liu,

b
 Quanqing Zhang,

b
 Weibing 

Zhang
*a

 and Hanfa Zou
*b

 

The yolk-shell nanocomposite composed of a magnetic 

mesoporous anatase TiO2 (Fe3O4@mTiO2) core, a medium 

cavity and an outmost mesoporous silica (mSiO2) shell was 

successfully fabricated. Combination of the strong magnetic 

response, improved diffusion of peptides, numerous affinity 5 

sites towards phosphopeptides and the size-exclusion effect, 

the nanocomposite demonstrated the high enrichment 

efficacy and selectivity towards endogenous phosphopeptides 

from human serum. 

Phosphorylation is one of the most important and ubiquitous post-10 

translational modifications. The phosphorylation of endogenous 

peptides is involved in lots of biological and pathological variations, 

which makes endogenous phosphopeptides as the potential 

biomarkers with high clinical sensitivity and specificity. However, 

due to the interference and cover of signal by high-abundance 15 

proteins and endogenous non-phosphopeptides in the complex 

sample, the mass spectrometry (MS) detection of endogenous 

phosphopeptides still remains challenging.1 

Selective enrichment of endogenous phosphopeptides exists as an 

effective way to exclude the interference and improve the precision 20 

and sensitivity of MS detection. Compared with other enrichment 

methods, metal oxide affinity chromatography (MOAC) has been 

reported to demonstrate higher binding selectivity and sensitivity to 

phosphate group. Among these metal oxides, anatase TiO2 has been 

most widely utilized for selective enrichment of phosphopeptides 25 

from various enzymatic digests due to the higher affinity and more 

tolerance of many biochemical reagents.2 However, because of the 

occupation and cover of affinity sites on anatase TiO2 by some large-

molecule phosphoproteins and non-phosphoproteins in the complex 

sample, the enrichment selectivity and efficacy towards endogenous 30 

phosphopeptides would be highly affected.3 Appearing as a 

molecular sieve, mesoporous SiO2 has been applied in different 

systems to differentiate small and large molecules based on the size-

exclusion effect.4 But due to the low-efficiency and time-consuming 

centrifugation separation, the practical application of mesoporous 35 

SiO2 in the exclusion of proteins beneficial for efficient and selective 

enrichment of endogenous phosphopeptides is limited. Recently, the 

magnetic yolk-shell structure has been attracting more and more 

attentions. On one hand, the magnetic response would simplify the 

process of sample separation. On the other hand, the cavity would be 40 

beneficial for the diffusion of guest molecules and also enhance the 

contact area between the substrate and guest molecules.5 Attributed 

to all above unique properties, an integration of mesoporous SiO2, 

anatase TiO2 and a magnetic yolk-shell structure should better fulfil 

the requirement for selective enrichment of endogenous 45 

phosphopeptides from the complex sample.  

Herein, for highly efficient and selective enrichment of 

endogenous phosphopeptides from the complex sample, we 

elaborately fabricated a novel magnetic yolk-shell nanocomposite 

(Scheme 1). Starting from Fe3O4 nanoparticles, we directly coated a 50 

layer of amorphous TiO2, followed by solvothermal reaction assisted 

pore formation and crystallization of amorphous TiO2 into anatase 

type (Fe3O4@mTiO2). Subsequently, with the help of PVP the 

Fe3O4@mTiO2 was encapsulated by a dense SiO2 shell 

(Fe3O4@mTiO2@nSiO2), onto which another outmost mesoprosous  55 

Scheme 1 The schematic illustration of the fabrication process of YS 

Fe3O4@mTiO2@mSiO2  
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SiO2 shell was assembled by using CTAB as a structure director 

(Fe3O4@mTiO2@nSiO2@mSiO2-CTAB). After the selective etching 

of the dense SiO2 shell by Na2CO3 solution and calcination of 

CTAB and PVP, the final nanocomposite (YS 

Fe3O4@mTiO2@mSiO2) was obtained. The YS 5 

Fe3O4@mTiO2@mSiO2 was suitable for selective enrichment 

of endogenous phosphopeptides from the complex sample: (1) 

the outmost mSiO2 shell would act as a size-dependent sieve to 

exclude large-molecule proteins out; (2) the medium cavity 

would improve the diffusion of endogenous phosphopeptides 10 

and enhance the contact area between endogenous 

phosphopeptides and the Fe3O4@mTiO2 core; (3) the 

Fe3O4@mTiO2 core with high surface area would not only 

provide numerous affinity sites to capture endogenous 

phosphopeptides but also simplify the process of sample 15 

separation. 

  Shown in Fig. 1, the diameter of as-synthesized 

Fe3O4@mTiO2 core distributed around 200-300 nm (Fig. 1c). 

After encapsulation with the dense SiO2 shell, a well-defined 

core-shell structure was obtained (Fig. 1d). Under the direction 20 

of CTAB, another outmost mSiO2 shell was successfully 

assembled and the corresponding size increased to 500-600 nm 

(Fig. 1e). The yolk-shell structure appeared after the selective 

etching process, which was based on the unexpected 

differentiated dissolution behaviours, stemming from 25 

stabilization of the outmost mSiO2 shell by CTAB (Fig. 1f).6 

Through the experiment, it was found out the mass ratio of the 

Fe3O4@mTiO2@nSiO2@mSiO2-CTAB and Na2CO3 was an 

indispensable factor for the successful fabrication of the final 

yolk-shell structure. Fixing the amount of Na2CO3 at 212 mg, 30 

we varied the added amount of 

Fe3O4@mTiO2@nSiO2@mSiO2-CTAB. Based on the TEM 

results (Fig. 2), if the added amount of 

Fe3O4@mTiO2@nSiO2@mSiO2-CTAB was limited, an etching 

of both dense SiO2 and outmost mSiO2-CTAB shells happened. 35 

On the contrast, when the added amount of 

Fe3O4@mTiO2@nSiO2@mSiO2-CTAB was too much, the  

Fig 1. The SEM image of (a) YS Fe3O4@mTiO2@mSiO2; The TEM images 

of (b) Fe3O4, (c) Fe3O4@mTiO2, (d) Fe3O4@mTiO2@nSiO2, (e) 

Fe3O4@mTiO2@nSiO2@mSiO2-CTAB and (f) YS Fe3O4@mTiO2@mSiO2. 40 

Fig. 2 TEM images of nanoparticles after the selective etching process by 

Na2CO3 solution when the added amount of 

Fe3O4@mTiO2@nSiO2@mSiO2-CTAB was (a) 50 mg, (b) 100 mg, (c) 150 

mg and (d) 250 mg. 

 45 

Na2CO3 solution was not strong enough to completely etch the 

dense SiO2 shell away, leaving a small gap. So only when the 

added amount of Fe3O4@mTiO2@nSiO2@mSiO2-CTAB was 

appropriate, can a well-defined yolk-shell structure be 

successfully developed. According to the XRD analysis, all 50 

diffraction peaks of original magnetic nanoparticles can be 

perfectly indexed to the magnetite phase of Fe3O4 (JCPDS 19-

629) and the final nanoparticles showed additional diffraction 

peaks of anatase TiO2 (JCPDS 21-1272) (Fig. S1, ESI†). The 

EDS element mapping illustrated the exact distribution of 55 

fundamental compositions, further identifying the successful 

fabrication of YS Fe3O4@mTiO2@mSiO2 (Fig. 3). 

Then, the N2 adsorption experiment was used to probe the 

detailed structure information about YS 

Fe3O4@mTiO2@mSiO2. The adsorption–desorption isotherms 60 

exhibited the typical IV pattern of the mesoporous material 

with a distinct H3 hysteresis loop, proving the ink-bottle-type  

Fig. 3 The EDS element mapping of YS Fe3O4@mTiO2@mSiO2. 

Page 2 of 6RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

Scheme 2 The process of selective enrichment of endogenous 

phosphopeptides from the complex sample with YS Fe3O4@mTiO2@mSiO2. 

 

pores in which large cavities are connected by narrow 

windows.7 The pore distribution showed three main pore 5 

diameters of 2.7, 3.9 and 9.1 nm, which could be ascribed to 

pores distributing within the outmost mSiO2 shell and inner 

mesoporous anatase TiO2, respectively (Fig. S2, ESI†). Besides, 

the Fe3O4@mTiO2 was also conducted through the BET and 

BJH analyses. The pores resulting from the solvethermal 10 

reaction centralized at 3.7 and 9.5 nm, matching the above 

result well and the surface area reached 169.79 g/m2, providing 

Fig. 4 The MALDI-TOF-MS analysis of tryptic digests of β-casein. (a) 

Direct analysis; (b) after enrichment with commercial TiO2; after enrichment 

with YS Fe3O4@mTiO2@mSiO2 when the added amount was (c) 50 fmol, 15 

(d) 10 fmol and (e) 3 fmol. * indicates phosphopeptides and # indicates 

dephosphorylated peptides 

numerous affinity sites to capture endogenous phosphopeptides. 

The original Fe3O4 exhibited a saturation magnetization value 

of 58.51 emu/g. While after coating with another three shells, 20 

the value decreased to 10.76 emu/g. Attributed to subsequent 

processes of selective etching and calcination, the saturation 

magnetization value increased to 15.7 emu/g, which would 

favour the easy separation of YS Fe3O4@mTiO2@mSiO2 (Fig. 

S3, ESI†). 25 

The YS Fe3O4@mTiO2@mSiO2 was supposed to efficiently 

and selectively enrich endogenous phosphopeptides from the 

complex sample (Scheme 2). At first, the enrichment effect was 

evaluated with simple samples. Without enrichment the tryptic 

digests of β-casein showed lots of high-density non-30 

phosphopeptides and the signal of phosphopeptides was 

suppressed. However, after enrichment with YS 

Fe3O4@mTiO2@mSiO2, three significant peaks corresponding 

to phosphopeptides were identified. Compared with the 

commercial TiO2 (surface area: 61.25 g/m2, Fig. S8, ESI†), the 35 

YS Fe3O4@mTiO2@mSiO2 demonstrated the higher 

enrichment efficacy and selectivity (Fig. 4a-c), which may be a 

result of the higher surface area and the special yolk-shell 

structure. Inspired by this, a detection limit experiment was 

subsequently conducted. The intensity strength of enriched 40 

phosphopeptides was positively related to the primitive 

concentration of tryptic digests of β-casein. And the detection 

limit could reach as low as 3 fmol, confirming the high 

enrichment efficacy (Fig. 4c-e). To further identify the high 

selectivity of YS Fe3O4@mTiO2@mSiO2, different amounts of 45 

tryptic digests of BSA as the interference were spiked into the 

determined amount of tryptic digests of β-casein. The direct 

analysis of the mixture showed no phosphopeptides but 

numerous non-phosphopeptides. Brightly, after enrichment 

with YS Fe3O4@mTiO2@mSiO2, only phosphopeptides existed. 50 

Even if the molar ratio was 1:1000 (β-casein: BSA),  

Fig. 5 The MALDI-TOF-MS analysis of the elution after enrichment of a 

mixture of α-casein protein and tryptic digests of β-casein with (a, c) 

Fe3O4@mTiO2 and (b, d) YS Fe3O4@mTiO2@mSiO2.  

 55 
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Fig. 6 The MALDI-TOF-MS analysis of human serum. (a) Direct analysis; 

(b) the endogenous phosphopeptides in the elution, the residual proteins in 

the (c) elution and (d) supernatant after enrichment with YS 

Fe3O4@mTiO2@mSiO2. # indicates endogenous phosphopeptides and * 

indicates residual proteins in human serum. 5 

 

phosphopeptides could still be selectively captured (Fig. S4, 

ESI†). For YS Fe3O4@mTiO2@mSiO2, the outmost mSiO2 

shell would act as a size-dependent sieve to exclude the large-

molecule proteins out beneficial for efficient and selective 10 

enrichment of phosphopeptides. To test this functionality, we 

applied YS Fe3O4@mTiO2@mSiO2 and Fe3O4@mTiO2 in 

parallel for the enrichment of a mixture of α-casein (model 

phosphoprotein) and tryptic digests of β-casein (a mimic of the 

complex sample, mass ratio: 100:1). After enrichment, the 15 

elution of YS Fe3O4@mTiO2@mSiO2 contained very little α-

casein with respect to high-abundance α-casein in the elution of 

Fe3O4@mTiO2. On the contrast, as for the case of small-

molecule peptides, the situation was opposite (Fig. 5). In detail, 

although both YS Fe3O4@mTiO2@mSiO2 and Fe3O4@mTiO2 20 

could capture the phosphopeptides, the signal intensity of 

phosphopeptides in the elution of Fe3O4@mTiO2 was much 

weaker. It was speculated α-casein would cover and occupy lots 

of affinity sites on the Fe3O4@mTiO2 in view of the large 

amount, which mostly affected the enrichment efficacy of 25 

phosphopeptides. However, the diffusion of large-molecule α-

casein (23690 Da, radius of gyration is about 4.5 nm) through 

the narrow mesopore channels (2.7 nm) distributing within the 

outmost mSiO2 shell on the YS Fe3O4@mTiO2@mSiO2 was 

relatively difficult, resulting in the size-exclusion effect to 30 

improve the enrichment efficacy. 

After all, we applied the YS Fe3O4@mTiO2@mSiO2 in the 

selective enrichment of endogenous phosphopeptides from 

human serum. The direct analysis of human serum showed 

none of endogenous phosphopeptides, accompanied with lots of 35 

high-density endogenous non-phosphopeptides and proteins. 

However, after enrichment only four endogenous 

phosphopeptides with high signal-to-noise were detected, 

which showed better enrichment selectivity and efficacy than 

previous studies.8 In the high-molecular range, two obvious 40 

proteins (e.g. human serum albumin, 67 kDa, 5*7*7 nm) were 

found out in the supernatant with respect to nothing in the 

elution, all of which hinted the effective capacity of YS 

Fe3O4@mTiO2@mSiO2 for selective enrichment of endogenous 

phosphopeptides from the complex sample (Fig. 6). 45 

In summary, a novel magnetic yolk-shell 

Fe3O4@mTiO2@mSiO2 nanocomposite was successfully 

developed. The nanocomposite exhibited a strong magnetic 

response, high enrichment selectivity and efficacy towards 

phosphopeptides and the size-exclusion effect, which was 50 

suitable for selective enrichment of endogenous 

phosphopeptides from the complex sample. With all these 

advances, it is believed the nanocomposite would be applied in 

many other fields in the future. 
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With advances of the strong magnetic response, improved diffusion of peptides, numerous affinity 

sites towards phosphopeptides and the size-exclusion effect, a novel magnetic yolk-shell 

Fe3O4@mTiO2@mSiO2 nanocomposite could efficiently and selectively enrich endogenous 

phosphopeptides from the complex sample. 
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