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Abstract
A boronate affinity monolith with improved affinity and selectivity for glycoproteins was prepared starting from two
monomers. The first is 3-aminopropyltriethoxysilane-methacrylic acid (APTES-MAA), and the other is a polyhedral
oligomeric silsesquioxane (POSS) monomer. In the next step, 3-(acrylamido)benzeneboronic acid was adopted as
boronate affinity ligand, and ethylene glycol dimethacrylate as the crosslinker, and iso-propanol and octanol as binary
porogens. The synergistic effect of APTES-MAA and POSS warrants good affinity and selectivity for glycoproteins,
which results in a number of attractive features including (a) a wide operation pH range (from 5 to 8); (b) higher
enrichment factors ranging from 19.3 to 20.6; (c) greater recoveries of glycoproteins between 95.8 and 107.1%; (d)
lower relative standard deviations of ≤4.2%. Compared to the corresponding APTES-MAA/POSS-free monolith, the
new boronate material had 1.7-fold increased glycoprotein recovery from complex samples. Glycoproteins in 500-fold
diluted serum samples can be enriched by the boronate monolith.
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Introduction

Glycoproteins play a pivotal role in biological and clinical
significance, such as disease detection, inter and intracellular
signaling, cell regulation and so on [1–3]. At the same time, it
is difficult to detect glycoproteins even with the most sensitive
mass spectrum without separation and enrichment, because of
the serious hindrance of high abundance components in com-
plex samples [4, 5]. Therefore, it is extremely important to

develop highly specific methods for enriching and isolating
the low-abundance glycoproteins. At present, there are many
methods for enriching glycoproteins selectively, such as
boronate affinity [6] and lectin affinity chromatography [7],
and hydrazide chemistry [8]. etc. Among them, boronate af-
finity material is widely studied because it can reversibly com-
bine with cis-diols of glycoproteins by pH controlling [9–12].
However, the boronate affinity materials made with conven-
tional approaches require operation condition at pH above
their pKa values (ca. 8–9), thus suffer the risk of degradation
of labile compounds at such conditions.

A number of approaches have been developed to fabricate
boronate acid-functionalized materials with lower pKa values
that can give rise to strong binding under mild acidic and
neutral conditions [13–19]. For example, electron-with-
drawn groups e.g., sulfonyl [15, 20] and carbonyl [21] were
introduced into boronate ligand to reduce the pKa values of the
resultant boronate affinity materials. In addition, with an
amine [22] or oxygen [17] incorporated into the boronic acid
molecules, the resulting boronate material had lower pKa

values by forming an intramolecular boron-nitrogen/oxygen
coordination. However, a multi-step synthesis method was
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adopted because no commercial monomer was available,
making the preparation of boronate affinity materials time-
consuming, inconvenient and difficult. When another mole-
cule containing an amino group adjacent to the boron atom in
configuration was introduced, an intermolecular B-N coordi-
nation can be formed, leading to improved affinity by one-step
synthesis [16]. However, as a new field in boronate affinity
materials, there are a fewer monomers available for the inter-
molecular B-N coordination and further exploration is needed.

Organic-inorganic hybrid monomer is new functional
monomer combining the advantages of organic and silica
monomer, which can lead to monolithic column with high
mechanical stability, less shrinkage and pH stability [23].
For ins tance , a hybr id func t iona l monomer (3-
aminopropyltriethoxysilane-methacrylic acid-methacrylic ac-
id, APTES-MAA) can be utilized to prepare molecularly
imprinted polymer. The APTES-MAA monomer can be syn-
thesized easily through a dehydration condensation between
APTES and MAA [24]. The structures of APTES-MAA per-
mits silicate ester bond, helping monomer embedded in the
silica matrix after condensation, and acylamino group forming
B-N coordination with boronate ligands. One can expect that a
mechanism of self-assembled molecular team with lower pKa

may take place between cis-diol compounds and the boronate
materials. However, to the best of our knowledge, there was
no report about on the boronate affinity materials made using
hybrid monomer APTES-MAA.

Polyhedral oligomeric silsesquioxanes (POSS) are
nanoscale building blocks with a unique three-
dimensional cage structure [25], which are composed of
well-defined nano-cluster with an inorganic rigid silica
core and eight organic functional group. These POSS
nanoparticles can be easily incorporated into polymer ma-
terials by copolymerization or blending with tailorable
interfacial properties, thereby avoiding the rigorous and
complicated operation of the “sol-gel” method to prepare
hybrid materials. Some novel properties of composite ma-
terials are altered by the incorporation of POSS, e.g., im-
proved mechanical and solvent resistant properties [26].
Studies have also reported that POSS endows molecularly
imprinted polymers with improved imprinting effect by
suppressing non-selective binding sites [27], and Si-O-Si
groups in silica cages ensured effective resistance to non-
glycoproteins [28]. Therefore, based on the superiority
and applicability of the above POSS doped materials, it
is expected that the separation and enrichment of glyco-
proteins with the POSS-based boronate affinity materials
for extraction can be further improved.

In this study, a new boronate affinity monolith was first
prepared by a one-step procedure in situ polymerization.
APTES-MAA was used to fo rm B-N bond ing ,
3-(acrylamido)benzeneboronic acid (AAPBA) as boronic acid
ligands, POSS monomer as co-monomer and ethylene

dimethacrylate (EDMA) as crosslinker. The synergistic effect
of APTES-MAA and POSS to improve the affinity of
boronate material was demonstrated. By utilizing the syner-
gistic effect, we hereby developed boronate monolith having
(i) good solvent resistance and pH stability, (ii) greater rigidity,
and (iii) binding glycoproteins at a wide range of pH (5–8).
Finally, the resulting boronate monolith was applied to the
selective enrichment of glycoproteins from human serum
samples by polymer monolith microextraction (PMME).

Experimental

Materials

Azob i s i s obu ty ron i t r i l e (A IBN, AR grade ) , 3 -
aminopropy l t r ie thoxys i lane (APTES, 98%) and
3-(acrylamido)phenylboronic acid (AAPBA, 98%) were ob-
tained from J&K CHEMICA Co., Ltd. (Beijing, China, www.
jkchemical.com/index.aspx). Ethylene glycol dimethacrylate
(EDMA, 98%) and 3-(trimethoxysilyl) propylmethacrylate
(γ-MPS, 98%) were purchased from Sigma–Aldrich (St.
Louis, MO, USA, www.sigmaaldrich.com). Methacrylic
acid (MAA) was obtained from Tianjin Kemiou Chemical
Reagent (Tianjin, China, www.chemreagent.com). POSS
monomer was supplied by Hybrid Plastics Reagent Co., Ltd.
(Hattiesburg, MS, USA, hybridplastics.com). Bovine serum
albumin (BSA, Mw 66.4 kDa), cytochrome C (Cyt C, Mw

12.4 kDa), transferrin (Trf, Mw 76.7 kDa), horseradish
peroxidase (HRP, Mw 40.0 kDa), and ovalbumin (OVA, Mw

45 kDa) were ordered fromMacklin Biochemical Technology
Co., Ltd. (Shanghai, China, www.macklin.cn). Coomassie
brilliant blue G-250 was purchased from Dingguo
Changsheng Biotechnology Co., Ltd. (Beijing, China, www.
dingguo.com). SDS-PAGE Gel kit and the samples of healthy
human serum were obtained from Beijing Solarbio Science &
Technology Co., Ltd. (Beijing, China, solarbiojx.foodmate.
net). Fused-silica capillaries (250 μm ID, 375 μm OD) were
purchased from Xinnuo Optic Fiber Plant (Hebei, China,
www.11467.com/handan/co/68426.htm). All other analytical
grade reagents were supplied by Tianjin Chemical Reagent
Co. Ltd. (Tianjin, China, www.2121853.atobo.com.cn).

Synthesis of APTES-MAA

As indicated in Fig. 1a, in general, MAA (3.46 mL) was
mixed with APTES (6 mL). After stirring with the glass rod
for 5 min, the mixing solution was purged with nitrogen for
5 min to remove dissolved oxygen and sealed, followed by
reaction at 60 °C for 24 h. Then a vinyl-containing
alkoxysilane (APTES-MAA) was formed (Fig. S1, in the
Electronic Supporting Material (ESM)).
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Preparation
of poly(AAPBA-co-APTES-MAA-co-POSS-co-EDMA)

Before in situ polymerization, the walls of the capillary were
vinylized by γ-MPS to allow covalent attachment of the
monolith according to the previous method [11]. As shown
in Table S1 (in ESM), AAPBA and AIBN (2 mg) were dis-
solved with a mixture of iso-propanol (420 mg) and 1-
dodeanol (48 mg). Then, POSS monomer, the cross-linker
of EDMA and APTES-MAA were added into the mixture.
After ultrasonication for 2 min, the mixture was introduced
into the modified capillary (20 cm length) with the ends
sealed. The polymerization was heated at 60 °C in water bath
for 2 h (Fig. 1b). To remove unreacted reagents, the resulting
poly(AAPBA-co-APTES-MAA-co-POSS-co-EDMA) col-
umn was washed with acetonitrile and methanol/acetic acid
(9: 1, v/v), respectively.

Sample preparation

Stock solutions of BSA, Cyt C, Trf, HRP and OVA were
dissolved in sodium phosphate buffer (100 mM, pH 8) at a
concentration of 2 mg· mL−1. By diluting the stock solutions

with phosphate buffer solution mentioned above, the desired
concentration of protein solutions was obtained. Healthy hu-
man serum sample was diluted 500-fold with phosphate buffer
solution (100 mM, pH 8). All samples were stored at 4 °C
prior to analysis.

PMME procedures and SDS-PAGE analysis

The PMME procedures consisted of preconditioning,
sample loading, washing and desorption. The PMME de-
vice was prepared according to the previous work [11].
Briefly, one end of the pinhead of 1.0 mL syringe was
coupled seamlessly to the bororate capillary with 20 cm.
A digital injection pump (RSP04-B, RISTRON, Zhejiang,
China, www.chinamot.com) was used to pump solution
during the PMME process at a constant rate.

Before PMME procedures, the monolith was firstly
equilibriated with 100 μL methanol and 100 μL phosphate
buffer solution (100 mM, pH 8) at 5 μL· min−1, respectively.
The monolithic material was then loaded with the sample and
rinsed with 100 μL phosphate buffer solution (100 mM, pH 8)
and 100 μL phosphate buffer solution (100 mM, pH 3) at a
flow rate of 3 μL· min−1, respectively. Elution solution was

Fig. 1 Synthesis of APTES-
MAA (a); the APTES-MAA/
POSS boronate affinity monolith
(b) and schematic diagram for re-
versible capture/release of
glycoproteins
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final delivered with phosphate buffer solution (100mM, pH 3)
at a flow rate of 3 μL· min−1. The eluate collected was sub-
jected to SDS-PAGE and quantitative analysis.

The quantitative analysis was conducted according to
Bradford method [29]. The dye Coomassie blue G250 was
mixed with the sample at a volume ratio of 1/10 and then
incubated for 2 min at room temperature. Absorbance was
measured by UV-2201 spectrophotometer at 595 nm (T6
New Century, Beijing, China, www.pgeneral.com).

Results and discussion

Affinity
of poly(AAPBA-co-APTES-MAA-co-POSS-co-EDMA)
monolith

To obtain a best poly(AAPBA-co-APTES-MAA-co-POSS-
co-EDMA) monolith, the following parameters were opti-
mized: (a) the content of AAPBA; (b) the content of
APTES-MAA; (c) the content of POSS; (d) the content of
EDMA. Corresponding figures and data can be found in Fig.
S2 (in ESM). Shortly, the best polymer conditions were: (a)
content of AAPBA: 24.8%; (b) optimal the content of
APTES-MAA: 6.2%; (c) optimal content of POSS: 3.7%;
(d) optimal content of EDMA: 65.3%.

To clarify the cooperation effect of POSS and APTES-
MAA as the functional monomer on boronate affinity, the
PMME performance of glycoproteins from the boronate affin-
ity monolith synthesized with different monomers was studied
(Fig. 2). The AAPBA-free monolith made using POSS and
APTES-MAA as the monomer present a limited recovery of

1% (C4), indicating that POSS and APTES-MAA have no
affinity to glycoproteins with the very small non-specific ad-
sorption. In the absence of POSS or APTES-MAA, the
resulting boronate affinity monolith (C1) shows a low recov-
ery of OVA (38.8%). After the incorporation of APTES-MAA
into boronate affinity monolith (C2), the recovery of OVA
increases to 53.7%. When POSS is replaced by APTES-
MAA, the recovery of OVA on the resulting boronate affinity
monolith (C5) reduces to 9%. In contrast, the recovery of the
boronate affinity monolith synthesized by the dual-monomers
(APTES-MAA/POSS) (C3) is the highest (98.9%) among all
of the boronate affinity monoliths.

Selectivity of boronate material

In order to verify the specific selectivity of the resultant
bororate monolith, PMME was carried out using a mixed so-
lution of glycoproteins (OVA, Trf and HRP) and non-
glycoproteins (Cyt C and BSA) and the eluent was used to
SDS-PAGE analysis. As shown in Fig. 3a, BSA and Cyt C
were no retention on the resultant boronate affinity monolith
basically (lane 2). In contrast, Trf, OVA and HRP were well
captured and released on the boronate monolith (lane 2 and 4).
In addition, different proteins were used to test the selectivity
of the APTES-MAA/POSS-containing and APTES-MAA/
POSS-free boronate affinity monolith (Fig. 3b). The recovery
of glycoprotein on the boronate affinity monolith synthesized
by the bi-monomers (APTES-MAA / POSS) (C3) is about 1.7
times higher than that on the APTES-MAA/POSS-free
boronate affinity monolith (C1). The recovery of non-
glycoprotein on the resulting monolithic column is also sig-
nificantly low. In summary, the results above indicated that the
boron-affinity monolith synthesized by the bimonomers
(APTES-MAA/POSS) has a significantly increased selectivi-
ty for glycoproteins.

To investigate the interference effect of other polyols and
saccharides, OVA was chosen as the test protein, while fruc-
tose and catechol were interfering substances. When the
weight ratio of the interferents to the targets increased from
1:0 to 1:1000, only 7.9% of the recovery of OVA decreased
(Fig. S4a, in ESM). Furthermore, the effect of the interfering
substances on the extraction of glycoprotein is similar at dif-
ferent loading pHs (Fig. S4b, in ESM). The experimental re-
sults show the greater selectivity of the resultant monolith to
glycoproteins even in the presence of polyols and saccharides.

Characterization
of poly(AAPBA-co-APTES-MAA-co-POSS-co-EDMA)
monolith

As shown in scanning electron microscope (Fig. 4), it is found
that all the monolith was tightly bound to the inner wall of the
capillary. Large marcopores and microglobules are found in

Fig. 2 The effect of different types of monoliths on the recovery for
extraction OVA. Extraction conditions: sample pH, 9.0; extraction
volume, 200 μL; desorption solution, 50 μL phosphate buffer solution
(100 mM, pH 3); flow rate of extraction and desorption, 0.003 mL· min−1
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all of the monoliths. The APTES-MAA/POSS-containing
boronate affinity monolith has smaller particles and uniform
through-pores compared to other monolithic columns.

All the polymers studied show type IV isotherm measured
by nitrogen adsorption method (Fig. S5, in ESM), which dis-
play closure point at lower p/p0 and no limit of adsorption at
higher p/p0. According to the IUPAC classification, the poly-
mers can be attributed to the type of H3 loops, which suggests
the feature of the structure of slit-like mesopore [30]. As
shown in Table S2 (in ESM), the boronate affinity monolith
prepared with APTES-MAA/POSS has lower BET surface
area and average pore diameter. Compared with the POSS-
free boronate affinity monolith (C2), the BET surface area
and total pore volume of the POSS incorporated boronate
affinity monolith (C3) increase by 27% and 23%, respectively.
Thus, the synergistic effect of APTES-MAA and POSS rather
than specific surface area contributes to the increased affinity
of the resulting boronate affinity monolith.

Optimization of PMME conditions

Effect of the solution pH

pH value is one of the greatest important factors in revers-
ible combination between boronic acid ligands and glyco-
protein. In this experiment, the effect of the pH of loading
buffer on the recovery of OVAwere investigated. Extraction
sample was prepared with different pH 4.0, 5.0, 6.0, 7.0,
8.0, and 9.0 of phosphate buffer solution since the formation
of ester between glycoprotein and boronate ion requires
sufficient hydroxide ions. It should be noted that at pH 5.0

high recovery of OVAwas still achieved. Such a binding pH
is rather low thus the applicable range of samples using the
boronate material can be expanded to blood, tear, saliva and
urine. When the pH was more than 8.0, the recovery showed
a decrease trend. This may be caused by the hydrolysis of
the resulting siloxanes hybrid monolithic column at higher
pH [18] (Fig. S6a, in ESM).

Elution phosphate buffer solution was prepared with differ-
ent pH 2.0, 3, 3.5, 4.0 and 4.5, respectively. When the pH of
phosphate buffer solution were 2.0 and 3.0, a relatively high
recovery of OVA can be achieved. The recovery at pH 2 is
only 0.6% higher than the recovery at pH 3 (Fig. S6b, in
ESM). However, the resultant monolith may be washed out
at pH 2. As a result, pH 3.0 of the elution buffer was chosen
for subsequent experiments.

Effect of extraction and desorption volume

Important factors for protein extraction also include desorp-
tion and extraction volume. As shown in Fig. S6c, d (in ESM),
the effect of the loading amount and desorption volume on the
recovery for OVAwere studied in the range of 20–120 μg and
25–200 μL, respectively. When the loading amount of the
sample was higher than 60 μg, the recovery of OVA will
reduce because adsorption reaches saturation of the resultant
monolith, suggesting the binding capacity of the resultant
monolith to OVA of 60 μg. When the desorption volume
was higher than 50 μL, no obvious change can be observed
in terms of the recovery of OVA. As a result, the desorption
volume of extraction procedure was set as 50 μL.

Fig. 3 SDS-PAGE analysis of proteins mixture before and after
extraction with APTES-MAA/POSS boronate affinity monolith (a).
Lane 1: proteins mixture solution and each protein at a concentration of
100 μg· mL−1; lane 2: the sampling step solution passing through the
APTES-MAA/POSS-doped boronate affinity monolith; lane 3: the

washing step solution; lane 4: the eluate; lane 5: marker. Comparison of
APTES-MAA/POSS-doped and bare boronate affinity monolith on
extraction of different proteins (b). Conditions: extraction volume:
1.0 mL, other was same as Fig. 2
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Method analysis

The method of the glycoprotein extraction of the APTES-
MAA/POSS boron-affinity monolith was validated by linear
range, determination coefficient (R2), enrichment factor (EF)
and reproducibility. Glycoproteins exhibited good linearity
with satisfactory determination coefficient (R2) (above
0.9988) (Table S3, in ESM). Under the above optimized ex-
traction conditions, the enrichment factors of the monolith
was 19.5, 19.3 and 20.6 for OVA, OVT and Trf, respectively.
Simultaneously, the on column and column-to-column

Fig. 4 The images of scanning electron microscope of poly (AAPBA-co-
EDMA) monolith (C1) (a-1, a-2), poly(AAPBA-co-APTES-MAA-co-
EDMA) monolith (C2) (b-1, b-2), poly(AAPBA-co-APTES-MAA-co-
POSS-co-EDMA) monolith (C3) (c-1, c-2), poly(APTES-MAA-co-
POSS-co-EDMA) monolith (C4) (d-1,d-2) and poly(AAPBA-co-POSS-
co-EDMA) monolith (C5) (e-1, e-2)
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repeatability of the poly(AAPBA-co-APTES-MAA-co-
POSS-co-EDMA) monolith were characterized by relative
standard deviations (RSD) for the recovery of different pro-
teins (less than 5%). The recovery of glycoproteins were in the
range between 95.8% and 107.1%.

Table 1 compared the performance of a number of boron-
affinity materials in extracting glycoproteins [6, 10, 11,
31–34]. The extraction method in this work had higher enrich-
ment factor than that in ref. [10], and better reproducibility
than that in ref. [11]. Even if the method described by Liu
et al. [31] had better reproducibility and low loading pH, the
solution used in our method did not contain any organic
solvents and avoided the risk of degradation of glycopro-
teins under alkaline conditions. In addition, our method
had a wider operating pH than other methods. In summa-
ry, our method indicated great potential for enrichment of
glycoproteins in real sample.

Fabrication of monolithic chip column and evaluation

In order to explore the application of solid phase adsorbents
further, a glass-chip (Jiangsu, China, www.fht360.com/
company/62850.htmlht) with straight microchannel (250 μm
wide, 50 μm deep and 3 cm long) was fabricated in this study.
The microchannel was processed in the same manner as the
capillary vinylation described above. Subsequently, the
microchannel was filled with pre-polymerization mixture of
optimal formulation using injection pump and sealed with
tape. The chip was exposed to UV light for 15 min in a reactor
equipped with two 365 nm, 8-W UV tubes (EA-
180,WESTBURY, USA, www.spectroline.com) (Fig. S7, in
ESM). Finally, The resulting monolithic chip was flushed with
ACN to remove unreacted reagents.

The performance of glycoprotein extraction on monolithic
chip was characterized by in-batch reproducibility (n = 5).
OVA was selected as the test protein. The recovery of OVA
was in the range of 88.9–105.7% with RSDs of 5.8%. The
results show that the extraction performance of the monolithic
chip is comparable to that of monolithic capillary column.
Therefore, the material can be well applied to chip.

Application in human serum

Encouraged by the results of the specific capture of glycoproteins,
the affinity monolith was further assessed by separating and
enriching glycoproteins from normal human serum samples se-
lectively. It is well known that the normal human serum contain a
great deal of glycoproteins and non-glycoproteins, which pro-
vides a complex matrix for verifying the practicability of the
resulting boronate affinity-based PMME. The normal human se-
rum sample was diluted to 500-fold with phosphate buffer solu-
tion (100 mM, pH 8). After PMME procedure with the boronate
affinity monolith, SDS-PAGE analysis was used to analyze

PMME performance. The normal human serum without extrac-
tion was shown in lane 7 (20-fold dilution) and lane 6 (500-fold
dilution) (Fig. 5). Only the proteins at a high concentration was
dyed. Thus, four bands can be clearly seen from normal human
serum without treatment (Lane 7) and corresponded to protein
fractions: transferrin (Trf, 76.7 kDa), human serum albumin
(HSA, 66.4 kDa), Vitamin D binding protein (DBP, 51.0 kDa),
apolipoprotein A-I (Apo A-I, 27.9 kDa). Enrichment of 500-fold
diluted normal human serum (lane 6) by the resultant monolith
revealed that non-glycoproteins were directly eluted from the
monolith (lanes 4 and 5). After switching to an acidic phosphate
buffer solution, Trf and DBP were efficiently separated and con-
centrated (lane 3), which further demonstrated that only glyco-
proteins can be isolated and enriched.

Despite the obvious advantages, it should be noted that the
extraction process and detection are off-line and the flow rate
of the extraction is lower, which results in larger sample con-
sumption and longer extraction times. Further improvement of
this method is in progress.

Conclusion

A novel APTES-MAA/ POSS boronate affinity monolith was
successfully prepared and used for glycoproteins extraction. In
comparison of the recovery of glycoproteins from three boronate
affinity monoliths of the poly(AAPBA-co-APTES-MAA-co-
EDMA), (AAPBA-co-POSS-co-EDMA) and (AAPBA-co-
EDMA), it was found that using synergistic effect of APTES-
MAA / POSS monomers to improve the affinity of boronate
affinity monolith is possible. The resultant monolith exhibited
excellent specificity for glycoproteins at neutral buffer and acid
media and eluted by organic-solvent-free solutions. At the same
time, the incorporation of POSS into boronate affinity matrix can

Fig. 5 SDS-PAGE analysis of extraction for glycoproteins samples in
normal human serum by the affinity monolith. Line 1: marker; lane 2:
1 mg· mL−1 Trf standards; lane 3: the eluate; lane 4: the washing step
solution; lane 5: the sampling step solution passing the monolith; lane 6:
normal human serum without extraction (500-fold dilution); lane 7:
normal human serum without treatment (20-fold dilution). Extraction
conditions are the same as Fig. 3
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increase the rigidity of the boronate monolith. Compared with
conventional poly(AAPBA-co-EDMA) system, the new strategy
presented here expands the applicable range of samples to blood,
tear, saliva and urine. Furthermore, the method provided a one-
step synthesis for organic-inorganic hybrid boronate materials.
Thus, the affinity monolith should have the great potential for
glycoproteomics and glycomics studies.
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