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A novel carbon material with nanopores prepared using a
metal–organic framework as precursor for highly selective
enrichment of N-linked glycans
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Abstract Protein glycosylation plays a key role in many bi-
ological processes. In this study, a novel carbon material with
nanopores was prepared by carbonization of metal–organic
framework (MOF) Mil-101(Cr). The parent MOF assembled
from metal ions with bridging organic linkers had many fas-
cinating properties, such as ultrahigh surface area, suitable
nanopore structure, and especially a large amount of carbon
after being calcined. Due to the strong interactions between
carbon and glycans as well as the size-exclusion effect of pore
against protein, the N-linked glycans from standard glycopro-
tein or complex human serum proteins could be identified
with high efficiency. The simple synthesis method as well as
good enrichment efficiency made this novel carbon material a
promising tool for glycosylation research.
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Introduction

Protein glycosylation is one of the most important post-
translational modifications of proteins, it plays an essential

role in biological processes [1–4]. Generally, protein glycosyl-
ation includes two main categories: the glycans of N-linked
glycosylation and the glycans of O-glycosylation. The N-
glycans are conjugated to proteins through asparagine resi-
dues consisting of a consensus tripeptide sequence of Asn-
X-Ser/Thr (X can be any amino acid except proline) and the
O-glycans which are linked to serine or threonine residues [5].
At present, most studies are focused on the N-glycans because
their configuration is closely related to various diseases [6–8].
In recent years, mass spectrometry (MS) as a key technology
has been applied to glycoprotein analysis. However, due to the
poor ionization efficiency and low abundance of glycans, the
MS detection becomes extremely difficult. Therefore, it is
highly desirable to design novel enrichment materials for the
selective isolation of glycans digested from proteins [9–12].

So far some methods and materials for glycan enrichment
have been developed. Graphite affinity column and hydrophil-
ic interaction liquid chromatography (HILIC), which relies on
the physical interactions between glycans and the stationary
phase, are the most widely used enrichment methods [13–16].
However, they always suffer from the low specificity for the
reason of simultaneously capturing nonglycans. Though
lectin-based enrichment offers improved specificity, different
types of lectins show diverse affinities for various glycans;
thus for complex samples, it is necessary to combine different
types of lectins. Based on the hydrophobic and polar interac-
tions between carbon and glycans, active carbon material has
been reported to be a promising material in enrichment of
glycans [17, 18]. However, because of the restrictions on
macroporous structure, complex proteins are still adsorbed
due to the weak size-exclusion ability [19].

Metal–organic frameworks (MOFs) are a new class of po-
rous solid materials with some special properties, such as high
surface area and permanent porosity [20, 21]. In the recent
researches for MOFs, many of them have been utilized in
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gas adsorption, catalysis, drug delivery, and separation with
the advantages of high surface area, uniformly structured cav-
ities, and available modification [22–24]. Also, MOFs have
stimulated increasing research interest in analytical chemistry
[25] and more and more MOFs have been employed in pro-
teomics such as the enrichment of low-abundance peptides
[25, 26] and study of phosphoproteome [26–30].

Since the first report on MOFs-derived nanoporous carbon
materials by Xu et al. [31], several types of carbon materials
have been prepared by carbonization of MOFs [32, 33].
Compared with other mesoporous carbon materials for glycan
enrichment [5, 34, 35], MOF-prepared nanoporous carbon
materials keep high surface area and high carbon contents,
especially the more suitable nanopore structure. All of these
make this material present a better effect in size-exclusion of
proteins for glycans.

Mil-101(Cr) is an excellent MOF as the template material
because of its extra high specific surface area and pore vol-
ume. In addition, it has moisture and acid-resistant stability
and thermal stability when temperature is higher than 200 °C
[36, 37]. Therefore, after simple hydrothermal reaction and
carbonization under a high temperature, we obtained a novel
carbon material consisting of high surface area and suitable
nanopore structure. And for the first time, it was used in the
enrichment of N-linked glycans. It has several advantages as
the enrichment material. Firstly, the large specific surface area
provided a wide place for the distribution of carbon, which
made this material have high sample loading capability and
strong interaction toward glycan molecules. Furthermore, the
suitable nanopore structure made this material present a better
effect in size-exclusion of proteins for glycans. Based on these
unique properties, the carbonized Mil-101 displayed high ef-
ficiency in enriching N-linked glycans from complex bio-
samples.

Materials and methods

Materials

2,5-Dihydroxy-benzoic acid (DHB), chicken egg albumin
(OVA), and bovine serum albumin (BSA) were purchased
from Sigma-Aldrich (St, Louis, MO, USA), and peptide-N-
glycosidase (PNGase F) was from New England Biolabs. The
ultrapure water used in the experiment was prepared by the
Milli-Q system (Millipore, Bedford,MA). Acetonitrile (ACN)
and trifluoroacetic acid (TFA) were purchased from Merck
(Darmstadt, Germany). Human serum was supplied by the
Zhongshan Hospital. Chromic nitrate nonahydrate
(Cr(NO3)3·9H2O), terephthalic acid (H2BDC), fluorhydric ac-
id, chromic oxide (Cr2O3), and other reagents were obtained
from Sinopharm Group Co. Ltd.

Preparation of Mil-101(Cr) crystals

Cr(NO3)3·9H2O (2 g) and terephthalic acid (H2BDC)
(820 mg) were dispersed in ultrapure water (24 mL), then
2 mL fluorhydric acid was added dropwise into the dispersion
solution. At last, the suspension was heated under autogenous
pressure in a Teflon-lined stainless steel autoclave at 220 °C
for 8 h [37]. The green powder of Mil-101 was collected by
centrifugation, then washed several times with ethanol, and
dried at 50 °C in vacuum oven.

Carbonization of Mil-101(Cr)

The dried Mil-101 was under a N2 flow at 800 °C for 2 h, with
a heating rate of 10 °C min−1. After that, the obtained carbon-
ized Mil-101(Cr) was stored for the further use.

Characterization

Transmission electron microscopy (TEM) images were taken
with a JEOL2011 microscope (Japan) operating at 200 kV.
Field scanning electron microscopy (SEM) images was ac-
quired on a Nova NanoSem 450. Powder X-ray diffraction
patterns were recorded on a Bruker D4 X-ray diffractometer
with Ni-filtered Cu Kαradiation (40 kV, 40 mA). The
Brunauer-Emmett-Teller (BET) method was utilized to calcu-
late the specific surface areas (SBET) using adsorption data in
a relative pressure range from 0.011 to 0.98. By using the
Density Functional Theory (DFT) method, the pore volumes
and pore size distributions were derived from the desorption
branches of the isotherms. The Raman spectra were recorded
at room temperature on a LabRam-1B Raman spectrometer
with a laser at an excitation wavelength of 632.8 nm.

Selective enrichment of N-linked glycans from standard
peptides and human serum with carbonized Mil-101(Cr)

At first, the N-linked glycans which were digested from chick-
en ovalbumin (OVA) were chosen to investigate the enrich-
ment ability. The detailed experiment process was listed in the
Electronic Supplementary Material (ESM). And then carbon-
izedMil-101(Cr) (10 mg) was suspended in 1 mL of ultrapure
water in order to get a final concentration (10 mgmL−1). Then
500 μg of material and 5 μL OVA digestion (1 μg μL−1) were
mixed in a tube, and a specified volume of ultrapure water was
added to make a total volume of 100 μL. After they were
incubated for 30 min at 37 °C, 100 μL mixture was centri-
fuged at 10,000 for 5 min to remove supernatant, and then the
depositionwas washedwith ultrapure water (200μL) for three
times. Finally, 10 μL of eluant (50 % ACN) was used to elute
the enriched N-glycans, and the eluate was analyzed by
MALDI-TOF-MS. Also, the serum sample was tested to
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confirm the enrichment effect of carbonized Mil-101(Cr) for
N-linked glycans.

MALDI-TOF-MS analysis

The eluate of glycan sample (1 μL) was deposited on the
MALDI plate, and another 1 μL of DHB aqueous solution
(10 mg/mL, 0.1 % TFA in 20 % ACN/H2O solution) was
spotted onto the plate as a matrix. MALDI-TOF MS experi-
ments were operated on a 5800 ProteomicsAnalyzer (Applied
Biosystems, USA). And the presented procedure is based on
procedure of reference [12].

Database search

The detailed structures of N-linked glycans were searched
from Glycoworkbench and mass tolerances were 1 Da.

Results and discussion

Synthesis and characterization of carbonized Mil-101(Cr)

The synthetic approach for carbonized Mil-101(Cr) compos-
ites was shown in Scheme 1a. The synthesis method included
two steps. Firstly, a facile hydrothermal reaction was to get
pure Mil-101 crystals, then, after carbonization under high
temperature, carbonized Mil-101 composites were obtained.

TEM in Fig. 1 displayed the different morphology of Mil-
101(Cr) and carbonized Mil-101. The synthesized Mil-
101(Cr) had clear crystal structure (Fig. 1a), which demon-
strated that the crystal was synthesized successfully. After
high temperature carbonization, the good morphology was

replaced by many broken particles (Fig. 1b), it may be that
high temperature destroyed its original structure.

Also from field scanning electron microscope (FSEM)
(Fig. 2), there was distortion on the particle surface after the
carbonization step at 800 °C, but the single particle was clear-
ly visible. Also, the whole structure was loose.

The powder X-ray diffraction patterns (PXRD) were re-
corded for the structure of Mil-101(Cr) and carbonized Mil-
101(Cr) (Fig. S1, ESM). Figure S1a were the PXRD patterns
simulated from single crystal structures of Mil-101(Cr), and
the experimentally measured XRD patterns for synthesized
MOF Mil-101 crystals were displayed in Fig. S1b (ESM).
The positions of diffraction peaks of our prepared Mil-
101(Cr) crystals (Fig. S1b, ESM) corresponded to the
PXRD patterns simulated from single crystal structures of
Mil-101(Cr) (Fig. S1a, ESM). The peaks could be seen more
clearly from ESM Fig. S1d (in the top right corner), which
indicated that the synthesized powder was a typical Mil-
101(Cr) structure. After high temperature carbonization
(Fig. S1c, ESM), the previous peaks disappeared; characteris-
tic diffraction peaks of at around 24.5, 33.6, 36.2, 41.5, 50.2,
54.8, 63.4, and 65.1 correspond to the specific (012), (104),
(110), (113), (024), (116), (214), and (300) planes of Cr2O3

lattice.
The nitrogen adsorption–desorption isotherm was used to

analyze the specific surface area and porous nature of carbon-
ized Mil-101(Cr). Figure S2a (ESM) showed that the mate-
rials have a large BETsurface area of 531.88m2 g−1. The large
surface area was satisfactory for enrichment purposes of gly-
cans. Also, pore size distribution data (Fig. S2b, ESM)
displayed that the pore diameter was about 3.03 nm, which
displayed a perfect nanopore size to exclude most proteins.

As characterized by Raman spectroscopy (Fig. S3, ESM),
two peaks around 1341 cm−1 (D-mode) and 1585 cm−1 (G-

Scheme 1 a Synthetic approach
for carbonized Mil-101(Cr); b
selective enrichment of glycans
by carbonized Mil-101(Cr)
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mode) were observed, which indicated the existence of carbon
in the carbonized Mil-101(Cr) materials [38].

Application of carbonized Mil-101(Cr) in N-linked glycan
enrichment

The whole enrichment procedure was shown in Scheme 1b.
Figure 3 showed MALDI-TOF MS analysis of N-linked gly-
cans released from OVA. Before enrichment (Fig. 3a), only
five glycans could be detected. After enrichment (Fig. 3b), the
number of detected glycans increased to 23 and the signal
intensity was strongly enhanced. And the glycoforms of the
identified glycans from OVA were listed in the Table S1
(ESM). In order to investigate the enrichment ability of gly-
cans, another two materials (Mil-101(Cr) crystals and com-
mercial chromic oxide) were used to enrich glycans as con-
trast experiments, and the results were shown in Fig. S4a and
b, ESM, respectively. There was no clear signal of glycans; we
speculated that after calcination, the carbon source provided
by the template MOF Mil-101(Cr) had a good distribution in
large specific surface, which made the material have great
sample loading capability and strong interaction toward gly-
can molecules. In addition, the MOF enrichment method and
the most commonly used glycan enrichment method (graphite
affinity column) have been compared. The glycan (from OVA
digestion) enrichment efficiency of two methods were

displayed Fig. S5 (ESM). It is clearly that our carbonized
Mil-101(Cr) materials outperforms graphite affinity column
(the enriched numbers of glycans was 23 vs 12). It proved
that carbonized Mil-101(Cr) materials can be employed for
enriching N-linked glycans with high efficiency.

Moreover, different concentrations of OVA digestion were
adopted to investigate the detection limit of the carbonized
Mil-101(Cr) (Fig. 4). The glycans with a low concentration
(5 ng μL−1 of OVA digestion) could be easily detected after
enrichment (Fig. 4a). When the concentration of ovalbumin
digestion was as low as 2 ng μL−1 (Fig. 4b), 13 signals of
glycans could still be clearly observed. The above results in-
dicated efficient enrichment of glycans.

Furthermore, the glycoprotein (chicken ovalbumin,
44 kDa, 4 × 5 × 7 nm) and non-glycoprotein (BSA, 66 kDa,
5 × 7 × 7 nm) were selected to evaluate the size-exclusion ef-
fect of the carbonized Mil-101(Cr) materials with nanopore
structure. We investigated different ratio of ovalbumin diges-
tion/ovalbumin/BSA (Fig. 5 and ESM Fig. S6). When the
mass ratio of mixture was up to 1:1500:1500, there was no
peak of glycans (Fig. 5a), but the protein peaks were detected
before treatment in the linear mode (Fig. 5b). Notably, after
enrichment with carbonized Mil-101(Cr) materials, 18
N-linked glycans could be detected clearly without any
protein signal (Fig. 5c, d), which displayed the good
size-selective enrichment of target glycans, and this attributed

Fig. 1 TEM images of a Mil-
101(Cr) crystals and b carbonized
Mil-101(Cr)

Fig. 2 FSEM images of a, b
carbonized Mil-101(Cr)
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the unique nanopores structure in carbonized materials.
Compared with other materials, it had a better size-exclusion
effect [35, 39].

The reusability and stability of the carbonized Mil-
101(Cr) materials were also tested in this work. The used

materials washed by ultrapure water three times were
recycled to enrich glycans from OVA digestion. As
shown in Fig. S7 (ESM), the result of enrichment in
the third time (Fig. S7b) was almost the same as it in
the first time (Fig. S7a). As for stability of our materials,

Fig. 3 MALDI-TOF mass
spectrum of enriched N-linked
glycans from 1 μg μL-1 OVA
digests (a) before enrichment and
(b) after enrichment by
carbonized Mil-101(Cr), the
captured glycans were marked
with red star

Fig. 4 MALDI-TOF mass
spectrum of N-linked glycans
enriched by using carbonized
Mil-101(Cr) from OVA digests
with different concentrations: a
5 ng μL−1 and b 2 ng μL−1
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the as-prepared carbonized Mil-101(Cr) was stored at
room temperature for 1 month, and then it was used to
enrich glycans from OVA again. As shown in the Fig. S8
(ESM), the result of enrichment (Fig. S8b) was similar to
the obtained by freshly synthesized material (Fig. S8a).
All the results indicated that the carbonized Mil-101(Cr)
materials had high enrichment recovery and good stabil-
ity for the enrichment of N-linked glycans.

Furthermore, we also examined the effectiveness and se-
lectivity of the Mil-101(Cr) materials in practical complex
samples. It was applied to capture the glycans from human
serum (10 μL) (Fig. 6). After enrichment, 44 glycans can be
detected (Fig. 6b). It proved that our material performed a
great ability to enrich glycans from a complex sample. The
detailed information of enriched glycans from human serum
was listed in Table S2 (ESM)

Fig. 5 MALDI-TOF mass spectrum of a mixture of OVA digests, BSA, and OVA. The mass ratio was 1:1500:1500. Supernate before enrichment a in
positive mode, b in linear mode; eluent after enrichment by carbonized Mil-101(Cr) c in positive mode, d in linear mode

Fig. 6 MALDI-TOF mass
spectrum of N-linked glycans in
human serum digestion a before
enrichment; b after enrichment by
carbonized Mil-101(Cr)
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Conclusion

In summary, a novel carbon material with nanopores was pre-
pared by carbonization of MOF Mil-101. Due to the special
interaction between abundant carbon and glycan, the suitable
nanopore size and high surface area, the material was suc-
cessfully applied to enrich N-linked glycans. In the enrich-
ment of standard glycoprotein ovalbumin, 23 N-linked gly-
cans could be detected with good repeatability and low limit
of detection. Moreover, this material showed a good size-
exclusion effect (ovalbumin digestion/ovalbumin/BSA could
be to 1:1500:1500). And for complex real human serum, the
captured N-linked glycans could be simply detected by
MALDI-TOF MS. We can conclude that the glycan enrich-
ment using the carbonized Mil-101(Cr) will have the great
potential in the future glycosylation analysis.
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