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A B S T R A C T   

Highly selective enrichment of low abundance phosphopeptides from intricate biological samples before mass 
spectrometry detection is a vital prerequisite for in-depth phosphoproteomics. Herein, a magnetic material 
mMOF-FBP-Ti4+ is fabricated by grafting UiO-66-NH2 metal–organic framework (Zr-MOF) onto the surface of 
Fe3O4, and subsequently immobilizing Ti(IV) on the mMOF with fructose 1,6-bisphosphate as chelating ligands. 
The obtained mMOF-FBP-Ti4+ showed large specific surface area (202.4 m2 g− 1) and superparamagnetism (47.5 
emu/g). The intrinsic Zr − O clusters of mMOF and the immobilized Ti(IV) ions on the surface of mMOF could 
interact with phosphopeptides as metal oxide affinity chromatography (MOAC) and immobilized metal affinity 
chromatography (IMAC), respectively. The introduction of fructose 1,6-bisphosphate also improved the hydro-
philicity of the material, which enhanced the hydrophilic chromatography interaction (HILIC) between mMOF- 
FBP-Ti4+ and phosphopeptides. The above strong affinities provided low limit of detection (0.2 fmol μL− 1), high 
selectivity (α-/β-casein/BSA tryptic digests with a mass ratio of 1:1:500), great reusability (three times circles) 
and good postenrichment recovery (90.2 %) towards phosphopeptides. Furthermore, the mMOF-FBP-Ti4+ was 
successfully applied to capture phosphopeptides from non-fat milk tryptic digest and human saliva, indicating its 
great potential for highly efficient enrichment of low-abundance phosphopeptides in complex biological samples.   

1. Introduction 

As an essential post-translational modifications (PTMs), reversible 
protein phosphorylation plays crucial roles in biological processes, such 
as regulating metabolism, signal transduction, cell growth and apoptosis 
[1–3]. Current approaches for the analysis of phosphorylated proteins 
foremost employ “bottom up” mass spectrometry-based techniques. 
Nevertheless, the desorption/ionization efficiencies for phosphopep-
tides were an order of magnitude lower than those of their non-
phosphorylated counterparts, and ionization of phosphopeptides can 
become more difficult as the number of phosphorylation sites increases 
[4]. Thus, selective phospho-enrichment is essential and critical before 
MS detection for large-scale phosphoproteomic analysis [5–7]. 

To date, numerous studies based on different mechanisms for 
selectively phosphopeptides enrichment, such as antibodies, chemical- 
modification strategies, hydrophilic interaction chromatography 
(HILIC), immobilized metal affinity chromatography (IMAC), and metal 

oxide affinity chromatography (MOAC), generally show modest simi-
larity, which could be attributed to the lack of in-depth phosphopro-
teome analysis and the multitude of phosphopeptides in each system 
[8,9]. Among those, MOAC and IMAC were the most common strategies 
currently used for selective enrichment of phosphopeptides [6,10–14]. 
MOAC methods are based on the metal-affinity interaction between 
M− O clusters and phosphate groups, such as TiO2, ZrO2 and Al2O3 [6]. 
Other than those conventional MOAC materials, metal–organic frame-
works (MOF) owing to the advantages of high surface area, ordered pore 
structure, and abundant active metal sites have been proven as prom-
ising phosphopeptide enrichment materials based on MOAC, such as Zr- 
MOF, Ti-MOF, Fe-MOF [15–17]. While the low stability of many other 
MOF materials hindered their application, UiO-66, a zirconium 
terephthalate-based MOF, as well as its derived UiOs showed high hy-
drothermal and chemical stability because of its strong Zr-O bond with 
high coordination number of Zr (IV) [18]. The outstanding stabilities 
granted UiO-66 MOF great potential in phosphoproteome research. The 
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selective enrichment mechanism of IMAC is based on the high affinity 
between negatively charged phosphate groups on phosphopeptides and 
positively charged metal ions, which could be bound to the adsorbent 
matrix through chelating ligand. Therefore, the selections of high-valent 
metal ions (e.g., Zr4+, Ti4+, Sn4+, Fe3+, Ga3+, etc.) and chelating ligands 
(e.g., iminodiacetic acid, nitrilotriacetic acid, adenosine triphosphate, 
etc.) are the priority for the design of IMAC materials [19,20]. Among 
those metal ions, Ti4+ showed greater performance in phosphopeptides 
capture with both higher selectivity and enhanced sensitivity [19]. 
When Ti4+ was immobilized onto adsorbent matrix with phosphate 
pendant groups as chelating ligands, the layered structure of metal 
phosphonate was generated by MO6 octahedra with each Ti sharing six 
oxygen atoms with six different monohydrogen phosphate groups. 
Meanwhile, each monohydrogen phosphate group possessed tridentate 
anionic ligand sharing three oxygen atoms with three different Ti 
[21–23]. Therefore, the original monolayer was stacked through strong 
ion binding and the obtained metal phosphonate site interface are highly 
reactive for binding other phosphonate groups. The resulting Ti4+-IMAC 
absorbents also provided high selectivity for phosphopeptides and pre-
vented other acidic peptides from binding. Fructose 1,6-bisphosphate 
(FBP), a fructose sugar phosphorylated on carbons 1 and 6, contained 
two phosphate groups and showed high metal ion coordination ability 
[24,25]. The FBP molecule also showed excellent hydrophilicity which 
could enhance the HILIC interaction with phosphopeptides and reduce 
nonspecific adsorption, hence is considered as an ideal chelating ligand 
to prepare IMAC materials. 

Herein, a magnetic metal − organic framework (mMOF-FBP-Ti4+) 
combining IMAC, MOAC and HILIC mechanisms has been prepared for 

phosphopeptides enrichment. UiO-66-NH2 MOF is grafted onto PDA- 
coated magnetic Fe3O4 microspheres, and then FBP molecules are 
further modified on the magnetic microspheres via binding interaction 
between the phosphate backbone of FBP and Zr centers of MOF. Sub-
sequently, Ti(IV) ion was immobilized on the surface of the obtained 
FBP grafted magnetic MOF. The intrinsic Zr − O clusters of mMOF could 
interact with phosphopeptides as MOAC, while the immobilized Ti(IV) 
ions on the surface of mMOF play the role as IMAC towards phospho-
peptides [26]. The introduction of the abundant amino groups in Zr- 
MOF and the hydroxyl groups in FBP molecules also offers favorable 
dual-hydrophilicity and biocompatibility. Combined the prominent ad-
vantages above, the obtained mMOF-FBP-Ti4+ provided rapid magnetic 
responsiveness, strong hydrophilicity, outstanding capturing selectivity 
and high detection sensitivity towards phosphopeptides under the 
interference of nonphosphopeptides. Furthermore, mMOF-FBP-Ti4+ was 
successfully used to enrich phosphopeptides from different biosamples 
and the practical applicability proved its promising prospect in the study 
of phosphoproteome. 

2. Experimental section 

Preparation of Fe3O4@PDA@UiO-66-NH2 microspheres. Fe3O4 
nanoparticles were first fabricated via solvothermal reaction method 
[27,28]. Then, Fe3O4 (120 mg) was dispersed in Tris buffer (80 mL, pH 
8.5, 5 mmol/L) containing dopamine hydrochloride (0.32 g). After ul-
trasonic treatment and vigorous stirring for 16 h under ambient tem-
perature, the resulting solid product Fe3O4@PDA was isolated 
magnetically, washed by ultrapure water and ethanol for several times, 

Scheme 1. Schematic illustration of synthesis strategy of mMOF-FBP-Ti4+ (A) and enrichment of phosphopeptides from biological samples using mMOF-FBP- 
Ti4+ (B). 
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and dried at 50 ◦C in vacuum. Next, as illustrated in Scheme 1A, 
Fe3O4@PDA (100 mg) was dispersed in DMF solution (80 mL) con-
taining two MOF precursors ZrCl4 (160 mg) and H2BDC-NH2 (120 mg), 
and the mixed solution was maintained at 120 ◦C for 1.5 h. The magnetic 
MOF-modified product Fe3O4@PDA@UiO-66-NH2 (shortly as mMOF) 
was collected by magnetic separation, and washed with DMF for several 
times [29]. Then, mMOF were soaked in methanol for 48 h to activate, 
and the methanol was changed every 12 h. 

Preparation of mMOF-FBP-Ti4þ. mMOF (50 mg) and FBP (400 mg) 
was dispersed in 100 mL water, stirred continuously for 2 h, and then 
washed by water. Finally, the obtained mMOF-FBP was added to Ti 
(SO4)2 (10 mL, 100 mmol⋅L-1) containing 0.1 % (v/v) formic acid, stirred 
continuously for 2 h to immobilize Ti(IV) ions. The resulting product 
mMOF-FBP-Ti4+ was isolated magnetically, washed by 0.1 % (v/v) 
formic acid, and dried under vacuum at 50 ◦C. 

Samples preparation. α-/β-casein and nonfat milk were digested 
based on some previous work with minor modifications [28]. Human 
saliva required no digestion, and could be used directly as loading 
samples only after facile preparation. Detailed procedures have been 
shown in Supporting Information. The above biological samples were 
stored at − 80 ◦C for further use. 

Selective enrichment of phosphopeptides with mMOF-FBP-Ti4þ

from different samples. The workflow for the enrichment of phos-
phopeptides has been shown in Scheme 1B. Briefly, 5.0 μL mMOF-FBP- 
Ti4+ solution (40 mg mL− 1, dispersed in loading buffer) was added into 
100 μL peptide solution. Accompanied by mMOF-FBP-Ti4+ probes, the 
peptide mixture was then vortexed at room temperature for 15 min, 
after which the phosphopeptide-loaded probes were collected by exte-
rior magnetism. After discarding the supernatant, phosphopeptide- 
loaded probes were rinsed by 100 μL loading buffer for three times to 
reduce nonspecific binding. The target peptides were eluted from 
mMOF-FBP-Ti4+ by adding 5 μL 10 % (v/v) NH3⋅H2O solution and 
vortexing for 5 min. The obtained supernatant was sequentially 
analyzed by MALDI-TOF MS. 

MALDI-TOF MS analysis. After extraction from various samples by 
mMOF-FBP-Ti4+, 1.0 μL eluate was dropped on a MTP 384 target plate 
polished steel BC, and then 1.0 μL of 2,5-dihydroxybenzoic acid (DHB) 
aqueous solution (20 mg•mL− 1, 50 % ACN-1 % H3PO4) was added as a 
matrix. Matrix-assisted laser desorption ionization-time of flight mass 
spectrometry experiments were carried on a ultrafleXtreme MALDI- 
TOF/TOF mass spectrometer system (Bruker Daltonics, Germany) with 
Nd-YAG laser emitting at 355 nm in reflect positive ion mode and an 
acceleration voltage of 20 kV. 

Database searching. The obtained mass spectrometry raw data 
were exported using flexAnalysis software (Bruker Daltonics, version 
3.4), and the TOF/TOF results were searched by MASCOT (Maxtrix 
Science, London, U.K) with SwissProt database (2021_01 entries, 
564,277 sequences; 203,340,877 residues). The data retrieval parame-
ters were as follows: two missed cleavages were allowed by trypsin 
digestion; the phosphorylation modification was specified as variable 
modifications; precursor-ion mass tolerance was set to 50 ppm; 
fragment-ion mass tolerance was set to ± 1.2 Da. 

3. Results and discussion 

Characterization of mMOF-FBP-Ti4þ. The synthesis route of 
mMOF-FBP-Ti4+ has been illustrated in Scheme 1A. In brief, Fe3O4 was 
first obtained by a widespread solvothermal synthesis method, and then 
a PDA layer was coated on the surface of Fe3O4 via the self-assembling 
polymerization of dopamine. After that, Zr-based MOF UiO-66-NH2 
was modified to provide hydrophilic amino groups and Zr center for 
further grafting phosphate backbone of hydrophilic FBP. At last, Ti4+

was grafted on the surface of mMOF-FBP via electrostatic interactions at 
room temperature, endowing the final material mMOF-FBP-Ti4+ with 
hydrophilicity, metal oxide affinity and ion metal affinity. 

The surface morphology of the mMOF-FBP-Ti4+ was characterized 

by SEM and TEM. The SEM images of Fe3O4@PDA (Fig. 1A-C) and 
mMOF-FBP-Ti4+ (Fig. 1D-F) both exhibited uniform nanospheres with 
about 200–300 nm diameters. The little difference between the SEM 
images of these two nanospheres indicated that the morphology of 
magnetic nanospheres has not been damaged or changed too much after 
multiple modification. The TEM images of mMOF-FBP-Ti4+ (Fig. 1G-J) 
exhibited typical and clear core–shell structure with rough layer (about 
40 nm thickness). Notably, well-ordered porous structure could be 
observed in the magnified image (Fig. 1G). The corresponding EDS 
elemental mapping patterns (Fig. 1K-N) clearly revealed that Fe, P, Zr, Ti 
elements distributed homogenously on the surface and inner channels of 
mMOF-FBP-Ti4+. 

The magnetic properties of mMOF-FBP-Ti4+ was evaluated by a 
vibrating sample magnetometer (VSM). As shown in the magnetic hys-
teresis curves (Fig. S1), the weak magnetic hysteresis loops exhibited 
superparamagenetism of mMOF-FBP-Ti4+ and the magnetization satu-
ration value was 47.5 emu/g. The results showed that the magnetic 
responsiveness of mMOF-FBP-Ti4+ was still high although MOF and Ti4+

were grafted on the Fe3O4@PDA. The mMOF-FBP-Ti4+ could be isolated 
readily with the help of external magnet in only 5 s and was efficient for 
the rapid recovery of target phosphopeptides from solution. 

ATR-FTIR was employed to characterize the functional groups of the 
prepared Fe3O4@PDA, mMOF, and mMOF-FBP-Ti4+ as shown in 
Fig. 2A. In the ATR-FTIR spectrum of Fe3O4@PDA, peaks at 1575 and 
1488 cm− 1 originated from the aromatic C––C stretching vibration, and 
peaks at 1435 and 1278 cm− 1 were assigned to the N – H bending vi-
bration and C – O stretching vibration. After modifying with UiO-66- 
NH2, the three distinct peaks at 1385, 1424 and 1563 cm− 1 showed 
sharp increase, which can be attributed to the symmetric and asym-
metric stretching of carboxyl functional groups of the organic ligand in 

Fig. 1. SEM images of Fe3O4@PDA (A-C) and mMOF-FBP-Ti4+ (D-F); TEM 
images (G-I) and TEM dark field image (J) of mMOF-FBP-Ti4+ with corre-
sponding EDS elemental mapping patterns of Fe (K), P (L), Ti (M), Zr (N). 
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MOF. The adsorption band observed at 1259 cm− 1 could be due to C–N 
stretching vibration from polydopamine and 2-aminoterephthalic acid. 
After FBP modifying, the broad phosphorus-oxygen stretching bands 
between 1200 and 900 cm− 1 containing three main characteristic 
adsorption bands and a shoulder appeared in the spectrum. The bands at 
1115, 1043 and 966 cm− 1 corresponded to the stretching vibration of 
P––O, antisymmetric and symmetric stretching vibrations of P–O, 
respectively. The powder X-ray diffraction (PXRD) patterns of 
Fe3O4@PDA and mMOF-FBP-Ti4+ were presented in Fig. 2B. The intense 
diffraction peaks at 2θ = 30.2, 35.5, 43.2, 53.5, 57.1, and 62.7◦ on both 
XRD patterns were contributed to (220), (311), (400), (422), (511), 
and (440) planes of Fe3O4, respectively. Additionally, diffraction peaks 
at 2θ = 7.4, 8.5◦ of mMOF-FBP-Ti4+ XRD patterns can be indexed to 
UiO-66-NH2 MOFs, which indicated MOF structure still maintained 
good stability after immobilization of Ti(IV) ions. 

As shown in Fig. 2C, the zeta potential of the mMOF surface was +
37.0 mV, which was attributed to the protonation of amino groups that 
presented in the mMOF. After being modified with FBP, the zeta po-
tential of the mMOF-FBP exhibited a negative surface charge due to the 
two phosphate groups of FBP. However, when Ti4+ was immobilized on 
the surface of mMOF-FBP, the zeta potential increased to + 18.23 mV. 
The changes of zeta potential indicated that the mMOF-FBP-Ti4+

nanocomposites were successfully synthesized based on the electrostatic 
interactions. To further evaluate the specific surface area and charac-
terize the pore size distribution of mMOF-FBP-Ti4+, N2 adsorp-
tion–desorption measurements were employed. As shown in Fig. 2D, the 
isotherm showed IV type curve, and the desorption isotherm basically 
coincided with the adsorption isotherm. The Brunauer-Emmett-Teller 

(BET) surface area and single point adsorption total pore volume were 
calculated as 202.4 m2 g− 1 and 0.10 cm3 g− 1, respectively. The 
adsorption average pore diameter was about 1.98 nm. We also synthe-
sized the typical UiO-66-NH2 according to previous study [30], and the 
measured specific surface area was 765.8 m2 g− 1. The high specific 
surface area was due to the absence of Fe3O4 core doping. The adsorp-
tion average pore diameter of UiO-66-NH2 was about 3.02 nm, which 
was basically consistent with the adsorption average pore diameter of 
mMOF-FBP-Ti4+. 

X-ray photoelectron spectroscopy (XPS) was employed for confirm-
ing the successful modification. As shown in Fig. S2, the peaks of C 1 s 
(284.1 eV), O 1 s (531.0 eV), N 1 s (399.8 eV), P 2p (133.0 eV), Zr 3d 
(182.0 eV) can be evidently observed for both mMOF-FBP and mMOF- 
FBP-Ti4+, suggesting the existence of Zr-MOF and phosphonate groups. 
Moreover, mMOF-FBP-Ti4+ also showed the peak of Ti 2p (458.1 eV), 
suggesting the existence of Ti(IV). Since Fe3O4 was deeply coated inside 
PDA shell layer, Fe signal could not be observed clearly, as XPS is a 
typical surface analysis method for the thin layer near the materials 
surface (about 3–5 nm). The atom percentages of Ti and Zr were esti-
mated to be 2.51 % and 1.50 %, respectively. Fig. S3 showed the TEM- 
EDS energy spectrum of mMOF-FBP-Ti4+, the atomic percentages of Ti 
and Zr were 1.83 % and 10.29 %, respectively, which was due to the 
deeper scan thickness of EDS. Thus, the Zr in deeper layer could also be 
detected at higher levels. 

Enrichment performance of mMOF-FBP-Ti4þ for phosphopep-
tides. For selecting the optimal phosphopeptides enrichment condition, 
four different acidities solutions of ACN/H2O (50/50, v/v) with different 
TFA concentrations (0.1–2.0 %) were utilized as loading buffer for 

Fig. 2. ATR-FTIR spectra of Fe3O4@PDA, mMOF and mMOF-FBP-Ti4+ (A); PXRD patterns of Fe3O4@PDA and mMOF-FBP-Ti4+ (B); zeta potential of mMOF, mMOF- 
FBP and mMOF-FBP-Ti4+ (C); N2 adsorption–desorption isotherm of mMOF-FBP-Ti4+, pore size distribution curves inserted (D). 
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capturing phophopeptides from α-/β-casein tryptic digests (20 fmol 
μL− 1, v/v = 1:1). As shown in Fig. S4, when using 0.1 % or 0.5 % TFA as 
loading buffer, a few nonphosphopeptides peaks were also observed 
other than those characteristic phosphopeptides peaks. When the TFA 
content in loading buffer solution rose to 1 % (Fig. S4C), the mass signals 
of nonphosphopeptides were eliminated effectively and 20 phospho-
peptides peaks still remained. With the content of TFA up to 2 % 
(Fig. S4D), some characteristic phosphopeptides peaks have disappeared 
because of the reduction of mMOF-FBP-Ti4+ stability and only 12 
phosphopeptides peaks could be observed. Thus, loading buffer with 1 % 
TFA was adopted for further enrichment experiment. 

Fig. 3A showed that the direct analysis mass spectrum of α-/β-casein 
tryptic digests (100 fmol μL− 1, v/v = 1:1) existed abundant non-
phosphopeptides while the signal of phosphopeptides was inhibited 
severely due to the low concentration. After enrichment by mMOF-FBP- 
Ti4+, 30 expected phosphopeptides with strong signal intensities were 
observed, along with their dephosphorylated peptides. Detailed infor-
mation on phosphopeptides enriched by mMOF-FBP-Ti4+ from 
α-/β-casein tryptic digestion was displayed in Table S1. 

To measure the sensitivity of mMOF-FBP-Ti4+ in the enrichment of 
phosphopeptides, mMOF-FBP-Ti4+ were added to three different con-
centrations of α-/β-casein tryptic digests (10 fmol μL− 1, 2 fmol μL− 1, 0.2 
fmol μL− 1) for capturing phosphopeptides (Fig. S5). There were still two 
phosphopeptides can be clearly identified even when the concentration 
of α-/β-casein digests was decreased to an extremely low level of 0.2 
fmol μL− 1, illustrating that the mMOF-FBP-Ti4+ has high enrichment 

sensitivity for phosphopeptides. The low detection limit could be 
attributed to the affinity of metal oxides brought by abundant Zr − O 
clusters, the affinity of immobilized titanium (IV) metal ions, along with 
the interaction of hydrophilic groups. In addition, the separation 
method with external magnetic field also reduced the loss during the 
phosphopeptides enrichment. 

The high selectivity for phosphopeptides enrichment by mMOF-FBP- 
Ti4+ was evaluated by tryptic digests of α-/β-casein and BSA. As shown 
in Fig. 4, when the molar ratio of α-/β-casein and BSA reached 1:1:500, 
MALDI mass spectra were dominated by nonphosphopeptides with high 
intensities before enrichment, while phosphopeptides peaks were sup-
pressed. On the contrary, the influence of high concentration non- 
phosphopeptides was eliminated after enrichment, and the phospho-
peptide peaks with strong signal intensity can be detected, which 
demonstrated highly selectivity of mMOF-FBP-Ti4+ for the enrichment 
of phosphopeptides. 

p-Nitrophenylphosphate (pNPP) was used as a model compound to 
investigate the capacity of mMOF-FBP-Ti4+ for trapping phosphate 
groups. mMOF was also used as another adsorption material for com-
parison. The saturated adsorption capacities of mMOF-FBP-Ti4+ and 
mMOF towards pNPP were 250.1 and 105.1 mg g− 1, respectively 
(Fig. S6). Moreover, the mMOF-FBP-Ti4+ could reach maximum 
adsorption capacity in shorter time compared to mMOF according to the 
time-dependent adsorption capacity curves, revealing excellent enrich-
ment ability of mMOF-FBP-Ti4+ towards phosphopeptides. 

To further verify the reusablility and stability of mMOF-FBP-Ti4+ in 
the enrichment procedures, the material was recycled by washing with 

Fig. 3. MALDI-TOF mass spectra of α-/β-casein tryptic digests (v/v = 1:1). 
Direct analysis (A) and after enrichment with mMOF-FBP-Ti4+ (B). “*” indicates 
phosphopeptides, “#” indicates dephosphorylated residues of phosphopeptides. 
α-/β-tryptic digests concentration: 100 fmol μL− 1. 

Fig. 4. MALDI-TOF mass spectra of the digest mixtures of α-/β-casein and BSA 
at 1:1:500 M ratios. Direct analysis (A); enriched by mMOF-FBP-Ti4+ (B). “*” 
indicates phosphopeptides. α-/β-tryptic digests concentration: 10 fmol μL− 1, 
BSA tryptic digests concentration: 5 pmol μL− 1. 
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loading buffer several times before every enrichment. As indicated in 
Fig. S7, mMOF-FBP-Ti4+ can still capture phosphopeptides effectively 
after three times regeneration with a slight decline of the signal intensity 
due to the alkaline erosion during the ammonia solution eluting process 
(Alkaline aqueous matrices degrade the functionalized UiO-66 Zr-MOFs, 
in particular pristine UiO-66-NH2 [31]. By contrast, mMOF-FBP-Ti4+

showed better alkaline resistant ability). The results manifested the good 
chemical stability and reusability of mMOF-FBP-Ti4+ for phosphopep-
tides enrichment. 

The enrichment recovery of mMOF-FBP-Ti4+ toward phosphopep-
tides was evaluated by introducing a dimethyl labeling method (Fig. S8). 
According to the literature, two standardized phosphopeptides solution 
(LRRA[pS]LGGK) with the same content were treated by formaldehyde 
and formaldehyde-D2, respectively. The first sample had an increased 
molecular weight of 56 Da due to the substitution of four hydrogen 
atoms by CH3. Similarly, molecular weight of the second sample had an 
increase of 64 Da molecular weight due to the substitution of four 
hydrogen atoms by CHD2. The second sample was enriched by mMOF- 
FBP-Ti4+ as described above, and its eluate was mixed with the first 
sample solution. The MALDI-TOF analysis results of the mixture showed 
that mMOF-FBP-Ti4+ could work as an effective and satisfactory mate-
rial to enrich phosphopeptides with good postenrichment recovery 
(90.2 %). 

Enrichment of phosphopeptides from real samples by mMOF- 
FBP-Ti4þ. Supported by the results of above experiments, mMOF-FBP- 
Ti4+ were further applied to phosphopeptides enrichment of nonfat milk 
and saliva samples. As shown from Fig. S9, there were only few phos-
phopeptides detected directly in nonfat milk with low MS peak intensity. 
After enrichment with mMOF-FBP-Ti4+, 14 phosphopeptides were 
confidently detected with a clear background, which m/z was similar to 
the results of α-/β-casein. Detailed information of captured phospho-
peptides from non-fat milk tryptic digestion was displayed in Table S2. 
Enrichment of low-abundance endogenous phosphopeptides as poten-
tial biomarker from human saliva containing many interferences has 
become a research priority. There were only three weak phosphopep-
tides peaks recognized from human saliva by direct analysis, while 14 
phosphopeptides peaks which have been reported in the literature were 
observed with a clear back ground after enrichment with mMOF-FBP- 
Ti4+ (Fig. 5) [10,32]. Detailed information of captured phosphopeptides 
from human saliva was displayed in Table S3. 

Comparison with other IMAC/MOAC or HILIC affinity materials 
towards phosphopeptides. To compare with other IMAC/MOAC or 
HILIC affinity materials reported previously, detailed comparisons of the 
mMOF-FBP-Ti4+ and other materials including the affinity interaction, 
LODs, number of identified phosphopeptides, selectivity (ratios of 
α-/β-casein to BSA) and application have been displayed in Table S4. 
Multiple characters of the as-prepared mMOF-FBP-Ti4+ were superior or 
comparable to most of the previous materials. The preparation and 
separation procedure were facile and the amounts of materials used in 
the enrichment process was relatively small. The limitation that mMOF- 
FBP-Ti4+ could not be used to distinguish phosphopeptides and phos-
phoproteins needs to be developed and researched in the future. 

4. Conclusions 

In summary, a magnetic metal–organic framework mMOF-FBP-Ti4+

has been successfully synthesized by grafting UiO-66-NH2 metal-
–organic framework (Zr-MOF) onto the surface of Fe3O4, and subse-
quently immobilizing Ti(IV) on the mMOF with fructose 1,6- 
bisphosphate as chelating ligands. The obtained mMOF-FBP-Ti4+

showed large specific surface area and good magnetic responsiveness. 
Additionally, the abundant Zr − O clusters of MOF, immobilized Ti(IV) 
ion and hydrophilic fructose 1,6-bisphosphate, resulted in an alliance for 
MOAC, IMAC and HILIC to capture phosphopeptides. Although the 
mMOF-FBP-Ti4+ based method was confined to semi-quantitative 
analysis and still need to be further developed to differentiate 

phosphopeptides and phosphoproteins, given the low limit of detection, 
high selectivity, great reusability and good postenrichment recovery 
towards low-abundance phosphopeptides from complex samples, it was 
proved to be a promising candidate in phosphoprotemics analysis. 

CRediT authorship contribution statement 

Wei Gao: Investigation, Methodology, Formal analysis, Data cura-
tion, Visualization, Writing – original draft. Feng Zhang: Investigation, 
Formal analysis, Data curation, Visualization. Sen Zhang: Methodology, 
Data curation, Visualization. Jia-yuan Li: Formal analysis, Visualiza-
tion. Hong-zhen Lian: Conceptualization, Resources, Project adminis-
tration, Supervision, Funding acquisition, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This work was supported by the National Natural Science Foundation 
of China (21874065, 91643105, 22176085), and the Natural Science 
Foundation of Jiangsu Province (BK20171335). 

Fig. 5. MALDI-TOF mass spectra of human saliva before (A) and after enriched 
by mMOF-FBP-Ti4+ (B). “*” indicates phosphopeptides. 

W. Gao et al.                                                                                                                                                                                                                                    



Separation and Purification Technology 305 (2023) 122426

7

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.seppur.2022.122426. 

References 

[1] S.J. Humphrey, D.E. James, M. Mann, Protein phosphorylation: A major switch 
mechanism for metabolic regulation, Trends Endocrinol. Metab. 26 (2015) 
676–687. 

[2] F. Ardito, M. Giuliani, D. Perrone, G. Troiano, L. Lo Muzio, The crucial role of 
protein phosphorylation in cell signaling and its use as targeted therapy (Review), 
Int. J. Mol. Med. 40 (2017) 271–280. 

[3] S. Vimalraj, B. Arumugam, P.J. Miranda, N. Selvamurugan, Runx2: Structure, 
function, and phosphorylation in osteoblast differentiation, Int. J. Biol. Macromol. 
78 (2015) 202–208. 

[4] R.F. Dreier, E. Ahrne, P. Broz, A. Schmidt, Global ion suppression limits the 
potential of mass spectrometry based phosphoproteomics, J. Proteome Res. 18 
(2019) 493–507. 

[5] J.A. Paulo, D.K. Schweppe, Advances in quantitative high-throughput 
phosphoproteomics with sample multiplexing, Proteomics 21 (9) (2021) 2000140. 

[6] A. Leitner, Phosphopeptide enrichment using metal oxide affinity chromatography, 
TrAC, Trends Anal. Chem. 29 (2) (2010) 177–185. 

[7] T.E. Thingholm, O.N. Jensen, M.R. Larsen, Analytical strategies for 
phosphoproteomics, Proteomics 9 (6) (2009) 1451–1468. 

[8] W. Qiu, C.A. Evans, A. Landels, T.K. Pham, P.C. Wright, Phosphopeptide 
enrichment for phosphoproteomic analysis - A tutorial and review of novel 
materials, Anal. Chim. Acta 1129 (2020) 158–180. 

[9] X.S. Li, B.F. Yuan, Y.Q. Feng, Recent advances in phosphopeptide enrichment: 
Strategies and techniques, TrAC, Trends Anal. Chem. 78 (2016) 70–83. 

[10] J. Su, X. He, L. Chen, Y. Zhang, Adenosine phosphate functionalized magnetic 
mesoporous graphene oxide nanocomposite for highly selective enrichment of 
phosphopeptides, ACS Sustain. Chem. Eng. 6 (2) (2018) 2188–2196. 

[11] C.M. Potel, M.-H. Lin, A.J.R. Heck, S. Lemeer, Defeating major contaminants in Fe3 
+-immobilized metal ion affinity chromatography (IMAC) phosphopeptide 
enrichment, Mol. Cell. Proteomics 17 (5) (2018) 1028–1034. 

[12] H. Zhou, M. Ye, J. Dong, E. Corradini, A. Cristobal, A.J.R. Heck, H. Zou, 
S. Mohammed, Robust phosphoproteome enrichment using monodisperse 
microsphere-based immobilized titanium (IV) ion affinity chromatography, Nat. 
Protoc. 8 (3) (2013) 461–480. 

[13] A. Leitner, M. Sturm, O. Hudecz, M. Mazanek, J.-H. Smått, M. Lindén, W. Lindner, 
K. Mechtler, Probing the phosphoproteome of HeLa cells using nanocast metal 
oxide microspheres for phosphopeptide enrichment, Anal. Chem. 82 (7) (2010) 
2726–2733. 

[14] Y. Yan, X. Zhang, C. Deng, Designed synthesis of titania nanoparticles coated 
hierarchially ordered macro/mesoporous silica for selective enrichment of 
phosphopeptides, ACS Appl. Mater. Interfaces 6 (8) (2014) 5467–5471. 

[15] J. Peng, H. Zhang, X. Li, S. Liu, X. Zhao, J. Wu, X. Kang, H. Qin, Z. Pan, R. Wu, 
Dual-metal centered zirconium-organic framework: a metal-affinity probe for 
highly specific interaction with phosphopeptides, ACS Appl. Mater. Interfaces 8 
(2016) 35012–35020. 

[16] S.-S. Yang, Y.-J. Chang, H. Zhang, X. Yu, W. Shang, G.-Q. Chen, D.D.Y. Chen, Z.- 
Y. Gu, enrichment of phosphorylated peptides with metal-organic framework 

nanosheets for serum profiling of diabetes and phosphoproteomics analysis, Anal. 
Chem. 90 (22) (2018) 13796–13805. 

[17] C.H. Hsu, Y.S. Yu, Y. Gu, K.C.W. Wu, Modification of magnetite-doped NH2-MIL- 
100(Fe) with aliphatic C8 carbon chain for feasible protein purification in 
reversed-phase mode, Sep. Purif. Technol. 288 (2022), 120528. 

[18] D. Zou, D. Liu, Understanding the modifications and applications of highly stable 
porous frameworks via UiO-66, Mater. Today Chem. 12 (2019) 139–165. 

[19] J. Jiang, X. Sun, Y. Li, C. Deng, G. Duan, Facile synthesis of Fe3O4@PDA core-shell 
microspheres functionalized with various metal ions: a systematic comparison of 
commonly-used metal ions for IMAC enrichment, Talanta 178 (2018) 600–607. 

[20] J.T. Mooney, D. Fredericks, M.T.W. Hearn, Use of phage display methods to 
identify heptapeptide sequences for use as affinity purification ’tags’ with novel 
chelating ligands in immobilized metal ion affinity chromatography, 
J. Chromatogr. A 1218 (1) (2011) 92–99. 

[21] H. Zhou, M. Ye, J. Dong, G. Han, X. Jiang, R. Wu, H. Zou, Specific phosphopeptide 
enrichment with immobilized titanium ion affinity chromatography adsorbent for 
phosphoproteome analysis, J. Proteome Res. 7 (9) (2008) 3957–3967. 

[22] H. Zhang, X. Li, S. Ma, J. Ou, Y. Wei, M. Ye, One-step preparation of phosphate-rich 
carbonaceous spheres via a hydrothermal approach for phosphopeptide analysis, 
Green Chem. 21 (8) (2019) 2052–2060. 

[23] P.L. Stanghellini, E. Boccaleri, E. Diana, G. Alberti, R. Vivani, Vibrational study of 
some layered structures based on titanium and zirconium phosphates, Inorg. Chem. 
43 (18) (2004) 5698–5703. 

[24] C. Qi, Y.J. Zhu, B.Q. Lu, J. Wu, F. Chen, Amorphous magnesium phosphate flower- 
like hierarchical nanostructures: microwave-assisted rapid synthesis using fructose 
1,6-bisphosphate trisodium salt as an organic phosphorus source and application in 
protein adsorption, RSC Adv. 5 (2015) 14906–14915. 

[25] C. Qi, F. Chen, J. Wu, Y.J. Zhu, C.N. Hao, J.L. Duan, Magnesium whitlockite hollow 
microspheres: a comparison of microwave-hydrothermal and conventional 
hydrothermal syntheses using fructose 1,6-bisphosphate, and application in protein 
adsorption, RSC Adv. 6 (2016) 33393–33402. 

[26] T.E. Thingholm, O.N. Jensen, P.J. Robinson, M.R. Larsen, SIMAC (sequential 
elution from IMAC), a phosphoproteomics strategy for the rapid separation of 
monophosphorylated from multiply phosphorylated peptides, Mol. Cell. 
Proteomics 7 (2008) 661–671. 

[27] H. Deng, X. Li, Q. Peng, X. Wang, J. Chen, Y. Li, Monodisperse magnetic single- 
crystal ferrite microspheres, Angew. Chem. Int. Ed. 44 (18) (2005) 2782–2785. 

[28] J.-Y. Li, S. Zhang, W. Gao, Y.u. Hua, H.-Z. Lian, Guanidyl-functionalized magnetic 
bimetallic MOF nanocomposites developed for selective enrichment of 
phosphopeptides, ACS Sustain. Chem. Eng. 8 (44) (2020) 16422–16429. 

[29] M. Zhao, C. Deng, X. Zhang, The design and synthesis of a hydrophilic core-shell- 
shell structured magnetic metal-organic framework as a novel immobilized metal 
ion affinity platform for phosphoproteome research, Chem. Commun. 50 (2014) 
6228–6231. 

[30] A. Schaate, P. Roy, A. Godt, J. Lippke, F. Waltz, M. Wiebcke, P. Behrens, Modulated 
synthesis of Zr-based metal-organic frameworks: from nano to single crystals, 
Chem. Eur. J. 17 (2011) 6643–6651. 

[31] M. Kandiah, M.H. Nilsen, S. Usseglio, S. Jakobsen, U. Olsbye, M. Tilset, C. Larabi, 
E.A. Quadrelli, F. Bonino, K.P. Lillerud, Synthesis and stability of tagged UiO-66 Zr- 
MOFs, Chem. Mater. 22 (2010) 6632–6640. 

[32] Z. Xu, Y. Wu, H. Wu, N. Sun, C. Deng, Hydrophilic polydopamine-derived 
mesoporous channels for loading Ti(IV) ions for salivary phosphoproteome 
research, Anal. Chim. Acta 1146 (2021) 53–60. 

W. Gao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.seppur.2022.122426
https://doi.org/10.1016/j.seppur.2022.122426
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0005
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0005
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0005
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0010
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0010
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0010
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0015
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0015
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0015
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0020
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0020
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0020
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0025
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0025
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0030
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0030
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0035
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0035
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0040
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0040
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0040
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0045
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0045
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0050
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0050
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0050
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0055
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0055
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0055
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0060
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0060
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0060
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0060
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0065
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0065
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0065
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0065
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0070
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0070
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0070
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0075
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0075
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0075
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0075
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0080
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0080
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0080
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0080
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0085
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0085
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0085
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0090
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0090
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0095
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0095
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0095
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0100
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0100
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0100
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0100
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0105
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0105
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0105
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0110
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0110
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0110
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0115
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0115
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0115
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0120
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0120
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0120
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0120
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0125
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0125
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0125
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0125
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0130
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0130
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0130
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0130
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0135
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0135
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0140
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0140
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0140
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0145
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0145
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0145
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0145
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0150
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0150
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0150
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0155
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0155
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0155
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0160
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0160
http://refhub.elsevier.com/S1383-5866(22)01982-7/h0160

	Ti(IV) immobilized bisphosphate fructose-modified magnetic Zr metal organic framework (MOF) for specific enrichment of phos ...
	1 Introduction
	2 Experimental section
	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References


