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• Fe3O4 was in situ grown on Nb2CTx 
MXene layers to form a sandwich-like 
structure.

• Nb2C–Fe3O4 composites were calcined 
in air to allow the transformation to 
oxides.

• The magnetic m-Nb2O5–Fe2O3 can 
enrich phosphopeptides through MOAC 
by Nb and Fe.

• The sandwich-like composites showed 
satisfactory performance in multiple 
aspects.

• Non-fat milk, human saliva and TCMI 
confirmed the applicability of the 
composites.
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A B S T R A C T

Background: The enrichment of phosphopeptides prior to their detection is essential for the identification of 
protein phosphorylation followed by matrix assisted laser desorption/ionization time-of-flight mass spectrometry 
because of their low concentration, low deionization efficiency and suppression from the interference derived 
from high-abundance counterparts. Niobium-based affinity materials have great potential in the enrichment of 
phosphopeptide enrichment, yet have not been extensively studied. To date, there are no reports on the appli
cation of Nb2CTx-based materials in separation science, especially in the application in phosphopeptide 
enrichment.
Results: In this work, Nb2C MXene derived sandwich-like magnetic Nb2O5 nanocomposites (denoted as m- 
Nb2O5–Fe2O3) were designed and synthesized for the first time by HF-etching of Nb2AlC MAX phase, in situ 
growth of Fe3O4 nanoparticles and calcination in air. The nanocomposites were then applied as magnetic solid- 
phase extraction (MSPE) adsorbents in the enrichment of phosphopeptides through the synergistic metal oxide 
affinity chromatography mechanism by Nb–O and Fe–O. The MSPE method exhibited extremely low detection 
limit (0.1 nmol L− 1 of β-casein), great anti-interference ability (1:2000 of the molar ratio of β-casein to bovine 
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serum albumin), good reusability (3 cycles) and satisfactory recovery (87.6%). The universality of m- 
Nb2O5–Fe2O3 was further verified by the successful application in non-fat milk, human saliva and a traditional 
Chinese medicine injection.
Significance: The m-Nb2O5–Fe2O3 nanocomposites are able to enrich phosphopeptides with high efficiency from 
diverse samples, thanks to the layered structure which provides abundant specific binding sites of Nb–O and 
Fe–O towards phosphate groups in phosphopeptides. The composites show great potential as a promising ma
terial for phosphopeptide enrichment from complex biological and biomedical samples.

1. Introduction

As one of the most important post-translational modifications of 
proteins, phosphorylation plays significant roles in multiple biological 
processes including cell growth, cell differentiation, signal transduction 
and so on [1,2]. Abnormal protein phosphorylation is related to diseases 
such as cancer [3], Alzheimer's disease [4], Parkinson's disease [5], etc. 
Currently, bottom-up strategy is one of the primary techniques to 
analyze the protein phosphorylation with the assistance of mass spec
trometry (MS). On the other hand, matrix assisted laser desorption/io
nization time-of-flight mass spectrometry (MALDI-TOF MS) has been 
widely used to identify phosphorylated peptides/proteins thanks to its 
excellent sensitivity, high throughput, fast analysis speed and wide dy
namic range [6,7]. However, owing to the low concentration, low 
deionization efficiency and suppression from the interference derived 
from high-abundance counterparts, it has received great attention to the 
development of approaches to efficiently enrich phosphopeptides from 
the complex matrices prior to the detection by MALDI-TOF MS [8,9].

To date, there are multiple strategies employed for enrichment of 
phosphopeptides/phosphoproteins such as ion-exchange chromatog
raphy [10,11], immunoprecipitation [12], immobilized metal ion af
finity chromatography (IMAC) [13], metal oxide affinity 
chromatography (MOAC) [14], etc. Among them, IMAC and MOAC have 
attracted lots of attention due to the special affinity of metal ions/metal 
oxides with phosphate groups in phosphopeptides/phosphoproteins.

The metals employed for IMAC and MOAC are typically high-valence 
transition metals (III and higher), as these metals possess sufficient or
bitals to enable the coordination with oxygen atoms in phosphate 
groups. Among them, titanium [15,16], zirconium [17,18], and iron 
[19,20] have been widely exploited to prepare IMAC or MOAC materials 
for phosphopeptide enrichment. Niobium, adjacent to zirconium in the 
periodic table and possessing a common state of high-valence state (V), 
is a promising metal candidate for IMAC and MOAC materials which has 
strong affinity for phosphopeptides/phosphoproteins. Nevertheless, 
there are only one or two reports on niobium-based MOAC materials for 
phosphopeptide enrichment. Ficarro et al. [21] pioneered the applica
tion of niobium oxide in phosphoproteomics and found that Nb2O5 
provided effective enrichment and recovery of phosphopeptides. Lin 
et al. [22] then synthesized a core-shell niobium oxide-coated magnetic 
nanoparticles Fe3O4@Nb2O5 by introducing Fe3O4 as the magnetic core 
for magnetic solid-phase extraction (MSPE) of phosphopeptides, which 
simplified the operation procedure. Meanwhile, a few magnetic Nb 
(V)-based IMAC materials were also prepared. Li and Li's group [23,
24] utilized the phenolic hydroxyl groups on polydopamine to immo
bilize Nb5+ ions. The resulting Fe3O4@PDA–Nb5+ exhibited satisfactory 
performance in the enrichment for phosphopeptides. They [25] further 
incorporated Ti(IV) into the system, and Fe3O4@PDA–Ti/Nb showed 
increased enrichment performance for phosphopeptides in comparison 
with that of Ti(IV) or Nb(V) alone. Yan and Ding's group involved a 
chelating ligand aminomethylphosphonic acid on magnetic core-shell 
nanoparticles (Fe3O4@mSiO2@APA@ Ti4+/Nb5+) [26] and another 
chelating ligand thioglycolic acid on covalent organic framework 
(COF–S–S–COOH–Ti4+/Nb5+) [27] to enhance the performance of 
Ti/Nb bimetallic IMAC materials. However, to our knowledge, no other 
attractive forms of Nb-based advanced functional materials have been 
explored for the enrichment for phosphopeptides.

MXenes, produced by etching out A layers from MAX phase, are a 
large family of two-dimensional (2D) metal carbides or nitrides, usually 
denoted as Mn+1XnTx based on its composition, where M stands for one 
or more early transition metals, A is mainly a group IIIA or IVA element, 
X is C and/or N, T represents terminal groups (–O, –F and/or –OH) and 
n = 1, 2 or 3 [28]. As a kind of MXene, Nb2CTx is drawing more and more 
attention by researchers and has been studied in energy storage [29], 
electrochemical sensing [30], photocatalysis [31], electro
chemiluminescence [32], etc. The family member of MXenes Ti3C2Tx 
and Ti3C2Tx-based materials have been extensively studied for the 
enrichment of phosphopeptides. These materials include Ti3AlC2 MAX 
phase and bare Ti3C2Tx [33], Fe3O4/TiO2@Ti3C2Tx with 
MXene-generated TiO2 on the surface [34], polyamidoamine dendrimer 
(PAMAM) modified magnetic Ti3C2 MXene [35], Ti3C2Tx/UiO-66–NH2 
composites prepared by dielectric barrier discharge [36], 
metal-phenolic network-modified magnetic Ti3C2 MXene [37], poly
crystalline TiO2 generated on Ti3C2 MXene [38], dTi-MMX with TiO2 
coated on magnetic Ti3C2 MXene [39]. In our previous work [40], 
exfoliated Ti3C2 MXene was decorated with Fe3O4 nanoparticles to form 
Ti3C2–Fe3O4 nanosheets for satisfactory phosphopeptide enrichment. 
Another work by our group [41] grew UiO-66–NH2 nanocrystals on 
Ti3C2 nanosheets and derived the composites to oxides, forming a 
potato-chip-like structure. Magnetite nanoparticles were further in situ 
generated on the potato-chip-like nanosheets to endow the material with 
magnetism. The resulted trimetallic oxides were utilized to more effec
tively enrich phosphopeptides. However, to date, there are no reports on 
the application of Nb2CTx-based materials in separation science, espe
cially not to mention the application in phosphopeptide enrichment. 
Moreover, there have been scarce researches on magnetic Nb2C 
MXene-based nanocomposites. To the best of our knowledge, only 
Zhao's group [30] reported Nb2C/MnFe2O4 for the electrochemical 
sensing of acetaminophen and dopamine.

Herein, we designed and synthesized a sandwich-like magnetic Nb2C 
MXene-derived nanocomposite m-Nb2O5–Fe2O3 for phosphopeptide 
enrichment. Nb2C MXene was obtained by etching Nb2AlC using HF and 
then Fe3O4 nanoparticles were in situ grown on it. Afterwards, by 
calcination in air, niobium oxide was generated in situ on the surface of 
Nb2C MXene. Meanwhile, magnetite nanoparticles were transformed 
into maghemite. The sandwich-like structure provides abundant binding 
sites. With the synergistic MOAC mechanism by Nb2O5 and γ-Fe2O3, the 
magnetic nanocomposites m-Nb2O5–Fe2O3 exhibit efficient and selec
tive enrichment performance for phosphopeptides by MSPE. Real-world 
complex biological and biomedical samples including non-fat milk, 
human saliva and traditional Chinese medicine injections (TCMIs) were 
explored to investigate the reliability and applicability of m- 
Nb2O5–Fe2O3.

2. Experimental section

2.1. Synthesis of m-Nb2O5–Fe2O3

The whole synthesis process of m-Nb2O5–Fe2O3 is illustrated in 
Scheme 1A. Firstly, Nb2CTx MXene was obtained by etching Nb2AlC 
MAX phase. In detail, 1.0 g of Nb2AlC was slowly added into 20 mL of 
50% HF under stirring at 50 ◦C. After the mixture was stirred for 48 h, it 
was centrifugated at 5000 rpm for 1 min. Then the sediment was washed 
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with water several times until the pH of the supernatant was >6. The 
obtained Nb2CTx MXene was dried under vacuum at 60 ◦C. Subse
quently, Nb2CTx MXene was endowed with magnetism by the in situ 
growth of Fe3O4 nanoparticles. That is, 100 mg Nb2CTx was dispersed 
into 80 mL water and sonicated for 30 min. Another 20 mL water con
taining 180 mg FeSO4•7H2O was added into the dispersion. The soni
cation continued for another 1 h. Then 10 mL ammonia (25%) was 
added and the mixture was stirred being exposed in air for 1 h. The 
product was collected with the assistance of a magnet, washed with 
water and dried in vacuum at 60 ◦C. Finally, Nb2C–Fe3O4 was calcined in 
air at 500 ◦C for 5 h with a heating rate of 5 ◦C•min− 1 to allow the 
formation of Nb2O5 on the MXene, obtaining m-Nb2O5–Fe2O3.

Details regarding all chemicals and reagents and characterization of 
the materials are provided in the Supplementary material.

2.2. Sample preparation

The samples were prepared for phosphopeptides enrichment based 
on our previous work [40]. Detailed procedures are described in the 
Supplementary material.

2.3. Enrichment of phosphopeptides

The workflow of enriching phosphopeptides is shown in Scheme 1B. 
In advance of the enrichment, β-casein digests were diluted with loading 
solution (50% ACN - 2% TFA) to 10− 1 μmol L− 1, non-fat milk digests 
were diluted 500 times, human saliva was diluted 20 times, and the 
RDNI remnants were re-dissolved in 1.0 mL loading buffer. After 10 μL 
of m-Nb2O5–Fe2O3 dispersion of 20 mg mL− 1 was added to 100 μL of the 
sample solution, the mixture was vortexed at room temperature for 
25 min. The resulting sediment was separated with the assistance of a 
magnet. After being washed with loading buffer for 3 times, 5.0 μL of 
10% NH3•H2O was added to elute the adsorbed phosphopeptides in a 
sonication bath for 10 min. The eluate was then detected by MALDI-TOF 
MS about which the details are supplied in the Supplementary material.

2.4. Enrichment recovery of phosphopeptides

Two aliquots of standard phosphopeptides LRRA[pS]LGGK were 
differentially labelled with CH2O (light isotope) or CD2O (heavy 
isotope), causing a mass increase of 56 or 64 Da. Then, heavy isotope- 
labelled phosphopeptides were subsequently enriched by m- 
Nb2O5–Fe2O3, and the eluate was mixed with an equal amount of light- 
isotope-labelled phosphopeptides, followed by MALDI-TOF MS analysis. 
The ratio of peak area of two labelled phosphopeptides was calculated to 
determine the recovery. In parallel, equal amounts of the two isotopi
cally labelled phosphopeptides without enrichment were mixed and 
analyzed as control to eliminate the effects of labelling efficiency.

3. Results and discussion

3.1. Synthesis and characterization of m-Nb2O5–Fe2O3

The morphology of Nb2AlC, Nb2CTx, Nb2C–Fe3O4 and m- 
Nb2O5–Fe2O3 was characterized by SEM and TEM as shown in Fig. 1. 
According to Fig. 1A and E, Nb2AlC MAX phase exhibits a bulk structure 
before etching. After Al layer in Nb2AlC was etched out by HF, Nb2CTx 
shows an accordion-like structure (Fig. 1B and F). Then with the in situ 
growth of Fe3O4 nanoparticles, nanospheres could be seen on the sur
faces and between the layers of Nb2CTx MXene, forming a sandwich-like 
structure of Nb2C–Fe3O4 (Fig. 1C and G). After being finally calcined in 
air, the sandwich-like morphology maintained or not significantly 
changed (Fig. 1D and H). EDS results of the four materials are shown in 
Fig. S1–S4 and Table S1, based on which, it can be inferred that C and Nb 
were uniformly distributed on all the materials. After etching, Al con
tents (weight percentage) in the material sharply decreased from 6.8% 
to 0.6%. Besides, oxygen and fluorine could be detected with weight 
percentages of 16.3% and 5.4% respectively, indicating the removal of 
Al layer and the appearance of terminal groups (–O, –F and –OH). Then, 
due to the alkaline condition during the growth of Fe3O4 nanoparticles, 
the remaining Al dissolved and fluorine atoms on the MXene surface 
were replaced by hydroxyl groups, causing F and Al were no longer 
detected by EDS. Furthermore, after calcination in air, an increase in the 
weight percentage of oxygen was observed from 9.0% to 27.1%, sug
gesting the oxidation of Nb2C and Fe3O4 in the nanocomposites.

FT-IR and Raman spectra were further used to characterize the 
functional groups in the materials. As shown in Fig. 2A, the peaks at 616 
and 645 cm− 1 were attributed to the in-plane vibration and out-of-plane 
vibration along c-axis of C atoms, and the peak at 462 cm− 1 was assigned 
to the out-of-plane vibration along c-axis of Al atoms in Nb2AlC [42]. 
After being etched, the two peaks associated with C atoms shifted to 673 
and 555 cm− 1 due to the influence of the terminal groups. Besides, the 
peak associated with Al atoms at 462 cm− 1 disappeared, suggesting the 
removal of Al layer. At the same time, a new peak at 889 cm− 1 appeared, 
which was assigned to the stretching vibration of Nb–O bonds on the 
surface [43]. The spectrum of Nb2C–Fe3O4 shows peaks at 576, 886 and 
1404 cm− 1, ascribed to the stretching vibration of Fe–O bonds, the 
stretching vibration of Nb–O bonds and the bending vibration of O–H 
bonds, respectively. After calcination, the peak of Nb–O bonds slightly 
shifted to 897 cm− 1, and that of Fe–O bonds split into two peaks at 643 
and 582 cm− 1, which is a sign of the formation of γ-Fe2O3 [44]. Raman 
spectra of the materials are depicted in Fig. 2B. Before etching, the peak 
at 133 cm− 1 in the spectrum of Nb2AlC corresponds to the in-plane os
cillations of Nb and C atoms (ω1, E2g symmetry). The peak at 187 cm− 1 is 
attributed to the in-plane oscillation of Al atoms (ω3, E2g symmetry). The 
peak at 265 cm− 1 originates from the out-of-plane vibrations of Nb and C 
atoms (ω4, A1g symmetry). The peak at 651 cm− 1 is assigned to the 

Scheme 1. Schematic diagram of the synthesis of m-Nb2O5–Fe2O3 (A) and the procedure of enriching phosphopeptides (B).
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stretching vibration of Nb–C bonds (A1g symmetry). After being etched, 
the peaks around 133, 265 and 651 cm− 1 almost remained, because 
these vibration modes consist of no vibration of Al atoms. Meanwhile, 
the peak at 187 cm− 1 disappeared, confirming the successful removal of 
Al layer [45]. After in situ growth of Fe3O4 nanoparticles onto Nb2CTx 
MXene, the Raman spectrum is dominated by characteristic peaks of 
Fe3O4 located at 217, 280, 394 and 680 cm− 1, corresponding to the T2g, 
Eg, T2g and A1g vibration modes of Fe–O bonds [46]. The intrinsic peaks 

assigned to Nb2C MXene is significantly suppressed for the reason that 
the surface of Nb2C MXene is covered by Fe3O4 nanoparticles and thus 
cannot be recognized. After calcination, the spectrum of 
m-Nb2O5–Fe2O3 exhibits peaks at 214, 280, 387 and 680 cm− 1, very 
close to those in the spectrum of Nb2C–Fe3O4, due to the similarity of the 
spectra between Fe3O4 and γ-Fe2O3 and possible transformation to 
α-Fe2O3 under the laser [47].

XRD was used to characterize the crystal structure of Nb2AlC, 

Fig. 1. SEM (A–D) and TEM (E–H) images of Nb2AlC (A, E), Nb2CTx (B, F), Nb2C–Fe3O4 (C, E) and m-Nb2O5–Fe2O3 (D, H).

Fig. 2. FT-IR spectra (A), Raman spectra (B) and XRD patterns (C) of Nb2AlC, Nb2CTx, Nb2C–Fe3O4 and m-Nb2O5–Fe2O3, and hysteresis loops (D) of Nb2C–Fe3O4 and 
m-Nb2O5–Fe2O3.
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Nb2CTx, Nb2C–Fe3O4 and m-Nb2O5–Fe2O3. As shown in Fig. 2C, the XRD 
pattern of Nb2AlC displays characteristic peaks of Nb2AlC MAX phase 
(PDF #00-030-0033) located at 12.7◦, 25.7◦, 33.3◦, 35.0◦, 38.9◦, 42.5◦

and 52.1◦, corresponding to the (002), (004), (100), (102), (103), (104) 
and (106) planes. After being etched, the diffraction peaks associated to 
the non-basal planes vanished including (103), (104) and (106), 
remaining peaks of (002) and (100) planes. Coincidently, due to the 
existence of small amount of Nb4C3 (PDF #97-004-2758) in the raw 
MAX material the diffraction peaks of which were hidden in Nb2AlC, the 
peaks at 35.0◦, 40.6◦ and 58.8◦ in the diffraction pattern are not ascribed 
to the structure of Nb2CTx, but the impurity in the raw material. The 
pattern of Nb2C–Fe3O4 not only exhibits peaks of (002) and (100) planes 
of Nb2CTx, but also the characteristic peaks of magnetite (PDF #97-002- 
6410). Finally, with the oxidation in air, Nb2O5 and γ-Fe2O3 formed. 
Thus, the XRD pattern of m-Nb2O5–Fe2O3 includes peaks of niobium 
oxide (PDF #97-000-1840) and maghemite (PDF #97-008-7121).

To examine the magnetic property of Nb2C–Fe3O4 and m- 
Nb2O5–Fe2O3, their hysteresis loops were measured and depicted in 
Fig. 2D. It can be seen that both magnetic materials are super
paramagnetic and the saturation magnetization of Nb2C–Fe3O4 and m- 
Nb2O5–Fe2O3 are 24.3 and 22.0 emu•g− 1, respectively, satisfying the 
demand of MSPE.

In order to investigate the processes occurring during the calcination, 
TGA-FT-IR and XPS were carried out. TG curves in air of Nb2CTx and 
Nb2C–Fe3O4 exhibit similar trends (Fig. S5) with three main weight- 
changing stages, including two weight-loss stages (Stage I: room tem
perature to ~300 ◦C; Stage III: ~540 ◦C to ~680 ◦C) and one weight- 
gain stage (Stage II: ~340 ◦C to ~500 ◦C). Below ~300 ◦C, the weight 
loss was mainly caused by the removal of adsorbed water and ammonia. 
Then with the temperature increasing, a weight gain was observed 

which was associated with the oxidation of Nb2C and the formation of 
Nb2O5. Further heating above ~540 ◦C caused another weight loss, 
attributed to the oxidation of carbon, verified by the transmittance- 
temperature curve at 2304 cm− 1 which is the characteristic absorption 
wavenumber of CO2. Comparing these two TG curves, the relative 
weight change of Nb2C–Fe3O4 was smaller than that of Nb2CTx. This is 
because Nb2C constitutes only a part of the composites, whereas Fe3O4 
undergoes a weight gain when being oxidized at elevated temperature, 
which partially compensates the weight loss of Nb2C.

XPS spectra of Nb2C–Fe3O4 and m-Nb2O5–Fe2O3 are illustrated in 
Fig. S6. The XPS survey spectra of both materials show peaks of Fe 2p, O 
1s, C 1s and Nb 3d, revealing the elemental composition of the two 
materials. High-resolution XPS spectra of Nb 3d, Fe 2p, O 1s and C 1s are 
displayed in Fig. 3 and the peak deconvolution results are listed in 
Table S2. Nb 3d5/2 and 3d3/2 peaks of Nb2C–Fe3O4 were deconvoluted 
into three peaks each, centered at 206.9, 206.5 and 203.8 eV for Nb 3d5/ 

2 and 209.7, 209.2 and 207.1eV for Nb 3d3/2, assigned to the niobium in 
Nb2O5, NbOx and Nb–C, respectively [48]. The Nb 3d spectrum of 
m-Nb2O5–Fe2O3 was also deconvoluted into six peaks corresponding to 
Nb2O5 (207.1 and 209.8 eV), NbOx (206.6 and 209.3 eV) and Nb–C 
(204.2 and 206.9 eV). Notably, the peaks of Nb–C in m-Nb2O5–Fe2O3 are 
quite low and barely identifiable, because the calcination broke the 
Nb–C bonds and then formed oxides. The Fe 2p spectrum of Nb2C–Fe3O4 
was deconvoluted into peaks assigned to Fe(III) 2p1/2 (724.9 eV), Fe(III) 
2p3/2 (711.5 eV), Fe(II) 2p1/2 (722.6 eV), Fe(II) 2p3/2 (709.5 eV) and two 
satellite peaks (732.1 and 718.7 eV), confirming the presence of Fe3O4. 
Meanwhile, Fe 2p spectrum of m-Nb2O5–Fe2O3 was deconvoluted into 
peaks attributed to Fe(III) 2p1/2 (724.7 eV), Fe(III) 2p3/2 (711.0 eV) and 
two satellite peaks (732.6 and 719.0 eV). Peaks of lower binding en
ergies are also observed in the spectrum at 723.1 and 709.8 eV, which 

Fig. 3. High-resolution XPS spectra of Nb2C–Fe3O4 and m-Nb2O5–Fe2O3: Nb 3d (A), Fe 2p (B), O 1s (C) and C 1s (D).
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are associated with the surface defects or oxygen vacancies in γ-Fe2O3 
[49]. The O 1s spectra of Nb2C–Fe3O4 and m-Nb2O5–Fe2O3 were 
deconvoluted into 3 peaks assigned to surface O–H, O–Nb and O–Fe, 
supporting the successful construction of Nb2C–Fe3O4 and 
m-Nb2O5–Fe2O3 composites. And the C 1s spectra were deconvoluted 
into four peaks ascribed to C––O, C–O, C–C and C–Nb. It is worth noting 
that the normalized peak area of C–Nb decreased after calcination 
because of the breaking of C–Nb bonds.

BET surface area analysis was performed to investigate the potential 
adsorption performance of m-Nb2O5–Fe2O3. The N2 adsorption/ 
desorption isotherm is drawn in Fig. S7. The BET surface area of m- 
Nb2O5–Fe2O3 was calculated to be 27.4 m2 g− 1, on the same scale level 
with other reported 2D MXene-based materials [50,51].

3.2. Enrichment performance of m-Nb2O5–Fe2O3 for phosphopeptides

The acidity of the loading buffer plays a crucial role in phospho
peptide enrichment. Therefore, buffers containing 50% ACN and 
different volume ratios of TFA were used to optimize the loading con
ditions to enrich phosphopeptides from tryptic digests of β-casein. As 
shown in Fig. 4, when a low TFA concentration (0% and 0.01%) was 
used, non-phosphopeptides were identified together with phosphopep
tides in the MS spectra after enrichment. As the acidity increased (0.05% 
and 0.1% TFA), both the number and intensity of non-phosphopeptide 
peaks decreased markedly while the intensity of identified phospho
peptides increased. When TFA concentration reached 0.5% or higher, 
the spectrum was dominated by the peaks of phosphopeptides. TFA 
concentrations of 2.0% and 5.0% resulted in the optimal enrichment 
performance with the largest number of phosphopeptide peaks. 
Considering higher acidity causes potential dissolution of the metal 
oxides, 2.0% was chosen as the optimal concentration of TFA. The in
formation of the phosphopeptides enriched by m-Nb2O5–Fe2O3 is sum
marized in Table S3.

To evaluate the anti-interference ability of m-Nb2O5–Fe2O3, digest 
mixtures of β-casein and BSA at different molar ratios (1:100, 1:200, 
1:500, 1:1000 and 1:2000) was used for phosphopeptide enrichment. As 
shown in Fig. 5A and B, without enrichment, no phosphopeptides in the 
mixtures of the five molar ratios were identified caused by the sup
pression of the non-phosphopeptides of high abundance derived from 
BSA. After enrichment by m-Nb2O5–Fe2O3, three phosphopeptides (m/z 
2061, 2556 and 3122) derived from β-casein were identified in the five 
MS spectra. It can be seen that with a larger ratio of BSA, a larger amount 
of non-phosphopeptides were also enriched due to their abundance, and 
the relative intensity of the interference peaks was higher. However, the 
number and intensity of phosphopeptide signals was little affected, 
indicating the powerful anti-interference ability.

The detection limit of the enrichment method was determined by 
applying m-Nb2O5–Fe2O3 in different concentrations (5.0, 2.0, 1.0, 0.5, 
0.2 and 0.1 nmol L− 1) of β-casein digests. As shown in Fig. 5C and D, 
without enrichment, no peaks of phosphopeptides were detected. After 
enrichment by m-Nb2O5–Fe2O3, the peaks of three phosphopeptides 
derived from β-casein were identified in all six MS spectra, displaying a 
decreasing trend of the peak intensities with the decrease of the con
centration of β-casein digests. Notably, even when the concentration 
was as low as 0.1 nmol L− 1, the signal to noise ratios (S/N) of the peaks 
at m/z 2062, 2556 and 3122 were 6, 7 and 6, respectively (Fig. S8). 
These results demonstrate the excellent sensitivity to phosphopeptides 
of the Nb2O5–Fe2O3-based MSPE method.

The repeatability and the stability of m-Nb2O5–Fe2O3 in the enrich
ment of phosphopeptides were examined. The nanocomposites were 
recycled by washing with 10% NH3•H2O for three times and equili
brating with loading buffer before reuse. As shown in Fig. S9, the 
enrichment performance of m-Nb2O5–Fe2O3 toward phosphopeptides 
remained essentially unchanged after the composites being recycled. 
After three reuse cycles, no significant decrease in the number or the 
intensity of phosphopeptides enriched was observed, indicating the 

Fig. 4. MALDI-TOF MS spectra of β-casein digests after enrichment with m-Nb2O5–Fe2O3 using water solutions containing 50% ACN and different percentages of TFA 
as loading buffer.
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satisfactory reusability of m-Nb2O5–Fe2O3.
To assess the enrichment recovery of m-Nb2O5–Fe2O3, a standard 

phosphopeptide LRRA[pS]LGGK was isotopically labelled and utilized 
as a model sample. As shown in Fig. S10 and Table S4, the calculated 
recovery was 87.6%, which testifies the competence of m-Nb2O5–Fe2O3 
as an excellent MSPE adsorbent for phosphopeptides.

3.3. Application in real samples

Non-fat milk was preliminarily used to examine the applicability of 
m-Nb2O5–Fe2O3 in complex samples. As shown in Fig. S11, without 
enrichment, the MS spectrum was dominated by non-phosphopeptide 
peaks and only 7 phosphopeptides/dephosphopeptides were identi
fied. After enrichment by m-Nb2O5–Fe2O3, 22 peaks assigned to phos
phopeptides/dephosphopeptides were identified with higher intensities 
and all the high-intensity peaks of non-phosphopeptides were no longer 
detected, indicating the high enrichment efficiency of m-Nb2O5–Fe2O3 
for phosphopeptides. The detailed information about the phosphopep
tides in non-fat milk is summarized in Table S5.

Saliva is an ideal sample in clinic for its non-invasive collection, low 
cost and carrying lots of information related to disease diagnosis and 
prognosis [52]. Endogenous phosphopeptides in a saliva sample were 
enriched with m-Nb2O5–Fe2O3. MALDI-TOF MS spectra are shown in 
Fig. S12. Direct analysis identified only 2 phosphopeptides from the MS 
spectrum which is dominated by non-phosphopeptides. After enrich
ment, 35 peaks assigned to phosphopeptides were identified with few 
low-intensity peaks of non-phosphopeptides. Detailed information 
about the phosphopeptides enriched from human saliva is summarized 
in Table S6. These results confirmed the pleasing applicability of 
m-Nb2O5–Fe2O3 for phosphopeptide enrichment.

To further verify the universal adaptability of the MSPE method, a 
kind of TCMIs, Reduning injection (RDNI) was employed as an 

additional real sample. TCMIs, composed of active substances from 
traditional Chinese medicines, have been widely used in research and 
clinical practice [53–55]. However, their adverse drug reactions (ADRs) 
such as acute allergic reactions, might happen in medication. Never
theless, due to their complex components from natural materials 
including plants, animal products and minerals, the complete mecha
nism of how most TCMIs work or react with animal/human bodies re
mains unclear [56–58]. Among all the possible factors that cause ADRs, 
protein remnants from plants and animals could be dangerous if injected 
to animal/human body. Therefore, it is necessary to develop a reliable 
method for the analysis of proteins including phosphoproteins in TCMIs. 
To evaluate the effects of the RDNI on digestion and enrichment pro
cesses, a mixture of α-casein and β-casein of 0.1 μmol L− 1 each was 
spiked into a mixture of different volume ratios of RDNI to water fol
lowed by ultrafiltration and tryptic digestion. As shown in Fig. 6A, 
without enrichment, the spectrum of the blank control with no RDNI 
added (0:1) was dominated by non-phosphopeptide peaks and only 5 
peaks assigned to phosphopeptides were identified. When RDNI was 
mixed into the solution, all peaks, whether of phosphopeptides or 
non-phosphopeptides were suppressed heavily by the complex compo
nents in the injection, even after the pretreatment before digestion. No 
phosphopeptides were observed in the mixed solution of a RDNI to water 
ratio of 1:1 or higher. After enrichment by m-Nb2O5–Fe2O3, six MS 
spectra were all dominated by phosphopeptide peaks. Notably, with the 
increasing proportion of RDNI in the mixed solution, the relative in
tensities of multi-phosphopeptide peaks increased (m/z 3122), whereas 
those of mono-phosphopeptide peaks decreased (m/z 1952 and 2556) in 
the MS spectra. This trend is probably because the complex components 
in RDNI interfere with the binding between phosphate groups and 
m-Nb2O5–Fe2O3 to some extent, and thus m-Nb2O5–Fe2O3 has a stronger 
affinity with the peptides containing more phosphate groups in RDNI. 
When undiluted RDNI was investigated (ratio of 1:0), however, 18 peaks 

Fig. 5. MALDI-TOF MS spectra of β-casein and BSA digest mixture at different molar ratios before (A) and after (B) enrichment with m-Nb2O5–Fe2O3, and MALDI- 
TOF MS spectra of β-casein digests of different concentrations before (C) and after (D) enrichment with m-Nb2O5–Fe2O3.
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of phosphopeptides/dephosphopeptides were identified, reflecting that 
the change of intensities affected little on the number of identified 
phosphopeptides and the satisfactory universality of m-Nb2O5–Fe2O3. 
The detailed information about the enriched phosphopeptides from 
RDNI is summarized in Table S7. Subsequently, the detection limit of 
phosphopeptides was further determined in RDNI. Undiluted RDNI was 
spiked with different concentrations of α-casein and β-casein. As shown 
in Fig. S13, without enrichment (Fig. S13A), no identifiable peaks were 
observed in the MS spectra, whether spiked or not. After enrichment, 
still no peaks were identified in the spectrum (Fig. S13B, control), 
indicating no presence of high-abundance of phosphoproteins in RDNI. 
At a spike level of 10 nmol L− 1, 8 peaks associated to phosphopeptides 
were identified in RDNI. With the decrease of the concentration of 
α-/β-casein, the identified peaks assigned to phosphopeptides/dephos
phopeptides also decreased. However, at a low spike level of 
0.5 nmol L− 1, still one peak of phosphopeptides was identified in the 
enriched RDNI, suggesting the low detection limit and high sensitivity of 
the enrichment of phosphopeptides from RDNI with m-Nb2O5–Fe2O3.

3.4. Comparison with other reported Nb-based affinity materials

The comparison of m-Nb2O5–Fe2O3 and other previously reported 
Nb-based affinity materials in terms of separation mode, anti- 
interference ability, sensitivity, recovery and applicability is summa
rized in Table S8. Relative to these existing materials, m-Nb2O5–Fe2O3 in 
this work exhibits competitive performance on the listed aspects owing 
to the unique sandwich-like structure and shows potential for broader 
applications.

4. Conclusion

This is the first attempt to apply Nb2C MXene based material in 
phosphopeptide enrichment. The sandwich-like m-Nb2O5–Fe2O3 was 
designed and synthesized by calcining sandwich-like Nb2C–Fe3O4 
composites in air without breaking the original MXene feature. The 
sandwich-like structure based on the layered arrangement of MXene 
endows the nanocomposite with large specific area and strong magne
tism. The most important aspect of this study is the calcination in air 

provides abundant binding sites of Nb–O and Fe–O on the surface to
wards phosphopeptides through MOAC mechanism without destroying 
the sandwich-like structure or eliminating the magnetism. By facile 
MSPE operation, m-Nb2O5–Fe2O3 can enrich phosphopeptides with 
excellent selectivity, strong anti-interference ability and high sensitivity 
thanks to the synergistic MOAC mechanism provided by Nb2O5 and 
γ-Fe2O3 on the surface of m-Nb2O5–Fe2O3. Moreover, the application of 
m-Nb2O5–Fe2O3 in real-world biological and pharmaceutical samples 
including non-fat milk, human saliva and TCMIs further confirmed the 
reliability and universality of m-Nb2O5–Fe2O3 as a promising affinity 
material for phosphoproteomics.
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