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Abstract
Highly selective glycopeptide enrichment is important before mass spectrometry analysis because of the ultra-low abundance of
glycopeptides in the peptide mixtures. Herein, a UiO-66-NH2-based magnetic composite was prepared and used for the hydro-
philic enrichment of glycopeptides. The composite was modified with phytic acid (PA) molecules by partially replacing 2-
aminoterephthalic acid ligands in UiO-66-NH2, with electrostatic interactions also promoting this modification process. Based on
the hydrophilicity of both the PAmolecules and the UiO-66-NH2 skeleton, the resulting material, denoted asMUiO-66-NH2/PA,
showed excellent dual hydrophilicity towards glycopeptide enrichment. Compared with pure UiO-66-NH2, the specific surface
area and hydrophilicity of the prepared material were increased, andMUiO-66-NH2/PA exhibited goodmagnetic responsiveness
to facilitate a convenient enrichment procedure. HRP and IgG were used as standard proteins to evaluate the glycopeptide
enrichment properties, with 21 and 34 glycopeptides enriched from their tryptic digests. Furthermore, MUiO-66-NH2/PA
showed outstanding sensitivity (1 fmol/μL) and selectivity (HRP/BSA = 1:1000), and achieved remarkable glycopeptide enrich-
ment performance for practical human serum samples. Notably, MUiO-66-NH2/PA showed perfect reusability and stability,
achieving enrichment performance after five cycles similar to that of the first use. This material can be used for glycopeptide
enrichment to obtain further glycosylation information, providing the possibility for cancer treatment.
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Introduction

Protein glycosylation is among the most widespread post-
translational modifications in biological entities, influencing
many vital activities, including cellular growth, recognition,
adhesion, spread, and immune response [1–3]. Abnormal gly-
cosylationmight be related tomany human neurodegenerative
diseases and cancers, such as Alzheimer’s disease and breast
cancer [4]. Analyzing glycosylation information can help
identify new disease biomarkers or drug targets. The current

research on glycoproteomics is based mainly on biological
mass spectrometry (MS) [5, 6]. However, owing to their high
molecular weight and complex physical and chemical proper-
ties, enriching whole glycoproteins is more difficult, with the
identification of whole glycoproteins showing low reliability
[7, 8]. Therefore, the strategy of digesting glycoproteins into
peptides is being more widely employed, facilitating the ac-
quisition of detailed glycosylation information for comparison
and supplementation with protein databases. However, the
glycopeptide content accounts for only about 2% of peptide
mixtures, with mass spectrum signals largely masked by non-
glycopeptides [9]. Therefore, enriching glycopeptides before
MS analysis is important.

At present, there are several methods for glycopeptide en-
richment, including lectin affinity, hydrazide chemistry, boric
acid affinity, and hydrophilic interaction [10–14]. Among
these methods, hydrophilic interaction exhibits significant ad-
vantages. For example, the enrichment performance is not
affected by glycoforms and the enrichment process does not
destroy carbohydrate chain structures [15]. Metal organic
frameworks (MOFs) possess abundant pores and high specific
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surface area, providing great potential for glycopeptide enrich-
ment [16]. Glycopeptide enrichment using hydrophilic MOFs
is dependent mainly on their own hydrophilic interactions.
However, interactions between the MOFs and glycopep-
tides are limited. MOF modification can significantly
modify the surface properties to enhance hydrophilicity
[17]. Two main strategies are used to modify MOFs.
The first is direct synthesis modification (DSM), in
which the MOF ligands are replaced during synthesis
[18]. However, most related synthesis processes are rel-
atively harsh, and the available ligands and synthetic
methods are limited. These factors impact the applica-
tion of DSM. The second strategy is post-synthetic
modification (PSM). As more modification materials
and methods are available for this strategy, the use of
PSM has been increasing [19, 20]. Most hydrophilic
PSM are based on chemical bond formation between
the modified materials and amino or carboxyl groups
in the MOF ligands. This can improve the hydrophilic-
ity of the MOF surface, but sacrifices partial hydrophilic
groups, to give limited hydrophilic sites. This strategy
also ignores the MOF characteristics of large specific
surface area, abundant pores, and chelation ability of
the metal sites [21, 22].

In the present study, phytic acid (PA)-modified mag-
netic dual-hydrophilic composite MUiO-66-NH2/PA was
designed for glycopeptide enrichment. Owing to the
abundant hydrophilic groups, porous structure, and rela-
tively strong framework, UiO-66-NH2, formed by coor-
dination of a zirconium cluster and 2-aminoterephthalic
acid, was used as a model MOF. PA, an organic acid
containing six phosphate groups with ultra-high hydro-
philicity, was used to partially replace ligands of UiO-
66-NH2 through interaction between Zr4+ and the phos-
phate groups, further enhancing the hydrophilicity of the
material. Interestingly, the electrostatic interaction be-
tween PA and UiO-66-NH2 promoted this modification.
The resulting composite MUiO-66-NH2/PA exhibited
high magnetic responsiveness to facilitate rapid separa-
tion and very high dual hydrophilicity due to the hydro-
philicity of the PA molecules and UiO-66-NH2 skeleton.
This material was used to enrich glycopeptides with
high selectivity, good sensitivity, outstanding adsorption
capacity, decent stability, and favorable reusability, and
exhibited remarkable glycopeptide enrichment perfor-
mance for mixed human serum samples. Based on this
excellent enrichment performance and simple synthesis
strategy, we believe that MUiO-66-NH2/PA could be
applied to glycopeptide enrichment in numerous com-
plex biological samples. The obtained glycosylation in-
formation might reflect the relevant properties of the
corresponding glycoproteins, providing the possibility
of use in cancer treatment.

Experimental

The details of the instruments and chemicals used in the ex-
periment are shown in the Supplementary Electronic Material
(ESM).

Preparation of MUiO-66-NH2

Firstly, Fe3O4 was synthesized as described previously, and
Fe3O4@SiO2 was synthesized by coating with a layer of hy-
droxylated silica for further modification [23, 24]. Next, ZrCl4
(0.489 g) and Fe3O4@SiO2 (0.2 g) were evenly dispersed in
50 mL N,N-dimethylformamide (DMF) by ultrasonic method
for 10 min. After adding 2-amino terephthalic acid (0.38 g),
the resulting solution was stirred at 120 °C for 6 h. The reac-
tion products were washed three times with DMF in ultra-
sound, and then three times with absolute ethanol. The obtain-
ed MUiO-66-NH2 was dried in vacuum at 60 °C.

Preparation of MUiO-66-NH2/PA

Briefly, 0.15 gMUiO-66-NH2 and 0.2 g polyvinylpyrrolidone
(PVP) were evenly dispersed in ethanol (30 mL) followed
by mechanical stirring for 60 min. Thereafter, the mixture of
phytic acid (PA) and ethanol (20 mL, v/v = 1/40) was gently
dropped into the reaction solution. The whole mixture was
stirred at 25 °C for 6 h. The obtained MUiO-66-NH2/PA
was washed six times alternately with deionized water and
absolute ethanol, and finally dried under vacuum conditions.

Sample preparation

The tryptic digest process for standard proteins was as follows
[25, 26]: 1 mg horseradish peroxidase (HRP; IgG, bovine
serum albumin [BSA]) was dissolved in denaturing buffer
(400 μL, 50 mM NH4HCO3, with 8 M urea). Dithiothreitol
(10 μL, 200 mM) was added and heated at 56 °C for 50 min,
and then iodoacetamide (90 μL, 400 mM) was added to alkyl-
ate at 30 °C for 50 min in the dark. Subsequently, the reaction
mixture was diluted to 5 mLwith NH4HCO3 aqueous solution
(50mM). Trypsin (w/w = 1:25) was added to incubate for 18 h
at 37 °C. After the enzymolysis, the peptide mixture was
cryopreserved at −20 °C.

The digestion of human serum was similar to that of stan-
dard proteins. Ten microliters of human serum was diluted
with denaturing buffer (90 μL, 50 mM NH4HCO3, with 8 M
urea), and the resulting solution was treated with dithiothreitol
(5 μL, 200 mM) and iodoacetamide (20 μL, 400 mM).
Subsequently, the reaction mixture was diluted to 1 mL with
NH4HCO3 aqueous solution (50 mM), and then trypsin
(w/w = 1/25) was added to incubate at 37 °C for 18 h.
The obtained peptide mixture was cryopreserved at
−20 °C for later use.
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Procedure for glycopeptide enrichment from
biological samples

MUiO-66-NH2/PA (1 mg) was incubated in loading buffer
(200 μL, ACN/TFA = 99:1, v/v) containing 20 μL tryptic di-
gest of HRP (IgG or human serum), and then the mixture was
vortexed for 35 min vigorously. After magnetic separation,
the precipitations were washed three times with washing buff-
er (200 μL, ACN/H2O/TFA = 90:9:1, v/v/v) repeatedly. The
MUiO-66-NH2/PA with glycopeptides was eluted by eluent
(20 μL, H2O/TFA = 99:1, v/v) for 10 min. The collected so-
lution was detected by matrix-assisted laser desorption/ioniza-
tion–time-of-flight mass spectroscopy (MALDI-TOF MS) or
treated with PNGase F.

Deglycosylation of glycopeptides

After lyophilizing the eluent from protein standard samples or
human serum enriched withMUiO-66-NH2/PA, 17 μL deionized
water was added to the residual substances. Thereafter, 2 μL 10×
GlycoBuffer 2 and 1 μL PNGase F were added to deglycosylate
the glycopeptides. The reactionmixturewas incubated at 37 °C for
18 h, and the obtained enzymatic hydrolysate was detected by
MALDI-TOF MS or liquid chromatography–tandem mass spec-
trometry (LC-MS/MS) [27].

MALDI-TOF MS analysis

After the glycopeptide sample (1 μL) and matrix (1 μL) were
evenly mixed, the mixture (1 μL) was dropped on the target
plate to form a crystalline film, and then the target plate was
subjected to analysis. Positive reflection mode was used for all
samples. In MALDI-TOF MS mode, DHB solution (25 mg/

mL, ACN/H2O/H3PO4 = 70:29:1, v/v/v) was selected as the
matrix; in the MS/MSmode, HCCA saturated solution (ACN/
H2O = 30/70, v/v, with 0.1% TFA) was selected as the matrix.

Results and discussion

Characterization of MUiO-66-NH2/PA

The synthetic route to MUiO-66-NH2/PA is shown in
Scheme 1. First, Fe3O4 magnetic particles were prepared and
the surface was modified with hydroxylated silica. The mag-
netic precursor material was then modified with UiO-66-NH2.
Due to the presence of Zr4+, 2-aminoterephthalic acid ligands
in UiO-66-NH2 were partially replaced by PA molecules ow-
ing to the stronger coordination of Zr4+ with the phosphate
group than with the carboxyl group in 2-aminoterephthalic
acid. Electrostatic interactions between the MOF and PA
assisted this synthesis. The dual hydrophilicity of the as-
prepared materials was attributed to the remaining 2-
aminoterephthalic acid ligands in UiO-66-NH2 and the mod-
ified PA molecules. Similar to a jigsaw puzzle, which is
formed by the connection of adjacent elements (Scheme 2),
the dual-hydrophilic interaction between glycopeptides and
MUiO-66-NH2/PA can be used to enrich glycopeptides.

The morphology of MUiO-66-NH2/PA was characterized
by scanning electron microscopy (SEM). Fe3O4@SiO2 com-
prised smooth and spherical particles about 400 nm in size
(Fig. 1a). After coating with UiO-66-NH2 (Fig. 1b), the
Fe3O4@SiO2 surface was modified with polyhedral crystals,
confirming the successful preparation of MUiO-66-NH2.
When the prepared materials were treated with PA, the surface
morphology changed significantly (Fig. 1c). Energy-

Scheme 1 Preparation of dual-hydrophilic MUiO-66-NH2/PA for glycopeptide enrichment.
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dispersive spectroscopy (EDX) elemental mapping (Fig.
1d) showed strong signals for Fe, Zr, and P, indicating
even distribution in the as-prepared materials. These re-
sults indicated that MUiO-66-NH2/PA had been success-
fully prepared.

To further confirm the successful synthesis of MUiO-66-
NH2/PA, Fourier transform infrared (FT-IR) spectroscopy, X-
ray powder diffraction (XRD) analysis, thermo gravimetric
analyzer (TGA), X-ray photoelectron spectroscopy (XPS),
Brunauer–Emmett–Teller (BET) theory, and a vibrating-

Scheme 2 Schematic process of
enrichment of glycopeptides from
tryptic digest by MUiO-66-NH2/
PA.

Fig. 1 SEM images of (a)
Fe3O4@SiO2, (b) MUiO-66-
NH2, and (c) MUiO-66-NH2/PA;
(d) EDX elemental mapping of
Fe, Zr, and P in the MUiO-66-
NH2/PA composite
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sample magnetometer (VSM) were applied to characterize the
as-prepared composites. As shown in Fig. 2a, absorption sig-
nals at 576 cm−1 were ascribed to the Fe–Ovibration in Fe3O4,
while the signal at 1085 cm−1 was attributed to the Si–O–Si
stretching vibration. These peaks confirmed the presence of
Fe3O4@SiO2. After modification with UiO-66-NH2, new ad-
sorption signals appeared at 1617, 1495, and 1438 cm−1,
which were attributed to benzene skeleton vibrations of the
2-aminoterephthalic acid ligands in UiO-66-NH2, while the
signal at 1657 cm−1 was attributed to the C=O bond stretching
vibration in 2-aminoterephthalic acid, confirming successful
modification with UiO-66-NH2. FT-IR analysis of MUiO-66-
NH2/PA showed a peak at around 1072 cm−1, which was
traced to the presence of phosphate and SiO2, while the nota-
ble increase in peak intensity compared with Fe3O4@SiO2

confirmed the successful functionalization with PA.
Meanwhile, the signals at 1657, 1617, 1495, and 1438 cm−1

were significantly reduced. This trend was attributed to the
increase in PA molecules and decrease in the original 2-
aminoterephthalic acid ligands in UiO-66-NH2. The XRD di-
agram is shown in Fig. 2b. A series of peaks at 29.9°, 35.3°,
42.9°, 53.2°, 56.8°, and 62.4° appeared in all three materials,
and were attributed to Fe3O4 [28, 29]. Strong diffraction peaks
at 7.02° and 8.28° in MUiO-66-NH2 confirmed the presence
of UiO-66-NH2 [30]. After modification with PA, the intensi-
ty of the peaks at 7.02° and 8.28° was significantly decreased,
indicating that some of the MOF crystal structures were
decomposed such that long-range order was lost. XPS

analysis was performed to confirm the phosphorus oxidation
state of the composite after modification with PA. Compared
with the spectra of UiO-66-NH2 (ESM Fig. S1a) and UiO-66-
NH2/PA (ESM Fig. S1b), a new peak at 133.68 eV, assigned
as the characteristic P2p peak, was observed in UiO-66-NH2/
PA. The fitted subpeaks of P2p (ESM Fig. S1c) were attrib-
uted to the contributions of Zr–O–P (134.2 eV) and R–PO3H2

(133.3 eV), which indicated the presence of two chemical
environments for phosphorus atoms [31, 32]. XPS analysis
clearly confirmed the coordination interaction between PA
molecules and Zr4+. Combined with FT-IR and XRD analysis,
these results showed that PA molecules had partially replaced
the original ligands in UiO-66-NH2. According to TGA anal-
ysis (Fig. 2c), Fe3O4@SiO2 showed about 6% weight loss as
the temperature was gradually increased to 1000 °C, while
MUiO-66-NH2 and MUiO-66-NH2/PA showed weight loss
of 34% and 25%, respectively. The lower weight loss of
MUiO-66-NH2/PA might be related to some unstable UiO-
66-NH2 crystals being decomposed by PA, which might im-
prove the stability of MUiO-66-NH2/PA. Zeta potential char-
acterization indicated that Fe3O4@SiO2, MUiO-66-NH2, and
MUiO-66-NH2/PA (Fig. 3a) were negatively, positively, and
negatively charged, respectively, in agreement with the sur-
face hydroxyl, amino, and phosphoric acid groups present
after eachmodification step. This trend confirmed the success-
ful synthesis of the composite, and also showed that the elec-
trostatic interaction between PA and MUiO-66-NH2 aided
material synthesis. The BET adsorption–desorption curve

Fig. 2 (a) FT-IR spectra, (b)
XRD analysis, (c) TGA graph,
and (d) VSM analysis of the as-
prepared materials. Green, blue,
and red curves represent
Fe3O4@SiO2, MUiO-66-NH2,
and MUiO-66-NH2/PA,
respectively
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was also used to evaluate changes in the material surface
properties (Fig. 3b). After modification with PA, the specific
surface area of the as-prepared material was increased by
34.47%, from 235.01 to 329.48 m2/g. As shown by VSM
analysis (Fig. 2d), the saturation magnetization value of
Fe3O4@SiO2 was 49.59 emu/g, while that of MUiO-66-
NH2/PA was 20.38 emu/g. This decrease might be due to
modification of the composite with UiO-66-NH2 and PA.
However, MUiO-66-NH2/PA still showed outstanding mag-
netic responsiveness.

Optimization of MUiO-66-NH2/PA synthesis
conditions

The hydrophilicity of MUiO-66-NH2/PA was derived from
UiO-66-NH2 and PA. PA molecules partially replaced some
ligands in UiO-66-NH2 to enhance the hydrophilicity of the
material. Therefore, the amount of PA was particularly impor-
tant for the synthesis of MUiO-66-NH2/PA. As shown in
ESM Fig. S2, when the amount of PA solution (PA/ethanol =
1:40, v/v) added was increased from 5 to 20 mL, the types of
glycopeptides enriched increased accordingly, with 21 glyco-
peptides enriched when 20 mL of PA was used. However,
when the amount of PA added was 25 mL, the characteristic
diffraction peaks (7.02° and 8.28°) of UiO-66-NH2 showed
significantly reduced intensity by XRD analysis (ESM Fig.
S3). This trend might be related to excessive replacement of
2-aminoterephthalic acid ligands in UiO-66-NH2 with PA
molecules, causing a collapse of the MOF structure. This phe-
nomenon may have led to a decrease in the number of
enriched glycopeptides. To confirm this, materials modified
with 25 mL of PA were used for glycopeptide enrichment
(ESM Fig. S2e). The types of glycopeptides enriched were
found to decrease, while the signals of non-glycopeptide
peaks were enhanced (such as signals at m/z 2998.9 and
3141.2). Therefore, under the optimal synthesis conditions,
the amount of PA solution added was 20 mL.

Optimization of enrichment conditions

In the glycopeptide enrichment procedure, the ratios of the
loading buffer (ACN/H2O, 99:1, v/v), washing buffer
(ACN/H2O/TFA, 90:9:1, v/v/v), and eluent (H2O/TFA,
99:1, v/v) can significantly influence the enrichment per-
formance. Glycopeptides are more inclined to be adsorbed
on highly hydrophilic materials or dissolved in water, rath-
er than dissolved in ACN. Therefore, the most suitable
enrichment conditions can be identified mainly by
adjusting the ratio of ACN to deionized water. HRP, a
glycoprotein containing many glycopeptides in the peptide
mixture after enzymolysis, was selected as the standard
glycoprotein to obtain appropriate glycopeptide enrichment
conditions. First, different loading buffers (ACN/H2O/TFA,
99:0:1, 95:4:1, 90:9:1, 85:14:1, and 80:19:1, v/v/v;
180 μL) and HRP tryptic digest (20 μL) were added to
MUiO-66-NH2/PA (1 mg). After vigorous shaking for
30 min at 25 °C, the supernatants were detected by
MALDI-TOF MS (ESM Fig. S4). As the proportion of
H2O in the loading buffer increased, the glycopeptide sig-
nals in the supernatant showed regular enhancement,
meaning that the glycopeptide components enriched on
MUiO-66-NH2/PA decreased. Therefore, ACN/H2O (99:1,
v/v) was selected as the optimal loading condition.
Furthermore, the washing buffer must be able to remove
non-glycopeptides and inorganic salts adsorbed on the sur-
face of MUiO-66-NH2/PA. In the enrichment process, dif-
ferent washing buffers (ACN/H2O/TFA, 99:0:1, 95:4:1,
90:9:1, 85:14:1, 80:19:1, v/v/v) were applied. When the
washing buffer component was 90:9:1 (v/v/v) ACN/H2O/
TFA, MUiO-66-NH2/PA enriched the most types of glyco-
peptides, and the signal intensity of non-glycopeptides from
MALDI-TOF MS analysis was much lower (ESM Fig. S5).
Finally, a suitable eluent will elute the maximum amount of gly-
copeptides enriched onMUiO-66-NH2/PA. Different elution con-
ditions (H2O/ACN/TFA, 99:0:1, 90:9:1, 80:19:1, 70:29:1, v/v/v)

Fig. 3 (a) Zeta potential analysis and (b) nitrogen adsorption–desorption isotherms of MUiO-66-NH2/PA and related materials
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were investigated, showing that higher content of ACN resulted in
less elution (ESM Fig. S6). Therefore, 99:1 (v/v) H2O/TFA was
selected as the optimal eluent.

Enrichment performance of glycopeptides

As shown in Scheme 2, the eluent containing glycopeptides
was directly analyzed by MALDI-TOF MS after enrichment.
Figure 4 shows the glycopeptide enrichment performance of
MUiO-66-NH2/PA in the HRP tryptic digest. When the tryp-
tic digest was directly detected by MALDI-TOF MS, the gly-
copeptide signals were very limited and essentially covered by
the non-glycopeptide signals (Fig. 4a). Using different enrich-
ment materials, 12 glycopeptides were enriched byMUiO-66-
NH2, while 21 glycopeptides were enriched by MUiO-66-
NH2/PA (Fig. 4b and c). The types and signal intensity of
the enriched glycopeptides were greatly improved after PA
modification. This indicated that PA functionalization en-
hanced the hydrophilicity of the composite, which improved

the glycopeptide enrichment performance. To further confirm
that the enriched peptides were glycopeptides, the glycopep-
tide at m/z 3671.19 was analyzed by MALDI-TOF MS/MS
(Fig. 4d), with the peptide sequence found to be
GLIQSDQELFSSPN#ATDTIPLVR (m/z 2502.48). The sig-
nals of MH−16.95 (m/z 2485.53), MH+83.24 (m/z 2585.72),
and MH+119.70 (m/z 2705.42) were features of glycopep-
tides, demonstrating that the enriched peptideswere glycopep-
tides. These results confirmed that MUiO-66-NH2/PA exhib-
ited excellent enrichment performance and selectivity for
glycopeptides.

As the most abundant immunoglobulin in human se-
rum, IgG was used as another standard protein to eval-
uate the glycopeptide enrichment ability of MUiO-66-
NH2/PA, and 34 glycopeptides were enriched from the
IgG tryptic digest (ESM Fig. S7). Specific glycopeptide
information is shown in ESM Table S4. Two signals at
m/z 2602.3 and 2634.4 were detected by MALDI-TOF
MS/MS, with corresponding peptide sequences of

Fig. 4 MALDI-TOF MS
spectrum of HRP tryptic digest
(a) without enrichment, (b)
enriched by MUiO-66-NH2, and
(c) enriched by MUiO-66-NH2/
PA; and (d) MALDI-MS/MS
spectra of m/z 3671.19. Marked
letters indicate the following: F,
fucose; H, hexose (mannose or
galactose); N, N-
acetylglucosamine. Glycopeptide
signals were marked with red dots
(a, b, c); The signals of MH
−16.95 (m/z 2485.53), MH+83.24
(m/z 2585.72), and MH+119.70
(m/z 2705.42) were characteristic
signals of glycopeptides (d)
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EEQFN#STFR (m/z 1156.94) and EEQFN#STYR (m/z
1188.90), respectively. These results confirmed that
MUiO-66-NH2/PA showed high selectivity and enrich-
ment performance for IgG tryptic digest.

Practical biological samples contain numerous compo-
nents, such as proteins, lipids, carbohydrates, and inorganic
salts. This complex matrix background causes considerable
interference with glycopeptide enrichment. The presence of
non-glycopeptides also has a significant impact owing to the
low proportion of glycopeptides. Therefore, high selectivity
for glycopeptide enrichment is necessary. The selectivity of
MUiO-66-NH2/PA was assessed by enriching glycopeptides
in a mixture of HRP and BSA tryptic digests. When the pro-
portion of HRP and BSA tryptic digests was 1:10 (w/w), 21
types of glycopeptides were enriched (Fig. 5a), which was
equivalent to the effect of directly enriching glycopeptides in
HRP tryptic digest. When the ratio was 1:1000 (w/w), al-
though some non-glycopeptide signals were enhanced, the
types of glycopeptides enriched remained the same (Fig. 5c).
These results indicate that as-prepared MUiO-66-NH2/PA ex-
hibited excellent selectivity.

To evaluate the binding capacity of MUiO-66-NH2/PA for
glycopeptides, different masses ofMUiO-66-NH2/PA (60, 80,
and 100 μg) were added to the mixture of HRP tryptic digest
(4 μg, 0.2 mg/mL, 20 μL) and loading buffer (ACN/TFA =
99:1, 180 μL); after incubation for 35 min under vortex con-
ditions, the obtained supernatants were directly detected by
MALDI-TOF MS. Figure S8 (see ESM) shows that when
the mass of MUiO-66-NH2/PA reached 100 μg, glycopep-
tides in the HRP tryptic digest were completely enriched.

Thus we assumed that 4 μg of glycopeptides could be
completely enriched by 100 μg of MUiO-66-NH2/PA.
Therefore, the binding capacity of MUiO-66-NH2/PA was
about 40 μg/mg.

In actual complex biological samples, the glycopeptide
concentration is generally low, accounting for only 2–5% of
the peptide mixture. Therefore, only a lower detection limit
can meet the actual analysis demand. During the glycopeptide
enrichment process in the present study, when the HRP tryptic
digest concentrations were 50 and 5 fmol/μL, 13 and 7 types
of glycopeptide were detected, respectively (Fig. 6).
Meanwhile, when the HRP concentration was as low as 1
fmol/μL, glycopeptide signals were still detected at m/z
3354.0, 3378.2, 3673.2, and 4985.9. The experimental results
showed that even at very low concentrations, MUiO-66-NH2/
PA demonstrated excellent glycopeptide enrichment perfor-
mance. This remarkable detection sensitivity was attributed
to the modification with PA molecules, greatly improving
the hydrophilicity and selectivity of the material, resulting in
ultra-high enrichment performance toward glycopeptides.
Compared with some reported studies,MUiO-66-NH2/PA ex-
hibited excellent glycopeptide enrichment performance (ESM
Table S5).

Owing to the remarkablemagnetic responsiveness, reuse of
MUiO-66-NH2/PA would be convenient. HRP tryptic digest
was selected to evaluate the reusability and stability of the as-
prepared materials. MUiO-66-NH2/PA was stored at room
temperature for 8 months. After each cycle, MUiO-66-NH2/
PA was washed with eluent (TFA/ACN = 99:1, 200 μL) and
loading buffer (ACN/TFA = 99:1, 200 μL) for 10 min,

Fig. 5 MALDI-TOF MS spectra
of mixed HRP and BSA tryptic
digests with different ratios (w/w)
enriched by MUiO-66-NH2/PA.
The specific ratios of HRP and
BSA tryptic digest were (a) 1:10,
(b) 1:100, and (c) 1:1000.
Glycopeptide signals are marked
with red dots

5274 Su P. et al.



respectively, before proceeding to the next cycle. Long-term
storage had essentially no influence on the enrichment perfor-
mance toward glycopeptides. After five cycles, the enrich-
ment performance remained similar to that achieved in the
first use (ESM Fig. S9). By monitoring the signal-to-noise
ratios of five glycopeptide signals with strong intensities
(m/z 1843.2, 3354.0, 3378.2, 3673.2, and 4985.9) in five cy-
cles, the average signal-to-noise ratio from the fifth use was
found to be 90.08% of that from the first use (Fig. 7). Notably,
the reusability was better than most other materials (such as
ZIF-L-Co-S-Au-Cys and magnetic mesoporous phenolic

resin) [21, 33]. This was attributed to interactions between
PA molecules and Zr4+, making MUiO-66-NH2/PA more sta-
ble, and simultaneously endowing the material with ultra-high
hydrophilicity.

To evaluate the glycopeptide enrichment ability of MUiO-
66-NH2/PA for actual complex biological samples, mixed hu-
man serum was selected as the experimental sample. After
mixed human serum tryptic digest (10 μL) was enriched using
MUiO-66-NH2/PA, the obtained mixture was treated with
PNGase F for 18 h, and then detected by LC-MS/MS. The
glycopeptide information obtained was searched using
MASCOT software, and 101 glycopeptides were identified,
corresponding to 48 glycoproteins. These results were better
than some reported studies [34, 35]. The specific glycosyla-
tion information is recorded in ESM Table S6. Therefore, we
concluded that MUiO-66-NH2/PA can be used to enrich gly-
copeptides in practical complex biological systems.

Conclusions

In short, a novel UiO-66-NH2-based dual-hydrophilic mag-
netic composite was successfully synthesized for glycopeptide
enrichment. Phytic acid (PA) with abundant hydrophilic
groups and good coordination ability was selected to partially
replace ligands of UiO-66-NH2 on the magnetic composites,
with electrostatic interactions promoting the modification pro-
cess. This synthesis strategy significantly enhanced the hydro-
philicity of UiO-66-NH2, with as-prepared MUiO-66-NH2/

Fig. 6 MALDI-TOF MS spectra
of different concentrations of
HRP tryptic digest enriched by
MUiO-66-NH2/PA. The specific
digest concentrations of HRP
were (a) 100, (b) 5, and (c) 1
fmol/μL. Glycopeptide signals
are marked with red dots

Fig. 7 Signal intensity ratios of five characteristic glycopeptides enriched
by reused MUiO-66-NH2/PA in five cycles. Error bars represent the
standard deviation of three parallel experiments
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PA exhibiting excellent selectivity, good sensitivity, outstand-
ing adsorption capacity, high stability, favorable reusability,
and good magnetic response for glycopeptide enrichment.
Meanwhile, the as-prepared material was successfully applied
to glycopeptide assay in actual human serum samples, with
101 glycopeptides identified, corresponding to 48 glycopro-
teins. Based on the high-efficiency enrichment performance,
we believe that MUiO-66-NH2/PA has great potential for gly-
coprotein pretreatment, providing much more glycosylation
information and promoting the search for new tumor markers
and drug carriers.
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material available at https://doi.org/10.1007/s00216-021-03535-w.
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