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ABSTRACT: In this work, we proposed a strategy that
combined molecularly imprinted polymers (MIPs) and
hybridization chain reaction into microfluidic paper-based
analytical devices for ultrasensitive detection of target
glycoprotein ovalbumin (OVA). During the fabrication, Au
nanorods with a large surface area and superior conductibility
were grown on paper cellulosic fiber as a matrix to introduce a
boronate affinity sandwich assay. The composite of MIPs
including 4-mercaptophenylboronic acid (MPBA) was able to
capture target glycoprotein OVA. SiO,@Au nanocomposites
labeled MPBA and cerium dioxide (CeO,)-modified nicked
DNA double-strand polymers (SiO,@Au/dsDNA/Ce0,) as a
signal tag were captured into the surface of the electrode in

the presence of OVA. An electrochemical signal was generated by using nanoceria as redox-active catalytic amplifiers in the
presence of 1-naphthol in electrochemical assays. As a result, the electrochemical assay was fabricated and could be applied in
the detection of OVA in the wide linear range of 1 pg/mL to 1000 ng/mL with a relatively low detection limit of 0.87 pg/mL
(S/N = 3). The results indicated that the proposed platform possessed potential applications in clinical diagnosis and other

related fields.

KEYWORDS: glycoprotein, molecularly imprinted film, boronate affinity sandwich assay, hybridization chain reaction,

electrochemical sensor

1. INTRODUCTION

An oligosaccharide chain which covalently attached to
polypeptide side chains exists in the glycoproteins."”
Glycoproteins play a crucial role in various biological events,
such as the growth control, division and signaling of cells, and
cell migration.3_6 Protein glycosylation is the most vital post-
translational modification for humans, and the occurrence of
diseases is strongly associated with the glycoprotein level.”*
Therefore, a variety of glycoproteins have been identified as
biomarkers in clinical diagnosis.” The recognition and
detection of glycoproteins requires accurate recognition, high
selectivity, and excellent sensitivity because of high levels of
interfering substances and low glycoprotein concentrations in
complex biological samples.'” Therefore, improving the
selectivity and sensitivity of glycoprotein assay is a significant
requirement for clinical diagnosis and treatment. Molecular
imprinting is a powerful technique to mimic molecular
recognition by natural receptors, which possess antibody-like
binding properties or enzyme-like catalytic activities.'""”
Because of good recognition capacity, easy synthesis, and
high chemical stability, molecularly imprinted polymers
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(MIPs) have been used for chromatographic separation,'’
molecular sensing,14 drug delivery,15 and bacteria killing.16
However, imprinting of biomacromolecules is challenging
under harsh imprinting conditions because of the complex
imprinting protein structure and large size of the protein. In
order to overcome these problems, various approaches have
been proposed to achieve in protein imprinting including
surface imprinting,'” hierarchical imprinting,'® metal-chelating
imprinting,'” and epitope imprinting.'” Boronate affinity-based
MIPs as a promising method have been widely applied in
surface imprinting,”*~>* which exhibited excellent specificity,
high affinity, widely binding pH range, and excellent anti-
interference. Because of these highly beneficial merits,
boronate affinity-based MIPs prepared by this approach can
be adopted for substituting real antibodies in complex real
samples.”

Received: January 30, 2019
Accepted: March 20, 2019
Published: March 20, 2019

DOI: 10.1021/acsami.9b02005
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b02005
http://dx.doi.org/10.1021/acsami.9b02005

ACS Applied Materials & Interfaces

Research Article

Scheme 1. Schematic Illustration of the Proposed Approach for the Detection of Glycoprotein: (A) Preparation of the SiO,@
Au/dsDNA/CeO, Signal Tag; (B) Synthesis of the Boronate Affinity-Based Glycoprotein Imprinted Film; and (C) Fabrication
Procedure of the Sensing Platform and the Electrochemical Detection of OVA
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Paper has been widely applied in printing, writing, and
wrapping because of its low cost, mass producibility, and
disposability. In addition, paper is an attractive platform for
bioanalytical applications.””~>> The first patterned two-dimen-
sional and three-dimensional microfluidic paper-based ana-
lytical devices (uPADs) were proposed by the Whitesides
group.”®*” The uPADs have shown a promising prospect for
constructing a sensing platform.”® The spontaneous liquid flow
on uPADs is driven by capillary action in the presence of the
cellulose matrix, and it avoids the use of any pumping
equipment or external power supply. Considering the above
benefits toward the uPADs, we synthesize boronate affinity-
based MIPs on the yPADs for glycoprotein analysis.

At present, various strategies have been introduced into
sensors for achieving high sensitivity. Hybridization chain
reaction (HCR) is one of the most attractive enzyme-free
amplification processes where an initiator can trigger a
hybridization event between the two species of DNA hairpin
probes to polymerize into a long nicked double-stranded
(dsDNA) structure.”® ! Therefore, HCR has shown to be an
ideal choice in signal amplification because of the benefits of
not requiring any enzymes. In addition, signal amplification
can be achieved by the nanomaterial, which can catalyze
related substrates to accelerate electron transfer in order to
enhance sensitivity of this approach.””** Ceria known as the
“oxygen reservoir” has attracted extensive research interest in
bio-sensing because of its unique properties such as adsorption
properties, lattice expansion, shifts 1n Raman allowed modes,
and formation of oxygen vacancies.”* *® Recently, ceria-based
electrochemical sensors have been developed to detect
different kinds of substances, including alkaline phosphatase
(ALP)-generated products.”” 1-Naphthol as one of the
commonly used ALP-generated products can be oxidized in

the presence of nanoceria. The Ce**
nanocrystalline ceria can be converted to Ce In order to
further achieve the signal amplification, Au NPs were doped on
the SiO, nanoparticle (SiO, NPs) surface to form SiO,@Au
nanocomposites. SiO,@Au could furnish plenty of Au NPs to
anchor more dsDNA, which significantly enhanced the
electrochemical signal.

Herein, we prepared boronate affinity-based MIPs and
SiO,@Au/dsDNA/CeQO, composite to fabricate an ultra-
sensitive sensing platform for rapidly and accurately detecting
glycoproteins. There were two favorable methods introduced
into this strategy for signal amplification to fabricate an
electrochemical sensor, including the preparation of SiO,@Au
and introduction of HCR. It was worth mentioning that the
excellent selectivity was obtained because of the introduction
of MIPs. Scheme 1 illustrates the construction process of the
proposed sensor. First of all, the signal tag SiO,@Au/dsDNA/
CeO, was prepared. Au NPs were immobilized to the surface
of SiO, by the in situ method and subsequent functionalization
of nanoparticles by 4-mercaptophenylboronic acid (MPBA)
and capture DNA. The preparation of SiO,@Au not only
achieved higher electron transfer efficiency, but also provided a
large surface area to anchor more DNA capture for subsequent
HCR to further allow signal amplification. Subsequently, the
dsDNA formed on the surface of SiO,@Au through HCR in
the presence of two hairpin DNAs. Numerous CeO,
nanoparticles as electrochemical indicators could be efficiently
binding with dsDNA through an amidation reaction. The
synthesis of boronate affinity-based MIPs is shown in Scheme
1B. Au nanorod (NR) layer was immobilized on the uPAD
surface based on the in situ growth mechanism, and then
MPBA was introduced to the electrode surface through the
Au—S bond for capturing target glycoprotein. After the

ions present in the
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formation of the imprinting film to achieve the successful
preparation of MIPs, the template was removed. Interestingly,
the generation of double recognition was beneficial to improve
the selectivity of detecting glycoprotein. On the one hand,
MIPs could effectively recognize target glycoprotein in the
presence of a covalent cyclic ester between boronic acids and
glycoprotein. In addition, 3D molecular imprinted cavities
matching the shape of target enhanced the selectivity of
proposed assay. Therefore, excellent affinity for the target
glycoprotein endowed the sensing platform with excellent
selectivity. The fabrication of the MIP-based immunosandwich
assay is exhibited in Scheme 1C. MIPs could accurately
recognize target glycoprotein from complex samples owing to
its excellent selectivity. The signal tag was labeled on the
electrode surface because of the specific recognition between
MPBA present in the signal tag and the target glycoprotein.
The Ce*" ions could be converted to Ce®* in the 1-naphthol
solution, and the addition of redox-active nanoparticles
facilitates conversion of 1-naphthol to naphthoquinone.
Thereby, a catalytically amplified signal could be observed in
the presence of target glycoprotein ovalbumin (OVA).

2. EXPERIMENTAL SECTION

2.1. Design and Fabrication of uPADs. The uPADs were
fabricated by previously reported work with slight modification for
glycoprotein detection (Figure S1, details in the Supporting
Information).>* As shown in Scheme 2, this #PADs which fabricated
through wax-printing composed of channel tab, detection tab, and
washing tab. The hydrophilic circle with the diameter of 8 mm on the

Scheme 2. Obverse (A) and the Reverse (B) of Schematic
Representation, Size, and Shape of yPADs; the Obverse (C)
and the Reverse (D) of the Fabrication of uPADs for
Detection of OVA; the Operation Process of uPADs for (E)
Washing and (F) Detecting
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detection tab was the sampling zone, on which the counter electrode
and working electrode as well as reference electrode were screened-
printed. The sample zone was a specific zone where the reaction
occurred on the paper. The rest circle with S mm diameter was the
inlet zone. The assay begins by injecting the solution into the inlet
zone for detecting glycoprotein. On the channel tab, the circles were
perforated for constructing the channel. The light yellow rectangle
area connected the sample zone and washing tab during the washing
process, and its semi-hydrophilic property prevented the detection
area from being contaminated by the washing liquid. Furthermore, the
washing tab was the hydrophilic zone to absorb excess solution. After
folding along with line 1, the semi-hydrophilic zone connected the
sample zone and washing tab. When washing buffer was added to the
sample zone, semi-hydrophilic zone brought excess solution into the
washing tab. Furthermore, the hydrophobic side protected the
detection tab from the washing liquid contamination. After folding
along with line 2, the channel was slipped down onto the three
electrodes such that it brought the three electrodes into electro-
chemical contact. A small drop of buffer was added to the inlet, which
wet the sample zone, and a differential pulse voltammetry (DPV) or
cyclic voltammograms (CV) measurement could be obtained.

2.2. Preparation of the SiO,@Au/dsDNA/CeO, Signal Tag.
The preparation of the SiO,@Au/dsDNA/CeO, signal tag is
described in Scheme 1A. First of all, 0.5 mL of mixture solution
containing 6 M capture probe and 2 yM MPBA were dispersed into
1.5 mL of SiO,@Au solution (details in the Supporting Information)
for 12 h at room temperature. After that, the solution was treated with
S uL of 2 mM HT for 1 h to remove the nonspecific binding and
block the left active groups. Then, 10 uL of the 1 uM mixture of
hairpin probe (DNA1 and DNA2) was incubated for 1 h to form
DNA concatemer. Next, it was further incubated in 0.5 mL CeO,
solution (details in the Supporting Information) containing EDC (50
mM) and NHS (50 mM) for another 2 h. After washing, the signal tag
was ready for measurement.

2.3. Fabrication of the Boronate Affinity-Based MIPs
Modified Electrodes. In order to improve the electron transport
performance of the paper electrode, Au NRs was obtained by in-site
growth on the surface of uPADs according to our previous works with
slight modifications (details in the Supporting Information).”> Next,
ethanol—water solution (30:70, v/v) containing 200 M MPBA was
added in the modified electrode for 12 h at room temperature. Then,
the residual reagent was removed by washing with ethanol and water
and dried in air.

A thin template layer was carried out by introducing 10 mM of
phosphate-buffered saline (PBS) buffer (pH 8.5) containing 0.5 mg:
mL™" of OVA into the boronic acid-functionalized electrodes at room
temperature for 3 h. Then, a prepolymer mixture solution [regulate
pH to ~9.3 with NH;-H,0 (28 wt %)] containing 0.5 mg-mL™" of
TMOS and 1.5 mg:mL™" of PTEOS was injected into the template-
anchored electrodes at room temperature for 12 h. Then, template
molecules remain in the OVA imprinted Au—MPBA/MIPs surface
could be removed by washing with HAc/NaAc solution (pH 4.0)
several times. For comparison, preparation processes of nonimprinted
polymers (NIPs) covered electrodes following the same method
mentioned above but without the addition of OVA.

2.4. Electrochemical Detection Procedure of the Boronate
Affinity Sandwich Assay. First, a 5 uL of OVA solutions of varying
concentrations in 10 mM PBS (pH 8.5) was added into each MIP-
modified paper sample zone of the yPADs, and each one was then
incubated at room temperature for 30 min. Then, the electrode was
incubated for 15 min with 5 uL of the SiO,@Au/dsDNA/CeO, signal
tag. The resulting electrodes were gently washed with deionized water
for preventing the nonspecific binding and dried, and then DPV
measurement was performed in 10 mM PBS (pH 7.4) from 0.0 to 0.6
V with a pulse amplitude of S0 mV, a pulse period of 0.2 s and a pulse
width of 50 ms.
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Figure 1. SEM (A) and TEM (B) images of SiO, NPs; TEM images (C) and EDS images (F) of SiO,@Au; TEM images (D) and XRD pattern
(E) of CeO,.

Figure 2. SEM images of (A) bare paper, (B) Au-uPADs, (C) further magnifications of (B), (D) MIPs modified Au-uPADs, (E) further
magnifications of (D), and (F) NIPs modified Au-yPADs.
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Figure 3. (A) XRD pattern of bare paper (a) and Au-uPADs (b); (B) FTIR spectra of Au-uPADs (a), Au-uPADs/MIPs (b), Au-uPADs/NIPs (c),
and Au-yPADs/MIPs after removal of the template (d).
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Figure 4. CV (A) and EIS (B) of uPADs (a), Au-uPADs (b), Au-uPADs/MIPs before (c) and after (d) template molecule extraction, and Au-
UPADs/MIPs after rebinding of OVA (50 ng-mL™") (e), in 5 mM K;[Fe(CN),]/K,[Fe(CN);] solution containing 0.1 M KCI. (C) DPV responses
of Au-uPADs (a), Au-uPADs/MIPs (b), and Au-uPADs/NIPs (c) in 10 mM PBS (pH 7.4) with addition of 1000 ng/mL OVA and 0.5 mM 1-
naphthol; Au-uPADs/MIPs (d) was processed in blank OVA in 10 mM PBS (pH 7.4). (D) DPV responses of MIPs-OVA-SiO,@Au/dsDNA (a),
MIPs-OVA-SiO,@Au/dsDNA/CeO, (b), and MIPs-OVA-Au/dsDNA/CeO, (c) in 10 mM PBS (pH 7.4) in the presence of 1000 ng/mL OVA
and 0.5 mM I-naphthol.
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Figure S. (A) DPVs of OVA detection with different concentrations in 10 mM PBS (pH 7.4) from 0.0 to 0.6 V with a pulse amplitude of S0 mV, a

pulse period of 0.2 s, and a pulse width of S0 ms: 1 pg/mL, 10 pg/mL, 100 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, 1000 ng/mL. (B)
Corresponding calibration curve.

Table 1. Comparison of the Proposed Method with Other
Approaches Published Earlier in Glycoprotein Detection

3. RESULTS AND DISCUSSIONS

3.1. Characterization of the Synthesized Nanoma-

e — terials. Figure 1A,B shows the scanning electron microscopy

method” LOD linear range refs (SEM) and transmission electron microscopy (TEM) images
SERS 1076 uM 1075 to 1072 uM 41 of the SiO, NPs, respectively. As we can see, a spherical
FL 0.66 uM 1-10 uM 42 structure of SiO, NPs with uniform size distribution and
PEC 0.13 pg/mL 0.5 pg/mL to 10 ug/mL 43 smooth surfaces was obtained from the SEM image. TEM
ECL 33 pg/mL  0.01-10 ng/mL 44 presented morphology of SiO, NPs with an average diameter
electrochemistry ~ 0.87 pg/mL 1 pg/mL to 1000 ng/mL  our work of about 140 nm (Figure S2A, details in the Supporting

“SERS, surface-enhanced Raman scattering; FL, fluorescence; PEC,
photoelectrochemical; ECL, electrochemiluminescence.

Information). As shown in Figure 1C, many small-sized Au
NPs were visible as uniform and rough small black spots on the
surface of SiO,@Au in the presence of Na;Cit. Furthermore,
the energy-dispersive spectrometry (EDS) image is displayed
in Figure 1F, providing evidence to illustrate the successful
preparation of SiO,@Au. Moreover, the morphologies of CeO,
nanoparticles were characterized by TEM with a diameter
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Figure 6. (A) Stability of the prepared biosensor at 4 °C. (B) Recognition ability of Au-uPADs/MPBA, Au-uPADs/MIPs, Au-uPADs/NIPs toward
different proteins (OVA, bromelain, AFP, CEA, BHb, and BSA). (C) Reproducibility interassays of six biosensors prepared under the same
conditions. (D) Reproducibility intraassays of one biosensor prepared in the same conditions.

Table 2. Determination of OVA in Chicken Egg White
Samples Using the Proposed Sensing Platform

added found RSD (%) recovery
samples (ng/mL) (ng/mL) (n=3) (%)
1 0.5 0.52 2.5 102.0
2 1.0 1.03 2.7 103.0
3 1.5 1.45 2.8 96.6
4 2.0 2.02 2.6 101.0
S 2.5 2.38 2.5 95.2
6 3.0 295 2.3 98.3

about 10 nm (Figure S2B, details in the Supporting
Information) as exhibited in Figure 1D. In addition, the X-
ray diffraction (XRD) method was used to examine the phase
and structure of synthesized CeO, nanoparticles in Figure 1E.
The diffraction peaks around 28.5°, 33.0°, 47.4°, 56.3°, 59.3°,
69.8°, 75.9°, and 77.9° were observed, which corresponded to
the (111), (200), (220), (311), (222), (400), (331), and
(420) planes (JCPDS no. 34-0394) of fluorite-phase CeO,.
3.2. Characterization of the Paper-Based Boronate-
Affinity MIPs. As shown in Figure 2A, the chromatography
paper was shown to have a framework of cellulosic fibers,
which offered a biocompatible, incompact microenvironment
for the immobilization of Au NRs. The two cellulose fibers
were tightly connected at the points of contact, which might be
attributed to hydrogen-bonding interactions of polysaccharides
at the fiber. In order to improve the conductivity of the work
electrode, a layer of Au NRs arrays were obtained on the paper
work zone as depicted in Figure 2B. Based on the in situ
growth mechanism, a close-knit and uniform growth of the Au
NR conducting layer was observed after the Au seed
successfully grows on the paper fiber."” The Au NR layer
would enhance the area-to-volume ratio as well as increase the
conductivity of the paper electrode to obtain a better electron
transmission performance. A high-magnification SEM image is
shown in Figure 2C, the prepared Au has a rod structure with a

diameter of ~20 nm, which was beneficial for enhancing the
electron transfer rate. After the formation of MIPs on the
surface of Au-uPADs, the SEM image of Au-uPADs/MIPs was
obtained as shown in Figure 2D. Upon further magnification
(Figure 2E), the Au-uPAD surface was wrapped with the
intensive polymer layer, which demonstrates successful
combination. The SEM image of Au-yPADs/NIPs was also
obtained as depicted in Figure 2F.

In order to confirm the crystalline structure and phase
purities of Au-uPADs and bare yPADs, the XRD analysis was
performed as shown in Figure 3A. Compared with the XRD
pattern of bare uPADs [curve (a)], Au-uPADs contained three
characteristic diffraction peaks at about 38.4°, 44.4°, 64.8°
[curve (b)], which correspond to the (111), (200), and (220)
diffraction of cubic, respectively (JCPDS card no. 004-0784).
Furthermore, Fourier transform infrared (FT-IR) which
verifying the successful preparation of the boronate affinity
molecularly imprinted film spectroscopy was obtained from
KBr pressed pellets of the samples in Figure 3B. The FT-IR
spectra of Au-uPADs, MIPs, NIPs, and MIPs after removal of
the template were shown in curves (a—d), respectively. The
spectra reveal a characteristic peak at approximately 3429 and
1451 cm™! for the N—H bonding vibration of OVA. However,
these bands were weaker in the spectra of NIPs and MIPs after
removal of the template, indicating that glycoprotein
successfully imprinted in the polymer film. In addition, the
adsorption band of B—O stretching vibration appeared in 1347
cm™, providing the evidence that MPBA had been successfully
modified onto Au-uPADs. Moreover, the bands between 1140
and 950 cm™ can be attributed to Si—O-—Si vibrations
appeared in the spectrum of MIPs, NIPs, and MIPs after
removal of the template. All these results confirmed that the
MIPs were successfully prepared.

3.3. Electrochemical Characterization of the Pro-
posed MIP Sensor. The surface properties of modified
electrodes were characterized by CV and electrochemical
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impedance spectroscopy (EIS) in Figure 4A,B. CV experi-
ments were performed in 5.0 mM K;[Fe(CN),]/K,[Fe(CN);]
solution containing 0.1 M KCI with a scan rate of 50 mV/s as
exhibited in Figure 4A. A pair of symmetric redox peaks of the
biosensor appeared at the bare yPADs [curve (a)]. When Au
NRs was introduced onto the yPADs surface, there was a
remarkable increased redox peak current [curve (b)]. This
might be attributed to the excellent electrical conductivity and
electrocatalytic effect of the Au NRs, which serve as
electroconductive material for improving the electron transfer
rate of [Fe(CN)¢]>". The peak current of the electrode
dramatically decreased from curve (b) to curve (c) after MIPs
covered the surface of the electrode [curve (c)], which is
possible to the electrostatic repulsion between the ferricyanide
and MIPs toward the electrode surface. When the template
molecules were removed from the MIPs [curve (d)], the
current responses were enhanced as expected, accounting for
the fact that the imprinting cavities could enhance the diffusion
of [Fe(CN)4]*". In comparison to curve (d), Au-uPADs/MIPs
after rebinding of OVA exhibited lower peak current [curve
(e)], which is likely a result of the combination of OVA and
the MIP film. However, the peak current of curve (e) was still
higher than that of curve (c), suggesting that OVA occupied a
part of imprinting cavities. In addition, EIS has been reported
to be a facile technique for characterizing the modified
electrode surface during the sensor construction process. Each
Nyquist diagram consisted of a semicircle at high frequency
and a linear part at low frequency. The diameter of the
semicircle was used to reflect the electron transfer resistance
(R.). Therefore, EIS was performed to investigate the
electrochemical behaviors of the modified electrodes in 5.0
mM [Fe(CN),]>~/*" solution containing 0.1 M KCI as shown
in Figure 4B. For bare pPADs, the impedance spectrum
presented a relatively small semicircle [curve (a)] in a higher
frequency range as a low R,,. After the modification of Au NRs,
the Au-uPADs [curve (b)] exhibited a lower R,, indicating
that Au NRs have a stronger electronic transfer capability.
However, with the boronate affinity-based oriented imprinting
[curve (c)], the R, was significantly increased. The results
demonstrated that the MIPs film had low conductivities and
great blocking effect, which produced a greater resistance to
the electron transfer. Once the template was removed from the
MIPs film [curve (d)], the R, decreased obviously, indicating
that the specific imprinted holes that appeared on the MIP film
improved the electron transfer rate. While the MIP film was
rebound with OVA [curve (e)], the R,, exhibited a significant
increase, indicating that the OVA binding on the MIP film
occupies site and hindering [Fe(CN)¢]*~ redox probe from
approaching the electrode surface.

To evaluate the performance of the proposed sensing
platform, electrochemical detection toward OVA performed
under the optimized experimental conditions (Figure S3,
details in the Supporting Information). After preparing signal
tag SiO,@Au/dsDNA/CeO, to form the MIPs-OVA-tag
sandwich assay in OVA solution (5 mL, 1000 ng/mL), the
DPV intensity of Au-uPADs, Au-uPADs/MIPs, and Au-
UPADs/NIPs were measured. In addition, in order to perform
a controlled trial, the Au-uPADs/MIPs in the absence of OVA
were electrochemically measured under the same condition.
Figure 4C reveals the Au-uPADs [curve (a)] generating a
negligible electrochemical signal after incubating in OVA.
However, after modifying NIP [curve (c)], the current
response was a little bit stronger than that of the Au-yPADs.

This might be attributed to the fact that the polymer film-
modified electrode surface adsorbed a few OVA. As revealed in
curve (d), the DPV intensity of Au-uPADs/MIPs in blank
OVA was also stronger compared to Au-yPADs. It might be
because imprinting film pores adsorb a handful of electro-
chemical active substances. Afterward, expectedly, current
intensity increased obviously when the signal tag was fixed on
the electrode surface, indicating that the proposed sensing
platform was successfully fabricated. Furthermore, in order to
measure the performance of the prepared signal tag, the DPV
peak currents of MIPs-OVA-SiO,@Au/dsDNA, MIPs-OVA-
SiO,@Au/dsDNA/CeQ,, and MIPs-OVA-Au/dsDNA/CeO,
were measured in 50 mg ng/mL OVA, 0.5 mM 1-naphthol,
and 10 mM PBS (pH 7.4). As we can see in Figure 4D, the
peak current was almost negligible when the electrode was
incubated with SiO,@Au/dsDNA [curve (a)] only because 1-
naphthol cannot be oxidized in the absence of CeO,.
Thereafter, the peak current was enhanced significantly when
the biosensor was incubated with SiO,@Au/dsDNA/CeO,
[curve (b)] owing to the excellent oxidation of CeO, toward 1-
naphthol. More inspiringly, the current was significantly
decreased when the sensing platform was incubated with
Au/dsDNA/CeO, [curve (c)] instead of SiO,@Au/dsDNA/
CeO,. The reason for this phenomenon was that the SiO,
nanomaterial with a large surface area could carry large
amounts of Au NPs, leading to signal amplification. The
comparison results displayed that excellent signal tag (SiO,@
Au/dsDNA/CeO,) was crucial to ultimately improve
detection sensitivity.

3.4. Analytical Performance of the MIP Sensor. Under
the optimal conditions (details in the Supporting Information),
a series of different concentrations of OVA were measured to
confirm the ability of the proposed sensor in 10 mM PBS (pH
7.4) from 0.0 to 0.6 V with a pulse amplitude of 50 mV, a pulse
period of 0.2 s, and a pulse width of 50 ms. As depicted in
Figure SA, the DPV intensity gradually increased with the
increase of target concentration because more signal tags were
fixed on the electrode surface. A good linear relationship
between DPV intensity and the logarithm of target OVA
concentrations in the range of 1 pg/mL to 1000 ng/mL was
displayed (Figure SB). The regression equation was I (4A) =
2.555 Ig Coya + 6.224 (R = 0.991) with a limit of detection
(LOD) of 0.87 pg/mL (S/N = 3), where I and C represented
the current intensity and OVA concentration, respectively.
Additionally, Table 1 summarizes the performance of proposed
work compared with that of some reported methods for
glycoprotein detection. Our work represented an acceptable
wider linear range and a lower detection limit, exhibiting its
superior performance.

3.5. Stability, Reproducibility, and Selectivity of the
Sensor. The long-time stability of this imprinted sensor was
investigated by detection of the electrochemical signal change
of the sensing electrode. Seven identical electrodes were
constructed and then stored in 4 °C. It retained 92.1% of its
original response value after a stored period of 60 days,
indicating that the proposed sensor had good storage stability.

For the applications of imprinted materials, the recognition
specificity was a key consideration factor for the designed
biosensor. To examine selectivity of Au-uPADs/MIPs toward
OVA, five kinds of proteins as interfering agents including
bromelain, human a-fetoprotein (AFP), carcinoembryonic
antigen (CEA), bovine hemoglobin (BHb), and bovine
serum albumin (BSA) were chosen as the interferants. Figure
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6B displays the electrode response of Au-uPADs/MIPs, Au-
UPADs/NIPs, and Au-uPADs/MPBA toward these proteins
under an equal concentration (1.0 ng/mL). Obviously, Au-
UPADs/MIPs exhibited an evident increase response toward
OVA than other proteins, indicating that a much higher
binding capacity toward OVA was obtained. The current
response of Au-uPADs/NIPs to OVA and other four proteins
could be almost ignored compared with that of Au-uPADs/
MIPs to OVA. Furthermore, in order to explore the influence
of the boronate affinity interaction on the imprinting effect, the
current intensity of Au-uPADs/MPBA was also measured in
the presence of OVA. Au-uPADs/MPBA exhibited specific
recognition toward all glycoproteins, illustrating that Au-
uPADs/MPBA has no specific recognition function for protein.
All these comparison results indicated that MIPs have excellent
specific recognition property. Therefore, the excellent specific
recognition of MIPs toward OVA was due to the combined
action of boronate affinity of MPBA and the shape of the
recognition sites in the imprinted matrix. These results
suggested that the as-designed biosensor possessed a satisfied
selectivity to OVA.

The reproducibility of the proposed sensor was investigated
based on interassay precision and intraassay precision. The
interassay precision was evaluated by measuring the 1.0 ng/mL
of OVA on 6 different sensors independently. Meanwhile, 6-
time parallel determination of 1.0 ng/mL of OVA from a single
sensor was carried out to evaluate intraassay precision. A good
reproducibility for preparing the sensors with the relative
standard deviation (RSD) of interassay precision and intra-
assay precision were 9.4 and 10.2%, respectively. Such
reproducibility was highly acceptable for the as-designed
sensing platform.

3.6. Application in the Real Chicken Egg White
Sample. To evaluate the analytical reliability and the
promising application potential of the constructed biosensor,
a recovery experiment was performed by adding different
concentrations of OVA (0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 ng/mL)
into 100-fold diluted egg white samples (Table 2). The
obtained RSD was less than 2.8%, and the recoveries of OVA
from egg white sample ranged from 95.2 to 103.0%, indicating
that the proposed biosensor had an acceptable potential
application for the detection of glycoproteins in real biological
samples.

4. CONCLUSIONS

In summary, a paper-based biosensor successfully introduced
boronate affinity sandwich assay for detecting OVA based on
the SiO,@Au/dsDNA/CeO, signal tag, which combined HCR
and simultaneous achieving signal amplification. Furthermore,
the introduction of boronate affinity MIPs effectively improved
the selectivity of the proposed assay. In addition, the formation
of hybridization chain and preparation of SiO,@Au with a
large surface area enhanced sensitivity of the sensing platform.
Furthermore, nanoceria particles had an excellent catalytic
property toward 1-naphthol, which could be oxidized into
naphthoquinone. The proposed boronate affinity MIP sensor
exhibited a wide linear range of 1 pg/mL to 1000 ng/mL, a low
detection limit (0.87 pg/mL), and satisfying selectivity for
OVA detection, which provide a promising platform for
glycoprotein detection.
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