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A B S T R A C T

Both MXenes and metal-organic frameworks (MOFs) have been attracting lots of attention since being found and 
have been applied in various fields. Furthermore, MXene-MOF composites have been recently studied to combine 
the advantages of MXenes and MOFs. However, the synthesis of MXene-MOF composites still suffers from 
questions such as low-efficiency of exfoliation of MXenes to layered nanosheets, uneven distribution of MOF 
nanoparticles on MXene nanosheets and extra modification process before the growth of MOF nanoparticles. To 
resolve these problems, herein, a sonication-assisted minimally intensive layer delamination (SA-MILD) method 
was proposed to achieve high yield of thin-layer Ti3C2Tx MXene nanosheets. Then, a stirring in-situ growth 
method (SISG) was carried out to uniformly grow UiO-66–NH2 nanoparticles on Ti3C2Tx nanosheets to form two- 
dimensional potato-chip-like Ti3C2–UiO-66–NH2 nanocomposites instead of conventional solvothermal method 
for the first time. Finally, MXene-MOF composites were calcined to increase the chemical stability and endowed 
with magnetism by the in-situ oxidation growth of Fe3O4 nanoparticles. Thanks to the massively exposed Ti–O, 
Zr–O and Fe–O sites, the well-characterized magnetic trimetallic oxides (MTMOs) could enrich phosphopep
tides by easy magnetic separation through metal oxide affinity chromatography mechanism in a short time. High 
sensitivity (0.5 nmol•L− 1 of α− /β-casein) and great anti-interference ability (1:1:2000 of the molar ratio of 
α− /β-casein to bovine serum albumin) were realized for the efficient enrichment of phosphopeptides with 
MTMOs. Non-fat milk and traditional Chinese medicine injections were used as the examples to explore the 
biomedical applicability of the as-prepared MTMOs with excellent results.

1. Introduction

MXenes are a large family of two-dimensional (2D) metal carbides or 
nitrides produced by etching A layers from MAX phases, with a 
composition of Mn+1XnTx, where M stands for one or more early tran
sition metals, A is mainly a group IIIA or IVA element, X is C and/or N 
and n = 1, 2, or 3 [1]. Benefitted from their unique characteristics, 
MXenes have received great attention since being found, and have been 
applied in diverse fields including energy storage, optoelectronics, 
sensors, biomedicines and so on [2]. Their large surface area and special 
surface properties endow them with promising application in separation 
science, which has been explored in the removal of Pb(II) [3], removal of 
methylene blue [4], water purification [5], extraction of uranium [6], 
etc.

Phosphorylation is one of the most important post-translational 
modifications of proteins, playing crucial roles in diverse biological 
and pathological processes, including cellular differentiation and pro
liferation, protein degradation, signal transduction, transcriptional 
regulatory, gene expression regulation and so on [7]. The abnormal 
phosphorylation of proteins is relevant to multiple diseases such as 
cancer [8], Alzheimer’s disease [9], etc. In present, the analysis of 
protein phosphorylation depends highly on mass spectrometry (MS) 
based on bottom-up strategies. Matrix assisted laser desorption/ioniza
tion time-of-flight mass spectrometry (MALDI-TOF MS) has been widely 
employed to identify phosphopeptides/phosphoproteins on account of 
its ultrahigh sensitivity, high-throughput, dynamic range, and fast 
analysis speed [10]. Nevertheless, signals of phosphopeptides are usu
ally low resulted by their low deionization efficiency and the 
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suppression from non-phosphopeptides of higher abundance [11]. 
Therefore, it is of great necessity to enrich glycopeptides from the 
sample prior to detection by MALDI-TOF MS [12].

To date, the strategies to enrich phosphopeptides/phosphoproteins 
include immunoprecipitation [13], ion exchange chromatography [14], 
immobilized metal affinity chromatography (IMAC) [15], metal oxide 
affinity chromatography (MOAC) [16], etc. Among all these approaches, 
MOAC has been widely employed for the advantages of MOAC materials 
such as good mechanical stability, strong resistance to extreme pH and 
temperature, maintaining of metal ions [17], etc.

Currently, there are only a few reports on the enrichment of phos
phopeptides/phosphoproteins with MXene related materials. Ou’s 
group [18] first investigated the performance of Ti3AlC2 MAX phase and 
Ti3C2Tx MXene phase in enrichment of phosphopeptides. Lan and Wu’s 
group [19] partially oxidized and modified Ti3C2Tx MXene with amino 
groups and fabricated Fe3O4/TiO2@Ti3C2Tx by a solvothermal method. 
They [20] also functionalized Ti3C2Tx MXene with polyamidoamine 
(PAMAM) dendrimer and Fe3O4 nanoparticles to form Ti3C2Tx@PA
MAM@Fe3O4. In their another work [21], dielectric barrier discharge 
(DBD) was used to rapidly synthesize Oxid-Ti3C2Tx/UiO-66–NH2 com
posites. Our previous work [22] prepared Ti3C2–Fe3O4 by an in-situ 
oxidation growth method in water solution at room temperature. Yu 
and Wu’s group [23] prepared a metal-phenolic networks modified 
magnetic MXene based composites Ti3C2Tx@Fe3O4@MPNs-TA/ZrIV. Li 
and Liang’s group [24] in situ oxidized Ti3C2Tx MXene to synthesize 
polycrystalline TiO2 on the surface of the nanosheets to form Ti3C2Tx-O.

Among these various modifications on MXenes adopted to enhance 
the performance enriching phosphopeptides/phosphoproteins, modifi
cation with metal-organic frameworks (MOFs) provides researchers 
with new thoughts and possibilities. MOFs are porous crystalline 
frameworks by linking metal centers and organic ligands to form infinite 
arrays. They have been drawing growing interests owing to their special 
properties, such as extremely high porosity, massive surface area, 
tunable pore size distribution, and so on [25–28]. In the vast family of 
MOFs, zirconium-based MOFs, with a metal center of Zr, are attracting 
researchers’ attention due to their uniform adjustable structure, 
incomparable biocompatibility, good chemical stability brought by 
strong Zr–O bonds and large coordination numbers [29,30], etc. 
However, the growth of Zr-based MOFs such as UiO-66 and UiO-66–NH2 
on MXenes is still facing challenges. The major solution is solvothermal 
method to grow Zr-based MOFs on MXenes. For example, Li and Pan’s 
group [31] grew UiO-66 nanoparticles on V2CTx and obtained UiO-66/ 
V2CTx composites and then derived them for an anode for lithium-ion 
batteries. Wang and Gao’s group [32] synthesized Ti3C2/UiO-66–NH2 
composites for photoreduction of Cr(VI). Li and Liu’s group [33] also 
synthesized MXene-MOF composites named UN@Ti3C2 and derived 
UN@Ti3C2 for electrochemical detection of acetaminophen. Hasanza
deh’s group [34] prepared Ti3C2Tx MXene@UiO-66 for photocatalytic 
dye degradation. Deng’s group [35] fabricated a UiO-66–NH2@MXene 
for H2/CO2 separation. These MXene-MOF composites, however, suffer 
from one or more questions: (1) MXenes are not delaminated into thin 
layers in the composites; (2) distribution of the MOFs nanoparticles is 
not uniform enough; (3) modification of the Ti3C2Tx surface is needed to 
form composites. Though Lan and Wu’s group [21] synthesized evenly 
distributed UiO-66–NH2 on delaminated Ti3C2Tx nanosheets using DBD 
technology considering these factors, the size of MOF nanocrystals was 
somewhat large and comparable to that of the nanosheets. Additionally, 
the reaction required a dedicated DBD device.

In order to overcome the insufficiency, in this present work, we 
developed a stirring in-situ growth (SISG) strategy for the modification 
of UiO-66–NH2 nanoparticles on thin-layer Ti3C2Tx nanosheets prepared 
by a sonication-assisted minimally intensive layer delamination (SA- 
MILD) method to form uniformly distributed potato-chip-like 2D 
nanocomposites. The 2D MXene-MOF composites were then derived 
into metal oxides by calcination, increasing the chemical stability and 
maintaining the 2D structure and massive functional Ti–O and Zr–O 

sites on the nanosheets. Moreover, magnetism was endowed to the 2D 
nanocomposites by the in-situ oxidation growth of Fe3O4 nanoparticles. 
The 2D magnetic trimetallic oxides (MTMOs) nanosheets were then 
applied as a magnetic solid-phase extraction (MSPE) adsorbent in the 
fast enrichment of phosphopeptides through MOAC mechanisms 
benefitted from the abundant Ti–O, Zr–O and Fe–O sites. Ultimately, 
complex samples including non-fat milk and traditional Chinese medi
cine injections (TCMIs) were employed for investigate the practicability 
and reliability of MTMOs bio-separation in real world.

2. Experimental section

2.1. Materials and chemicals

Ti3AlC2 (400 mesh) was bought from RHAWN (Shanghai, China). 
ZrCl4, 2-amino-1,4-benzenedicarboxylic acid (NH2–BDC, 98%), 1,4-ben
zenedicarboxylic acid, N,N-dimethylformamide (DMF), ammonia solu
tion (25–28%), acetic acid (HAc, 99.5%) and LiF were purchased from 
Macklin (Shanghai, China). Hydrochloric acid (35%–37%) was obtained 
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). FeS
O4•7H2O, disodium 4-nitrophenylphosphate (pNPP), 2,5-dihydroxy
benzoic acid (DHB, HPLC grade), acetonitrile (ACN, HPLC grade), 
trifluoroacetic acid (TFA, HPLC grade) and H3PO4 (85%) were bought 
from Aladdin (Shanghai, China). Bovine serum albumin (BSA), α-casein 
from bovine milk, β-casein from bovine milk and trypsin from bovine 
pancreas (TPCK treated) were bought from Sigma-Aldrich (St. Louis, 
MO, USA). All the chemicals were of analytical grade unless otherwise 
stated and could be used without further purification. Pure water was 
prepared with a Milli-Q water purification system (Millipore, Billerica, 
MA, USA). Standard phosphopeptide LRRA[pS]LGGK was purchased 
from Sangon Biotech (Shanghai, China). Non-fat milk was purchased at 
Jiangsu Province Educational Supermarket (Nanjing, China). TCMIs 
Qingkailinng injection (QKLI) and Reduning injection (RDNI) were 
provided by Jiangsu Institute for Food and Drug Control (Nanjing, 
China).

2.2. Synthesis of potato-chip-like two-dimensional magnetic trimetallic 
oxides (MTMO)

The whole synthesis process of MTMO is illustrated in Scheme 1A.
Thin-layer Ti3C2Tx MXene nanosheets were synthesized by a SA- 

MILD method based on conventional minimally intensive layer delam
ination (MILD) method [36]. First, 1.0 g Ti3AlC2 was added into 20 mL 9 
mol•L− 1 HCl solution containing 1.6 g LiF. The etching process was 
prolonged to 48 h at 40 ◦C. The resulted mixture was centrifugated for 1 
min at 5000 rpm. Subsequently, the sediment was washed with 70 mL 2 
mol•L− 1 HCl once and then with 70 mL water each cycle until the su
pernatant was dark. Instead of hand-shaking, sonication of 5 min in an 
ice bath with a KQ218 ultrasonic cleaner (Kunshan Ultrasonic In
struments Co., Ltd., 100 W) was introduced in the washing step to 
accelerate the exfoliation of MXene nanosheets and at the same time 
save labor and time. After a few washing-centrifugation cycles, the su
pernatant turned dark, indicating that the pH of the dispersion has 
reached neutral and the delamination has been proceeding. Subse
quently, three additional sonication-centrifugation cycles were per
formed without discarding the supernatant to further delaminate MXene 
to increase the yield. After a final centrifugation of 2000 rpm for 20 min, 
the MXene dispersion was collected and lyophilized for further use. 
Interestingly, this is the first time to put forward SA-MILD strategy to 
facilitate the exfoliation of Ti3C2Tx MXene nanosheets. Compared to 
other post-etching delamination strategy [37], this high-yield strategy 
can save time and additional treatment steps.

Ti3C2–UiO-66–NH2 was assembled by a SISG approach referring to 
the synthesis of UiO-66–NH2 [38]. Lyophilized Ti3C2Tx MXene nano
sheets of a certain weight were dispersed in 10 mL DMF with sonication. 
Then a solution containing 5 mL DMF and 0.35 mmol ZrCl4 and another 
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solution containing 5 mL DMF and 0.35 mmol NH2–BDC were added 
into the Ti3C2Tx dispersion, followed by 10 μL H2O and 2 mL HAc. 
Instead of hydrothermal process, the mixture was magnetically stirred at 
120 ◦C for 24 h. After that, the sediment was isolated, washed and 
collected by centrifugation. The amounts of Ti source and Zr source used 
for Ti3C2–UiO-66–NH2(m/n) are shown in Table S1, where m/n is the 
molar ratio of Ti source to Zr source (Ti/Zr).

The obtained Ti3C2–UiO-66–NH2(m/n) was calcined in air at 500 ◦C 
for 12 h, allowing the MXene-MOF composites to be oxidized into 
layered TiO2-ZrO2 composites (L-TiO2–ZrO2(m/n)). Then Fe3O4 nano
particles were decorated onto the L-TiO2–ZrO2(m/n) by an in-situ 
oxidation growth method. In brief, a solution containing FeSO4 was 
added into a L-TiO2–ZrO2(m/n) dispersion, followed by the addition of 
ammonia solution. Under the basic condition, the Fe2+ ions were 
partially oxidized to Fe3+ and formed Fe3O4 on the nanosheets. The final 
magnetic trimetallic oxides (MTMOm/n) were collected after washing, 
and were dried in vacuum.

2.3. Characterization

Scanning electron microscopy (SEM) images of Ti3AlC2, Ti3C2Tx, 
Ti3C2–UiO-66–NH2, L-TiO2–ZrO2 and MTMO were taken on a JSM- 
7800F field emission scanning electron microscope (JEOL, Tokyo, 
Japan). Transmission electron microscopy (TEM) images were taken and 
selected area electron diffraction (SAED) was performed on an FEI 
Tecnai G2F20S-TWIN microscope (FEI, Hillsboro, OR, USA) equipped 
with an Oxford X-Max80 X-ray energy dispersive spectrometer (EDS, 
Oxford Instruments, Abingdon, UK). X-ray diffraction (XRD) patterns 
were got on a Bruker D8 Advance X-ray powder diffractometer (Bruker, 
Karlsruhe, German) equipped with Cu Kα radiation, with an operating 
voltage of 40 kV and current of 40 mA. Raman spectra were collected on 
an inVia confocal Raman microscope using a 633 nm laser (Renishaw, 
Wotton-under-Edge, UK). Fourier-transform infrared (FT-IR) spectra 
were collected on a Nicolet iS50 FTIR spectrometer (Thermo-Fisher, 
Waltham, MA, USA) using KBr pellet method. X-Ray photoelectron 
spectra (XPS) were obtained on an ESCALAB 250 Xi XPS spectrometer 
(Thermo-Fisher, Waltham, MA, USA). Brunauer-Emmett-Teller (BET) 
surface area analysis was performed on an ASAP 2460 surface area and 
porosimetry system (Micromeritics, Norcross, GA, USA). The hysteresis 
loop of MTMO was measured on a Lake Shore 7604 vibrating sample 
magnetometer (Lakeshore, Carson, CA, USA). UV–vis spectra of pNPP 
solutions were recorded on a NanoDrop 2000 spectrophotometer 
(Thermo-Fisher, Waltham, MA, USA).

2.4. Sample preparation

The samples were prepared for phosphopeptides enrichment by 
MSPE on MTMO based on our previous work [23]. That is, 1 mg•mL− 1 of 
α-casein, β-casein or BSA was dissolved in 100 mM NH4HCO3 and 
trypsin (1 mg•mL− 1) was added at a mass ratio of 1:40 (trypsin to 
protein). The mixture was incubated at 37 ◦C for 18 h, and then the 
digests were stored at − 20 ◦C prior to enrichment. In concern about non- 
fat milk, 30 μL of non-fat milk was diluted with 1 mL 100 mM NH4HCO3 
and centrifugated at 14000 rpm for 15 min. The supernatant was 
collected and 25 μg trypsin (25 μL, 1 mg•mL− 1) was added. After being 
incubated at 37◦C for 18 h, the digests were kept at − 20 ◦C before use. As 
for QKLI and RDNI, 10 mL of the injection was ultrafiltered in an ultra- 
15 centrifugal filter unit (Millipore, Billerica, MA, USA). After being 
washed with 100 mM NH4HCO3 for 3 times, the protein on the mem
brane was redissolved in about 1 mL 100 mM NH4HCO3. Then 10 μg 
trypsin (10 μL, 1 mg•mL− 1) was added and the mixture was incubated at 
37 ◦C for 18 h. Centrifugal concentration to dryness ensued on a Lab
conco CentriVap Vacuum Concentrator (Labconco, Kansas City, MO, 
USA). The remnants were stored at − 20 ◦C before use.

2.5. Enrichment of phosphopeptides

The workflow of enriching phosphopeptides is shown in Scheme 1B. 
In advance of the enrichment, α-casein and β-casein digests were mixed 
and diluted to 10− 1 μmol•L− 1, non-fat milk digests were diluted 500 
times, and the RDNI and QKLI remnants were re-dissolved in 1.0 mL 
with loading solution. Then, 5 μL of the dispersion of 20 mg•mL− 1 

MTMO was added to 100 μL of the sample solution. Subsequently, the 
mixture was vortexed at room temperature for 2 min. The resulting 
sediment was separated with the assistance of a magnet. After being 
washed with loading solution for 3 times, 5.0 μL of 10% NH3•H2O was 
added to elute the adsorbed phosphopeptides in a sonication bath for 1 
min. The eluate was detected by MALDI-TOF MS.

2.6. Enrichment recovery of phosphopeptides

Two aliquots of standard phosphopeptides (LRRA[pS]LGGK) were 
separately labeled with light or heavy isotopes using CH2O or CD2O, 
causing a mass increase of 28 or 32 Da. The CH2O-labeled phospho
peptide was then enriched with MTMO3/4. The eluate was mixed with 
the same volume of CD2O-labeled phosphopeptide and subjected to MS 
analysis. The ratio of the CH2O-labeled phosphopeptide to the CD2O- 

Scheme 1. Schematic diagram of the synthesis of MTMO (A), and the procedure of enriching phosphopeptides (B).

S. Zhang et al.                                                                                                                                                                                                                                   Separation and Puriϧcation Technology 382 (2026) 135918 

3 



labeled phosphopeptide was calculated to obtain the recovery of LRRA 
[pS]LGGK. At the same time, another CH2O-labeled phosphopeptide 
before enrichment was mixed with CD2O-labeled phosphopeptide and 
detected to eliminate the effects of the different labeling efficiency of 
CH2O and CD2O.

2.7. MALDI-TOF MS analysis

One microliter of the sample solution was dropped on an MTP 384 
polished steel MALDI-TOF MS target plate (Bruker, Karlsruhe, German). 
After the solvent was vaporized to dryness, 1.0 μL DHB (20 mg•mL− 1) 
dissolved in 50% ACN – 1% H3PO4 was added as the matrix. The dried 
sample spots were analyzed on a Bruker ultrafleXtreme MALDI-TOF/ 
TOF mass spectrometer (Bruker, Karlsruhe, German) with the 
Smartbeam-II laser technology in the positive reflection mode under an 
acceleration voltage of 25 kV. Each spectrum was accumulated to 500 
shots.

3. Results and discussion

3.1. Synthesis and characterization of MTMO

SEM images of Ti3AlC2, Ti3C2Tx MXene, Ti3C2–UiO-66–NH2, L- 
TiO2–ZrO2 and MTMO are shown in Figs. 1A–D and S1–S5. It can be seen 
from these images that after SA-MILD process, with Al layers removed, 
the original bulky material (Fig. S1) was exfoliated into nanosheets 
(Figs. 1A and S2) with a silk-like surface. After in-situ growth of UiO- 

66–NH2, the nanosheets showed a potato-chip-like morphology after the 
surface of Ti3C2 MXene nanosheets were covered by UiO-66–NH2 
nanoparticles (Figs. 1B and S3). Then after calcination in air, the 
structure of the potato-chip-like nanosheets didn’t change, except that 
the relatively large particles of UiO-66–NH2 on the surface of nanosheets 
broke into clusters of smaller particles (Figs. 1C and S4). Finally, larger 
nanospheres of Fe3O4 were modified onto the surface of the nanosheets 
(Figs. 1D and S5). TEM image of MTMO3/4 shown in Fig. 1E reveals a 
clearer structure of nanosheets of TiO2, nanoclusters of ZrO2 and 
nanoparticles of Fe3O4. SAED patterns (Fig. 1F) exhibited the poly
crystalline structure of TiO2, ZrO2 and Fe3O4 in MTMO3/4. As shown in 
Fig. 1H–L, EDS mapping images of MTMO3/4 corresponding to the area 
shown in Fig. 1G demonstrate the distribution of Ti, Zr and Fe, where Ti 
and Zr were uniformly distributed on the nanosheets and Fe was mainly 
on the nanoparticles.

In order to further confirm the synthesis of MTMO, some other 
characterization experiments were carried out. Fig. 2A shows XRD 
patterns of Ti3AlC2, Ti3C2Tx MXene, Ti3C2–UiO-66–NH2, L-TiO2–ZrO2 
and MTMO. Before the etching and exfoliating, diffraction peaks of 
Ti3AlC2 localized at 2θ values of 9.6◦, 19.1◦, 34.0◦, 38.7◦, 41.7◦, 44.8◦, 
48.4◦, 52.3◦, 56.3◦, 60.2◦ and 65.3◦ corresponded respectively to the 
(002), (004), (100), (104), (105), (106), (107), (108), (109), (110) and 
(1,0,11) planes of Ti3AlC2. After SA-MILD treatment, most diffraction 
peaks of Ti3AlC2 disappeared, remaining the (110) peak at 60.6◦ and the 
(002) peak shifting to a lower angle of 6.5◦, indicating a larger interlayer 
distance resulted by the intercalation of ions during the SA-MILD pro
cess. Other diffraction peaks at 21.6◦, 38.1◦, 41.0◦, 42.4◦ and 48.3◦ were 

Fig. 1. SEM images of Ti3C2Tx (A), Ti3C2–UiO-66–NH2(3/4) (B), L-TiO2–ZrO2(3/4) (C) and MTMO3/4 (D); TEM images of MTMO (E); SAED pattern of MTMO (F); TEM- 
EDS mapping of MTMO: electron image (G), overlapping image (H) and distribution images of Ti (I), Zr (J), Fe (K) and O (L).
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from the by-product Li3AlF6 remaining in the MXene nanosheets. As for 
Ti3C2–UiO-66–NH2(3/4), except for the (002) and (110) peaks of Ti3C2Tx, 
characteristic diffraction peaks confirmed the structure of UiO-66–NH2, 
and the peaks of Li3AlF6 could no longer be seen. After calcination, due 
to the destruction of Ti3C2–UiO-66–NH2, all their peaks disappeared and 
new peaks assigned to TiO2 of anatase phase and ZrO2 of baddeleyite 
phase were observed, indicating that in the presence of air, the MXene- 
MOF composites containing Ti and Zr were oxidized into oxides. And 
with the Fe3O4 nanoparticles decorated onto L-TiO2–ZrO2, peaks of 
Fe3O4 in the XRD pattern of MTMO were observed at 2θ values of 18.3◦, 
30.2◦, 35.6◦, 43.1◦, 57.0◦ and 62.6◦.

Raman and FT-IR spectra of Ti3AlC2, Ti3C2Tx MXene, Ti3C2–UiO- 
66–NH2, L-TiO2–ZrO2 and MTMO were measured to characterize the 
chemical bonds in these materials. As shown in Fig. 2B, Raman spectrum 
of Ti3AlC2 shows characteristic peaks at 118, 202, 273 and 630 cm− 1, 
ascribed to the in-plane vibration of Ti planes (E2g), antiparallel shear 
vibration of Ti and Al planes (E2g), out-of-plane vibration of Al (A1g) and 
in-plane vibration of C (E2g), respectively [39]. After SA-MILD process, 
the peak at 273 cm− 1 assigning to the vibration of Al largely decreased, 
and other peaks at 117, 200 and 630 cm− 1 remained in association with 
Ti and C, suggesting the removal of aluminum. Besides, new peaks at 

390 and 725 cm− 1 were observed, which came from the in-plane vi
bration (Eg) of the surface groups and the out-of-plane vibration of C 
(A1g) with a larger interlayer spacing, respectively [40]. As for 
Ti3C2–UiO-66–NH2, the peak at 384 cm− 1 was ascribed to the vibration 
of Zr–O clusters merging with the peak of Ti–C, Ti–O and Ti–OH. 
And the peak around 1577 cm− 1 was assigned to the stretching vibration 
of the aromatic rings in NH2–BDC [41]. After being calcined in air, the 
spectrum of L-TiO2–ZrO2 show peaks at 143, 398, 519 and 639 cm− 1, 
corresponding to the typical Eg, B1g, B2g and Eg vibrations of anatase 
TiO2. Meanwhile, as most of the peaks assigning to ZrO2 were masked by 
or overlapped with the peaks of TiO2, only one peak at 193 cm− 1 

observed was ascribed to ZrO2 [42]. After the in-situ oxidation growth of 
Fe3O4, a weak peak at 310 cm− 1 of the bending vibration of Fe (T2g) and 
the expansion of the peak at 639 cm− 1 caused by another peak at 661 
cm− 1 assigning to the symmetric vibration of Fe (A1g) were observed. 
With respect to the FT-IR spectra (Fig. 2C), the spectrum of Ti3AlC2 
shows a weak peak at 571 cm− 1, which were assigned to the stretching 
vibration of Ti–C bonds. The peak of Ti–C in Ti3C2Tx sightly shifted to 
550 cm− 1, which might be caused by disappearance of Al layer and the 
enlarged interlayer distance of MXene. When UiO-66–NH2 was modified 
on Ti3C2Tx nanosheets, due to the introduction of organic ligand, except 

Fig. 2. XRD patterns (A), Raman spectra (B) and FT-IR spectra (C) of Ti3AlC2, Ti3C2Tx MXene, Ti3C2–UiO-66–NH2(3/4), L-TiO2–ZrO2(3/4) and MTMO3/4, and hysteresis 
loop (D) of MTMO3/4.
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for the peak at 556 cm− 1 ascribed to Ti3C2, the spectrum was dominated 
by the characteristic peaks of UiO-66–NH2. After being calcined, all the 
peaks assigned to the organic components which were oxidized into CO2 
and H2O during the calcination disappeared, leaving a strong peak at 
458 cm− 1 attributed to TiO2 and a shoulder peak of ZrO2 at 755 cm− 1. 
Finally, with the growth of Fe3O4, another shoulder peak at 574 cm− 1 

emerged. Raman and FT-IR characterization provided further verified 
the synthesis of MTMO.

The magnetic property of MTMO3/4 was examined on a vibrating 
sample magnetometer to verify its viability for MSPE. As shown in 
Fig. 2D, MTMO3/4 was superparamagnetic with a saturation magneti
zation of 26.3 emu•g− 1, which satisfy the demand of MSPE. From the 
inset picture, it is known that after 30 s in a magnetic field, MTMO can 
be separated from the liquid phase.

XPS and N2 adsorption/desorption isotherm analyses were per
formed to obtain more comprehensive property information of MTMO3/ 

4. The spectra of MTMO3/4 in Fig. S6 show characteristic peaks of Ti 2p, 
Zr 3d, Fe 2p, O 1s and C 1s, revealing the presence of these elements. 
Notably, carbon was also detected, might because the interference of the 
carbon-based conductive adhesive or that carbon was not completely 
removed during the calcination. According to the N2 adsorption/ 
desorption isotherm depicted in Fig. S7, BET area of MTMO3/4 was 49.0 
m2•g− 1, which was close to other reported 2D materials [43,44].

3.2. Optimization of the parameters to synthesize MTMO

During the design and preparation process of MTMO, some condi
tions or parameters were optimized.

Different from the commonly-used MILD method [36], sonication 
was introduced in advance during each washing cycle replacing hand- 
shaking to accelerate the delamination process. Compared to the tradi
tional MILD, this SA-MILD could not only save labor and time (hand
shake for minutes), but also increase the yield of MXene. As shown in 
Fig. S8, due to the high energy of sonication, the supernatant using SA- 
MILD protocol after each washing cycle was darker than that without 
sonication. And the supernatant turned opaquely black after 6 washing 
cycles. The yield of MXene using SA-MILD and traditional MILD was 
84.9% ± 2.5% and 9.9% ± 0.5%, respectively, indicating the greatly 
higher efficiency of the delamination of Ti3C2Tx nanosheets with the 
proposed SA-MILD method.

After that, in the process of in-situ growth of UiO-66–NH2 onto 
Ti3C2Tx nanosheets, different Ti/Zr was investigated. The amounts of 
Ti3C2Tx MXene, ZrCl4 and NH2–BDC used for different ratios are listed in 
Table S1. The morphology of each synthesized Ti3C2–UiO-66–NH2 was 
characterized by SEM. As shown in Fig. S9, when Ti/Zr was smaller than 
1:2 (0:1, 1:4 and 1:3), UiO-66–NH2 inclined to grow to larger crystals 
rather than spread on the surface of Ti3C2Tx nanosheets. And when Ti/Zr 
was larger than 1:1 (2:1, 3:1 and 1:0), due to the lack of Zr source, not 
much of the surface of the nanosheets was covered by UiO-66–NH2. 
When Ti/Zr was intermediate (1:2, 3:4 and 1:1), UiO-66–NH2 nano
crystals grew uniformly on the surface of Ti3C2Tx nanosheets.

XRD was used to characterize the structure of Ti3C2–UiO-66–NH2. 
According to the XRD patterns of Ti3C2–UiO-66–NH2 (Fig. S10), when 
Ti/Zr was larger than 1:1 (2:1, 3:1 and 1:0), peaks of UiO-66–NH2 could 
hardly be seen, consistent with SEM results, where not many UiO- 
66–NH2 nanocrystals could be seen. When Zr source used increased, due 
to the regular structure of MOF, strong diffraction peaks of UiO-66–NH2 
could be detected, confirming the formation of UiO-66–NH2. Based on 
these results, ratios 1:2, 3:4 and 1:1 of Ti source to Zr source were 
selected for the following experiment.

To elucidate the mechanism of the combination of Ti3C2Tx nano
sheets and UiO-66–NH2 nanocrystals, zeta potential of the synthesized 
Ti3C2–UiO-66–NH2 was measured. As shown in Fig. S11, bare Ti3C2Tx 
nanosheets (1:0) were negatively charged and UiO-66–NH2 (0:1) was 
positively charged. As for Ti3C2–UiO-66–NH2, all the zeta potentials 
were positive because the surface of Ti3C2Tx nanosheets was covered by 

UiO-66–NH2. With the dosage of Zr source increasing (Ti/Zr from 3:1 to 
1:4), zeta potential of Ti3C2–UiO-66–NH2 showed an increasing trend. 
This indicates that Ti3C2Tx and UiO-66–NH2 were combined by elec
trostatic interaction. To further verify this inference, Ti3C2–UiO-66 was 
synthesized under the same condition with Ti/Zr of 1:1, SEM images of 
which are shown in Fig. S12. It can be seen that Ti3C2Tx nanosheets 
remained the relatively smooth surface after the reaction and UiO-66 
nanoparticles leaned to agglomerating together rather than spreading 
on the surface of Ti3C2Tx nanosheets. Besides, zeta potential of UiO-66 
was measured to be − 0.9 ± 0.8 mV. The loss of electrostatic interac
tion might be the reason why the MOF nanoparticles did not grow on the 
MXene nanosheets. These results further indicated that the combination 
of Ti3C2Tx and UiO-66–NH2 was driven by the opposite charges on their 
surfaces.

To investigate the proper calcination temperature, TG-DSC analysis 
was carried out for Ti3C2–UiO-66–NH2(1/2), Ti3C2–UiO-66–NH2(3/4) and 
Ti3C2–UiO-66–NH2(1/1). As shown in Fig. S13, all three Ti3C2–UiO- 
66–NH2 started to lose the adsorbed moisture and organic solvent once 
being heated from the beginning. When the temperature went over 
100 ◦C, the weight loss continued until the temperature reached 500 ◦C. 
This was because the organic component is not stable in air when 
heating, and the decomposition in the thermal process accelerated when 
the temperature increased and finally reached to an end when the 
temperature went up to 500 ◦C. According to the results, the calcination 
temperature was set to 500 ◦C. Noticeably, the remnant weight per
centages of the three materials were 47.5%, 57.9% and 60.5%, respec
tively for Ti/Zr ratios of 1:2, 3:4 and 1:1. As the weight of Ti3C2Tx 
increases when turning into TiO2 while that of UiO-66–NH2 decreases 
when turning into ZrO2, lower Ti/Zr causes larger weight loss during the 
thermal process, with which the TG results agreed well.

3.3. Enrichment performance of MTMO towards phosphopeptides

In the first place, MTMO1/2, MTMO3/4 and MTMO1/1 were all 
investigated for their performance in enriching phosphopeptides from 
the mixture of α-casein and β-casein digests. Water solutions containing 
50% ACN and different volume ratios of TFA were used to optimize the 
acidity of the loading buffers. As shown in Figs. 3 and S14, S15, three 
MTMOs showed similar tendency when changing the TFA concentration 
in the loading buffer. When the TFA ratio was lower than 1.0%, although 
phosphopeptides could be detected, peaks of non-phosphopeptides were 
of high intensity and interfered with the identification of phosphopep
tides, leading to information loss of them. When the TFA ratio reached 
1% or 2%, the spectrum was predominated by the peaks of phospho
peptides, but still some peaks that does not belong to phosphopeptides 
were detected. When 5% of TFA was used, almost all the peaks of non- 
phosphopeptides were suppressed by those of phosphopeptides, giving 
the best acidity of the loading buffer. As exposing to strong acids might 
cause dissolution of the bare magnetite nanoparticles, and considering 
environmental friendliness at the same time, no higher ratio of TFA was 
investigated. The solution containing 5% TFA was chosen as the loading 
buffer. At the optimized loading buffer, comparing the spectra of three 
MTMOs, 22, 28 and 26 phosphopeptides or dephosphopeptides were 
identified after enrichment with MTMO1/2, MTMO3/4 and MTMO1/1, 
respectively. Three materials showed comparable performance and 
MTMO3/4 enriched a few more phosphopeptides, might because at the 
proper Ti/Zr, TiO2 and ZrO2 could maximize their synergistic effect 
together with Fe3O4. Therefore, MTMO3/4 was chosen for the further 
exploration.

To investigate the effect of loading time on the enrichment perfor
mance towards phosphopeptides, pNPP was used as a model substance. 
As shown in Fig. S16, adsorption equilibrium was reached within 1 min, 
and the adsorption capacity of MTMO3/4 to pNPP was calculated to be 
31.6 mg•mL− 1. After that, loading time during the enrichment of 
phosphopeptides was also studied. To ensure the reach of adsorption 
equilibrium, also considering that the whole manual operation would 
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take a couple of minutes, 2, 5 and 10 min of the loading time were 
investigated. As shown in Fig. S17, no significant difference could be 
seen with the three different loading times, indicating that 2 min is 
enough for the equilibration.

The anti-interference ability of MTMO3/4 was evaluated using the 
digest mixture of bovine α-casein, β-casein and BSA at different molar 
ratios (1:1:200, 1:1:500, 1:1:1000 and 1:1:2000). As shown in Fig. 4A 
and B, before enrichment, the peaks of phosphopeptides in the mixtures 
of the four molar ratios were hidden by the non-phosphopeptides of high 
concentration derived from BSA, and no peaks of phosphopeptides were 
detected. After enrichment, even though with the ratio of BSA went 
higher the MS spectra suffered more severe interference from the non- 
phosphopeptides, the peaks of phosphopeptides derived from 
α− /β-casein could all be detected and take the dominance of the spectra 
after enrichment.

For the determination of sensitivity, MTMO3/4 was further applied in 
different concentrations (1.0, 0.5, 0.2 and 0.1 nmol•L− 1) of α− /β-casein 
digests. As shown in Fig. 4C and D, before enrichment, no peaks of 
phosphopeptides were detected. After enrichment, however, at a con
centration of 1.0 nmol•L− 1, 16 peaks of phosphopeptides/dephospho
peptides were detected. Even when the concentration was as low as 0.1 
nmol•L− 1, still 7 peaks assigned to phosphopeptides/dephosphopep
tides could be identified, indicating the excellent sensitivity to phos
phopeptides of the MTMO-based MSPE method.

The enrichment recovery of phosphopeptides by MTMO3/4 was 
assessed using an isotope labeling method and a standard phospho
peptide (LRRA[pS]LGGK) was utilized as a model sample. As shown in 
Fig. S18 and Table S3, the recovery of the phosphopeptide was calcu
lated to be 85.3%, indicating that MTMO3/4 was competent to be an 
outstanding MSPE adsorbent for phosphopeptides.

3.4. Application in real samples

Non-fat milk was used to examine the applicability of MTMO3/4 in 
the complex samples. As shown in Fig. S19, before enrichment, the 
spectrum was dominated by non-phosphopeptides peaks and only 7 
phosphopeptides/dephosphopeptides were identified. After enrichment, 
however, 23 peaks assigning to phosphopeptides/dephosphopeptides 
could be identified, indicating the great enrichment efficiency of 
MTMO3/4. The detailed information about the enriched phosphopep
tides is summarized in Table S4.

To further verify the universal adaptability of MTMO3/4, traditional 
Chinese medicine injections (TCMIs) were employed as additional real 
samples. TCMIs, composed of active substances from traditional Chinese 
medicines, have been widely used in research and clinical practice 
[45–47]. However, adverse drug reactions (ADRs), including acute 
allergic reactions, might occur in medication. Nevertheless, due to their 
complex components from natural materials including plants, animal 
products and minerals, the mechanism of how most TCMIs work or react 
with animal/human body remains unclear [48–50]. Among all the 
possible factors that cause ADRs, protein remnants from plants and 
animals could be dangerous if injected to animal/human body. There
fore, it is necessary to develop a reliable method for the analysis of 
proteins including phosphoproteins in TCMIs.

To evaluate the effects of the TCMI matrix, a mixture of α-casein and 
β-casein of 0.1 μmol•L− 1 was spiked into QKLI or TRQI. Different ratios 
(0:1, 1:9, 1:3, 1:1, 3:1, and 1:0) of TCMI to water were investigated. As 
shown in Fig. 5, before enrichment, no matter QKLI (Fig. 5A) or TRQI 
(Fig. 5C) was investigated, when no TCMI was added in the matrix (ratio 
of 0:1), the spectra were dominated by non-phosphopeptides and only 5 
peaks assigning to phosphopeptides were detected in each spectrum. 

Fig. 3. MALDI-TOF MS spectra of α− /β-casein digests after enrichment with MTMO3/4 using water solutions containing different percentages of TFA as 
loading buffer.
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With the addition of TCMI into the matrix, peaks of all peptides were 
getting suppressed by its complex components. When the ratio reached 
1:1 or higher, most peaks including non-phosphopeptides and phos
phopeptides disappeared in the spectra. After enrichment, no matter 
what the ratio of TCMI to water was, the spectra were dominated by 
phosphopeptides in both QKLI and TRQI matrices. When the ratio of 1:0 
was investigated, suffering the interference of undiluted TCMI, the 
enrichment efficiency was affected. However, still 10 and 16 peaks of 
phosphopeptides/dephosphopeptides could be identified in QKLI and 
TRQI, respectively, indicating the strong ability of MTMO3/4 to enrich 
phosphopeptides from complex samples. The detailed information about 
the enriched phosphopeptides from TCMIs is summarized in Table S4.

The limit of detection (LOD) of phosphopeptides were further 
determined in TCMIs. Different concentrations of α-casein and β-casein 
were spiked into QKLI and TRQI. As shown in Figs. S20 and S21, before 
enrichment, because of the interference of TCMI matrices, no peaks 
assigning to any peptides could be detected. After enrichment, when the 
concentration was 10 nmol•L− 1, 14 and 13 peaks assigning to phos
phopeptides/dephosphopeptides were identified in QKLI and TRQI, 
respectively. With the concentration of α− /β-casein decreasing, the 
peaks of phosphopeptides/dephosphopeptides identified decreased, too. 
Nevertheless, even when the concentration of α− /β-casein was as low as 
0.5 nmol•L− 1, 2 peaks of phosphopeptides could still be identified in 

both TCMIs, suggesting the high sensitivity of the enrichment of phos
phopeptides from TCMIs with MTMO3/4.

4. Conclusion

In conclusion, UiO-66–NH2 nanoparticles were grown on Ti3C2Tx 
nanosheets to form a potato-chip-like 2D MXene-MOF nanocomposites, 
and after being calcined, the 2D composites remaining original structure 
turned to L-TiO2-ZrO2 and satisfactory magnetism was endowed by an 
in-situ oxidation growth method of Fe3O4 nanoparticles. Notably, during 
the synthesis of the resulting magnetic trimetallic oxides (MTMOs), a 
sonication-assisted (SA) MILD method with high productive rate was 
proposed based on the conventional MILD method to delaminate 
Ti3C2Tx into thin-layer nanosheets. Besides, a SISG method was devel
oped, instead of solvothermal method for the in-situ uniform growth of 
UiO-66–NH2 on Ti3C2Tx MXene nanosheets. Furthermore, calcination in 
air allowed the MXene-MOF nanocomposites to form oxides, increasing 
the chemical stability of the composites and at the same time main
taining the abundant Ti–O and Zr–O sites. The Fe3O4 in situ loaded 
MTMOs could enrich phosphopeptides via facile MSPE separation 
format from biomedical samples in a short time with excellent selec
tivity, powerful anti-interference ability and high sensitivity. Profiting 
from the remaining of the potato-chip-like 2D structure, the binding 

Fig. 4. MALDI-TOF MS spectra of α− /β-casein and BSA digest mixture at different molar ratios before (A) and after (B) enrichment with MTMO3/4, and MALDI-TOF 
MS spectra of α− /β-casein digests of different concentrations before (C) and after (D) enrichment with MTMO3/4.
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sites for phosphopeptides were exposed sufficiently, favoring their mass 
transfer and shortening the interaction time towards MTMOs. Therefore, 
the MTMOs prepared based on SA-MILD and SISG could serve as a 
promising affinity material for MSPE or other potential forms of sepa
ration such as packed-solid-phase-extraction to fast and efficiently 
separate and enrich not only phosphopeptides but also various 
biomedical analytes in future peptidomic/proteomic studies.
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