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e Boronic acid modified core-shell Au-
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e The detection limit of this SERS
sensor for HRP was 0.053 ng/mL.
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ABSTRACT

Glycoproteins are a class of proteins with significant biological functions and clinical implications. Due to
glycoproteins’ reliability for the quantitative analysis, they have been used as biomarkers and therapeutic
targets for disease diagnosis. We propose a sandwich structure-based boronate affinity biosensor that
can separate and detect target glycoproteins by magnetic separation and Surface-enhanced Raman
scattering (SERS) probes. The biosensor relies on boronic acid affinity magnetic molecularly imprinted
polymer (MMIPs) with pH response as "capturing probe" for glycoproteins, and Au-MPBA@Ag modified
with 4-mercaptophenylboronic acid (MPBA) as SERS probes, among which, MPBA has both strong SERS
activity and can specifically recognize and bind to glycoproteins. MMIPs ensured specific and rapid
analysis, and SERS detection provided high sensitivity. The proposed boronate affinity SERS strategy
exhibited universal applicability and provided high sensitivity with limit of detection of 0.053 ng/mL and
0.078 ng/mL for horseradish peroxidase and acid phosphatase, respectively. Ultimately, the boronate
affinity SERS strategy was successfully applied in detection of glycoprotein in spiked serum sample with
recovery between 90.6% and 103.4%, respectively. In addition, this study used a portable Raman meter,
which can meet the requirements of point-of-care testing. The biosensor presented here also has ad-
vantages in terms of cost-effectiveness, stability, and detection speed.
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1. Introduction

As one of the essential products of protein glycosylation, gly-
coproteins usually appear as enzymes or signaling molecules and
play crucial roles in many biological processes, such as molecular
recognition, immune response, and inflammation [1,2]. Glycopro-
teins contain more than 50% of total proteins in mammalian sys-
tems, and their abnormal structural changes and expression are
associated with the occurrence and development of several dis-
eases [3]. For example, Acid phosphatase (ACP) is a glycoprotein
that plays a vital role in phosphatase clearance. Abnormal elevation
of ACP in human being is related to prostate cancer and other
venous, renal, and skeletal-related disorders [4,5]. Therefore,
developing a convenient method for detecting glycoproteins is an
urgent issue.

Currently, several methods have been used for the analysis of
glycoproteins, including lectin affinity assay [6,7], hydrazide
chemistry [8,9], hydrophilic chromatography [10,11], and immu-
noassays [12,13]. However, those methods can not be widely
employed due to being sophisticated, time-consuming, expensive,
unstable, and low selectivity. It is more challenging to identify trace
glycoproteins directly using those methods. Recently, boronate af-
finity materials have attracted much attention on the utilization for
glycoproteins enrichment [14—16]. This application is based on the
fact that boronic acids can covalently interact with cis-diol-
containing glycoproteins to form stable cyclic esters in basic envi-
ronments and reversibly undergo the backward reaction under
acidic conditions [17,18]. However, boronate affinity materials still
have two limitations: 1) they cannot recognize specific cis-diol-
containing glycoproteins due to class selectivity [17,19]; 2) most
materials have a poor affinity, with dissociation constants ranging
from 10~'—10~3 M [20]. Therefore, low concentration of glycopro-
teins is poorly captured by traditional boronate affinity materials.
Thus, it is essential to develop new boronate functionalized mate-
rials with strong binding ability and high selectivity.

Molecularly imprinted polymers (MIPs) open a new door for
highly efficient separation and enrichment of target analytes in
complex matrices [21—23]. They are synthesized by the copoly-
merization of functionalized monomers in the presence of a tem-
plate and exhibit affinity and specificity for target molecules
[24,25]. In comparison to antibodies, MIPs are easy to prepare, less
expensive to produce, and more stable. Therefore, MIPs have been
widely used in catalysis [26], sensing [27], separation [28], and
disease diagnosis [29]. Recently, surface imprinted polymers with
boronic acid affinity materials as cores for the adsorption of gly-
coproteins have been widely reported [30,31]. The boronic acid
group's class selectivity toward template glycoproteins and the fact
that MIPs can create imprinting cavities that match the template
molecules makes boronate affinity MIPs exhibit excellent speci-
ficity, high affinity, and excellent anti-interference properties [32].
Since time consumption is also key to glycoprotein pretreatment,
candidates must be rapidly separated. Magnetic nanoparticles have
attracted much attention because of their high specific surface area
and rapid separation under a certain strong magnetic field [33—35].
Therefore, many boronate affinity magnetic molecularly imprinted
polymers (MMIPs) are prepared for rapid enrichment separation of
trace glycoproteins in complex matrices [14,21,36,37].

Surface-enhanced Raman scattering (SERS) has been widely
used in the detection of various pathogens and biomarkers due to
its excellent photostability, ultra-high sensitivity, rapid readout,
and point-of-care testing (POCT) [38,39]. Furthermore, the use of
SERS tags dramatically expands the application scope of this
advanced method. In previous work, SERS tags (Au-reporter@Ag)
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prepared by embedding a Raman reporter molecule between a gold
core silver shell achieved highly sensitive detection of cardiac
infarction biomarkers as well as psychoactive drugs [40,41]. How-
ever, due to the sensitivity of SERS sensor processing, SERS signals
are prone to be disturbed in complex matrices. Interestingly, the
combination of MIPs and SERS can make up for the defects existing
in SERS detection mentioned above. A "sandwich-type" boronic
acid affinity SERS sensor was first developed by Liu et al. [42]. The
sensor relies on a sandwich structure formed by boronic acid af-
finity MIPs, target glycoproteins, and boronic acid affinity SERS
probes. Similarly, Li and co-workers [43] utilized a SERS sensor
based on boronic acid affinity MIPs array recognition for highly
selective detection of ACP with LOD was 0.1 ng/mL. Although the
above methods achieve highly selective detection of target glyco-
proteins, they cannot be used for POCT. For example, using MIPs
arrays to capture glycoproteins requires multiple steps such as
elution interferents, drying, etc., which increases the detection
time. Moreover, the Raman signal of the SERS tags was low and the
Raman reporter molecules were vulnerable to interference of the
environment. POCT is widely used in clinical diagnosis because of
its easy operation, rapidity, and miniaturization of experimental
instruments [44]. To further explore this field, we performed
imprinting of glycoproteins on the surface of boronic acid func-
tionalized magnetic nanoparticles, which can selectively adsorb
targets in the analytical liquid and enrich separation under an
external magnetic field. Furthermore, SERS probes with strong
Raman signals were prepared to meet the threshold of portable
Raman instrument POCT.

Herein, we established a boronate affinity sandwich strategy
based on MMIPs and SERS for specific recognition and highly sen-
sitive detection of trace amounts of glycoproteins in complex
samples. The boronate affinity MMIPs secured the specificity and
the SERS detection promoted the sensitivity. Since 4-
mercaptophenylboronic acid (MPBA) not only has strong SERS ac-
tivity but also can specifically recognize and bind to glycoproteins
[45]. Therefore, MPBA was firstly embedded between gold core and
silver shell, and the obtained core-shell nanoparticles (Au-
MPBA@Ag) had strong Raman signals. Since the Raman reporter
molecule is between the gold core and silver shell, the SERS signal is
hard to be affected by the environment and has good stability and
repeatability. Then the above nanoparticles were functionalized
with MPBA to obtain SERS probes that could label glycoproteins.
Moreover, the whole analysis process was carried out in solution,
which shortens the analysis time and avoids low efficiency of the
reaction at the liquid/solid interface. Analysis of multiple glyco-
proteins (such as horseradish peroxidase (HRP), transferrin (TRF),
and ACP) showed that the synthesized MMIPs demonstrated the
specific recognition of target glycoproteins, indicating the general
applicability of the method. Ultimately, the practicality of their
biological applications were further evaluated by quantitative
analysis of HRP, ACP, and TRF in serum.

2. Experimental section

Details of reagents, materials, and instruments are provided in
the electronic supporting information (ESI).

2.1. Preparation of SERS probes

The SERS probe was prepared in three steps: 1) The Raman re-
porter was bonded to the surface of gold nanoparticles by Au—S
bond; 2) The reduction of Ag" to Ag was wrapped onto the sur-
face of the above particles to form a core-shell structure; 3) The
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above core-shell nanoparticles were functionalized with boronic
acid. See ESI for preparation details.

2.2. Preparation of boronic acid modified magnetic nanoparticles

The amino group modified magnetic nanoparticles
(Fe304—NH;) were prepared according to a previously reported
method with slight modifications [46]. 2.0 g of FeCl3-6H,0, 13.0 g of
1,6-hexanediamine, 4.0 g of NaAc, 1.0 g of polyethylene glycol were
added to 60 mL of ethylene glycol, dissolved by stirring and placed
in a 100 mLTeflon lined autoclave to react at 198 °C for 8 h. Then the
obtained Fe304—NH; was collected under magnetic field and rinsed
sequentially with water and ethanol for three times. Finally, it was
dried under a vacuum at 50 °C overnight.

Fe304—NH; was boronic acid functionalized for immobilization
of glycoproteins. First, 200 mg of 4-formylphenylboronic acid
(FPBA) and 250 mg of NaBH3CN were dissolved in 50 mL of
methanol, then 100 mg of Fe304,—NH; was dispersed into the above
solution and sonicated for 20 min. The obtained homogeneous
solution was stirred at room temperature for 24 h. The products
were collected by a magnet and washed with methanol and water
several times, dried in a vacuum at 60 °C for 12 h, and the obtained
products were denoted as FPBA-MNPs.

2.3. Immobilization of glycoproteins

50 mg FPBA-MNPs were dispersed into 50 mL of PBS (0.1 M
phosphate buffer solution, pH 7.4) by sonication, then 15 mg of HRP
was added and fixed by stirring at 25 °C for 1 h. Finally, rinsed with
PBS until there was no UV—Vis absorption at 214 nm in the solution.

2.4. Controllable-oriented surface imprinting of glycoproteins

In a 500 mL round bottom flask, the above glycoprotein
immobilized magnetic particles were ultrasonic completely
dispersed in 150 mL absolute ethanol containing 2.8 mL ammonia.
Then 50 mL of absolute ethanol (containing 100 pL TEOS) was
added and the mixture was stirred at room temperature for some
time. By controlling the hydrolysis time of TEOS, the thickness of
the MMIPs layer was optimized, HRP-imprinted MNPs were finally
collected by a magnet and washed with ethanol several times and
dried at 50 °C under vacuum overnight. Then, the template HRP
was removed by washing with 0.1 M acetic acid solution containing
10% SDS. Finally, MMIPs were collected by magnetic separation,
washed with ethanol and deionized water several times, and dried
at 50 °C overnight.

Magnetic non-imprinted nanoparticles (MNIPs) were prepared
using the same procedure except without a complete glycoprotein
immobilization step. The resulting MNIPs were FPBA-MNPs
covered by a layer of silica shell with the same thickness as the
glycoprotein imprinted MNPs. ACP-imprinted MNPs and TRF-
imprinted MNPs were prepared by replacing the HRP stock solu-
tion with the same ACP and TRF solution volume. All steps were the
same except that the imprinting time was optimized.

2.5. Sample preparation and practical application for HRP, ACP and
TRF assay

The target glycoproteins were dissolved in PBS (pH 7.4) to make
up a stock solution with a concentration of 10 mg/mL and diluted
with the above PBS to the desired concentration and then stored at
4 °C before use. Fetal bovine serum thawing was followed by a 100-
fold dilution with PBS, and a certain concentration of HRP was
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added to prepare the spiked samples. To evaluate the versatility, the
proposed method was applied in quantitative detection of ACP and
TRF from spiked serum samples. Human serum was supplied by
healthy volunteers. Some necessary processes were conducted to
remove large molecules and proteins to get the serum samples. The
blood samples were segregated by adding acetonitrile and centri-
fuged at 12,000 rpm for 5 min after stored for 2 h at 25 °C. Then, the
supernatant serum samples were 1000-fold diluted with PBS
before analysis, and a certain concentration of ACP was added to
prepare the spiked samples. Since TRF are relatively more abundant
in serum, supernatant serum samples were 10%-fold diluted with
PBS before analysis, and a certain concentration of TRF was added
to prepare the spiked samples. For comparison, the ACP and TRF
from human serum samples were also determined by a commercial
ELISA kit according to manufacturer's instructions.

2.6. SERS detection of target glycoproteins

In small test cups, 0.2 mg MMIPs were dispersed in 1 mL target
protein standard solution (or real sample solution), and the mixture
was shocked for 30 min. Then the MMIPs with adsorbed glyco-
proteins were collected by an external magnet, washed with PBS
(pH 7.4) to remove excess proteins, and then added 200 pL SERS
probes to label the glycoproteins captured by MMIPs. After incu-
bation for 8 min, the excess SERS probes were washed with
acetonitrile: 0.01 M pH 9.0 PBS (30:70, v/v). Finally, the MMIPs-
glycoproteins-SERS probes sandwich conjugate were resuspended
in 200 pL PBS (pH 7.4), shaken gently to complete dispersion. For
quantitative analysis, the small test cup was placed on the detection
holder and analyzed by a portable Raman spectrometer. Raman
spectra were recorded with a 785 nm laser at 200 mW power with
an integration time of 500 ms and accumulated three times. All
Raman spectra were averages of 5 repeated measurements and
were baseline corrected.

3. Results and discussion

3.1. Principle of SERS-based biosensor for detection of target
glycoproteins

The construction of the SERS-based boronic acid affinity sand-
wich method and the principle of detecting target glycoproteins are
shown in Fig. 1. Fig. 1A and B shows the fabrication procedures of
boronic acid affinity MMIPs and boronic acid functionalized SERS
probes, respectively. Fig. 1C indicates that the boronate affinity
SERS strategy for detecting target glycoproteins is based on forming
the sandwich structure of boronate affinity MMIPs - target glyco-
proteins - SERS probes. SERS analysis relies on boronic acid affinity
MMIPs that are functionally analogous to capture antibodies and
Au-MPBA@Ag modified with MPBA as SERS probes. First, the target
glycoproteins in the sample are specifically captured by the MMIPs,
and the presence of Fe304 causes the magnetic separation of gly-
coproteins from the complex matrix. Subsequently, the SERS probe
was added and incubated to form a sandwich structure. Finally, the
sandwich structure was collected by magnetic separation and the
SERS signal was measured with a portable Raman meter.

3.2. Optimization of the method

In order to make the SERS-based boronate affinity sandwich
strategy quantitative for the target glycoproteins under the optimal
conditions, some parameters were optimized. The experimental
conditions that showed the best results were as follows: 1) During
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Fig. 1. Principle of SERS-based boronate affinity sandwich assay for detection of target glycoproteins. (A) The preparation procedure of boronate affinity MMIPs. (B) The preparation
procedure of boronic acid functionalized SERS probes. (C) Schematic of sandwich assay construction and detection of target glycoproteins.

the preparation of the SERS probes, the volume of 1 mM of MPBA in
the Au-MPBA@Ag core-shell nanoparticles was 200 pL (Fig. S1); the
reaction time between AuNPs and MPBA was 15 min (Fig. S2); the
volume of 20 mM of AgNOs3 in Au-MPBA@Ag was 100 pL (Fig. S3). 2)
The optimal incubation time between the target glycoprotein and
the boronic acid functionalized SERS probes was 8 min (Fig. S4). 3)
During the preparation of MMIPs, the concentration of HRP was
0.3 mg/mL (Fig. S5), the imprinting time was 70 min (Fig. S6), and
the optimal elution time of template was 60 min (Fig. S7). 4) The
affinity time of MMIPs to capture target glycoproteins was 30 min,
and the optimal pH was 7.4 (Figs. S8 and S9). 5) The excess SERS
probes in the sandwich structure of MMIPs-glycoprotein-SERS
probes were washed with acetonitrile: 0.01 M pH 9.0 PBS (30:70,
v/v) (Table S1).

3.3. Characterization of boronic acid functionalized SERS probes

The design and fabrication of boronic acid modified SERS probes
mainly involve attaching the Raman reporter MPBA to the surface
of AuNPs, followed by a layer of silver shell covered on the surface,
and further modification with MPBA. First, the nanoparticles were
characterized by TEM. Fig. 2A shows that AuNPs were well
distributed with a size of about 16 nm (Fig. 2C). Fig. 2B is the TEM of
the SERS probe, which has an obvious core-shell structure with
relatively uniform size and an average size of about 33 nm (Fig. 2C).
UV—Vis spectra of different nanoparticles, as shown in Fig. 2E,
demonstrates a red-shift for Au-MPBA (525 nm) from AuNPs
(520 nm). The change results from the conjugation effect of the
introduced MPBA, indicating that Au-MPBA was synthesized suc-
cessfully. When Ag* was reduced into silver shell, the absorption
peak of AuNPs disappeared and the characteristic absorption peak
of silver appeared at 400 nm, indicating that the surface of gold core
was covered by silver. The small red-shift of the absorption peak of
the formed SERS probes after modification by boronic acid gives a
preliminary indication of success. Meanwhile, it was also proved by
the EDS analysis of the SERS probe (Fig. 2D). The characteristic el-
ements Au, Ag and S in the SERS probe appeared in the EDS spectra,
in which, the S element was provided by MPBA. Furthermore, the

SERS probe was employed to label the target glycoprotein simul-
taneously with Au-MPBA@Ag. Since there is no boronic acid on the
Ag that binds glycoproteins, the conjugate does not produce any
signal, while the SERS probe does the opposite (Fig. S11).

The AgNPs with higher SERS activity had uneven particle size,
leading to unstable SERS enhancement, while the SERS activity of
AuNPs with uniform distribution was low. Au@Ag core-shell
nanoparticles with two metals have high and stable SERS activity.
Therefore, we synthesized Au-MPBA, Ag-MPBA, and Au@Ag-MPBA
by reference (see ESI for experimental details), and along with Au-
MPBA@Ag synthesized in this study. Their Raman enhancement
activities were evaluated under the same measurement parame-
ters. It can be seen from Fig. S12 that Au-MPBA exhibits the weakest
SERS signal among these different types of nanoparticles. Both
Au@Ag-MPBA and Au-MPBA@Ag with gold core silver shell struc-
ture, the Raman signals differed by nearly three times; this is due to
intercalation of Raman reporter molecules into the crevices of the
core-shell which creates a "hot spot” structure with a stronger local
plasmon resonance effect under the synergistic effect of bimetallic.
Similarly, the SERS signals of different nanoparticles were
compared in the synthesis of SERS probes (Fig. 2F). The pure AuNPs
did not have any SERS signal, and only a weak SERS signal was
exhibited after the surface was conjugated with MPBA. The SERS
signal increased sharply when a layer of the silver shell was
attached to the above particles’ surface. The SERS signal increased a
little after boronic acid modification. Therefore, the strong Raman
signal of the SERS probe lays the foundation for the ultrasensitive
detection of glycoproteins. Raman signal acquisition was performed
for the prepared nine batches of core-shell SERS probes, and the
RSD of the SERS signal at the characteristic peak 1078 cm~! was
only 4.29%. Moreover, the SERS probes were stable for at least 30
days in the dark at 4 °C, indicating that the core-shell SERS probes
have good repeatability and stability (Figs. S13 and S14).

3.4. Characterization of HRP-imprinted MNPs

Design and preparation of MMIPs, mainly included synthesis of
amino-modified Fe304 NPs, functionalization of boronic acids,
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Fig. 2. TEM of (A) AuNPs and (B)SERS probes. (C) Particle size distribution of AuNPs and SERS probes. (D) EDS of the SERS probe. (E) UV—Vis spectra of AuNPs, Au-MPBA, Au-
MPBA@Ag and SERS probes. (F) SERS spectra of a: AuNPs, b: Au-MPBA, c: Au-MPBA@Ag and d: SERS probes. The inset shows the color of corresponding nanoparticles. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

anchoring of glycoproteins, and thickness controllable imprinting.
For morphology measurements, the shape and size of Fe304—NH,
and MMIPs were studied by TEM. Fig. 3A shows that Fe304—NH,
were successfully prepared by a one-pot solvothermal reduction
method with their average diameter at around 134 nm. As shown in
Fig. 3B and C, MMIPs had an obvious core-shell structure with an
average diameter of about 158 nm, significantly larger than that of
Fe304—NH,, confirming the formation of a silica film on
Fe304—NH,. TEM of MNIPs also revealed an obvious core-shell
structure with a particle size of about 160 nm (Fig. 3D). The
morphology of the MNIPs was similar to the MMIPs, indicating that
template protein displayed little influence on the morphology. The
measuring magnetization curves of Fe304—NH;, FPBA-MNPs and
MMIPs using VSM are shown in Fig. 3G. All materials showed good
magnetic, in which the magnetic saturation (MS) value of
Fe304—NH; was 77.85 emu/g and it showed a small decrease after
boronic acid functionalization (75.87 emu/g). Compared with
Fe304—NH,, the MS value of MMIPs decreased obviously, which
was related to the surface covered with a layer of SiO,. Moreover,
the inset of Fig. 3G shows that the MMIPs could be adsorbed on the
side of the vial within 20s when an external magnet was placed
next to the vial, which further confirmed the strong magnetic
response of MMIPs, and analytes can be easily separated from the
mixture under an external magnetic field.

FT-IR was used to investigate the chemical structure of
Fe304—NH,, FPBA-MNPs and MMIPs. As shown in Fig. 3E, the
spectrum of Fe304—NH; nanoparticles showed the signals at
581 cm~! (Fe—O groups), 3410 cm~! (N—H stretching vibration),
2926 and 2853 cm~! (C—H stretching vibration of alkyl chains),
indicating that 1,6-hexanediamine had been successfully modified
on the surface of Fe304 NPs [47]. The spectrum of FPBA-MNPs

showed characteristic absorption peaks at 1403 and 1516 cm™,
corresponding to B—O adsorption bonds, indicating that FPBA had
been grafted onto the surface of Fe304,—NH; [48]. Compared to the
spectrum of FPBA-MNPs, the absorption peak of MMIPs at
1124 cm™! belonged to the stretching vibration of Si—0—Si [30].
The results confirmed that silica had been successfully wrapped on
the surface of magnetic nanoparticles. To further determine the
modification of Fe304—NH; surface by FPBA, elemental analysis of
FPBA-MNPs was carried out using XPS. As shown in Fig. 3F, the N1s
peak at 399.1 eV indicated that 1,6 - hexanediamine had been
immobilized on the surface of magnetic nanoparticles. Due to the
low B abundance, a weaker Bls peak appeared at 191.4 eV, indi-
cating that FPBA had been immobilized on the surface of
Fe304—NH,. The crystal phases of Fe304—NH;, FPBA-MNPs and
MMIPs were identified by XRD analysis. As shown in Fig. 3H, XRD of
the prepared materials showed the characteristic diffraction peaks
of Fe304, and six characteristic diffraction peaks at 20 = 30.1°, 35.4°,
43.2°, 53.4°, 57.1° and 62.5° can be indexed to (220), (311), (400),
(422), (511) and (440), respectively, (JCPDS Card: 19—0629). This
information indicates that the crystal structure of magnetite largely
remained unchanged during the synthesis. Moreover, XRD of
MMIPs exhibits the identical peak position as that of Fe304—NH,
but with the peak intensity decreases, which confirmed that a layer
of film material was imprinted on the surface of Fe30,—NH,.

The binding isotherm of the HRP-imprinted MNPs toward HRP
was evaluated. As shown in Fig. 31, the HRP-imprinted MNPs
exhibited much stronger affinity toward HRP with an adsorption
capacity of 43.8 mg/g compared to the non-imprinted MNPs.
Scatchard plot analysis (Fig. S15) provided a dissociation constant
(Kq) of (711 + 0.43) x 10~ at pH 7.4. The strong binding strength of
the prepared MMIPs favors the extraction of target HRP at a low
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Binding isotherms of MMIPs and MNIPs with HRP.

concentration. The imprinting efficiency was measured to be 42.8%
(see the ESI), which means that, with 100 molecules of the template
used for the imprinting, 42 template molecules provided well-
imprinted cavities. Such a value is quite high in molecular
imprinting, and therefore the imprinting approach was highly
efficient.

3.5. Selectivity of the MMIPs-SERS biosensor

The SERS intensity of the FPBA-MNPs, MMIPs in the presence of
several proteins, including HRP, TRF (a glycoprotein), ACP (a
glycoprotein), AFP (a glycoprotein), BSA (a nonglycoprotein), and
glucose were recorded under identical conditions to verify the
selectivity of MMIPs. The concentration of HRP was 1000-fold
lower than that of interfering proteins and glucose. The binding
capacity of HRP, TRF, ACP and AFP on FPBA-MNPs was similar and

much higher than that of BSA and glucose, as displayed in Fig. S16,
confirming that boronic acid affinity materials had higher binding
capacity for all glycoproteins. MMIPs exhibited a much higher
response toward HRP than other glycoproteins, resulted from much
higher binding capacity toward HRP (Fig. 4A). This remarkable
selectivity can be attributed to the elimination of interference from
other glycoproteins by the molecular imprinting technique. For
template protein, there are recognition sites that match the size,
shape, and functional groups of the template inside the imprinted
polymers. For the MNIPs, there are no specific recognition sites for
HRP so all the proteins were bound through the nonspecific binding
affinity. So the SERS intensity did not displayed much difference.
The cross-reactivity, estimated by the percentage of the SERS in-
tensity of interfering protein over HRP, was employed to evaluate
the selectivity of MMIPs to interfering proteins, as shown in
Table S2. The molecular weight of OVA (44.3 kDa) is very close to
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Fig. 4. (A) The selective recognition property of each compound with MMIPs and MNIPs. Sample: 1.0 pg/mL HRP or 1.0 mg/mL interfering substance. The blank sample contained no
protein or glucose. (B) SERS spectra for HRP at different concentrations. (C) Calibration curve of SERS signal intensity at 1078 cm ™! for HRP at a concentration range of 0.01 ng/mL ~

10 mg/mL. Error bars indicate the standard deviation of three replicate determinations.

that of HRP (44.2 kDa), resulted in the highest cross-reactivity of
9.1% and it was acceptable. Similarly, ACP-imprinted MNPs and TRF-
imprinted MNPs showed good selectivity for template ACP and TREF,
whereas their SERS intensities for other proteins glucose changed
little compared with the blank sample (Fig. S19). These results
benefited from the high specificity of boronate affinity MMIPs and
the high efficiency of magnetic material separation, which was
further guaranteed by boronate affinity SERS probes.

3.6. Method validation and universal applicability

Here, we examined the performance of the SERS sensor based
on MMIPs recognition. HRP was used as a model glycoprotein.
Under optimal conditions, the SERS spectra of HRP at a concen-
tration of 0.01 ng/mL ~ 10 mg/mL are shown in Fig. 4B. It is not
difficult to find that the SERS intensity increases with the increase
of HRP concentration, and the characteristic peak at 1078 cm™! for
the quantitative detection of HRP in different concentration solu-
tions. A response curve was obtained by plotting the SERS intensity
at 1078 cm~! against the logarithm of HRP concentration (Fig. 4C).
The signal increased linearly with the logarithmic value of the
target glycoprotein concentration in the range of 0.1 ng/mL ~ 1 mg/
mL. The regression equation is A = 3284.33 x 1gC + 9497.26, where
Cis the HRP concentration (ng/mL) and A is the Raman intensity at
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1078 cm™! (R? = 0.9976). The LOD calculated by 3 times the stan-
dard deviation rule (3S/N) was 0.053 ng/mL. Compared with the
reported methods, this method has advantages for both linear
range and LOD due to its advantages of high sensitivity and high
specificity. Furthermore, the proposed strategy possesses low cost,
and less time consumption (Table S3).

In addition, to verify the general applicability of our strategy in
detecting other glycoproteins, ACP-imprinted MNPs and TRF-
imprinted MNPs were prepared, with the imprinting times at
75 min and 70 min, respectively (Fig. S20). As shown in Fig. 5A, the
ACP-imprinted MNPs exhibited a good linear response to ACP
within the concentration range of 0.1 ng/mL~100 upg/mL
(A = 391213 x 1gC+9631.77, R> = 0.9892). The TRF- imprinted
MNPs exhibited a linear response toward TRF within the range of
0.01 ng/mL ~ 100 pg/mL (A = 2875.12 x 1gC+9676.49, R? = 0.9924,
Fig. 5B).

3.7. Real sample analysis

To verify the feasibility of the SERS based on boronic acid
affinity MMIPs recognition applied to real samples, this strategy
was used for the detection of HRP in three spiked fetal bovine
serum samples (1.0 ng/mL, 10 ng/mL and 100 ng/mL). The
detection results of fetal bovine serum samples spiked with
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Fig. 5. (A) Calibration curve of SERS signal intensity at 1078 cm~! for ACP at a concentration range of 0.1 ng/mL ~ 100 pg/mL. (B) Calibration curve of SERS signal intensity at
1078 cm™! for TRF at a concentration range of 0.01 ng/mL ~ 100 pg/mL. Error bars indicate the standard deviation of three replicate determinations.
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Table 1
Determination of HRP in fetal bovine serum samples (n = 3).
Spiked (ng/mL) Detecte (ng/mL) Recovery (%) RSD (%)
0 / / /
1 0.9724 97.2 5.7
10 9.064 90.6 6.8
100 92.01 92.0 4.9

different concentrations of HRP are shown in Fig. 6. The recovery
is at 90.6% ~ 97.2% with no more than 6.8% of RSD (Table 1).
These results indicate that the proposed method can be used to
detect target glycoproteins in real samples.

To assess universal applicability, the SERS sensor was also
applied in the determination of ACP and TRF in non-spiked and
spiked human serum samples (Table 2). The original concentrations
of ACP and TRF are 1.651 ng/mL and 3.378 ng/mL, which are
distributed within the normal ACP and TRF levels reported by
former literature [43,49]. When the human serum samples spiked
with ACP at 1.0 ng/mL, 5.0 ng/mL and 10 ng/mL, the recoveries are
at 93.2% ~ 103.4%, and the RSD is no more than 7.0%. When spiked
with TRF at 5.0 ng/mL, 10 ng/mL and 20 ng/mL, the recoveries are
between 96.3% ~ 101.4%, and the RSD is no more than 7.3%. The
concentrations of ACP and TRF in the above-mentioned samples
were also quantified by commercial ELISA kit. There is no signifi-
cant difference in accuracy and precision between the two
approaches.

4. Conclusion

In summary, we combined boronate affinity MMIPs with boro-
nate affinity-based SERS detection to propose a sandwich strategy
to detect trace amounts of glycoproteins in biological samples.
MMIPs containing boronic acid groups have nonimmune-
biomimetic recognition of glycoproteins and high selectivity for
target glycoproteins in serum samples. The prepared Au-MPBA@Ag
had a high SERS activity, which was further modified with MPBA as
SERS probes that could bind specifically to glycoproteins. Therefore,
both selectivity and sensitivity of the sandwich strategy were
guaranteed. The present method also has significant advantages in
terms of cost-effectiveness, stability, and rapid detection. Further-
more, the method can detect other valuable glycoproteins by
imprinting target glycoproteins such as ACP and TRF to be easily
generalized to the detection of other glycoprotein biomarkers. This
versatile strategy provides a non-destructive technique for clinical
diagnostic applications. However, there were the low signal-to-
noise ratio of MMIPs-based SERS due to the template leakage and
residue. This makes the sensor less desirable for the detection of
biological samples at very low concentrations. Therefore, the
signal-to-noise ratio of this method need to be further investigated.
It is noteworthy that using a portable Raman spectrometer in this
study allows POCT and on-site applications. SERS as a sensitive
technique, this strategy provides a new avenue for its biomimetic
recognition in analysis, and it is foreseeable that this method has
great potential in the diagnostic field and further applications in
identifying other kinds of proteins have a promising prospect.

Table 2
Comparison of the precision and accuracy of SERS and commercial ELISA kit for the determination of ACP and TRF in serum samples (n = 3).
Sample Added (ng/mL) The proposed method ELISA
Found (ng/mL) Recovery (%) RSD (%) Found (ng/mL) Recovery (%) RSD (%)
ACP 0 1.651 / 6.8 1.870 / 5.1
1.0 2.583 93.2 7.0 2.829 95.9 438
5.0 6.716 101.3 6.3 6.982 102.2 3.7
10.0 11.989 103.4 5.8 12.106 102.4 4.2
TRF 0 3.378 / 7.1 3.270 / 4.6
5.0 8.238 97.2 73 8.483 102.1 5.2
10.0 13.008 96.3 6.1 13.218 98.4 4.8
20.0 23.658 101.4 6.9 24.238 104.3 5.7
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