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• Boronic acid-functionalized magnetic 
Zr-MOF (mMOF–AAPBA) was synthe
sized via PDA.

• A protocol to assay B in the nano
material was developed by LA-ICP-MS 
with ICP-OES.

• B matrix reference material was home- 
prepared for quantitation method 
validation.

• MMOF–AAPBA capture glycopeptides 
through synergistic HILIC and BAC 
mechanisms.

• Saliva and TCMIs were analyzed to 
confirm the applicability of the 
nanocomposite.
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A B S T R A C T

Background: Glycoproteins are critical in various biological processes and attract lots of attention of researchers. 
It still remains a challenge to detect glycopeptides by mass spectrometry because of their low abundance with 
heterogeneity and lability, as well as signal suppression by non-glycopeptides. The boronate affinity-based 
enrichment is an effective solution for detecting cis-diols-containing compounds including glycopeptides in 
complex matrices. However, there has not been any report about absolute quantitation of boron in the absorbent 
materials for glycopeptides, which obstructed the tailored design of boronate affinity materials and deeper 
understanding of interaction mechanisms.
Results: This work presents the development of a boronic acid-functionalized magnetic zirconium metal-organic 
framework (mMOF–AAPBA) with actual boron content for specific capture of glycopeptides. The synthesized 
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Magnetic solid-phase extraction (MSPE)
Glycopeptide enrichment

nanocomposite could enrich glycopeptides by magnetic solid-phase extraction (MSPE) via the synergistic effect 
of hydrophilic interaction and boronate affinity. After full characterization including quantitative analysis of 
boron by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), mMOF–AAPBA was applied 
as MSPE absorbent to capture glycopeptides. Under the optimized conditions, it could enrich 28 glycopeptides 
both from horseradish peroxidase and immunoglobulin digests, with a limit of detection of 1 fmol μL− 1 coupled 
with matrix-assisted laser desorption/ionization time of flight mass spectrometry. The boronate affinity absor
bent also possessed great ability of anti-interference and good reusability. Furthermore, it possessed high per
formance in enriching glycopeptides in real samples including human saliva and traditional Chinese medicine 
injections.
Significance: In the preparation of the boron-containing nanocomposites, there is a special interest that an ac
curate protocol was established to assay boron based on LA-ICP-MS assisted by home-made matrix reference 
substances for the first time. These findings highlight the quantitative boron-containing mMOF–AAPBA as a 
robust affinity material for glycopeptide enrichment in real biological samples, offering potential applications in 
glycoproteomics and other cis-diols compound related researches.

1. Introduction

Protein glycosylation, as one of the most diverse post-translational 
modifications, forms glycoproteins through enzymatic glycosylation. 
Glycoproteins not only participate in regulating protein folding, stabil
ity, and cell signaling [1], but also play a crucial role in aging and dis
eases [2]. In bottom-up proteomics studies, glycoproteins are first 
digested, and glycopeptides are then enriched from the resulted peptide 
mixture for mass spectrometry (MS) detection [3,4]. While MS such as 
matrix-assisted laser desorption/ionization time of flight mass spec
trometry (MALDI-TOF MS) enables high-throughput protein identifica
tion, analyzing glycoproteins in complex samples remains a significant 
challenge. This is because glycopeptides usually constitute a tiny frac
tion of the total peptide mixture, and their signal intensity is generally 
lower compared to non-glycopeptides, often being suppressed by the 
presence of non-glycopeptides [5–7]. Therefore, in glycoproteomics 
research, it is crucial to preprocess samples to separate and enrich gly
copeptides, enhancing the detection sensitivity and analytical efficiency 
of glycoproteins to better understand their functions and mechanisms in 
organisms.

To date, various strategies have been developed for the selective 
enrichment of glycoproteins/glycopeptides, including hydrophilic 
interaction chromatography (HILIC) [8], boronate affinity chromatog
raphy (BAC) [9], lectin affinity [10], and hydrazine chemistry [11]. 
Among these enrichment strategies, HILIC and BAC are the most com
mon ones for magnetic solid-phase extraction (MSPE) separation.

The selective enrichment mechanism of HILIC involves separating 
glycopeptides of stronger hydrophilicity from non-glycoproteins and 
non-glycopeptides with weaker hydrophilicity, using their different 
retention behaviors in a hydrophilic stationary phase and a hydrophobic 
organic mobile phase. Hydrophilicity can be introduced by modifying 
the surface with various substances such as polydopamine (PDA) [12], 
metal-organic framework materials (MOFs) [13], covalent organic 
framework materials (COFs) [14], tryptophan [15], glutathione [16], 
and so on. Among them, PDA, derived from dopamine, stands out in 
diverse natural hydrophilic compounds including chitosan [17], phytic 
acid [18], carrageenan [19], sodium alginate [20], and the like. It could 
become an ideal hydrophilic modifier for magnetic nanoparticles in 
MSPE to enhance the performance of glycoprotein/glycopeptide 
enrichment strategies, for its biocompatibility, ease of modification, and 
ability to mimic the adhesive properties of natural adhesives. Besides, it 
meets the demands of green chemistry, which emphasizes sustainability, 
eco-friendliness, the use of renewable resources, the incorporation of 
green chemical substances into the design of materials, and encourages 
the development of innovative materials that minimize the use of toxic 
organic reagents and reduce environmental impact. MOFs, with the 
advantages of low density, high porosity and large surface area, have 
garnered considerable attention. In the great family of MOFs, Zr-based 
MOFs, with a metal center of Zr, have some special characteristics, 
such as the uniform adjustable structure, great chemical stability 

brought by strong Zr–O bonds and large coordination numbers, conve
nience of chemical modification, and incomparable biocompatibility, 
making them appropriate materials to modify the surface of nano
particles [21,22].

Boronate affinity relies on the reversible binding of boronic acid 
groups with cis-diols under different pH conditions to accomplish 
enrichment of target analytes with cis-diol structures [23]. The revers
ible binding of boronic acid and cis-diols offers unique advantages in 
solid-phase extraction. The formation and dissociation of cyclic esters, 
controlled by pH, enable easy manipulation of the adsorption/elution 
process. Besides, boronate affinity materials are valued for their 
broad-spectrum affinity and high specificity to cis-diols-containing 
compounds, as well as easy pH-based control and rapid desorption ki
netics, making them increasingly popular in recent years. In the past 
decades, the need for proteomics and glycomics researches has driven 
the rapid development of boronate affinity materials. New types, 
including nanomaterials [14,24,25], molecularly imprinted polymers 
[26], mesoporous materials [27], and monoliths [28], have been 
developed to separate various cis-diol compounds like glycoproteins 
[24,25], carbohydrates [29], nucleotides [30], and glycolipids [31].

In these past studies [24–31], the qualification of boron in the syn
thesized materials mainly depends on infrared spectrometry (IR), X-ray 
photoelectron spectrometry (XPS) and energy dispersive X-ray spec
trometry (EDS). However, the absolute quantification of boron has 
merely been reported, hindering the specific design of materials and the 
strict deduction of reaction mechanisms. The major method is XPS to 
relatively quantify boron in previous boronate affinity solid-phase 
extraction materials [32–34]. Due to the fact that XPS can only detect 
relative elemental content at the materials’ surface, it is difficult to 
achieve accurate quantitative determination of B in boronate affinity 
nanomaterials. As for EDS, boron has a Kα line of low energy (0.183 keV) 
and extremely low X-ray yield, and the beryllium window in conven
tional EDS absorbs most of its signal. Thus, B also can hardly be detected 
by EDS. Other techniques like universal ICP-MS and ICP-OES heavily 
rely on the digestion of material samples, suffering from boron loss via 
volatilization, significantly impairing measurement accuracy. To our 
knowledge, there is no report on the absolute quantification of boron in 
boronate affinity nanocomposites so far.

Laser ablation inductively coupled plasma mass spectrometry (LA- 
ICP-MS) is a powerful analytical technology that enables high sensitive 
elemental and isotopic analysis to be performed directly on solid sam
ples. It begins with a laser beam focused on the sample surface to 
generate fine particles. The ablated particles forming an aerosol are then 
transported to the plasma torch of ICP-MS instrument by helium for 
atomization and ionization of sample components, which are subse
quently introduced to a mass spectrometer detector for both elemental 
and isotopic analysis.

There are basically two categories of strategies [35,36] when 
modifying boronic acid on MOFs: (1) post-synthetic modification of 
boronic acid; (2) introducing boronic-acid-containing ligands during the 
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synthesis of MOFs. Comparing to the second category, post-modification 
could expose more binding sites of boronic acid on the surface and has a 
higher utilization efficiency of reactants.

This present work developed a boronic acid-functionalized magnetic 
zirconium metal-organic framework material and applied it for separa
tion and enrichment of glycopeptides. After UiO-66–NH2 was modified 
on PDA-coated Fe3O4 nanoparticles to produce Fe3O4@PDA@UiO- 
66–NH2 (mMOF), a post-synthetic modification approach was used to 
introduce boronic acid groups by reacting with 3-acrylamidophenylbor
onic acid (AAPBA). The obtained mMOF–AAPBA was well character
ized. Especially, B and Zr were precisely quantified with a newly 
proposed LA-ICP-MS-based method. Subsequently, horseradish peroxi
dase (HRP) digests were used to optimize loading and elution condi
tions. Under optimal conditions, the detection limit, anti-interference 
ability, and reusability of mMOF–AAPBA were investigated. The 
enrichment performance of mMOF–AAPBA was further evaluated on 
immunoglobulin G (IgG) digests. Finally, the applicability of 
mMOF–AAPBA was assessed in real samples, including human saliva 
and traditional Chinese medicine injections (TCMIs). Experimental re
sults demonstrated that mMOF–AAPBA could effectively enrich glyco
peptides from both model and real samples, providing an ideal 
alternative absorbent for MSPE to enrich glycopeptides from complex 
samples.

2. Experimental section

2.1. Chemicals

Methanol, dimethylformamide (DMF), 3-acrylamidophenylboronic 
acid (AAPBA), acetonitrile (ACN, HPLC grade) and ammonium bicar
bonate (NH4HCO3) were bought from Macklin (Shanghai, China). 
Anhydrous sodium acetate, ethanol, ethylene glycol, H3PO4 (85 %) and 
urea were bought from Sinopharm Chemical Reagent Co. Ltd. 
(Shanghai, China). ZrCl4, ZrO2 and trifluoroacetic acid (TFA, HPLC 
grade) were bought from Aladdin (Shanghai, China). 2-Aminotereph
thalic acid (ATPA) and 2,5-dihydroxybenzoic acid (DHB, HPLC grade) 
were bought from TCI (Shanghai, China). FeCl3⋅6H2O and dopamine 
hydrochloride were bought from Heowns (Shanghai, China). Tris 
(hydroxymethyl)aminomethane (Tris) were bought from Biofroxx 

(Einhausen, Germany). Dithiothreitol (DTT) was bought from Roche 
Diagnostics (Mannheim, Germany). Iodoacetamide (IAA), horseradish 
peroxidase (HRP), immunoglobulin G (IgG), bovine serum albumin 
(BSA) and trypsin from bovine pancreas (TPCK treated) were bought 
from Sigma-Aldrich (St. Louis, MO, USA). All chemicals mentioned 
above were analytical grade except indicated in brackets and could be 
used without further purification. Ultrapure water was prepared with a 
Milli-Q water purification system (Millipore, Billerica, MA, USA). 
Human saliva samples were provided by healthy volunteers and ob
tained by standard “drooling method”, which was approved by the 
Medical Ethical Committee of Nanjing University. TCMIs Shenmai (SM), 
Qingkailing (QKL) and Reduning (RDN) injections were provided by 
Jiangsu Institute for Food and Drug Control (Nanjing, China).

2.2. Synthesis of mMOF–AAPBA

The synthesis process of mMOF–AAPBA is shown in Scheme 1A. The 
preparation of Fe3O4@PDA@UiO-66–NH2 (mMOF) based on the pre
vious work of our research group [37] is described in Text S1 in Sup
porting Information. Subsequently, boronic acid was post-modified on 
Fe3O4@PDA@UiO-66–NH2 according to Ref. [38] with minor adjust
ment. In brief, 0.10 g mMOF and 0.08 g AAPBA were carefully added 
into the bottom of 25 mL polytetrafluoroethylene liner, and 10 mL ul
trapure water was added into the liner. After being sonicated for 20 min 
to make the suspension mixed well, the liner was placed into a 
stainless-steel high-pressure reaction kettle. The kettle was sealed and 
maintained at 120 ◦C for 48 h. After the kettle was cooled, the resulted 
mMOF–AAPBA nanocomposites were separated with a magnet and then 
washed three times with ultrapure water and ethanol. Finally, 
mMOF–AAPBA was dried under vacuum at 50 ◦C overnight.

2.3. Characterization of mMOF–AAPBA

Transmission electron microscopy (TEM) images were taken on a 
Tecnai G2 F20S-TWIN microscope (FEI, Hillsboro, OR, USA). Scanning 
electron microscopy (SEM) images were taken on a S–3400 N II micro
scope (Hitachi, Tokyo, Japan) connected to a Bruker Quantax 200 
energy-dispersive spectrometer (EDS, Bruker, Karlsruhe, German). 
Fourier-transform infrared (FT-IR) spectra were obtained on a Nicolet- 

Scheme 1. Synthesis strategy of mMOF–AAPBA (A) and strategy for enrichment of glycopeptides using mMOF–AAPBA as MSPE absorbent (B).
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6700 FT-IR spectrometer (Thermo-Fisher, Waltham, MA, USA) in 
attenuated total reflection (ATR) mode. Thermal analysis was conducted 
using a STA-499C analyzer (Netzsch, Selb, Germany). Bru
nauer–Emmett–Teller (BET) surface area analysis was performed on an 
ASAP 2460 system (Micromeritics, Norcross, GA, USA). X-ray diffraction 
(XRD) patterns were collected using a Bruker D8 Advance diffractometer 
(Bruker, Karlsruhe, Germany). X-ray photoelectron spectroscopy (XPS) 
was performed on a PHI5000 Versa Probe spectrometer (ULVAC Tech
nology, Kanagawa, Japan). The hysteresis loop was measured on a 
superconducting quantum interference device-vibrating sample 
magnetometer (SQUID-VSM, Quantum Design, San Diego, CA, USA). 
The water contact angles of the materials were measured on a KRÜSS 
DSA30S drop shape analyzer (Hamburg, Germany). LA-ICP-MS analysis 
was performed on a laser ablation (New Wave, Cambridge, U.K.) 
coupled with an inductively coupled plasma mass spectrometry (Nex
ION 300, PerkinElmer, Waltham, MA, USA). Inductively coupled plasma 
optical emission spectroscopy (ICP-OES) was performed on an Avio 500 
system (PerkinElmer, Waltham, MA, USA). The adsorption capacity of 
mMOF–AAPBA towards HRP was analyzed by UV–vis spectrophotom
etry on a NanoDrop 2000 spectrophotometer (Thermo-Fisher, Waltham, 
MA, USA).

2.4. Determination of B and Zr

2.4.1. Preparation of home-made matrix reference materials (MRMs)
The matrix reference materials (MRMs) were home-made to accu

rately quantify B in the mMOF–AAPBA nanocomposites prepared in this 
work. Determination of an element in the same or similar composition 
can eliminate the matrix influence on the result. Based on the in
gredients of mMOF–AAPBA, Fe3O4, ZrO2, ATPA and AAPBA were cho
sen as the components of MRMs, where ZrCl4 was replaced with ZrO2 
due to the instability of ZrCl4 in moisture air. The details of MRMs are 
listed in Table 1, in which, mFe3O4, mZrO2, mATPA and mAAPBA are the 
weighed amounts of Fe3O4, ZrO2, ATPA and AAPBA for preparing MRMs 
respectively, and mTotal is their total weighed amount, while wtB and 
wtZr are the final weight percentage contents of B and Zr in MRMs 
respectively.

2.4.2. Determination of B and Zr by LA-ICP-MS
The laser system of LA-ICP-MS, with wavelength quadrupled to 213 

nm, was equipped with a large format ablation cell. Line scans of the 
sample pellets were carried out at a spot size of 100 μm, a scanning speed 
of 100 μm s− 1, an interline spacing of 400 μm, a repetition rate of 20 Hz, 
and an energy output of 0.012 J cm− 2. 13C was used as the internal 
standard to correct variations in ablation, transport, and ionization ef
ficiency. Signals of B and Zr were recorded for the quantitative deter
mination of them in the sample assayed. The LA system focuses a laser 
beam on the sample surface, instantly vaporizing small sample particles, 
which forms an aerosol that is transported to ICP system by helium. 
Therefore, for powdered samples, it is necessary to compress them into 
pellets to prevent dispersal by helium into the ablation chamber [39]. 
The mMOF–AAPBA pellets were pressed using a tablet press shown in 
Fig. 1. Before sent to LA-ICP-MS analysis, the pressed pellets were fixed 
onto glass slides with double-sided adhesive tape.

2.4.3. Determination of Zr by ICP-OES
In order to accurately determine B content in mMOF–AAPBA by LA- 

ICP-MS, Zr content determined in the nanocomposite by ICP-OES was 
used as internal standard. 0.1 g of mMOF–AAPBA was accurately 
weighed and placed in a PTFE beaker. Then 5 mL of concentrated HNO3 
and 0.5 mL of H2O2 were added and allowed to sit for several hours and 
be heated on a hot plate. After cooling, 0.5 mL of H2O2 was added and 
heated until nearly dry, and then a small amount of concentrated HNO3 
and H2O2 were added multiple times until the solution is clear. The 
solution was concentrated to 2 mL to remove excess HNO3 and H2O2, 
and transferred to a 25 mL volumetric flask for dilution to volume with 
ultrapure water for ICP-OES determination of Zr concentration. Pa
rameters of ICP-OES are given in Table S1.

2.5. Sample preparation of standard glycoproteins and actual samples

Tryptic digestion of HRP, IgG and BSA was carried out following our 
previous work [37]. Text S2 in Supporting Information provided the 
procedures in detail. The pretreatment of human saliva involved mixing 
the saliva with 2 % TFA at a volume ratio of 1:1. The mixture was 
incubated at 25 ◦C for 1 h, followed by centrifugation. The supernatant 
was then collected and centrifugally concentrated by a Labconco Cen
triVap Vacuum Concentrator (Labconco, Kansas City, MO, USA) to 
remove the solvent. As for TCMIs, the tryptic digestion method for 
HRP-spiked SM injection solution is as follows: 87 μL of 1.0 mg mL− 1 

HRP solution was added to 10 mL of SM injection to prepare the 
HRP-spiked SM injection solution. The 10 mL HRP-spiked SM injection 
solution was ultrafiltered using an Ultra-15 centrifugal filter unit (Mil
lipore, Billerica, MA, USA). After the membrane was washed three times 
with 100 mM NH4HCO3, the proteins retained on the membrane were 
redissolved in approximately 1 mL of 100 mM NH4HCO3. The following 
digestion steps were consistent with the method for IgG. The obtained 
solutions were then centrifugally concentrated to remove the solvent. 
The tryptic digestion procedures and spiking levels for QKL injection and 
RDN injection were consistent with those used for SM injection. All the 
sample solutions mentioned above were stored at − 20 ◦C before use.

2.6. Enrichment of glycopeptides and MALDI-TOF MS analysis

The work process of glycopeptides enrichment is also shown in 
Scheme 1B. Before enrichment, HRP or IgG digests was diluted to 
desired concentration, and human saliva and the injection remnants 
were redissolved into 1.0 mL of 90 % ACN - 9.9 % H2O - 0.1 % TFA 
(volume ratio) solution. And then, an aliquot of 10 μL mMOF–AAPBA 
dispersion (20 mg mL− 1) was added to 200 μL of the sample solution. 
Subsequently, the mixture was vortexed at room temperature for 45 
min. The mMOF–AAPBA was separated with the assistance of a magnet. 
After being washed with loading solution, 10 μL of 30 % ACN - 69 % H2O 
- 1 % TFA taken as the eluent was added to elute the adsorbed glyco
peptides by vortexing. The supernatant was collected and detected by 
MALDI-TOF MS described as follows.

After glycopeptides enrichment with mMOF–AAPBA, 1.0 μL of the 
collected supernatant was spotted onto target spots of MALDI-TOF MS 
target plate using a pipette gun. After evaporation of the added super
natant, 1.0 μL of DHB matrix (20 mg mL− 1 dissolved in 50 % ACN - 49 % 

Table 1 
Information of MRMs.

MRMs mFe3O4 mZrO2 mATPA mAAPBA mTotal wtB wtZr wtB/wtZr

g %

Std.S_2.0 0.1110 0.0670 0.0322 0.0692 0.2794 1.8096 17.7544 0.1019
Std.S_1.0 0.1177 0.0710 0.0677 0.0356 0.2920 0.8908 18.0095 0.0495
Std.S_0.5 0.1177 0.0710 0.0854 0.0180 0.2921 0.4502 18.0033 0.0250
Std.S_0.2 0.1177 0.0710 0.0954 0.0074 0.2915 0.1855 18.0403 0.0103
Std.S_0.1 0.1177 0.0710 0.0982 0.0032 0.2901 0.0806 18.1274 0.0045
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H2O - 1 % H3PO4) was spotted onto the target spots. The dried sample 
spots were analyzed using a Bruker ultrafleXtreme MALDI-TOF/TOF 
mass spectrometer (Bruker, Karlsruhe, Germany). The analysis 
employed Smartbeam-II laser in positive reflection mode, with an ac
celeration voltage of 25 kV.

3. Results and discussion

3.1. Characterization of mMOF–AAPBA

The morphology of mMOF–AAPBA was characterized by TEM and 
SEM. TEM images at different magnifications of mMOF–AAPBA 
(Fig. 2A–C) revealed nanoparticles with a distinct core-shell structure 

and a well-defined spherical shape. SEM images at different magnifi
cations of mMOF–AAPBA (Fig. 2D–G) showed numerous protrusions on 
the surface of the nanoparticles, which was probably caused by modi
fication with UiO-66–NH2. Additionally, the spherical structure of the 
nanoparticles was well-preserved after modification of UiO-66–NH2. 
The EDS elemental mapping images corresponding to Fig. 2G 
(Fig. 2H–K) clearly demonstrated that the Fe, Zr, N, and O elements were 
evenly distributed in mMOF–AAPBA.

FT-IR spectra of the prepared Fe3O4@PDA, mMOF, and 
mMOF–AAPBA are shown in Fig. 3A. The FT-IR spectrum of 
Fe3O4@PDA shows peaks at 1606 and 1505 cm− 1 corresponding to the 
stretching vibration of aromatic C––C bonds, a peak at 1437 cm− 1 cor
responding to the bending vibration of N–H bonds, and a peak at 1294 

Fig. 1. Digital image of mMOF-AAPBA pellet in front view (A) and side view (B).

Fig. 2. TEM images of mMOF–AAPBA (A–C); SEM images (D–G) and SEM-EDS elemental mapping pictures of G: Fe (H), Zr (I), N (J), O (K).
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cm− 1 corresponding to the stretching vibration of C–O bonds. The FT-IR 
spectrum of mMOF exhibits enhanced peaks at 1384 and 1434 cm− 1 

attributed to the symmetric stretching vibrations of the carboxyl groups, 
and a new peak at 1562 cm− 1 assigned to the asymmetric stretching 
vibrations of the carboxyl groups in the amino-terephthalic acid ligand 

of Zr-MOF. The peak at 1256 cm− 1 corresponded to the stretching vi
bration of the C–N bonds in ATPA and PDA. Upon modification with 
AAPBA, the intensities of peaks between 1500 and 1000 cm− 1 increased. 
Fig. 3B showed an enlarged view of the spectra of mMOF and 
mMOF–AAPBA in this region, where new absorption peaks appeared at 

Fig. 3. FT-IR spectra of Fe3O4@PDA, mMOF and mMOF–AAPBA (A); FT-IR spectra of mMOF and mMOF–AAPBA between 1500 and 1000 cm− 1 (B); XRD patterns of 
Fe3O4@PDA, mMOF and mMOF–AAPBA (C); Magnetization curves of Fe3O4@PDA, mMOF and mMOF–AAPBA (D).

Fig. 4. XPS full scan spectrum of mMOF–AAPBA (A); Zr 3d (B), N 1s (C) and B 1s (D) XPS segmented spectra of mMOF–AAPBA.
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1178, 1062, and 1027 cm− 1. According to the literature [35], these 
peaks were respectively attributed to the bending vibration of the B–O 
bonds, stretching vibration of the C–B bonds, and bending vibration of 
the B–O bonds, reflecting the modification with boronic acid groups. 
Fig. 3C presented the XRD patterns of Fe3O4@PDA, mMOF and 
mMOF–AAPBA. All three XRD patterns exhibit strong diffraction peaks 
at 2θ values of 30.2◦, 35.5◦, 43.2◦, 53.5◦, 57.1◦, and 62.7◦, respectively 
corresponding to the (220), (311), (400), (422), (511), and (440) crystal 
planes of Fe3O4. Compared to Fe3O4@PDA, new strong diffraction peaks 
appeared at 2θ values of 7.4◦ and 8.5◦ in the XRD patterns of mMOF and 
mMOF–AAPBA, which were characteristic peaks of UiO-66–NH2, 
respectively indicating the synthesis of MOF and the retention of 
structure after boronic acid modification. To characterize the magnetic 
response of mMOF–AAPBA to an external magnetic field, a vibrating 
sample magnetometer was used to test the magnetism of Fe3O4@PDA, 
mMOF, and mMOF–AAPBA. The resulting hysteresis curves were shown 
in Fig. 3D. Upon modification with AAPBA, the saturation magnetiza
tion of mMOF–AAPBA was 41.5 emu•g− 1, obviously lower than 
Fe3O4@PDA but slightly lower than mMOF, because AAPBA modifica
tion only involves reaction with ATPA causing no significant mass in
crease. The high magnetic response means that the nanomaterial can be 
rapidly separated from a solid-liquid mixture in a magnetic field.

XPS was then used to determine the elemental composition of 
mMOF–AAPBA. As shown in Fig. 4, the XPS spectrum of mMOF–AAPBA 
clearly displays peaks for B 1s, C 1s, N 1s, O 1s, and Zr 3d, indicating the 
presence of Zr-MOF and boronic acid groups. Since XPS typically ana
lyzes a thin layer of about 10 nm from the surface [40], and Fe3O4 was 
coated with PDA, Fe element could not be detected. The XPS results 
listed in Table S2 showed an atomic percentage (at%) of 2.42 % for B 
and 1.73 % for Zr, while a weight percentage (wt%) of 1.83 for B and 
11.01 for Zr. Fig. S1 shows the SEM-EDS spectrum of mMOF–AAPBA. 
Due to the deeper scanning depth of EDS, more of the inner Zr atoms and 
Fe atoms are detectable, resulting in an increased atomic percentage of 
Zr (2.92 %) compared to XPS, and an evident signal for Fe that was not 
observed by XPS. However, due to the limitations of the EDS detection 
principle [41], B could not be detected by this technique yet.

To investigate the hydrophilicity of the materials, water contact 
angles were measured. As shown in Fig. S2, the water contact angles of 
Fe3O4, Fe3O4@PDA, mMOF and mMOF–AAPBA were 37.7◦, 35.1◦, 18.8◦

and 24.0◦, respectively. According to the results, after the coating of 
PDA and modification of MOF, the hydrophilicity of the prepared ma
terials increased. And after the modification of AAPBA, the hydrophi
licity slightly decreased because AAPBA is less hydrophilic than mMOF 
and thus decrease the hydrophilicity of mMOF–AAPBA. Even though, 
mMOF–AAPBA possessed great hydrophilicity. Together with the 
introduction of boronate groups, mMOF–AAPBA was able to enrich 
glycopeptides through the synergetic effects of HILIC and BAC.

To assess the adsorption capacity of mMOF–AAPBA as a MSPE 
adsorbent, its specific surface area was measured via N2 adsorption/ 
desorption using BET analysis. The isotherm (Fig. S3) shows a type IV 
curve, with a BET surface area of 44.48 m2 g− 1 and a total pore volume 
of 0.058 cm3 g− 1, indicating good adsorption capacity. Then, the 
adsorption capacity of mMOF–AAPBA was investigated using HRP as a 
model substance. As shown in Fig. S4, its adsorption capacity to HRP 
was 15.2 mg g− 1.

Thermal stability test (Fig. S5) reveals a 5 % weight loss from room 
temperature to 100 ◦C due to water and solvent evaporation, followed 
by another 5 % loss up to 275 ◦C from dehydroxylation. Between 275 ◦C 
and 600 ◦C, a 52 % weight loss occurs due to MOF decomposition and 
PDA carbonization.

3.2. Determination of B in mMOF–AAPBA

As the performance of boronate affinity greatly depends on the 
proportion of boronic acid ligands in mMOF–AAPBA, a new method was 
established for accurate assay of boron in the materials through LA-ICP- 

MS validated via home-made MRMs in combination with ICP-OES in this 
work. After reaction to synthesize mMOF–AAPBA, the actual amount 
remained unknown of each element in mMOF–AAPBA, including zir
conium, although the ingredient dose was known. Therefore, series 
MRMs consisting of Fe3O4, ZrO2, ATPA and AAPBA were made in the lab 
to simulate the components of mMOF–AAPBA. Because zirconium is 
stable and not easy to be introduced by non-human factors, it was 
chosen as the internal standard to quantify boron. The MRMs of gradient 
content and three times of mMOF–AAPBA were tested using LA-ICP-MS, 
and the signal intensities of B and Zr (SIB and SIZr) were recorded in 
Table S3 and Table 2, respectively for MRMs and mMOF–AAPBA. The 
LA-ICP-MS spectra of MRMs (Std.S_1.0 in Table 1) and mMOF–AAPBA 
are depicted in Fig. S6. Based on the actual ingredient weights (Table 1) 
and the signal intensities (Table S3) of MRMs, a linear relationship 
(Fig. S6A) between the signal intensity ratio of B to Zr (SIB/SIZr) and the 
weight ratio of B to Zr (wtB/wtZr) could be established with a correlative 
coefficient (R2) of 0.9991: 

SIB
SIZr

=0.3657 ×
wtB
wtZr

− 0.0005 

Subsequently, wtB/wtZr of mMOF–AAPBA was calculated based on 
the equation, as well as the SIB and SIZr values from Fig. S6B. With the 
signal intensity recorded from LA-ICP-MS and the average Zr content in 
the prepared mMOF–AAPBA determined by ICP-OES (wtZr = 12.62 %), 
its B weight content (wtB) is finally calculated as listed in Table 2. The 
average weight content of B of triplicate in the mMOF-AAPBA was 
(0.482 ± 0.038)%, with relative standard deviations (RSD) of 7.8 %. The 
result obtained from the proposed protocol is much smaller than XPS 
result (B weight percentage of 1.83 %, Table S2), mainly because XPS 
can’t deeply see through the nanocomposite, causing a higher value of 
the amounts of the elements on the surface of the material.

3.3. Performance of glycopeptide enrichment by mMOF–AAPBA

Prior to evaluating the glycopeptide enrichment performance of 
mMOF–AAPBA with model protein digests, the loading and elution 
conditions were optimized for glycopeptide enrichment. For loading, 
mixtures of ACN/H2O/TFA with varying acetonitrile ratios (95 % ACN - 
4.9 % H2O - 0.1 % TFA, 90 % ACN - 9.9 % H2O - 0.1 % TFA, and 85 % 
ACN - 14.9 % H2O - 0.1 % TFA) were investigated, as reported in pre
vious studies [36]. The 90 % ACN mixture provided the best results 
(Fig. S7), increasing glycopeptide peaks while reducing 
non-glycopeptide peaks. Therefore, 90 % ACN - 9.9 % H2O - 0.1 % TFA 
was selected for subsequent experiments. For elution, ACN ratio was 
fixed at 30 % to check the effect from the concentration of TFA (2 %, 1 
%, and 0.5 %). And ACN ratio was tested (20 %, 30 %, and 40 %) with a 
fixed TFA concentration of 1 %. As indicated by the data in Figs. S8 and 
S9, the optimal elution condition was 30 % ACN - 69 % H2O - 1 % TFA, 
as it effectively eluted glycopeptides while minimizing non-glycopeptide 
peaks.

Fig. 5A shows the mass spectrum of a 100 fmol μL− 1 HRP tryptic 
digest without any enrichment, where non-glycopeptide peaks dominate 
the spectrum. The high concentration of non-glycopeptides leads to a 
strong matrix effect, which suppresses the signals from low-abundance 
glycopeptides. However, after enrichment with mMOF–AAPBA 
(Figs. 5B), 28 distinct glycopeptide peaks were identified, indicating 
successful glycopeptide isolation. Detailed information about these 
enriched glycopeptides is provided in Table S4. To assess the sensitivity 
of mMOF–AAPBA for detecting glycopeptides, it was applied to HRP 
tryptic digests at lower concentrations of 10 and 1 fmol μL− 1 (Fig. 5C 
and D). Notably, even at 1 fmol μL− 1, 5 glycopeptide peaks could still be 
detected, underscoring the material’s ability to enrich low-abundance 
glycopeptides effectively. Similarly, enrichment of IgG tryptic digests 
also demonstrated strong performance (Fig. 6). After treatment with 
mMOF–AAPBA, 28 glycopeptide peaks were observed at a concentration 
of 100 fmol μL− 1 (Fig. 6B), with detailed data listed in Table S5. Even at 
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Table 2 
LA-ICP-MS detection results of mMOF–AAPBA (n = 3).

Times SIB SIZr SIB/SIZr wtB/wtZr wtB/% Mean/% RSD/%

1 901388 59411605 0.01517 0.04162 0.525 0.482 7.8
2 895972 68058777 0.01317 0.03613 0.456
3 2443725 181942076 0.01343 0.03686 0.465

Fig. 5. MALDI-TOF mass spectrum of 100 fmol μL− 1 HRP tryptic digests before mMOF–AAPBA enrichment (A) and MALDI-TOF mass spectra of HRP tryptic digests 
after enrichment with mMOF–AAPBA at different concentrations of 100 fmol μL− 1 (B), 10 fmol μL− 1 (C) and 1 fmol μL− 1 (D). Peaks of glycopeptides are labeled 
with “*“.

Fig. 6. MALDI-TOF mass spectrum of 100 fmol μL− 1 IgG tryptic digests before mMOF–AAPBA enrichment (A) and MALDI-TOF mass spectra of IgG tryptic digests 
after enrichment with mMOF–AAPBA at different concentrations of 100 fmol μL− 1 (B), 10 fmol μL− 1 (C) and 1 fmol μL− 1 (D). Peaks of glycopeptides are labeled 
with “*“.
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the lower concentration of 1 fmol μL− 1, 5 glycopeptide peaks remained 
visible, further illustrating the low detection limit of the method 
(Fig. 6D). The enhanced detection sensitivity can be attributed to the 
combined effects of HILIC and BAC. The hydrophilicity is provided by 
the abundant amino and hydroxyl groups in PDA, the Zr–O clusters in 
Zr-MOF, and the amide groups introduced via boronic acid modifica
tion. The affinity for glycopeptides is enhanced by the boronic acid 
groups, while the integrated Fe3O4 nanocore endows the material with 
robust magnetic responsiveness. This enables a streamlined, gentle 
magnetic separation process that significantly reduces sample manipu
lation and minimizes solvent consumption compared to traditional 
centrifugation/filtration methods.

In real application, glycopeptides face interference not only from 
non-glycopeptides derived from glycoproteins but also from other pro
teins and various non-protein substances. To evaluate the interference 
resistance and selectivity of mMOF–AAPBA, it is critical to assess its 
ability to enrich glycopeptides in the presence of high concentrations of 
peptides derived from non-glycosylated proteins. By preparing mixtures 
of HRP and BSA digests at molar ratios of 1:20, 1:50, and 1:100, and then 
using mMOF–AAPBA for glycopeptide enrichment, the results are 
depicted in Fig. 7. Remarkably, even at an HRP-to-BSA molar ratio of 
1:100, 14 glycopeptide peaks of high intensity were detected post- 
enrichment, with the mass spectrum predominantly showing glyco
peptides and minimal interference from non-glycopeptides present in 
the BSA digest. This indicates that mMOF–AAPBA exhibits strong 
selectivity for glycopeptides, even in complex mixtures. The high 
selectivity is primarily attributed to the strong hydrophilicity contrib
uted by amide groups, Zr-MOF and polydopamine, as well as the specific 

affinity from the boronic acid groups, which provides excellent recog
nition of glycopeptides through HILIC and BAC mechanisms, enabling 
efficient isolation of glycopeptides from complex biological matrices.

Key performance indicators for MSPE materials include their reus
ability and whether their enrichment efficiency declines after repeated 
use. To assess the reusability of mMOF–AAPBA, glycopeptide enrich
ment was performed over multiple cycles using the same batch of the 
material. After each cycle, the mMOF–AAPBA was thoroughly washed 
with elution solution and equilibrated with loading solution before the 
next round of enrichment. As shown in Fig. S10, mMOF–AAPBA 
enriched 21, 20, and 20 glycopeptide peaks across three consecutive 
uses. These results demonstrate that mMOF–AAPBA maintains its 
enrichment capability after multiple uses, highlighting its strong reus
ability and chemical stability in glycopeptide enrichment.

3.4. Application of mMOF–AAPBA in real complex samples

Research on enrichment and detection of low-abundance glycopep
tides in saliva has become a hotspot because these molecules can serve 
as non-invasive biomarkers for early disease diagnosis and monitoring. 
Since saliva is a complex sample containing other biochemical mole
cules, it is necessary to perform separation and enrichment of low- 
abundance endogenous glycopeptides before detection [42,43]. As 
shown in Fig. 8A, before enrichment, only three very weak glycopeptide 
peaks were identified from human saliva. After enrichment with 
mMOF–AAPBA, 24 glycopeptide peaks were observed, as compared 
with the published literatures (Fig. 8B) [15,16,44]. The mass spectrum 
peaks were predominantly glycopeptide peaks, demonstrating the 
applicability of mMOF–AAPBA for glycopeptide enrichment in actual 
samples. Detailed information about the glycopeptides enriched from 
human saliva by mMOF–AAPBA is shown in Table S6.

The increasing concerns about the safety of Traditional Chinese 
Medicine injections (TCMIs) have highlighted the importance of precise 
and reliable detection methods, particularly for proteins and other 
biomolecules that may be present in low abundance. Even in low 
abundance, proteins might cause severe adverse drug reaction such as 
hypersensitivity. These concerns have driven the need for more sensitive 
and accurate analytical techniques with separation and enrichment 
strategies to ensure the safety and efficacy of TCMIs [45,46]. Mass 
spectra of glycopeptide enrichment using mMOF–AAPBA in human 
saliva demonstrate the material’s capability to enrich glycopeptides in 
biological fluids. Three kinds of TCMIs, SM, QKL and RDN injections 
were further investigated. As shown in Fig. 8C, the direct detection of 
HRP-spiked SM injection showed numerous high-intensity peaks from 
polysorbate 80 which was used as a solubilizer and stabilizer in TCMIs, 
severely suppressing signals of glycopeptides, with only two 
low-intensity glycopeptide peaks observed. After enrichment with 
mMOF–AAPBA (Figs. 8D), 21 glycopeptide peaks were observed, and 
the signals of the interfering peaks were greatly decreased. The 
enrichment results of HRP-spiked QKL injection and RDN injection are 
shown in Fig. S11 and S12, respectively. Glycopeptide peaks from the 
spiked injections could be clearly observed in the mass spectra after 
enrichment and verified the applicability for TCMIs injection. In sum
mary, after the enrichment of the three glycoprotein-spiked TCMIs using 
mMOF–AAPBA, it is evident that all the enriched glycopeptides are 
originated from the spiked HRP. These results reminds that the three 
injections may not contain glycopeptide components. The glycopeptide 
peak information of the three spiked traditional Chinese medicine in
jections is shown in Table S7.

4. Conclusions

In conclusion, a boronic acid-functionalized magnetic zirconium 
metal-organic framework (mMOF–AAPBA) with PDA as the interme
diary was synthesized and applied in the MSPE separation and enrich
ment of glycopeptides. The most interesting aspect of this study is that, 

Fig. 7. MALDI-TOF mass spectra of HRP and BSA tryptic digests mixture 
enriched with mMOF–AAPBA at different molar ratios of 1:20 (A), 1:50 (B) and 
1:100 (C). Peaks of glycopeptides are labeled with “*“.
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during the characterization process, a protocol for accurate determina
tion of boron in MOFs based nanocomposites was developed by using 
LA-ICP-MS in combination with ICP-OES, and being validated with 
home-made MRMs. The acquisition of actual boron content may not 
only facilitate the prospective design of novel boronate affinity mate
rials, but also deepen the understanding to the interaction mechanisms 
towards cis-diols-containing analytes including glycopeptides. Another 
one is that the nanocomposite prepared with PDA as bridge for post- 
modification of UiO-66–NH2 and then boronic acid, which aligns with 
the principles of green chemistry, captured glycopeptides through the 
synergistic effect of HILIC and BAC mechanisms. In addition, it is well 
known that post-synthetic modification allows higher utilization effi
ciency and exposing rate of boronic acid groups. This is probably the 
cause the excellent performance in enriching glycopeptides of 
mMOF–AAPBA was observed in IgG and HRP digests. Furthermore, 
human saliva and TCMIs were employed as real-world samples for 
assessing the applicability of the boronate affinity material for glyco
peptides, which indicated that mMOF–AAPBA is a promising candidate 
for capturing cis-diols compounds from multiple kinds of biological 
samples.
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