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Abstract
A biomimetic antibody is described for colorimetric determination of glycoprotein, and horseradish peroxidase (HRP) is
used as model analyte. Use is made of oriented surface imprinted inverse opal hydrogel particles functionalized with
phenylboronic acid. The inverse opal hydrogel particles were negatively replicated from silica colloidal crystal beads
(SCCBs), so that they were endowed with larger specific surface area than the bulk structure. Benefit from that, there were
abundant surface molecularly imprinting sites in the hydrogel particles. Because the imprinting sites match the structure of
the template molecules, they can recognize HRP with high selectivity and sensitivity. The recognized glycoprotein was
bonded with the phenylboronic acid within the sites. The bonded HRP was determined by colorimetry of 3, 3′, 5, 5′-
tetramethylbenzidine (TMB) single-component solution at 450 nm, and it shows a 16.03 imprinting factor under optimized
conditions. Alpha-fetoprotein (AFP) was also investigated and demostrated the value of this strategy in practical applica-
tions. The results show that the absorbance increases linearly in the 1–50 ng mL−1 AFP concentration range and has a
1.32 ng mL−1 detection limit. The assay of human serum was realized by the standard addition method. This strategy is
promising to open new horizons for glycoprotein assay.
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Introduction

Glycoproteins, as a series of proteins with glycosylation
site(s), exist widely in many kinds of beings and play key
roles in various biological processes. Generally, the

concentration of every kind of glycoproteins in body is
relatively constant. However, when the biological process-
es of the body have some problems, some kinds of glyco-
proteins would show significant concentration changes.
Thus, the glycoproteins are used as disease biomarkers
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for clinical diagnostics. There are many attempts that have
been developed for the glycoprotein determination [1–6].
Although these methods have displayed high sensitivity
and specificity, most of them often suffered from the poor
stability, high-consuming, and the expensive equipment.
Boronate affinity–based molecularly imprinted materials
have been proven as an efficient tool for the glycoprotein
recognition in recent decades [7–9]. Molecularly imprinted
polymers (MIP) are a kind of materials with special recog-
nition sites for binding with the imprinted molecules as
biomimetic antibody. They have been used in various ap-
plications such as sensing, separation, catalysis, and drug
delivery [10–14]. Boronic acid–based materials have su-
perb characteristics on reversible binding with cis-diol-
containing molecules, for instance sugars and glycopro-
teins [15–17]. Thus, boronate affinity–based molecularly
imprinted materials are promising for glycoproteins recog-
nition with high specificity, good stability, and low cost.
Even with these merits, most of the boronate affinity–
based molecularly imprinted materials are suffering from
the limited efficiency and sensitivity. These are because of
the bulk structure resulted small quantities of recognition
sites [18]. Therefore, a stable, specific, sensitive, and inex-
pensive approach for the determination of glycoproteins is
still anticipated.

In this study, we present a novel oriented boronate
affinity–imprinted inverse opal particles for the desired de-
termination. The particles are fabricated by infusing oriented
boronate affinity–imprinted materials into the inverse opal
structures. Oriented boronate affinity–imprinted materials,
as a kind of boronate affinity MIP whose recognition sites
only exist on the surface, can assay glycoproteins with fast
responsiveness [18–20]. Inverse opals [21–25] are a kind of
structural materials featured in the three-dimensional (3D)
ordered macropores which are negatively replicated from
colloidal crystal templates [26–28]. Herein, we employed
silica colloidal crystal beads (SCCBs) generated from
microfluidic as templates [29–32]. This unique structure en-
dows them with much larger specific surface area than bulk
materials [33–36]. As the imprinted sites of molecules are
oriented on the surface of the inverse opal particles, the
particles can provide more imprinted sites than bulk struc-
ture and results in higher sensitivity. Thus, the combination
of oriented boronate affinity–imprinted materials and inverse
opals endows the particles with advantages of specificity,
efficiency, and sensitivity for glycoprotein determination. It
is the first time to combine these two factors together to
construct oriented boronate affinity–imprinted inverse opal
particles for determination. This method is not only stable
and low cost but also specific and sensitive to the target
glycoprotein. Therefore, this new approach is promising to
open new horizons in construction of glycoprotein assay
platform.

Experimental methods

Materials

The silica nanoparticles used in this study were homemade. 3-
acrylamidophenylboronic acid (APBA), acrylamide (AAm),
N,N′-Methylenebis(acrylamide) (Bis), 2-hydroxy-2-
me thy lp rop iophenone (HMPP) , 3 - aminopropy l
triethoxysilane (APTES), and transferrin (TRF, glycoprotein
with 2 glycosylation sites) were obtained from Sigma-Aldrich
(https://www.sigmaaldrich.com). Horseradish peroxidase
(HRP, glycoprotein with 9 glycosylation sites), albumin
from bovine serum (BSA, non-plycoprotin), hydrofluoric
acid (HF), and 4-formylphenylboronic acid (FPBA) were
bought from Aladdin Industrial Co., Ltd. (Shanghai, China)
(http://www.aladdine.com). 3,3,5′,5′-Tetramethylbenzidine
dihydrochloride (TMB) single-component substrate solution
(containing TMB and hydrogen peroxide (H2O2) simulta-
neously) was obtained from Beyotime Biotechnology Co.,
Ltd. (Shanghai, China) (https://www.beyotime.com).
Sodium hydroxide (NaOH), tris base, glacial acetic acid
(HAc), hydrochloric acid (HCl), glucose, and ethanol were
purchased from Sinopharm Chemical Reagent (Shanghai,
China) (https://www.reagent.com.cn). Alpha-fetoprotein
(AFP, glycoprotein with 11 glycosylation sites) and HRP-
labeled anti-AFP were obtained from Biocell Co., Ltd.
(Zhengzhou, China) (www.cnbiocell.com). Hypermer 2296
surfactant (nonionic surfactant ethoxylated ester) was
purchased from Croda International Plc (https://www.croda.
com). Sodium cyanoborohydride was purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China) (www.
macklin.cn). Other reagents were analytical grade or higher,
and all the reagents were used as received. Water used in all
experiments was purified using a Milli-Q Plus 185 water pu-
rification system (Millipore, Bedford, MA) with resistivity
higher than 18 MΩ cm.

Fabrication of silica colloidal crystal beads (SCCBs)

The silica colloidal crystal particles were prepared by the
droplet templates generated from gravity-driven microfluidics
with a single emulsion glass microfluidic chip. The
monodispersed silica nanoparticles solution were tuned to
20 wt% (2.5 mL) and used as the inner phase, and n-
hexadecane containing 1 wt% hypermer 2296 surfactant
(20 mL) was used as outer phase. The flow rates of the inner
phase and outer phase were 1 mL/h and 6 mL/h, respectively.
When the two fluids met in the microfluidic channel, the outer
phase cut the inner phase into droplets, and the droplets were
collected by a hydrophobic box containing n-hexadecane with
1 wt% hypermer 2296. Then the box was heated by a heating
stage at 70 °C for 2 days. Finally, the dried particles were
calcined at 800 °C for 3 h. The microstructures of the particles
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were characterized by a scanning electron microscopy (SEM,
Hitachi, S-300 N).

Modification of silica colloidal crystal beads (SCCBs)

The silica colloidal crystal particles (25 μL for each operation)
were treated to expose hydroxyl by immersing in 200 μL
0.1 mol·L−1 NaOH solution at room temperature, shaken
slightly for 1 h firstly. After being washed with deionized
(DI) water at least 3 times, the particles were dried by a drying
oven. Then the dried particles were immersed in 200 μL so-
lution of 10% APTES in ethanol, shaken gently overnight to
modify amino groups. Subsequently, the particles were
washed by ethanol 5 times. 10 mg·mL−1 FPBA in ethanol
(200 μL) was used to form Schiff base to modify boronate
acid groups by incubating the particles and shaken slightly for
12 h after drying. Next, the particles were treated with addi-
tional 200 μL 10 mg mL−1 sodium cyanoborohydride and
shaken gently for 24 h to reduce the imine. Finally, the parti-
cles were washed by ethanol 5 times and dried.

Characterization of themodified silica colloidal crystal
beads (SCCBs)

The 200 ng mL−1 HRP solution dissolved in Tris-HCl buffer
(50 mM, pH 8.5) was used to incubate the unmodified, amino-
modified, and FPBA-modified particles, respectively, for 2 h.
Each type of particles was 5 μL and treated with 200-μL HRP
solution. Then the particles were washed by the Tris-HCl
buffer (50 mM, pH 8.5, with 0.05% Tween 20) 5 times. All
of the particles were treated with 200 μL TMB single-
component substrate, respectively. Ten minutes later,
100 μL 2 M H2SO4 was added into the solution in several to
stop the enzyme reaction, and the absorbance of the mixed
solution were measured at 450 nm.

The effect of pH on the binding of horseradish
peroxidase (HRP) with the modified silica colloidal
crystal beads (SCCBs)

1 mL 200 ng·mL−1 HRP solution dissolved in 0.1% HAc
(pH 3.5), 50 mM phosphate-buffered solution with different
pH (4.7, 6.0, and 7.4), or 50 mMTris-HCl buffer (pH 8.5) was
used to incubate the FPBA-modified particles (5 μL for each
group) for 2 h. Then the particles were washed by the corre-
sponding buffer (with 0.05% Tween 20) 5 times. Next, the
particles were washed by Tris-HCl buffer (50 mM, pH 8.5,
with 0.05% Tween 20) 5 times. All of the particles were treat-
ed with 200 μL TMB single-component substrate, respective-
ly. After 10 min, 100 μL 2 M H2SO4 was added into the
solution in several to stop the enzyme reaction, and the absor-
bance of the mixed solution were measured at 450 nm.

Preparation of the horseradish peroxidase (HRP)–
imprinted molecularly imprinted polymer (MIP)
particles

The FPBA-modified silica colloidal crystal particles (25 μL
for each operation) were incubated in 1 mL 10 μg mL−1 HRP
dissolved in Tris-HCl buffer (50 mM, pH 8.5) 2 h firstly. Then
the particles were washed by Tris-HCl buffer (50 mM, pH 8.5,
with 0.05% Tween 20) 5 times. Next, 100 μL 100 μg mL−1

APBA solution was used to bind with the HRP for 3 h. After
washed by Tris-HCl buffer (50 mM, pH 8.5, with 0.05%
Tween 20), the residual APBA were removed. 100 μL AA/
Bis pregel solution dissolved in Tris-HCl buffer (50 mM,
pH 8.5) containing 1% HMPP was used to immerse the par-
ticles and slightly shaken for 3 h. Subsequently, the particles
with the pregel solution exposed to 365 nm UV light for 10 s
and the hybrid particles were obtained. Finally, the hybrid
particles were etched by HF solution. Because all the poly-
merized APBAwere bonded with HRP firstly, they were only
existed in the imprinted sites of HRP of the final material. NIP
(non-molecularly imprinted polymer) was prepared with the
same procedures except that the HRP solutions were replaced
by Tris-HCl buffer (50 mM, pH 8.5). The optical images were
observed by a stereomicroscope (Nanjing Jiangnan Novel
Optics Co., Ltd.) with a CCD camera (Media Cybernetics
EvolutionMP 5.0). The microstructures of the particles were
characterized by a scanning electron microscopy (SEM,
Hitachi, S-300 N).

Optimizing the binding pH in assay process

The MIP particles (5 μL for each group) were incubated in
200 μL 10 μg mL−1 HRP dissolved in 0.1% HAc (pH 3.5),
50 mM phosphate-buffered solution with different pH (5.0,
6.0, and 7.4), or 50 mM Tris-HCl buffer (pH 8.5) for 2 h
firstly. Then the particles were washed by the corresponding
buffer (with 0.05% Tween 20) 5 times and Tris-HCl buffer
(50 mM, pH 8.5, with 0.05% Tween 20) 5 times successively.
Next, all of the particles were treated with 200 μL TMB
single-component substrate, respectively. After 30 min,
100 μL 2 M H2SO4 was added into the solution in several to
stop the enzyme reaction, and the absorbance of the mixed
solution were measured at 450 nm.

The tolerance to interference of the molecularly
imprinted polymer (MIP) particles

The samples were 10 μg mL−1 HRP dissolved in Tris-HCl
buffer (50 mM, pH 8.5). Glucose, BSA, and TRF were used
as interfering substance with a high concentration of 10 mg·
mL−1, respectively. The MIP particles (5 μL for each group)
were incubated in different samples (200 μL) for 2 h. Then the
particles were washed by Tris-HCl buffer (50 mM, pH 8.5,
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with 0.05% Tween 20) 5 times. Next, all of the particles were
treated with 200μL TMB single-component substrate, respec-
tively. Thirty minutes later, 100 μL 2 M H2SO4 was added
into the solution in several to stop the enzyme reaction, and
the absorbance of the mixed solution were measured at
450 nm.

Binding equilibrium of the molecularly imprinted
polymer (MIP) particles

The sample was 100 μg·mL−1 HRP dissolved in Tris-HCl
buffer (50 mM, pH 8.5). The MIP particles (5 μL for each
group) were incubated in the samples (200 μL) for different
time. Then the particles were washed by Tris-HCl buffer
(50 mM, pH 8.5, with 0.05% Tween 20) 5 times. Next, all
of the particles were treated with 200 μL TMB single-
component substrate, respectively. Thirty minutes later,
100 μL 2 M H2SO4 was added into the solution in several to
stop the enzyme reaction, and the absorbance of the mixed
solution were measured at 450 nm.

Binding isotherm of the molecularly imprinted
polymer (MIP) particles

TheMIP particles (5 μL for each group) were incubated in the
HRP solution (200 μL) with different concentration in Tris-
HCl buffer (50 mM, pH 8.5) for 2 h firstly. Then the particles
were washed by Tris-HCl buffer (50 mM, pH 8.5, with 0.05%
Tween 20) 5 times. Next, all of the particles were treated with
200μL TMB single-component substrate, respectively. Thirty
minutes later, 100 μL 2 M H2SO4 was added into the solution
in several to stop the enzyme reaction, and the absorbance of
the mixed solution were measured at 450 nm.

Binding isotherm of the alpha-fetoprotein-
molecularly imprinted polymer (AFP-MIP) particles

The AFP-MIP particles were prepared using the same proce-
dure as the HRP-MIP particles at the optimized conditions,
except that the HRP was replaced by AFP. For the binding
isotherm, the MIP particles (5 μL for each group) were incu-
bated in the AFP solution (200 μL) with different concentra-
tion in Tris-HCl buffer (50 mM, pH 8.5) for 2 h firstly. After
being washed by Tris-HCl buffer (50 mM, pH 8.5, with
0.05% Tween 20) 5 times, 10 mg mL−1 BSA solution
(200 μL) dissolved in Tris-HCl buffer (50 mM, pH 8.5) was
added and incubated for 30 min. The BSA solution was used
for reducing the nonspecific adsorption. Then the solution was
replaced by 1 μg·mL−1 HRP-labeled anti-AFP solution
(200 μL) dissolved in phosphate-buffered solution (10 mM,
pH 7.4) and incubated for 30 min. Subsequently, the particles
were washed by phosphate-buffered solution (10 mM, pH 7.4,
with 0.05% Tween 20) 5 times. Next, all of the particles were

treated with 200μL TMB single-component substrate, respec-
tively. Thirty minutes later, 100 μL 2 M H2SO4 was added
into the solution in several to stop the enzyme reaction, and
the absorbance of the mixed solution were measured at
450 nm.

Results and discussion

As a proof of concept, the horse radish peroxidase (HRP) was
used as target glycoprotein to construct oriented surface
boronate affinity–imprinted inverse opal particles. SCCBs
were employed to be the templates for constructing inverse
opal hydrogel and the substrate for the immobilization of tar-
get glycoprotein. Figure 1 and Fig. S1 show the principle and
procedure of the process. Firstly, the hydrophilic SCCBs were
treated by 3-aminopropyl triethoxysilane (APTES), FPBA,
and sodium cyanoborohydride sequentially to modify boronic
acid groups. Then they were incubated in the HRP solution,
which could bind with the modified boronic acid groups under
alkaline condition. The solution was replaced by APBA solu-
tion subsequently, contributing to the covalent bond of APBA
and the HRP on the inner surface of the SCCBs. After that, the
pregel solution was used to fill the voids of the SCCBs. With
the ultraviolet (UV) light, the solution in and out of the SCCBs
was polymerized, and the sandwich-like SCCB/HRP/hydro-
gel hybrid particles were obtained. Finally, HF was employed
to remove the SCCBs and HRP templates, with remaining
porous hydrogel scaffolds. TMB single-component solution
was used to determinate the activity of HRP before and after
etching. The colorimetric assay at 450 nm shown in Fig. S2
indicates that there is little residual HRP in the MIP particles.
Therefore, the oriented surface imprinted boronate affinity
inverse opal MIP particles were prepared after the removal
of the SCCBs and HRP templates.

The microstructures of SCCB and oriented boronate
affinity–imprinted inverse opal particle were observed by
SEM, as shown in Fig. 2. The SCCB was assembled by close
packed silica nanoparticles and showed face-center-cubic
(FCC) structure both on the surface and inner of the bead
(Fig. 2b, c). Besides, the SCCBs showed goodmonodispersity
(Fig. S3). With the large specific surface area and connected
nanochannels of the microstructure, the SCCB is superb in the
aspects of sufficient HRP immobilization sites and convenient
hydrogel filling channels (Fig. 2d). After the removal of silica
templates and immobilized HRP, the polymerized hydrogel
scaffold was left. As the hydrogel scaffold is negatively rep-
licated from the SCCB, it inherits the ordered arrangement and
exhibits the inverse opal structure. As the hydrogel lack in
enough strength, the inverse opal structure with higher con-
centration of cross-linker was employed and characterized by
SEM (Fig. 2e, f). This structure not only exhibits the large
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specific surface area for imprinting sites but also offers
macropores as easier accesses for mass transfer.

In this research, the modification of boronic acid groups of
the SCCBs is critical for the preparation of MIP. Therefore,
the assay of the modified boronic acid groups on the SCCBs is
necessary. Here, we evaluated the modification of boronic
acid groups by quantizing the captured HRP on the SCCB
based on the specific adsorption of HRP and boronic acid
groups. We compared the HRP adsorption abilities of unmod-
ified, amino-modified, and boronic acid modified SCCBs, as
shown in Fig. 3a. This controlled experiment is based on two
theories. Firstly, the unmodified and amino-modified SCCBs
lack the capability of bonding with glycoproteins except non-
specific adsorption. In addition, HRP is a kind of efficient
enzyme with glycosylation sites and can catalyze TMB to
show significant colorimetric reaction. Thus, the unmodified
and amino-modified SCCBs exhibited little HRP activity,
while the boronic acid modified SCCBs demonstrated a high
HRP activity, as shown in Fig. 3a. The result indicates that the
SCCBs were modified by the boronic acid groups successful-
ly, and the SCCBs can show excellent capability on binding
glycoproteins. The covalent reaction between the boronic acid

groups and glycoproteins is revisable and pH-dependent.
Thus, the pH of the reaction environment is another influence
factor for the specific adsorption of HRP and boronic acid
groups. To investigate the impact of pH, we dissolved the
HRP in different pH buffer to incubate boronic acid modified
SCCBs. The relative bonded amount of the covalent reaction
can also be estimated by the TMB colorimetric reaction. As
the results shown in Fig. 3b, the binding of HRP was negative
affected by the acidic environment significantly, and it
reached a plateau when the solution was alkalescent. Thus,
to obtain the best performance of imprinting, the whole prep-
aration process of the MIP should be under alkaline condition.

To fabr icate the inverse opal par t ic les , N,N ′ -
methylenebis(acrylamide) (Bis) and acrylamide (AAm) are
employed as the monomer and cross-linker of the pregel, re-
spectively. The polymerization is initiated by the
photoinitiator with UV light. As the time of polymerization
process is very short, it had tiny influence on the activity of
HRP (Fig. S4). It is worth mentioning that the ratio and con-
centration of AAm and Bis also have effect on the resultant
MIP particles. Both of the higher ratio of AAm to Bis and
lower concentration of pregel solution would result in the

Fig. 1 Schematic diagram of the
preparation process of the
oriented surface boronate
affinity–imprinted inverse opal
particles

Fig. 2 SEM characterization. a)
A whole SCCB; b, c the
microstructure of the surface and
the inside of a SCCB; d the
microstructure of the inside of a
hybrid particle; and e, f the
microstructure of the surface and
the inside of an inverse opal
particle. The bars are 100 μm in
(a), 1 μm in (b and d), 2 μm in (c
and f), and 500 nm in (e)
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lower mechanical strength of the inverse opal particles. These
bring the disadvantages of imprinting site damage and non-
specific adsorption. Therefore, considering the above reasons,
the pregel solution with the concentration of 20 wt%, and a
ratio of 29:1 (AAm to Bis) was chosen.

To demonstrate the capability of the oriented imprinted
inverse opal particles for glycoprotein assay, we prepared
HRP-oriented imprinted inverse opal MIP particles under the
optimized conditions (Fig. 4a–c). The non-molecularly
imprinted polymer (NIP) particles were prepared by the same
procedures without HRP. When the MIP particles were incu-
bated in HRP solution, HRP molecules accessed to the com-
plementary imprinting sites on the hydrogel scaffold and bind
with them closely based on the boronate affinity. Meanwhile,
the NIP particles only exhibited little nonspecific adsorption
(Fig. 4d, e). The imprinting factor value of this type of MIP
particles is 16.03. This suggests that the MIP particles can be
used as artificial probe for the template molecules. To further
study the specificity of the MIP for the target recognition, the
HRP-imprinted particles were examined by HRP solutions
with high concentration impurities. Small molecules of sac-
charides (e.g., glucose, mannose, and galactose), non-
glycoproteins (e.g., BSA and ribonuclease A), and other type
of glycoproteins (e.g., TRF, ribonuclease B and alkaline

phosphatase) are potential interferences. Thus, the MIP parti-
cles were used to assay the HRP in the solution with high
concentration of glucose, BSA, or TRF, respectively.
Figure 5a displays the colorimetric reaction results of the
MIP particles after being incubated in these solutions. It is
obvious that the MIP particles still had the capability for rec-
ognizing the target molecules even though there were different
types of interfering agents with thousands-fold higher concen-
tration. The reduced binding can be attributed to the steric
effect of the high concentration interfering reagents and com-
petitive binding (glucose). The effect of incubation time is
also discussed, as shown in Fig. 5b. It is found that the binding
amount of MIP particles were increasing along the time and
reached equilibrium in less than 2 h, which can be ascribed to
the microstructure of the particles. This mass transfer efficien-
cy in the MIP particles is acceptable; thus, the MIP particles
are applicable to be used for assay.

On account of the covalent binding between boronic acid
groups and glycoproteins is pH-dependent, the pH of the test
solution was also investigated. A series of HRP solutions with
different pH were prepared to incubate the MIP particles for
this purpose. As expected, the NIP particles showed little ca-
pability on binding with HRP under different pH conditions,
while the MIP particles showed great capability of binding

Fig. 3 The conditions
optimization of the preparation
process. a The effect of the pre-
modification of the SCCBs and b
the effect of the pH of the HRP
solution. The number of replicates
was five. Error bars represent
standard deviations

Fig. 4 Optical images
characterization and
concentration curve. a-c The
optical images of SCCBs, hybrid
particles, and inverse opal
particles; d the HRP activities of
the MIP particles incubated in
different concentrations of the
target HRP; e the HRP activities
of MIP and NIP particles
incubated in different
concentrations of the target HRP.
The bar is 300 μm in (a–c). The
number of replicates was five in
(e), and error bars represent
standard deviations
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HRP and positive correlation with the pH of the solution (Fig.
S5). This indicates that there were phenylboronic acid mole-
cules existed on the MIP particles, and the pH sensitive reac-
tion was carried out. It is worth noting that most samples from
human were at the range of 5.0 to 8.5; thus, the MIP particles
can be applied for the real sample applications.

To investigate more practical applications of the orient-
ed surface MIP particles, we fabricated AFP-imprinted par-
ticles with the similar approach for the AFP analysis. AFP
is a kind of glycoprotein with 11 glycosylation sites and
has been widely used as tumor marker in the clinical
screening of various cancers, especially the liver cancer.
We used AFP-imprinted particles to bind with AFP in the
sample solution and then incubated them with HRP-tagged
anti-AFP. The particles that bind with AFP successfully
were tagged with HRP by this sandwich ELISA method,
which were then demonstrated by the colorimetric reaction
(Fig. S6). The results show that the AFP-imprinted MIP
particles had a good linearity to the standard AFP solution
with low concentrations (1–50 ng mL−1), and the limit of
detection (LOD) is 1.32 ng mL−1.We compared the strate-
gy we presented with some kinds of recently reported
nanomaterial-based optical methods, as shown in Table 1
[37–41]. Electrochemical aptasensor method can provide a
ve ry low LOD. Neve r the l e s s , t he compl i ca t ed

modifications of the electrode and poor selectivity ability
restrict its wide application, while the label-free MIP par-
ticles can recognize glycoprotein with high selectivity.
This indicates that the MIP particles have great potential
of AFP quantitative analysis in practical applications. The
AFP-imprinted MIP particles also were used directly for
the binding of HRP, and the result is shown in Fig. S7.
The result indicates that the AFP-imprinted MIP particles
only have similar nonspecific adsorption as NIP particles.
Hence, the MIP particles perform a high degree of selec-
tivity for the imprinted glycoprotein and a low level of
nonspecific adsorption. Typically, we assayed the AFP in
human serum using our AFP-imprinted particles. The cal-
culated concentration of AFP is about 7.30 ng mL−1 ac-
cording to Fig. S6b and 9.95 ng mL−1 by standard addition
method shown in Fig. 6, which is consistent with the value
quantized by AFP kit (8.52 ng mL−1).

It is noting that this strategy uses the glycoprotein with at
least 2 glycosylation sites as the template. Hence, some kinds
of glycoprotein with only 1 glycosylation site (e.g., ribonucle-
ase B) cannot be involved in this method. In addition, the
binding between the boronate and glycoprotein realizes in
weak alkaline solution; therefore, the MIP particles are inap-
plicable for the determination of glycoprotein in acidic
solution.

Fig. 5 The specificity and
incubation time of the oriented
MIP particles. a The specificity of
the oriented MIP particles and b
the optimization of the incubation
time of the orientedMIP particles.
The number of replicates was
five. Error bars represent standard
deviations

Table 1 An overview on recently reported nanomaterial-based optical methods for the determination of glycoproteins

Materials Detection method Linear range LOD References

MIP film Immunochemiluminescence
assay

– 1 ng mL−1 [7]

Gold nanocluster-molybdenum disulfide Fluorescence aptasensor 0.5–60 ng mL−1 0.16 ng mL−1 [37]

5-Carboxyfluorescein-labeled AFP aptamer and palladium
nanoparticles

Fluorescence aptasensor 5.0–150 ng mL−1 1.38 ng mL−1 [38]

Zinc sulfide-cadmium telluride hierarchical porous nanospheres Colorimetric detection 0.04–64 ng mL−1 0.01 ng mL−1 [39]
Fluorometric detection 0.05–12 ng mL−1 0.007 ng mL−1

Mixed self-assembled aptamers and zwitterionic peptides Electrochemical aptasensor 10.0 fg mL−1

−100.0 pg mL−1
3.1 fg mL−1 [40]

dsDNA and methyl violet Resonance light scattering
aptasensor

5–100 ng mL−1 0.94 ng mL−1 [41]

MIP particles Colorimetric detection 1–50 ng mL−1 1.32 ng mL−1 This work
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Conclusion

In conclusion, we presented a novel kind of oriented surface
boronate affinity inverse opal particles as biomimetic antibody
particles and demonstrated their potential in target glycopro-
tein assay. Because of their microstructure, the particles gave
large surface specific area and many oriented surface imprint-
ing sites of target glycoprotein. As there are no boronic acid
groups out of the imprinting sites, the particles are endowed
with higher specificity. The modification of SCCBs and the
pH of the glycoprotein solution were also discussed and opti-
mized. When the particles were used for determination, they
exhibited favorable sensitivity, specificity, and potential in
clinical screening. These features of the oriented surface
boronate affinity inverse opal particles indicate that they can
play a key role in the future for medical diagnosis and the
study of glycoproteins.
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