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Abstract
In this study, titanium (IV)-immobilized magnetic nanoparticles  (Ti4+-PTL-MNPs) were firstly synthesized via a one-step aque-
ous self-assembly of lysozyme nanofilms for efficient phosphopeptide enrichment. Under physiological conditions, lysozymes 
readily self-organized into phase-transitioned lysozyme (PTL) nanofilms on  Fe3O4@SiO2 and  Fe3O4@C MNP surfaces with 
abundant functional groups, including –NH2, –COOH, –OH, and –SH, which can be used as multiple linkers to efficiently 
chelate  Ti4+. The obtained  Ti4+-PTL-MNPs possessed high sensitivity of 0.01 fmol μL−1 and remarkable selectivity even at a 
mass ratio of β-casein to BSA as low as 1:400 for phosphopeptide enrichment. Furthermore, the synthesized  Ti4+-PTL-MNPs 
can also selectively identify low-abundance phosphopeptides from extremely complicated human serum samples and their 
rapid separation, good reproducibility, and excellent recovery were also proven. This one-step self-assembly of PTL nanofilms 
facilitated the facile and efficient surface functionalization of various nanoparticles for proteomes/peptidomes.
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Introduction

As a ubiquitous post-translational modification, protein 
phosphorylation participates in multifarious biological pro-
cesses, including metabolic pathways, epigenetic control, 
gene expression, and cell proliferation [1–4]. Mass spec-
trometry (MS) is critical for identifying phosphorylation 
sites and quantifying their dynamic changes in view of its 
high sensitivity, wide dynamic range, and fast analysis speed 

[5–9]. As we know, challenges always remained in phospho-
peptides/proteins identification and characterization for the 
reason of low-abundance and the signal suppression from 
nonphosphopeptides/nonproteins in MS analysis [10–13]. 
Thus, selective phosphopeptide enrichment before MS anal-
ysis by a specific enrichment technique is an essential link 
for the in-depth study of the phosphoproteome [14, 15].

To date, numerous enrichment techniques, such as ion-
exchange chromatography [16], metal oxide affinity chroma-
tography [17–20], immune affinity capture, and immobilized 
metal ion affinity chromatography (IMAC) [21, 22], are com-
monly used to enrich phosphopeptides from non-phosphoryl-
ated peptides [23]. Among them, IMAC is a highly explored 
technique to enrich phosphopeptides, in which metal ions, such 
as  Fe3+,  Cu2+,  Al3+,  Zn2+, and  Ti4+, are chelated to adsorbents 
using specific bridging molecules, such as adenosine triphos-
phate [24, 25], glutathione [26], and polydopamine [27]. In 
most cases, monofunctional bridging molecules are covalently 
grafted to the surface of various adsorbents including polymer 
beads, porous materials, or nanoparticles via complicated syn-
thesis chemistry, generally involving poisonous reagents and 
multistep treatments. Therefore, it is imperative to exploit a 
facile and rapid fabrication method for functionalizing adsor-
bents with abundant multiple functional ligands.
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Lysozyme, denaturalized in tris(2-carboxyethyl)phos-
phine (TCEP) buffer under neutral pH conditions, readily 
self-organized into phase-transitioned lysozyme (PTL) nano-
films on various particle surfaces, exhibiting powerful inter-
face combination to resist chemical and mechanical peeling 
under severe conditions [28, 29]. The abundant functional 
groups on the surface of PTL nanofilms, including –NH2, 
–COOH, –OH, and –SH, may further immobilize metal ions 
by the synergistic chelation of multiple functional ligands. 
To verify this hypothesis, in this study, PTL nanofilms were 
first assembled on  Fe3O4@SiO2 and  Fe3O4@C magnetic 
nanoparticles (MNPs) via the one-step aqueous self-assem-
bly [28]. As expected,  Ti4+, which exhibited a strong affinity 
to the phosphate groups in phosphopeptides, were efficiently 
captured by PTL nanofilms to form the  Ti4+-PTL-MNPs by 
simple incubation in Ti(SO4)2 aqueous solution. The high 
sensitivity and selectivity for phosphopeptide enrichment 
from standard protein and human serum indicated great 
potential of the synthesized  Ti4+-PTL-MNPs for ultracom-
plex real samples analysis. Thus, the current method based 
on one-step aqueous self-assembly of PTL nanofilms pro-
vides a promising and environmentally friendly alternative 
to fabricating IMAC adsorbents for proteome/peptidome.

Experimental section

Materials and reagents

β-Casein (from bovine milk), bovine serum albumin (BSA), 
trypsin, urea, dithiothreitol (DTT), iodoacetamide (IAA), 
and 2,5-dihydroxybenzoic acid (DHB) were purchased from 
Sigma-Aldrich. Standard phosphopeptide (LRRApSLGGK) 
were purchased from Shanghai Apeptide Co., Ltd. Ammo-
nium bicarbonate  (NH4HCO3), and acetonitrile (ACN) 
were obtained from Merck (Darmstadt, Germany). Tetra-
ethyl orthosilicate (TEOS), ferric chloride  (FeCl3·6H2O), 
ethylene glycol (EG), trisodium citrate, sodium acetate 
(NaOAc), ethanol, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), ammonium hydroxide  (NH3·H2O, 
25 wt %), lysozyme, tris (2-carboxyethyl) phosphine hydro-
chloride (TCEP), glucan, and glucose were obtained from 
Shanghai Chemical Reagents Company (Shanghai, China). 
All other reagents were of analytical grade from suppliers. 
The human serum sample was acquired from Shaanxi Nor-
mal University Hospital.

Characterization

Transmission electron microscopy (TEM) data was meas-
ured using a JEM-2100 microscope (JEOL, Japan). Fou-
rier transform infrared (FT-IR) spectroscopy was per-
formed using a Tensor 27 infrared spectrometer (Bruker, 

Billerica, MA). X-ray diffraction (XRD) measurements 
were conducted on X-ray powder diffractometer (Bruker 
D8 Advance). Environmental scanning electron micros-
copy (FEI Quanta 200) was used for energy-dispersive X-ray 
analysis (EDX) measurement. X-ray photoelectron spectros-
copy (XPS) analyses were measured with an Axis Ultra XP 
spectrometer (Kratos Analytical Ltd., Manchester, UK). 
The saturation magnetization curves were obtained using 
vibrating-sample magnetometry (VSM) (Quantum Design, 
San Diego, USA).

Mass spectrometry analysis

All the mass spectrometry (MS) data was acquired using 
matrix-assisted laser desorption/ionization (MALDI)-
time-of-flight (TOF) (MALDI-TOF) MS (Bruke Daltonics, 
Bremen, Germany) under the positive-ion reflector mode 
(laser wavelength: 337 nm). The other parameters includ-
ing acceleration voltage (20 kV), grid voltage (65%), and 
delayed extraction time (180 ns) were used. Each MS was 
acquired as an average of 100 laser shots under the laser 
intensity of 50 Hz and mass range of 1,000–3,500. The data-
base in version 201,412 of Uniprot rat reference proteome 
was used for MS data search.

Preparation of  Fe3O4@SiO2 and  Fe3O4@C MNPs

The  Fe3O4 particles were synthesized via a solvothermal 
reaction previously reported [1]. For the  Fe3O4@SiO2 MNPs 
synthesis [2], the above 100 mg  Fe3O4 particles were added 
in dispersion of ethanol/  NH3∙H2O/  H2O (20/0.7/5, v/v/v) 
with ultrasonication for 40 min. Then 600 mL of TEOS was 
added dropwise into the mixture and stirring for 6 h for the 
growth of  SiO2 layer. Finally, the resulting  Fe3O4@SiO2 
MNPs was collected by magnetic separation and washed 3 
times before drying at 60 °C.

When preparing  Fe3O4@C MNPs, glucose was used as 
carbon source according to the published work [3]. Briefly, 
200 mg of  Fe3O4 nanoparticles was suspended glucose 
solution (0.15 M) for ultrasonication. Then the mixture 
was transferred into Teflon-sealed autoclave for reaction of 
6 h at 160 °C. Then the product of  Fe3O4@C MNPs were 
rinsed with water for several times and finally dried at 60 °C 
overnight.

Recovery test of phosphopeptides enrichment

The quantitative approach of stable isotope dimethyl labeling 
was used to calculate the recovery of the  Ti4+-PTL-MNPs 
for phosphopeptides enrichment according to the previ-
ous reports [4]. Briefly, the heavy isotope-labeled phos-
phopeptide was enriched with  Ti4+-PTL-Fe3O4@SiO2 and 
 Ti4+-PTL-Fe3O4@C, respectively. The above eluent was 
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mixed with the same amount of the light isotope-labeled 
phosphopeptide for MALDI-TOF MS analysis. The recovery 
of phosphopeptide was calculated according to the MS inten-
sity ratio of heavy and light isotope-labeled phosphopeptide.

Synthesis of the  Ti4+‑PTL‑MNPs

The synthesized  Fe3O4@SiO2 [30, 31] and  Fe3O4@C [32, 
33] MNPs (10 mg) were homogeneously dispersed in 10 mL 
of mixed equal volume of lysozyme (3 mg  ml−1 lysozyme 
in 9 mM HEPES buffer) and TCEP (45 mM TCEP in 9 mM 
HEPES buffer) buffer solutions, respectively, incubated at 
37 °C for 30 min and washed alternately with ethanol and 
water to prepare PTL-coated MNPs [28]. Subsequently, the 
PTL-coated MNPs (10 mg) were incubated in 10 mL of 
a Ti(SO4)2 solution (100 mM) at 37 °C for 3 h to fix  Ti4+ 
cations and collected by magnetic separation. Finally, the 
obtained  Ti4+-PTL-MNPs were washed with ethanol and 
water repeatedly, and dried overnight [34, 35].

Tryptic digestion of standard protein and human 
serum

Standard protein (β-casein or BSA) (6  mg) was added 
into 1.5 mL of a solution containing 8 M urea and 50 mM 
 NH4HCO3 (pH 8.0) and incubated at 37 °C for 1.5 h. Protein 
mixture was then reduced and alkylated using DTT (10 μL, 
500 mM) for 1 h under 60 °C and IAA (10 μL, 150 mM) 
for 30 min at room temperature (RT), respectively. Sub-
sequently, the above solution was digested with trypsin at 
an enzyme/protein ratio of 1:40 (w/w) for 18 h at 37 °C 
and the reaction was stopped by adding 5 μL of formic 
acid (0.2%) to the solution. Finally, the tryptic digestion of 
protein solution was dialyzed for 48 h at room temperature 
(MWCO = 500 Da), lyophilized in a freeze dryer, stored at 
-20 °C, and diluted to the required concentration with differ-
ent volume ratios of ACN/H2O/HAC before use [23].

When preparing the real sample (human serum), 3.0 mL 
of human serum were gently mixed with 30 μL of  NH4HCO3 
(50 mM, pH 8.0) and then denatured at 100 °C for 5 min. 
After that, the mixture was digested by trypsin at an enzyme/
protein ratio of 1:40 (w/w) at 37 °C for 18 h. Finally, 5 μL 
of formic acid (0.2%) was added to stop reaction, and then 
dialyzed and stored before use at -20 °C.

Phosphopeptide enrichment using tryptic standard 
protein and human serum digests

The  Ti4+-PTL-MNPs (1.5 mg) was added to 150 μL of a 
loading buffer (ACN/H2O/HAC, 50/48/2, v/v/v) containing 
tryptic digests of β-casein or serum and vibrated for 3 min 
at RT to enrich phosphopeptides. After washing with 200 
μL 50% ACN, 48%  H2O, and 2% HAC for three times, the 

 Ti4+-PTL-MNPs trapped with phosphopeptides were eluted 
with  NH3·H2O (100 μL, 0.5%) and was analyzed in MALDI-
TOF MS measurement. The enrichment conditions including 
adsorption time and the loading buffer with different HAc 
concentrations of 5%, 3%, 2%, and 0.1% were optimized 
using β-casein digests [23].

Results and discussion

Characterization of synthesized  Ti4+‑PTL‑MNPs

PTL-coated  Fe3O4@SiO2 and  Fe3O4@C MNPs were syn-
thesized via the one-step aqueous self-assembly of lysozyme 
nanofilms in TCEP buffer at neutral pH as presented in 
Fig. 1. As demonstrated in published works [36, 37], the 
PTL nanofilms on the MNPs surface exhibited a series of 
multiple groups including -NH2, -COOH, -OH, and -SH, 
which can be used as multiple linkers to efficiently chelate 
 Ti4+ through coordination reactions, and then displayed a 
strong affinity with phosphate groups in phosphopeptides. 
Besides, the obtained  Ti4+-PTL-MNPs presented powerful 
interface combination to resist mechanical and chemical 
peeling under enrichment conditions, and may exhibit high 
mechanical stability from complex biological samples.

The microstructures and morphologies of the synthe-
sized MNPs were investigated through TEM and SEM. 
The  Fe3O4 MNPs had small nanocrystal clusters on the sur-
faces with diameters of ~ 150 nm (Fig. 2A). The  Fe3O4@C 
and  Fe3O4@SiO2 MNPs showed relatively smooth surface 
with diameters of ~ 180 nm and ~ 200 nm, respectively, sur-
rounded by light areas of silica and carbon shells, indicat-
ing a clear core–shell structure (Fig. 2B, C). However, no 
obvious changes in the morphology of PTL-coated  Fe3O4@
SiO2 MNPs and  Fe3O4@C MNPs (Fig. 2B, C, insets) were 
observed. The SEM images in Figs. 2D, E and F further 
proved the uniformity of the size and shape of the synthe-
sized MNPs.

Next, the obtained  Ti4+-PTL-MNPs were further char-
acterized by XPS, XRD, VSM, and EDX. In XPS spectra, 
 Fe3O4 MNPs showed typical peaks of Fe and O which 
correlated well with previously reported results [31]. 
After coated with  SiO2 shells, the Si peaks was observed 
in the synthesized  Fe3O4@SiO2 MNPs while the Fe peaks 
almost disappeared (Fig. 3A, B). In the PTL-assembled 
MNPs, the N 1 s peak existed in the PTL amine groups 
was observed, and its contents was about 5% in the PTL-
coated MNPs (Fig.  S1, see Electronic Supplementary 
Material), confirming the PTL nanofilms successfully self-
assembled on  Fe3O4@SiO2 and  Fe3O4@C MNPs surface. 
EDX analysis clearly showed appearance of Ti element 
in the  Ti4+-PTL-MNPs, indicating successful loading of 
 Ti4+ on the PTL-coated MNPs (Fig. S1, see Electronic 
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Supplementary Material). The PTL-coated MNPs pos-
sessed similar diffraction pattern with  Fe3O4 nanocrystal 
in XRD patterns (Fig. 3C), demonstrating that the crystal 
phase of  Fe3O4 was unchanged after modification. Fur-
thermore, the maximum saturation magnetization  (MS) 

of  Fe3O4@C and  Fe3O4@SiO2 MNPs were less than the 
corresponding bulk  Fe3O4 due to the existence of nonmag-
netic carbon/silicon shells. The  MS value of  Fe3O4@SiO2 
MNPs was lower than that of  Fe3O4@C MNPs (Fig. 3D), 
which demonstrated the higher thickness of the  SiO2 shells 

Fig. 1  Synthesis procedure of  Ti4+-PTL-MNPs and schematic diagram for phosphopeptides enrichment process

Fig. 2  TEM images of  Fe3O4 (A),  Fe3O4@SiO2 (B),  Fe3O4@C (C). 
SEM images of  Fe3O4 (D), PTL-coated  Fe3O4@SiO2 (E), PTL-
coated  Fe3O4@C (F). The inset shows TEM images of PTL-coated 

 Fe3O4@SiO2 (B) and PTL-coated  Fe3O4@C (C); SEM images of 
 Fe3O4@SiO2 (E) and  Fe3O4@C (F)
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than the C shells and also correlated to the TEM observa-
tion results (Fig. 2B, C). Furthermore, the  MS values with 
no changes in the PTL-coated MNPs were observed. The 
materials can achieve rapid magnetic separation within a 
few seconds from solution, indicating good water solubil-
ity and dispersibility (Fig. 3D, inset).

Finally, the surface properties of the synthesized MNPs 
were characterized by ATR-FTIR. A characteristic absorp-
tion peak at ~ 580  cm−1 was assigned to stretching vibration 

of Fe–O in  Fe3O4 MNPs (Fig. 4A, C). Meanwhile, a new 
peak at 1100  cm−1 was attributed to the symmetric stretch-
ing vibration of the Si–O–Si bond in  Fe3O4@SiO2 MNPs 
(Fig. 4Ab), and the peaks at 1620 and 1701  cm−1 corre-
sponded to C = C and C = O vibrations on the  Fe3O4@C 
MNPs (Fig. 4Cd), respectively, indicating that the silica and 
carbon shells were successfully constructed around  Fe3O4 
MNPs. After assembled with PTL nanofilms, the peaks at 
1621  cm−1 and 1635  cm−1 were associated with the amide I 

Fig. 3  XPS spectra of (A and 
B):  Fe3O4 (a, d),  Fe3O4@SiO2 
(b), PTL-coated  Fe3O4@SiO2 
MNPs (c),  Fe3O4@C (e), and 
PTL-coated  Fe3O4@C (f). XRD 
spectra of C:  Fe3O4 (a), PTL-
coated  Fe3O4@SiO2 (b), and 
PTL-coated  Fe3O4@C MNPs 
(c). Magnetic hysteresis curves 
of (D):  Fe3O4 (a),  Fe3O4@C 
(b), PTL-coated  Fe3O4@C (c), 
 Fe3O4@SiO2 (d), and PTL-
coated  Fe3O4@SiO2 MNPs (e). 
Photographs of PTL-coated 
 Fe3O4@C and  Fe3O4@SiO2 
MNPs solutions before and after 
magnetic separation
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band and N–H bond mainly corresponding to β-sheet struc-
ture, showing the successful loading of PTL nanofilms on 
the  Fe3O4@SiO2 and  Fe3O4@C MNPs (Fig. 4B, D).

Specific phosphopeptide enrichment 
from the tryptic standard protein and human serum 
digests by  Ti4+‑PTL‑MNPs

We explored the applicability of the fabricated 
 Ti4+-PTL-MNPs for selective enrichment of phosphopep-
tides (β-casein digests). As can be seen, three typical phos-
phopeptide peaks (m/z ≈ 2,061, 2,566, and 3,122) were iden-
tified with high intensities after enrichment by the fabricated 
 Ti4+-PTL-MNPs (Fig. 5A, B). By contrast, almost no phos-
phopeptide peaks were observed in protein digests whether 
directly analyzed (Fig. 5, insets) or enriched by  Ti4+-Fe3O4@
SiO2 (Fig. 5C) and  Ti4+-Fe3O4@C (Fig. 5D) in protein digests. 
The sequences of three typical phosphopeptide peaks were pre-
sented in Table S1 (see Electronic Supplementary Material). 
The above results clearly demonstrated the excellent stabil-
ity and high specificity of the fabricated  Ti4+-PTL-MNPs for 
phosphopeptide enrichment. Moreover, adsorption time and 
the loading buffer with different HAC concentrations were 
optimized, and the optimized experimental parameters were 
2% HAC + 50% ACN buffer with the best adsorption time of 
3 min (Fig. S2, see Electronic Supplementary Material).

The selectivity in phosphopeptides enrichment by 
 Ti4+-PTL-MNPs was researched under the existence of non-
phosphorpeptides. The mixtures of phosphopeptides and non-
phosphopeptides with mass ratio of 1:200 and 1:400 was used 
as the models. Before enrichment, no phosphopeptide peaks 
were detected in the MS analysis (Fig. 6, inserts), presum-
ably due to severe signal interference and suppression of 

massive nonphosphopeptides. In contrast, three typical phos-
phopeptide peaks were detected at the ratio of 1:200 with 
high intensities and low interference after enrichment with 
the  Ti4+-PTL-MNPs (Fig. 6A, B). Even if the mass ratio was 
as low as 1:400, three typical phosphopeptide peaks were also 
captured successfully (Fig. 6C, D). The quantitative recov-
ery of phosphopeptides was also calculated after treated with 
 Ti4+-PTL-MNPs. As shown in Table S2 (see Electronic Sup-
plementary Material), the recovery of standard phosphopep-
tides were at least 88% and 89% for  Ti4+-PTL-Fe3O4@SiO2 
and  Ti4+-PTL-Fe3O4@C, respectively. These results mani-
fested the highly specific enrichment of phosphopeptides of 
the  Ti4+-PTLMNPs in the presence of high concentrations of 
interfering nonphosphopeptides, which was well comparable 
to previously reported materials [35, 38].

The sensitivity of the  Ti4+-PTL-MNPs for phosphopep-
tide capturing was explored using tryptic digests of β-casein 
with different concentrations (1, 0.1, and 0.01 fmol μL−1). 
As shown in Fig. S3 (see Electronic Supplementary Mate-
rial), even at a low concentration (0.01 fmol μL−1), three 
typical phosphopeptide peaks can be detected, indicating 
the high sensitivity of the fabricated  Ti4+-PTL-MNPs. The 
 Ti4+-PTL-MNPs were thoroughly washed and reused for 
enrichment of β-casein digests (0.1 fmol μL−1). Furthermore, 
the recyclability and regeneration of the  Ti4+-PTL-MNPs was 
also conducted through repeatedly washing materials with the 
buffer and water. As shown in Fig. S4 (see Electronic Sup-
plementary Material), three typical phosphopeptide peaks in 
β-casein digests were still clearly detected with slight decrease 
of intensities even after six cycles, indicating the good reusa-
bility of the  Ti4+-PTL-MNPs towards phosphopeptides. Com-
pared with other metal ions-immobilized materials (Table S3, 
see Electronic Supplementary Material), the  Ti4+-PTL-MNPs 

Fig. 5  MALDI-TOF mass 
spectra of the tryptic standard 
β-casein digests. Analyses 
after the enrichment with 
 Ti4+-PTL-Fe3O4@SiO2 (A), 
 Ti4+-PTL-Fe3O4@C (B), 
 Ti4+-Fe3O4@SiO2 (C), and 
 Ti4+-Fe3O4@C (D). The insets 
are the MALDI-TOF MS of the 
β-casein digests without enrich-
ment. Phosphopeptides are 
marked with a solid red circle
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exhibited the high sensitivity and selectivity for capturing 
phosphopeptides from intricate samples.

In clinical medicine, endogenous serum phosphopep-
tides may be used as biomarkers in many physiological 
diseases analysis. Whereas the complexity and codepend-
ent proteins in human serum, highly specific enrichment of 
phosphopeptides was always a great challenge. Encouraged 
by its excellent sensitivity and selectivity, the fabricated 
 Ti4+-PTL-MNPs were further applied for the enrichment 
of phosphopeptides in human serum. As Fig. 7 showed, 
no phosphopeptide peaks were detected without treatment 
for the inhibition and interference of the complex sample. 
After treated with  Ti4+-PTL-Fe3O4@SiO2 (Fig. 7A) and 
 Ti4+-PTL-Fe3O4@C (Fig. 7B), seven phosphopeptide sig-
nals were observed with high intensity. The phosphopeptide 
sequences were provided in Table S4 (see Electronic Sup-
plementary Material). The  Ti4+-PTL-MNPs showed high 
capability in specific trapping phosphopeptides in complex 
biological samples compared with other reported affinity 
materials (Table S3, see Electronic Supplementary Material).

Conclusions

In summary, we proposed a simple and green approach 
via a one-step aqueous self-assembly PTL nanofilms for 
 Ti4+-PTL-MNPs fabrication, which were used as effective 
adsorbents for enriching trace amounts of phosphopep-
tides from standard proteins (β-casein) and human serum. 
The PTL nanofilms with abundant chelating sites for effi-
ciently binding  Ti4+ remained intact after repeated wash-
ing with an acidic organic solution and ultrasonication, 
showing their remarkable mechanical stability. Measured 
by MALDI-TOF MS, the fabricated  Ti4+-PTL-MNPs had a 
sensitivity of 0.01 fmol μL−1 and high selectivity of 1:400 
(mass ratios of β-casein to BSA digests). Moreover, good 
stability and reusability of the fabricated  Ti4+-PTL-MNPs 
were confirmed by their high enrichment performance 
with β-casein digests for six cycles. This study provides a 
convenient and ecofriendly method for surface function-
alization of adsorbents for selective enrichment of phos-
phopeptides in phosphoproteomics study.

Fig. 6  Enrichment of 
phosphopeptides with the 
 Ti4+-PTL-MNPs from different 
mass ratios of β-casein and 
BSA digests. Insets in (A) and 
(B) are direct analyses for the 
mass ratio of 1:200. Enrich-
ment at mass ratios of 1:200 
(A, B) and 1:400 (C, D) with 
 Ti4+-PTL-Fe3O4@SiO2 and 
 Ti4+-PTL-Fe3O4@C, respec-
tively. Phosphopeptides are 
marked with a solid red circle
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Fig. 7  MALDI-TOF MS 
analysis of the human serum 
captured (inset) without treat-
ment and the enrichment using 
 Ti4+-PTL-Fe3O4@SiO2 (A) and 
 Ti4+-PTL-Fe3O4@C (B). Phos-
phopeptides are marked with a 
solid red circle
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