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Abstract
A surface protein-imprinted biosensor was constructed on a screen-printed carbon electrode (SPCE) for the detection of 
anti-human immunoglobulin G (anti-IgG). The SPCE was successively decorated with aminated graphene (NH2-G) and gold 
nanobipyramids (AuNBs) for signal amplification. Then 4-mercaptophenylboric acid (4-MPBA) was covalently anchored 
to the surface of AuNBs for capturing anti-IgG template through boronate affinity binding. The decorated SPCE was then 
deposited with an imprinting layer generated by the electropolymerization of pyrrole. After removal of the anti-IgG tem-
plate by the dissociation of the boronate ester in an acidic solution, three-dimensional (3D) cavities complementary to the 
anti-IgG template were formed in the imprinting layer of polypyrrole (PPy). The molecularly imprinted polymers (MIP)-
based biosensor was used for the detection of anti-IgG, exhibiting a wide linear range from 0.05 to 100 ng mL−1 and a low 
limit of detection of 0.017 ng mL−1 (S/N = 3). In addition, the MIP-based anti-IgG biosensor also shows high selectivity, 
reproducibility and stability. Finally, the practicability of the fabricated anti-IgG biosensor was demonstrated by accurate 
determination of anti-IgG in serum sample.
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Introduction

Antibodies are glycoproteins involved in the pathogenesis of 
autoimmune diseases, which play a critical role in immuno-
pathology [1]. The past years have witnessed the detection 
of antibodies as an important approach for the diagnosis of 
several diseases such as HIV [2], dengue [3], Zika virus [4] 
and autoimmune diseases [5]. Particularly, due to the fast 
global spread of coronavirus disease (COVID-19) from the 
end of 2019, assay of immunoglobulin G (IgG) and immu-
noglobulin M (IgM) antibodies for evaluating the diagnostic 
accuracy is especially important for COVID-19 patients [6]. 
As a valuable alternative, electrochemical biosensors can 

be regarded as a feasible strategy for the rapid, specific and 
sensitive detection of antibodies at the point-of-care [7].

It is usually difficult for the imprinting of biological mac-
romolecules (e.g. proteins) due to their restricted mobility 
within the highly cross-linked polymer matrix [8]. Apart from 
this, imprinting under harsh conditions often leads to protein 
denaturation [9]. Compared with small organic molecules used 
as the templates in molecularly imprinting polymers (MIP), 
proteins possess complex surface binding sites, and therefore 
appropriate complementarities and polymerization procedures 
are especially essential for successful fabrication of MIP-based 
protein sensors [10]. Various imprinting strategies such as sur-
face imprinting [11], epitope imprinting [12] and microcontact 
imprinting [13] have been proposed to solve these problems 
frequently encountered by proteins imprinting. Among the 
developed methods, surface imprinting is especially attractive 
owing to its high binding capacity, rapid mass transfer and 
efficient removal of template [14]. Recently, boronate affinity 
controllable-oriented imprinting has been utilized for surface 
imprinting since it can allow easy and efficient preparation of 
MIP specific to glycoproteins [15]. For example, Wang et al. 
reported that a glycoprotein template was covalently anchored 
onto the surface of a boronic acid-functionalized substrate 
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through boronate affinity binding for the preparation of MIP 
[16]. The principle of boric acid affinity is that under the con-
dition of pH 6 ~ 10, boric acid can covalently interact with 
molecules containing cis-diol to form stable cycloesters, which 
will be dissociated at pH < 3, and this reversible binding makes 
boric acid an excellent affinity ligand for MIP [17]. Electropo-
lymerization is a straightforward approach for the preparation 
of polymers used as the matrix of surface imprinting [18], 
since the thickness and the morphology of the electrodeposited 
polymer films can be controlled through electropolymerization 
conditions [19].

To enhance the sensitivity of MIP-based sensors, various 
nanomaterials such as gold nanoparticles (AuNPs), carbon 
nanotube (CNT) and graphene have been used for electrode 
modification [20]. Among them, graphene has received 
increasing attention in electrochemical biosensors due to 
its robust mechanical property as well as high conductivity 
and electron mobility [21]. In addition, graphene can also be 
coated with metal or metal oxide NPs for signal amplifica-
tion [22]. As another kind of important nanomaterials, AuNPs 
exhibit high chemical stability and electron transfer capacity, 
excellent biocompatibility, which have been widely used in 
electrochemical bioanalysis. However, the commonly used 
AuNPs are spherical in shape, and little attention has been 
paid to the use of Au nanobipyramids (AuNBs) in biosensors 
[23]. Compared with spherical AuNPs, AuNBs might be a 
potential alternative to obtain higher sensitivity owing to their 
sharper tips [24]. In fact, the plasmonic responses and local 
field enhancement of noble metal NPs can be tuned through 
their shape and size [25], which can in turn influence the vol-
tammetric signals of the noble metal NPs.

In this work, a novel surface protein-imprinted biosensor 
based on boronate affinity was proposed for the detection 
of anti-IgG. A screen-printed carbon electrode (SPCE) was 
successively decorated with aminated graphene (NH2-G) and 
AuNBs for signal amplification, which was further decorated 
with 4-mercaptophenylboric acid (4-MPBA) through Au–S 
bond. The anti-IgG template can be covalently anchored 
to the surface of 4-MPBA through the specific boronic 
acid–diol binding, and then the substrate was deposited with 
an imprinting layer generated by the electropolymerization 
of pyrrole. After removal of the template in an acidic solu-
tion, the MIP-based biosensor was obtained, which can be 
successfully applied in the sensitive and selective detection 
of anti-IgG by using [Fe(CN)6]3−/4− as the signal probe.

Experimental

Reagents and apparatus

Tetrachloroauric (III) acid trihydrate (HAuCl4·3H2O), triso-
dium citrate dihydrate, ascorbic acid (AA), silver nitrate 

(AgNO3), hydrochloric acid (HCl), cetyltrimethylammo-
nium bromide (CTAB), sodium borohydride (NaBH4), 
potassium chloride (KCl), sodium chloride (NaCl), cal-
cium chloride (CaCl2), sodium bicarbonate (NaHCO3) 
and ethanol were purchased from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). Aminated graphene 
(NH2–G), graphene oxide (GO), –COOH functionalized gra-
phene (COOH–G), –OH functionalized graphene (OH–G) 
and nitrogen-doped graphene (N–G) were obtained from 
Chengdu Organic Chemicals Co., Ltd., Chinese Academy 
of Sciences (Chengdu, China). 4-Mercaptophenylboric acid 
(4-MPBA), bovine serum albumin (BSA), glucose (Glu), 
L-tyrosine (L-Tyr) and hemoglobin (HGB) were purchased 
from Aladdin Chemistry Co., Ltd. (Shanghai, China). Pyr-
role was received from Shanghai Macklin Biochemical 
Technology Co., Ltd. (Shanghai, China). Goat anti-human 
IgG (anti-IgG) and rabbit anti-IgG immune serum sample 
were obtained from Beijing Solarbio Science and Technol-
ogy Co., Ltd. (Beijing, China). Screen-printed electrodes 
with working (d = 5 mm) and counter electrode of carbon 
and a reference electrode of silver were purchased from 
NEOPRO Biotechnologies Co. Ltd. (Weihai, China). All 
aqueous solutions were prepared with ultrapure water (18.2 
MΩ cm, Millipore).

Transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM) characterizations of different 
samples were conducted with a JEM 2100 transmission 
electron microscope (JEOL, Japan) and a Supra55 field-
emission scanning electron microscope (Zeiss, Germany), 
respectively. The visible absorption spectrum of AuNBs 
was recorded by using a U-3900 UV–Vis spectrophotometer 
(Hitachi, Japan). All electrochemical experiments including 
cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS) and differential pulse voltammetry (DPV) 
were carried out on a CHI 660E electrochemical workstation 
(Shanghai Chenhua Instruments Co., Ltd., China).

Synthesis of AuNBs

AuNBs were synthesized by the seed-mediated growth 
method previously reported [26], and the detailed proce-
dures were described in Supporting Information. For control 
experiments, Au nanoparticles (AuNPs) and Au nanorods 
(AuNRs) were also synthesized according to the previous 
literatures [27, 28], respectively.

Modification of screen‑printed carbon electrode 
(SPCE) and immobilization of anti‑IgG

Five microliters of the NH2-G dispersion (1.0 mg mL−1) was 
dropped onto the SPCE surface and allowed to dry in ambi-
ent air. Next, 5.0 μL of the AuNB suspension (0.4 mg mL−1) 
was gently dropped onto the NH2-G/SPCE surface and 
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dried in ambient air. After that, 5.0 μL of ethanol contain-
ing 1.0 mM 4-MPBA was dropped on the AuNBs/NH2-G/
SPCE surface and dried in ambient air, and 4-MPBA was 
self-assembled on the electrode surface through Au–S bond. 
After every step of modification, the unbound modifier was 
washed off by water. Finally, 5.0 μL of 0.1 M phosphate 
buffer saline (PBS, pH = 7.4) containing 100 μg mL−1 anti-
IgG was dropped onto the MPBA/AuNBs/NH2-G/SPCE 
surface. After incubation for 12 h, the unbound anti-IgG 
was washed successively by 0.1 M PBS of pH 7.4 and water, 
and the resultant electrode was denoted as Anti-IgG/MPBA/
AuNBs/NH2-G/SPCE.

Fabrication of MIP biosensor

One hundred microliters of 0.01 M PBS containing 0.1 M 
pyrrole was dropped onto the surface of the Anti-IgG/
MPBA/AuNBs/NH2-G/SPCE, and the electropolymeriza-
tion of pyrrole was carried out by CV in the potential range 
between − 0.3 and 0.8 V at a scan rate of 50 mV s−1 for 10 
cycles. After that, 100 μL of 0.2 M HCl was dropped onto 
the surface and kept for 25 min to remove the entrapped 
anti-IgG template. After washing with 0.1 M PBS, the MIP 
biosensor denoted as MIP/MPBA/AuNBs/NH2-G/SPCE 
was obtained. For control experiments, the non-imprinted 
biosensor was also fabricated by the same procedure in the 
absence of anti-IgG, which was denoted as NIP/MPBA/
AuNBs/NH2-G/SPCE.

Detection of anti‑IgG by MIP biosensor

The as-fabricated MIP biosensor was incubated with dif-
ferent concentrations of anti-IgG in 5.0 μL 0.1 M PBS at 

4 °C for 6 h, which was then washed with 0.1 M PBS to 
remove the free anti-IgG. Next, the rebound anti-IgG to the 
biosensor was detected by DPV in 0.1 M PBS containing 
0.1 M KCl and 5 mM [Fe(CN)6]3−/4− used as the signal 
probe. Schematic illustration showing the fabrication of the 
MIP biosensor and the detection of anti-IgG is presented 
in Fig. 1.

Detection of anti‑IgG in serum sample

To demonstrate the practicality of the proposed MIP bio-
sensor, anti-IgG in serum sample is detected with the MIP 
biosensor by standard addition method. Purified rabbit anti-
IgG immune serum (50 μL) was diluted with 5 mL PBS of 
pH 7.4, and then different concentrations of anti-IgG (rang-
ing from 0.5 ng mL−1 to 2.0 ng mL −1) were added into the 
diluted sample, respectively, which were detected by DPV 
in the potential range from − 0.2 to 0.8 V.

Results and discussion

Visible spectra of AuNBs, AuNPs and AuNRs

First, AuNBs, AuNPs and AuNRs are characterized by visi-
ble spectra (Fig. S1 in Supporting Information). Two distinct 
bands appear at around 535 and 725 nm, respectively, on the 
visible absorption spectrum of AuNBs. The former could be 
attributed to the combination of interband transitions and 
transverse plasmon resonances from the bases of AuNBs 
and the byproduct spherical particles, while the latter cor-
responds to the longitudinal plasmon resonance of AuNBs 
[29]. The visible spectrum of AuNBs clearly indicates that 

Fig. 1   Schematic illustration 
showing the fabrication of the 
MIP biosensor and the detection 
of anti-IgG
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the AuNBs can be successfully synthesized by the seed-
mediated growth method.

The absorption band of AuNPs (520 nm) is near to the 
transverse plasmon resonance of AuNBs (535 nm), suggest-
ing that the size of AuNPs is similar to the transverse size of 
AuNBs. The absorption band of AuNRs (800 nm) is greatly 
longer than the longitudinal plasmon resonance of AuNBs 
(725 nm), suggesting that the length of AuNRs is greater 
than the longitudinal size of AuNBs. These assumptions can 
be further confirmed by the TEM images of AuNPs and 
AuNRs (Fig. S2 in Supporting Information).

TEM and SEM images of different samples

To reveal the successful integration of NH2-G and AuNBs, 
the TEM images of NH2-G, AuNBs and AuNBs/NH2-G 
are shown in Fig. 2. The NH2-G exhibits a sheet-like mor-
phology with abundant wrinkles over the layers (Fig. 2A), 
agreeing well with the previous report [30]. Typical bipy-
ramids can be observed for the AuNBs (Fig. 2B), and the 
average size of the AuNBs is determined to be 43.48 nm by 
the software Nano Measurer. As can be seen from Fig. 2C, 
the AuNBs can be well distributed on the NH2-G nanosheets 
without aggregation, suggesting that the NH2-G might be an 
excellent support for the loading of AuNBs.

The SEM images of NH2-G, AuNBs/NH2-G and MIP/
MPBA/AuNBs/NH2-G before and after template removal 
are shown in Fig. 3. A multilayered structure is observed 
for the NH2-G, which is accompanied by extensive 

stacking and folding (Fig. 3A). The small AuNBs are uni-
formly anchored onto the NH2-G nanosheets (Fig. 3B). 
After further electropolymerization of pyrrole, a compact 
polypyrrole (PPy) film can be observed on the surface 
(Fig. 3C), suggesting that electrodeposition of PPy could 
be a feasible strategy for the formation of the imprint-
ing layer. After the removal of the anti-IgG template in 
the acidic solution (0.2 M HCl), the MIP/MPBA/AuNBs/
NH2-G exhibits a micro-porous structure (Fig. 3D), which 
is especially favorable for the further accommodation of 
the anti-IgG target.

Comparison of different graphene derivatives

Several graphene derivates including GO, COOH–G, 
OH–G, N–G and NH2-G are compared. The results show 
that among all these modified electrodes, the AuNBs/
NH2-G/SPCE displays the highest peak currents on the 
cyclic voltammograms (Fig. S3 in Supporting Informa-
tion). N atom has lone pair electrons, which can form 
stable coordination bonds with Au atom. Compared with 
other groups such as –COOH, –NH2 has smaller steric 
hindrance and can be easier to coordinate with Au. The 
AuNBs/NH2-G/SPCE exhibits the highest peak currents 
because more amount of AuNBs can be anchored to 
the surface of the NH2-G/SPCE. Therefore, NH2-G is 
chosen for the construction of the anti-IgG biosensor 
in this work.

Fig. 2   TEM images of NH2-G 
(A), AuNBs (B) and AuNBs/
NH2-G (C)
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Comparison of AuNPs, AuNRs and AuNBs

The cyclic voltammograms of bare SPCE and NH2-G/SPCE 
respectively modified with AuNPs, AuNRs and AuNBs are 
studied (Fig. S4 in Supporting Information). Among the 
four tested electrodes, AuNBs exhibit the highest electro-
activity since the areas under the cyclic voltammograms of 
AuNBs/NH2-G/SPCE are much larger than those of another 
two electrodes. The higher electroactivity of AuNBs might 
be attributed to their sharper tips, which could result in 
enhanced plasmonic responses and local field. As previ-
ously reported [24, 25], nanoparticles with sharp tips (such 
as bipyramids and nanotriangles) are particularly sensitive 
to the change of refractive index and the enhancement of 
strong magnetic field. In addition, gold nanoparticles with 
special morphology have higher dielectric displacement 
among the existing nanoparticles, which can accelerate the 
electron transfer at the interface, and thus we believe that 
these unique characteristics of AuNBs may be the reason for 
their enhanced voltammetric signals. Therefore, AuNBs but 
not AuNPs and AuNRs are used in this work for electrode 
modification.

Electrochemical characterizations 
during the step‑by‑step modification

The step-by-step modification of the SPCE is character-
ized by CV and EIS, respectively. Figure 4A shows the 

cyclic voltammograms of different electrodes in 0.1 M PBS 
(pH = 7.4) containing 0.1 M KCl and 5 mM [Fe(CN)6]3−/4−. 
A pair of well-defined redox peaks is observed on the bare 
SPCE (curve a), which is due to the redox reaction between 
[Fe(CN)6]4− and [Fe(CN)6]3−. The peak currents increase 
remarkably with the successive modification with NH2-G 
(curve b) and AuNBs (curve c), indicating that signal ampli-
fication may be achieved by NH2-G and AuNBs. Note that 
after the introduction of electroinactive 4-MPBA through the 
formation of Au–S bond, the peak currents decrease greatly 
and are even lower than those at bare SPCE (curve d). The 
peak currents decrease further after the immobilization of 
the anti-IgG template through boronate affinity binding 
(curve e), which might be ascribed to the low conductivity 
of anti-IgG and the consequent inhibited charge transfer at 
the electrode/solution interfaces.

Figure 4B shows the Nyquist plots of different electrodes 
in the same electrolyte (frequency range: 105 ~ 0.01 Hz; open 
circuit potential: 0.28 V). The diameter of the suppressed 
semicircle at high frequency is closely related to the charge 
transfer resistance (Rct) [31], and smaller diameter repre-
sents lower Rct. As can be seen, the Rct values of these elec-
trodes are arranged in such an order: AuNBs/NH2-G/SPCE 
(186.8 Ω) < NH2-G/SPCE (403.9 Ω) < bare SPCE (548.4 
Ω) < MPBA/AuNBs/NH2-G/SPCE (11,96.2 Ω) < Anti-IgG/
MPBA/AuNBs/NH2-G/SPCE (5441.6 Ω), agreeing well 
with the results shown in Fig. 4A. Due to the good electron 
transport capability of NH2-G and AuNBs, the Rct value of 

Fig. 3   SEM images of NH2-G 
(A), AuNBs/NH2-G (B), MIP/
MPBA/AuNBs/NH2-G before 
(C) and after (D) template 
removal
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the bare SPCE decreases significantly from 548.4 Ω to 403.9 
and 186.8 Ω after its respective modification with NH2-G 
and AuNBs/NH2-G. After 4-MPBA and anti-IgG are further 
introduced to the surface of the AuNBs/NH2-G/SPCE, the 
Rct values increase to 1196.2 and 5441.6 Ω, respectively, and 
the remarkably increased Rct values might be ascribed to the 
poor conductivity of 4-MPBA and anti-IgG.

Electrodeposition of PPy as the imprinting layer

The cyclic voltammograms obtained during the electrodepo-
sition of PPy on the surface of Anti-IgG/MPBA/AuNBs/
NH2-G/SPCE are studied (Fig. S5A in Supporting Infor-
mation). During the process, the anti-IgG molecules can 
be entrapped into the polymeric structure of PPy through 
molecular interactions probably between the hydroxyl 
groups of anti-IgG and the amine groups of PPy, and the 
interactions might contribute largely to the formation of the 
imprinted cavities [32]. Due to the increase in the thick-
ness of the PPy film, the currents decrease with increas-
ing cycling number. The cyclic voltammograms during the 
electrodeposition of PPy on the surface of MPBA/AuNBs/
NH2-G/SPCE are also presented (Fig. S5B in Supporting 
Information). Note that the currents are greatly higher than 
those in the presence of anti-IgG although they still decrease 
as the number of cycles increases, demonstrating that the 
anti-IgG molecule is not electroactive.

Removal of anti‑IgG template

Successful removal of the anti-IgG template can be con-
firmed by CV and EIS, respectively. The cyclic voltammo-
grams of the MIP biosensor at different stages are shown 
in Fig. 5A. Since anti-IgG is not electroactive, the cyclic 
voltammograms exhibit low currents before the removal of 

anti-IgG (curve a). After the treatment with 0.2 M HCl, the 
currents are significantly enhanced (curve b), which can be 
ascribed to the fact that the boronate ester linkage between 
4-MPBA and the cis-diol groups of anti-IgG is dissoci-
ated in the acidic solution (Fig. S6 in Supporting Informa-
tion), resulting in the removal of anti-IgG and consequently 
facilitated charge transfer. Note that the currents decrease 
again after the MIP biosensor is incubated in 0.1 M PBS 
containing 100 μg mL−1 anti-IgG (curve c), suggesting the 
rebinding of anti-IgG into the imprinted cavities through 
the re-formation of boronate ester with 4-MPBA. This phe-
nomenon also demonstrates that the boronate affinity bind-
ing between 4-MPBA and anti-IgG is reversible. The EIS 
results agree well with the results of CV (Fig. 5B). For com-
parison, the cyclic voltammograms and the Nyquist plots of 
the NIP biosensor at different stages are also presented in 
Fig. 5C, D, respectively. Both the cyclic voltammograms and 
the Nyquist plots exhibit little differences before and after 
the treatment with HCl. After the rebinding of anti-IgG, the 
cyclic voltammograms and the Nyquist plots still remain 
basically unchanged.

Electrochemical kinetics of the MIP biosensor

Next, the electrochemical kinetics of the MIP biosensor is 
investigated (Fig. S7 in Supporting Information). It shows 
that both the anodic peak currents (Ipa) and the cathodic peak 
currents (Ipc) increase linearly with the square root of the 
scan rate (v1/2), and the linear regression equations can be 
described as follows: Ipa = 16.46 v1/2 + 36.26 (R2 = 0.9998); 
Ipc =  − 14.17 v1/2 – 45.17 (R2 = 0.9959). Obviously, the elec-
trode process of the MIP biosensor is a typical diffusion-
controlled reaction.

The standard heterogeneous electron transfer rate con-
stant (k0) is calculated to be 1.26 × 10−5 cm s−1 from the 

Fig. 4   Cyclic voltammograms (A) and Nyquist plots (B) of bare 
SPCE (a), NH2-G/SPCE (b), AuNBs/NH2-G/SPCE (c), MPBA/
AuNBs/NH2-G/SPCE (d) and Anti-IgG/MPBA/AuNBs/NH2-G/ 
SPCE (e) in 0.1 M PBS (pH = 7.4) containing 0.1 M KCl and 5 mM 
[Fe(CN)6]3−/4−. The equivalent circuit shown in the inset of (B) was 

simulated by ZSimpWin software, where Rs represents the ohmic 
resistance of electrolyte and the internal resistance of electrode, Rct 
represents the charge transfer resistance, Wd represents the Warburg 
resistance and Q represents the constant phase element
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peak potential separation (ΔEp) according to the following 
equation [33]:

where α is the charge transfer coefficient (0.5), n is the 
electro transfer number (1.0), D is the diffusion coefficient 
of 5 mM [Fe(CN)6] 3−/4− (7.6 × 10−6 cm2 s−1), F is Faraday 
constant (96,485 C mol−1), ν is scan rate (0.1 V s−1), R is the 
universal gas constant (8.314 J K−1 mol−1), T is temperature 
(298.15 K), Epa and Epc are the oxidation and reduction peak 
potential, respectively.

Detection of anti‑IgG

After the incubation with anti-IgG of different concentra-
tions for 6 h, the differential pulse voltammograms of the 
MIP biosensor in 0.1 M PBS (pH = 7.4) containing 0.1 M 
KCl and 5 mM [Fe(CN)6]3−/4− are shown in Fig. 6A. Due 
to the rebinding of anti-IgG into the imprinted cavities 
in the MIP biosensor, the Ipa decreases gradually with 
increasing concentration of anti-IgG. The calibration plot 
shows a good linear relationship between Ipa and the loga-
rithm value of the anti-IgG concentration in a wide range 
from 0.05 to 100 ng mL−1 (Fig. 6B), and the linear regres-
sion equation can be expressed as: Ipa (μA) = –3.666 lgC 
(ng mL−1) + 30.40 (R2 = 0.9940). The limit of detection 
(LOD) is calculated to be 0.017 ng  mL−1 based on the 

k0 = 2.18

[

�DnFv

RT

]

1/

2
exp

[

−�
2nF

(

Epa − Epc

)

RT

]

signal-to-noise ratio of 3 (S/N = 3). For comparison, the 
NIP biosensor is also used for the detection of anti-IgG. 
Even incubation with anti-IgG of a high concentration 
(100 ng mL−1), the Ipa varies little compared with the one 
before incubation (Fig. 6C). This comparison clearly indi-
cates that the developed MIP biosensor can be used for the 
detection of anti-IgG. In fact, the developed MIP biosensor 
is also superior to the sensors previously reported when 
used for the detection of anti-IgG (Table S1 in Supporting 
Information). It shows that the developed MIP biosensor 
displays a wider linear range and a lower LOD than the 
previous anti-IgG sensors, indicating that our MIP biosen-
sor might be more suitable for the accurate detection of 
anti-IgG.

Optimization of parameters

Concentration of 4‑MPBA

Since 4-MPBA plays a crucial role in the immobili-
zation of anti-IgG through boronate affinity binding, 
the amount of 4-MPBA anchored to the surface of 
AuNBs should be considered. As shown in Fig. 7A, the 
peak currents on the cyclic voltammograms of MPBA/
AuNBs/NH2-G/SPCE first decrease with increasing 
4-MPBA concentration till 1.0 mM and then remain 
almost unchanged at higher concentrations, suggesting 
that the anchoring of 4-MPBA to the AuNBs surface is 
saturated at 1.0 mM.

Fig. 5   Cyclic voltammograms 
(A, C) and Nyquist plots (B, 
D) of MIP biosensor (A, B) 
and NIP biosensor (C, D) in 
0.1 M PBS (pH = 7.4) con-
taining 0.1 M KCl and 5 mM 
[Fe(CN)6]3−/4−. (a) Before treat-
ment with 0.2 HCl. (b) After 
treatment with 0.2 HCl. (c) 
After anti-IgG rebinding
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Cycle number and scan rate for the electrodeposition 
of PPy

The imprinting layer depends closely on the thickness of 
the PPy film, which can be adjusted by controlling the cycle 

number during the electrodeposition. The highest peak cur-
rents on the cyclic voltammograms of the MIP biosensor 
are observed when the electrodeposition of PPy is carried 
out for 10 cycles (Fig. 7B). At less cycle number, the MIP 
biosensor exhibits less sensitivity, probably due to less 

Fig. 6   (A) Differential pulse 
voltammograms of the MIP bio-
sensor in 0.1 M PBS (pH = 7.4) 
containing 0.1 M KCl and 
5 mM [Fe(CN)6]3−/4− before 
(a) and after incubation with 
anti-IgG of 0.05 (b), 0.1 (c), 0.5 
(d), 1.0 (e), 10 (f), 50 (g) and 
100 (h) ng mL−1 for 6 h. (B) 
Calibration plot of anodic peak 
currents versus the logarithm 
value of anti-IgG concentra-
tion. (C) Differential pulse 
voltammograms of the NIP 
biosensor before (a) and after 
(b) incubation with anti-IgG of 
100 ng mL−1 for 6 h
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Fig. 7   Influence of 4-MPBA 
concentration (A), cycle number 
for PPy electrodeposition (B), 
elution time (C) and incubation 
time (D) on the performance of 
the MIP biosensor
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imprinted cavities in the MIP film; on the other hand, more 
cycles would lead to the formation of excessive thickness of 
film with less accessible imprinted sites [34].

The influence of scan rate for the electrodeposition of 
polypyrrole on the performance of the MIP biosensor is also 
studied (Fig. S8 in Supporting Information), and the high-
est peak currents are observed when PPy is deposited by 
CV at the scan rate of 50 mV s−1. Lower scan rates lead to 
less imprinting cavities in the MIP film, while higher scan 
rates result in thicker MIP film and difficult elution of the 
anti-IgG template.

Elution time with HCl

In this work, the anti-IgG template is eluted with 0.2 M HCl, 
and thus the elution time is also optimized. As shown in 
Fig. 7C, the peak currents on the differential pulse voltam-
mograms of the MIP biosensor first increase with the elution 
time up to 25 min and then decrease with further increase in 
elution time. It might be ascribed to the nonspecific absorp-
tion of anti-IgG caused by longer elution time and the con-
sequent incomplete removal of the anti-IgG template.

Incubation time

Figure 7D shows the influence of incubation time on the 
peak currents on the differential pulse voltammograms of 
the MIP biosensor. Due to the rebinding of anti-IgG into 

the imprinted cavities, the peak currents decrease gradually 
with increasing incubation time. However, the peak currents 
remain almost unchanged after incubation for 6 h, indicating 
that the imprinted cavities in the MIP film are completely 
occupied by the target anti-IgG.

Influence of pH on the performance of the MIP biosensor

Further, the influence of pH for anti-IgG detection on the 
performance of the MIP biosensor is studied (Fig. S9 in 
Supporting Information). As can be seen, the highest peak 
currents are obtained at pH 7.4. Therefore, pH 7.4 is chosen 
as the optimized pH value for the detection of anti-IgG.

Selectivity, reproducibility and stability of the MIP 
biosensor

The selectivity of the MIP biosensor is studied by the detec-
tion of anti-IgG, BSA, Glu, L-Tyr, HGB, Na+, K+, Ca2+, 
Cl− and HCO3

− at the same concentration (100 ng mL−1), 
and the changes in Ipa (ΔIpa) are presented in Fig. 8A. It 
shows that the values of ΔIpa upon the addition of BSA, 
Glu, L-Tyr, HGB, Na+, K+, Ca2+, Cl− and HCO3

− are sig-
nificantly lower than that upon the addition of anti-IgG, 
suggesting excellent selectivity of the MIP biosensor. The 
reproducibility is examined by the detection of 1.0 ng mL−1 
anti-IgG with five MIP biosensors fabricated under the same 
conditions. As shown in Fig. 8B, the values of Ipa vary little 

Fig. 8   Evaluation of selectivity 
(A), reproducibility (B) and sta-
bility (C) of the MIP biosensor
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with a relative standard deviation (RSD) of 2.54%, demon-
strating excellent reproducibility of the MIP biosensor. In 
addition, the MIP biosensor is stored at 4 °C for 3 weeks 
to evaluate its stability, and the results of the detection of 
1.0 ng mL−1 anti-IgG are shown in Fig. 8C. After 2 and 
3 weeks, the Ipa can still remain 88.8% and 81.5%, respec-
tively, of its initial value, suggesting good storage stability 
of the MIP biosensor.

Detection of anti‑IgG in serum sample

Finally, the practicability of the developed MIP biosensor 
is assessed by the detection of anti-IgG in serum sample by 
standard addition method (Table S2 in Supporting Informa-
tion). The recoveries are in the range between 97.36% and 
100.98%, demonstrating that the detection of anti-IgG in serum 
sample with the developed MIP biosensor is highly reliable.

Limitations of the MIP biosensor

Although the developed MIP biosensor can be used for the 
accurate detection of anti-IgG, it still has two limitations: 
(1) the probe of [Fe(CN)6]3−/4− is necessary for the detection 
of anti-IgG in this work, and the design of label-free MIP 
biosensors is still needed to further enhance the sensitivity; 
(2) the MIP biosensor can be further improved to be used 
for point-of-care sensing, which has significant importance 
for medical diagnosis [35].

Conclusion

Accurate detection of protein biomarker plays an important 
role in the clinic diagnosis. Here, a surface imprinted bio-
sensor based on boronate affinity is fabricated for the elec-
trochemical detection of anti-IgG. The as-fabricated MIP 
biosensor shows high selectivity, reproducibility and stabil-
ity when used for the detection of anti-IgG, and the practi-
cability of the biosensor is also confirmed by the detection 
of anti-IgG in real serum sample. All these findings suggest 
that the developed MIP biosensor might be a promising and 
potential candidate for the sensing of anti-IgG, which is of 
great significance for future design of highly sensitive and 
selective anti-IgG biosensors.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00604-​022-​05204-w.
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