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Abstract: Immunoassay has been an essential tool in many
areas, including clinical diagnostics. However, it suffers from
drawbacks, such as poor availability of high specificity anti-
bodies, limited stability of biological reagents, as well as
damage to health and susceptibility of chemical labels to the
sample environment. Here we present a new approach,
a boronate-affinity sandwich assay (BASA), for the specific
and sensitive determination of trace glycoproteins in complex
samples. BASA relies on the formation of sandwiches between
boronate-affinity molecularly imprinted polymers (MIPs),
target glycoproteins, and boronate-affinity surface-enhanced
Raman scattering (SERS) probes. The MIP ensures the
specificity, while the SERS detection provides the sensitivity.
BASA overcomes the drawbacks of traditional immunoassays
and offers a great prospect for application.

Glycoproteins play vital roles in many biological processes,
such as molecular recognition and immune response.[1] As the
expression of glycoproteins is associated with the occurrence
of diverse diseases, a large variety of glycoproteins have been
employed as disease biomarkers for clinical diagnosis.[2] As
a consequence of the limited concentration of glycoprotein
biomarkers in biological samples as well as the presence of
high-abundance interfering species in the sample matrix,
analytical approaches for the specific detection of glycopro-
tein biomarkers in real-world applications require high-
quality antibodies and high-sensitivity detection schemes.

Immunoassay has been an essential analytical tool for the
analysis of proteins in many areas, such as clinical diagnos-
tics,[3] biochemical research,[4] and antidoping analysis.[5]

However, antibodies with high specificity toward their targets
are difficult to prepare and thus costly. Antibodies also suffer
from poor storage stability and loss of biological activity upon
external treatment. Therefore, an antibody-free immuno-
assay-like assay is highly desirable.

Molecularly imprinted polymers (MIPs),[6] as economical
and stable synthetic receptors with antibody-like binding
properties, have found important applications from separa-
tion to sensing. Recently, general and facile imprinting
approaches have been developed based on the reversible
covalent binding between boronic acids and sugars[7] to
prepare MIPs that can specifically recognize glycoproteins.[8]

The boronate-affinity MIPs exhibited highly attractive char-
acteristics, particularly high specificity, high affinity, and
superb tolerance to interference, thus making them appealing
alternatives to antibodies for applications in immunoassays.

To detect trace target antigens, immunoassays employ
a variety of high sensitivity detection schemes and corre-
sponding labels that are usually chemically conjugated to
a desired antibody or antigen.[9] Widely used labels include
enzymes, radioactive isotopes, DNA reporters, as well as
fluorescence and chemiluminescence probes. However, these
reagents are clearly associated with drawbacks. Enzymes and
DNA reporters suffer from limited stability, radioactive
isotopes are harmful to health, while fluorescence and
chemiluminescence probes are susceptible to the sample
environment. Compared with these detection schemes, sur-
face-enhanced Raman scattering (SERS) exhibits several
significant advantages, including ultrahigh sensitivity, less
susceptibility to sample environment, rapid readout speed,
and possibility for on-site or field detection.[10] SERS-based
immunoassays have recently attracted great interest.[11]

Clearly, the combination of MIPs with SERS could
generate new analytical approaches that outperform conven-
tional immunoassays. Many attempts have been made in this
direction.[12] However, most of them focused on small-
molecule analytes and have not yet been applied to disease
biomarkers. Here we present a boronate-affinity sandwich
assay (BASA) for the specific and sensitive determination of
trace glycoproteins in complex samples. The principle of
BASA is shown in Scheme 1. BASA relies on the combination
of a boronate-affinity MIP that functions similar to a capture
antibody, as well as boronate-affinity-functionalized silver
nanoparticles (AgNPs) that function as SERS probes. The
boronate-affinity MIP ensures the specificity, while the SERS
detection guarantees the sensitivity. A target glycoprotein is
first specifically captured by a boronate-affinity MIP array
from a sample under test. After unwanted species are washed
away, the captured glycoprotein is labeled with boronate-
affinity AgNPs. The formed MIP-target-AgNP sandwich is
then subjected to SERS detection. As the use of undesirable
biological and chemical reagents is avoided, BASA over-
comes the drawbacks of conventional immunoassays. The
procedure is straightforward, taking only 30 minutes in total.
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The feasibility for real-world applications is demonstrated by
the assay of trace a-fetoprotein (AFP) in human serum.

The boronate-affinity MIP arrays were prepared using the
photolithographic boronate-affinity molecular imprinting[8a]

approach, while the boronate-affinity SERS probe was
prepared by modification of AgNPs with 4-mercaptophenyl-
boronic acid (MPBA), which can function as a Raman
reporter. Photo and electron microscopy images of a boro-
nate-affinity MIP array, boronate-affinity AgNPs, and MIP-
glycoprotein-AgNPs sandwiches are shown in Figure 1. As
a proof-of-concept, an eight-spot array (Figure 1 a) was used
in this study. However, MIP arrays can be easily fabricated
into any format of larger numbers of spots for high-
throughput assay, such as 96- and 384-spot arrays. The
scanning electron microscopy (SEM) image (Figure 1b)
shows that the boronate-affinity MIP had a macroporous
monolithic structure, while the transmission electron micros-
copy (TEM) image (Figure 1c) indicates that the AgNPs were
uniform-sized nanoparticles (diameter ca. 60 nm). The SEM

image (Figure 1d) shows that MIP-glycoprotein-AgNP sand-
wiches were formed by boronate-affinity binding between the
MIP and the glycoprotein horseradish peroxidase (HRP) and
between HRP and the SERS probes.

The TEM images (see Figure S1 in the Supporting
Information) show that the AgNPs functionalized with
boronic acid could disperse as well as the unfunctionalized
AgNPs. The localized surface plasmon resonance (LSPR) of
AgNPs before and after boronic acid modification was
characterized by UV/Vis absorption spectrometry. The modi-
fication with MPBA did not alter the LSPR spectrum of
AgNPs (see Figure S2 in the Supporting Information), which
suggests a good dispersity of the MPBA-modified AgNPs. A
comparison of the Raman spectrum of MPBA powder with
the SERS spectrum of MPBA-modified AgNPs (see Fig-
ure S3 in the Supporting Information) confirms successful
modification of the MPBA on the AgNPs. The MPBA
concentration used for preparation of the SERS probe, the
reaction time, and the incubation time for the reaction
between the SERS probes and the captured glycoprotein
were optimized (see Figures S4–S6 in the Supporting Infor-
mation). The incubation time was extremely short, taking two
minutes only. BASA is highly advantageous compared to an
immunoassay, which needs hours or even overnight for
incubation.

From the three different types of boronate-affinity MIPs
that have been reported recently, including a nonporous MIP
with poly(m-aminophenylboronic acid-co-dopamine) as an
imprinting coating,[8b] a nonporous MIP with polyaniline as
the imprinting coating,[8c] and a macroporous monolithic
MIP,[8a] the last was selected for the development of the
BASA because of its enhancement effect on the SERS signal.
The macroporous monolithic MIP yielded the best SERS
signal of the three MIP types under otherwise identical
conditions (see Figure S7 in the Supporting Information),
with the signal intensity 4.6 and 5.7 times higher than that of
the two nonporous MIPs. To further confirm such an
enhancement effect, the macroporous and nonporous MIPs
were replaced by the boronate-affinity macroporous monolith

Figure 1. a) Photo image and b) SEM image of a boronate-affinity MIP
array, c) TEM image of boronate-affinity AgNPs, and d) SEM image of
MIP-glycoprotein-AgNP sandwiches (bright spots).

Scheme 1. Schematic representation of the boronate-affinity sandwich assay of glycoproteins.
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and nonporous layers while the target glycoprotein was
substituted with glucose. Glucose can form 1:2 complexes
with boronic acids, thus it can form a boronate-affinity
sandwich with these boronate-affinity materials and MPBA-
modified AgNPs. The SERS signal produced by the macro-
porous monolith was 2.6-fold higher than that of the non-
porous layer (Figure 2 a). Such a SERS enhancement is in
agreement with a previous study,[13] in which the mechanism

was not clearly addressed. To rationalize this effect, the
number of MPBA-modified AgNPs captured by the glucose-
saturated macroporous monolith and nonporous layer was
statistically analyzed by SEM (see Figures S8 and S9 in the
Supporting Information). Although the macroporous mono-
lith had a much larger surface area than the nonporous layer,
the number of MPBA-modified AgNPs captured by the two
materials was only slightly different (see Figure S10 in the
Supporting Information). This finding suggests that
the SERS enhancement was mainly due to another
reason rather than the larger surface area of the
macroporous monolith. Herein we propose a new
mechanism called macroporous monolith-induced
secondary Raman scattering (see Figure S11 in the
Supporting Information). In addition to the normal
Raman signal excited directly by incident laser, the
macroporous monolith can reflect and scatter the
laser light. The reflected and scattered laser light
excites secondary Raman scattering, which enhances
the overall SERS intensity. On the other hand, the
noise produced by the macroporous monolith was
lower than that by the nonporous layer by 35.6%
(Figure 2b). This can be ascribed to the macro-
porous monolith having a lower signal-generating
area.

To examine the performance of the BASA, HRP
was first employed as a model glycoprotein. Fig-
ure 3a shows the Raman spectra for HRP with
concentrations ranging from 0.1 ngmL�1 to
100 mgmL�1. The results were further displayed by
plotting the intensity at 1072 cm�1 against the
logarithm of the HRP concentration, which gener-
ated a response curve (Figure 3b). The signal
increased linearly with the logarithm of the protein

concentration within the range of 1 ngmL�1 to 10 mg mL�1

(r2 = 0.99). A response curve for a non-imprinted polymer
(NIP) monolith under otherwise identical conditions is also
shown in Figure 3b for comparison. The imprinting factor for
the MIP was calculated to be 11.5 according to the maximum
binding amounts of the MIP and NIP obtained from the two
response curves, thereby confirming the significant binding
affinity of the MIP toward the target glycoprotein. The

binding isotherm for the MIP was further analyzed
through data fitting according to the logistic function.
The fitting yielded an excellent correlation (r2 = 0.99;
Figure 3 c) and a dissociation constant (Kd) of 3.0 nm. The
specificity of the boronate-affinity-sandwich approach
was investigated using RNase B (glycoprotein), trans-
ferrin (TRF, glycoprotein), bovine serum albumin (BSA,
nonglycoprotein), and glucose as interferants. The con-
centration of HRP was 1000- and 10000-fold lower than
that of the interfering proteins and glucose, respectively.
As shown in Figure 3d, all the interferants yielded slightly
higher or comparable signals as the blank sample, while
the signal for the target glycoprotein was significantly
higher. The cross-reactivity of the HRP-imprinted MIP
towards different proteins was measured. The highest
cross-reactivity was for ovalbumin (9.7%; see Table S1 in
the Supporting Information). As ovalbumin is a glycopro-

tein and its molecular weight (44.3 kDa) is very close to that
of HRP (44.2 kDa), such cross-reactivity is acceptable. These
results indicate the excellent specificity of the BASA
approach. It benefited from the high specificity of the
boronate-affinity MIP, which was further guaranteed by the
boronate-affinity SERS probes. The reproducibility of the
method was investigated. The relative standard deviation of
the intensity for the concentration of 0, 1, and 1000 ng mL�1

Figure 2. a) Comparison of the SERS intensity of MPBA-modified AgNPs
absorbed on a glucose-saturated boronate-affinity macroporous monolith
and nonporous layer, and b) the noise signals generated by the boronate-
affinity macroporous monolith and nonporous layer.

Figure 3. a) SERS spectra for HRP at different concentrations (containing 100 mm

phosphate buffer, pH 7.4). b) Dependence of the SERS signal intensity detected
on MIP and NIP arrays on the concentration of HRP. c) Logistic function fitting
for determination of the binding constant. d) Interference test. Sample: 1 mgmL�1

HRP or 1 mgmL�1 interfering protein or 10 mgmL�1 glucose dissolved in 100 mm

phosphate buffer, pH 7.4. The blank sample contained no protein or glucose.
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was 28.8, 17.8, and 8.5%, respectively (see Figure S12 in the
Supporting Information). Such reproducibility is highly
acceptable for a SERS-based assay.

The feasibility of the BASA approach for real-world
applications was demonstrated by an assay of the glycopro-
tein AFP in human serum. AFP has been routinely used as
a biomarker in clinical screening for liver cancer. An AFP-
imprinted MIP array was used to establish the assay. The MIP
array exhibited a linear response toward AFP within the
range of 1 ng mL�1 to 10 mgmL�1 (Figure 4 a). The Kd value
for the AFP-imprinted MIP was determined to be 0.7 nm (r2 =

0.99; Figure 4b). To effectively reduce the influence of the

sample matrix, serum samples spiked with known AFP
concentrations were measured. The AFP concentration in
the serum from a healthy human was determined by the
standard addition method to be 13.8� 3.3 ng mL�1, which is in
good agreement with the result obtained by another method
(12.0� 2.0 ng mL�1).[8c]

In summary, an appealing assay (BASA) has been
developed through combining boronate-affinity MIP with
boronate-affinity-based SERS detection. Its usefulness for
real-world applications has been demonstrated. BASA exhib-
ited significant advantages over a conventional immunoassay
in terms of cost efficiency, stability, and speed. The method
can be easily extended to other glycoprotein biomarkers. By
using MIP arrays with larger numbers of spots, the BASA can
be used for a high-throughput assay. The use of a portable
Raman spectrograph allows point-of-care and on-site appli-

cations. We foresee the rapid development and promising
applications of the approach in multiple areas, especially
diagnostics.
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