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A Prussian blue (PB) functionalized mesoporous carbon nanosphere (MCN) composite was prepared for
loading signal antibody and high-content glucose oxidase (GOD) to obtain a new nanoprobe for sensitive
electrochemical immunoassay. The MCN nanocarrier with an average diameter of 180 nm was synthe-
sized by using mesoporous silica nanosphere as a hard template in combination with a hydrothermal
carbonization method. This hydrophilic carbon nanomaterial provided an ideal platform for in situ de-
position of high-content PB to form the MCN-PB nanocomposite. Based on the step-wise assembly of
polyelectrolyte and gold nanoparticles (Au NPs) on the negative-charged nanocomposite, signal antibody
and high-content GOD were loaded on this nanocarrier to obtain the nanoprobe. After a sandwich im-
munoreaction at an Au NPs-modified screen-printed carbon electrode based immunosensor, the na-
noprobes were quantitatively captured on the electrode surface to produce sensitive electrochemical
response with a PB-mediated GOD catalytic reaction for immunoassay. The high loading of PB and GOD
on the nanoprobe greatly amplified the electrochemical signal, leading to the development of a new
immunoassay method with high sensitivity. Using human immunoglobulin G as a model analyte, ex-
cellent analytical performance including a wide linear range from 0.01 to 100 ng/mL and a low detection
limit down to 7.8 pg/mL was obtained. Additionally, the immunosensor showed high specificity, sa-
tisfactory stability and repeatability as well as acceptable reliability. The PB-mediated GOD electro-
chemical system well excluded the conventional interference from the dissolved oxygen. Thus this im-
munoassay method provides great potentials for practical applications.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The development of electrochemical chip based im-
munosensors for sensitive measurement of protein biomarkers has
shown great application potentials for point-of-care diagnosis
(Wan et al., 2013; Rusling, 2013; Lai et al., 2014a). In order to
achieve the accurate measurement of low-abundant biomarkers
for early disease diagnosis, various strategies, especially various
nano signal amplification strategies have been developed recently.
Commonly, the excellent electroconductivity and biocompatibility
of nanomaterials enable their wide application in the construction
of versatile nanosensing surfaces with good bioaffinity and elec-
tron transfer ability (Malhotra et al., 2010; Haque et al., 2012).
More importantly, the high specific surface area of nanomaterials
nyu@swin.edu.au (A. Yu).
makes them to be served as ideal nanocarriers for loading high-
content signal tags and designing various useful nanoprobes for
immunoassays (Song et al., 2010; Chikkaveeraiah et al., 2012; Ji
et al., 2015). Up to now a great variety of nanomaterials, especially
various carbon nanomaterials such as carbon nanotubes (CNTs)
(Yu et al., 2006; Lai et al., 2011) and graphene (Du et al., 2011; Wen
et al., 2014), have been widely used for the nanoprobe preparation
owing to their exceptional electrical, thermal, chemical and me-
chanical properties, which dramatically enhanced the signal re-
sponses of the sandwich immunorecognition events and thus
greatly improved the analytical sensitivity of these immunoassay
methods.

As a kind of useful carbon nanomaterial, carbon nanosphere
has also shown successful application in this field. For example,
Cui (Cui et al., 2008) and Xu (Xu et al., 2012) designed two types of
nanoprobes for electrochemical immunoassay using carbon na-
nospheres to load high-content horseradish peroxidase (HRP) and
gold nanoparticle (Au NP) tags. Significantly, in order to further
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improve the analytical performance of immunoassay methods for
achieving higher sensitivity, an increasing number of researches
are focused on the development of new nanocarriers, especially
mesoporous nanomaterials which possess larger specific surface
area and are able to load higher content of signal tags in the latest
years (Yang et al., 2010; Li et al., 2011a). Although mesoporous
carbon nanosphere (MCN) might be the best candidate as the
mesoporous nanocarrier, its irregular particle shape with large
average size over 1 μm and the inherent hydrophobicity accom-
panied with the conventional preparation under rather harsh
conditions greatly limit its applications in the bioassay field (Wan
et al., 2008; Hu et al., 2010; Gu et al., 2011). As a cheap, mild and
absolutely “green” approach newly rising in recent years, hydro-
thermal carbonization provides a new route for synthesis of var-
ious carbon nanomaterials with tunable structure and size char-
acter. Additionally, it can also produce abundant oxygen-contain-
ing groups such as COOH, OH, C¼O on the surface of the materials
(Titirici and Antonietti, 2010; Fang et al., 2010; Li et al., 2011b).
These groups greatly improve the water dispersibility of carbon
nanomaterials and also provide an ideal interface for further
functionalization with various signal tags.

Among the electrochemical tags, Prussian blue (PB) is a well-
known “artificial peroxidase” that has gained distinctive attentions
in the biosensing field owing to its low cost and selective elec-
trocatalytic reduction of H2O2 in the coexistence of oxygen (Kar-
yakin et al., 2000; Li et al., 2007). Previously, we designed a glu-
cose oxidase (GOD) functionalized CNT nanoprobe for the signal
tracing of a screen-printed carbon electrode (SPCE) based im-
munosensor by coupling with PB-mediated enzymatic cycle,
which successfully overcame the interference problem of dis-
solved oxygen in the conventional HRP-based electrochemical
immunoassays (Lai et al., 2009). However, the large background
current from the PB immobilized on the electrode surface re-
stricted the sensitivity in some degree. Additionally, PB was che-
mically synthesized by mixing ferric and hexacyanoferrate ions
with the different oxidation state of iron: either
Fe3þþ[FeII(CN)6]4� or Fe2þþ[FeIII(CN)6]3� (Karyakin, 2001; Ricci
and Palleschi, 2005). However, the reaction between the two
agents was too fast to be able to control the product, which re-
sulted in its poor repeatability for the sensing applications. Recent
research has shown that the inherent weak reduction property of
carbon nanomaterials including CNTs and graphene can slowly
reduce ferric ions resulting in the formation of PB nanocrystals in
the presence of [FeIII(CN)6]3� (Zhai et al., 2009; Jin et al., 2010).
This phenomenon provides a promising way for the controllable
preparation of PB-carbon nanocomposites.

In view of this, in this work a kind of MCN with an average
diameter of 180 nm was firstly synthesized using mesoporous
Scheme 1. Schematic representation of the preparation of MCN-PB based nanopr
silica nanosphere as template in combination with the hydro-
thermal carbonization method. PB was then in situ deposited on
this nanocarrier to obtain a MCN-PB nanocomposite. After the
step-wise assembly of polyelectrolyte and Au NPs for further
loading signal antibody and high-content GOD on this nano-
composite, a new nanoprobe was successfully prepared for the
electrochemical immunoassay (Scheme 1). Upon performing the
sandwich immunoreaction at an Au NPs-modified SPCE-based
immunosensor, the nanoprobes were quantitatively captured on
the electrode surface to form the immunocomplex and then pro-
duced sensitive electrochemical signal for immunoassay through
the PB-mediated GOD catalytic reaction, which excluded the in-
terference from dissolved oxygen completely. Due to the high
loading of PB and GOD on the nanoprobe for signal amplification
as well as the enzymatically catalytic reaction, a sensitive im-
munoassay method was successfully developed for the accurate
measurement of the protein analyte of human immunoglobulin G
(HIgG).
2. Materials and methods

2.1. Materials and reagents

Human immunoglobulin G (HIgG), mouse immunoglobulin G
(MIgG) and polyclonal rabbit anti-human immunoglobulin G (anti-
HIgG) were purchased from Wuhan Boster Biological Technology
Ltd. Carcinoembryonic antigen (CEA) was purchased from Xiamen
Boson Biotechnology Ltd. Glucose oxidase (GOD, from Aspergillus
niger), tetraethoxysilane (TEOS), Pluronics F-127, hexadecyl-
trimethylammonium bromide (CTAB), furfural, poly(diallyldi-
methylammonium chloride) (PDDA, 20%, w/w in water), bovine
serum albumin (BSA) and human serum albumin (HSA) were ob-
tained from Sigma-Aldrich Chemical Co. Chloroauric acid
(HAuCl4 �4H2O) and trisodium citrate were obtained from Shang-
hai Reagent Company. The bovine serum was obtained from Beij-
ing Solarbio Science & Technology Ltd. All other reagents were of
analytical reagent grade and used without further purification.
Doubly distilled water was used throughout the experiments.

Phosphate-buffered saline (PBS) solutions at various pH values
were prepared by mixing the stock solutions of 50 mM NaH2PO4

and Na2HPO4. A 50 mM pH 7.0 PBS containing 0.05% (w/v) Tween-
20 (PBST) was used as washing buffer, and a 50 mM pH 7.0 PBS
containing 2% (w/v) BSAwas used as blocking solution. In addition,
a 50 mM pH 6.9 PBS containing 10 mM glucose was used as the
substrate solution.
obe and the electrochemical detection strategy of the immunoassay method.
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2.2. Apparatus

All electrochemical experiments were performed on a CHI
430A electrochemical workstation (USA). The UV–vis measure-
ments were carried out on a UV-3100 spectrophotometer (Hitachi,
Japan). The FTIR spectra were recorded on a Thermo Scientific
Nicolet iD5 spectrometer. The scanning electron microscopic
(SEM) images and energy-dispersive X-ray (EDX) spectrum were
examined using a FEI Quanta 400F scanning electron microscope.
The transmission electron microscopic (TEM) images were ob-
tained with a JEOL 1010 transmission electron microscope. The
powder X-ray diffraction (XRD) pattern was measured on a Rigaku
Ultima IV X-Ray diffractometer. The zeta potential analysis was
performed with a Brookhaven 90Plus particle size analyzer.

2.3. Preparation of MCN-PB nanocomposite

Firstly, the mesoporous silica nanosphere was synthesized with
a modified Stöber method (Gu et al., 2011; Kim et al., 2008).
Briefly, 0.5 g of CTAB and 2.05 g Pluronics F-127 were dissolved in
the mixture of 96 mL H2O, 43.1 mL ethanol and 11.2 mL con-
centrated NH4OH (28 wt%). Under vigorous stirring, 1.93 mL TEOS
was quickly added into the mixed solution at room temperature.
After stirring for 1.5 min, this reaction mixture was kept under
static condition for 24 h for the complete condensation of silica.
After centrifugation at 10,000 rpm and repeated washing by water
and ethanol to remove the residual CTAB surfactant, the resulting
mesoporous silica nanospheres were obtained and dried at 70 °C.

Next, the MCN was prepared by using the obtained mesoporous
silica nanosphere as a hard template in combination with a hy-
drothermal carbonization method (Titirici et al., 2007). Briefly,
0.75 g mesoporous silica which was previously dehydroxylated by
calcination at 800 °C in air was added into 15 mL water containing
0.39 mL furfural. After ultrasonication and stirring for 30 min, the
homogenous dispersion was transferred to a 25 mL Teflon-lined
stainless steel autoclave and heated to 180 °C for 24 h hydro-
thermal carbonization reaction. The obtained black product was
washed by alcohol and water via repeated centrifugation, and then
treated with 4 M HF for removing the silica matrix (Caution:
dangerous, handle very carefully!). After centrifugation and washing
by water near to neutral condition, the resulting MCN was ob-
tained and redispersed in water.

Subsequently, 4.0 mg FeCl3, 8.4 mg K3Fe(CN)6 and 37.2 mg KCl
was added into 10 mL 0.05 mg/mL MCN dispersion and stirred for
20 h at room temperature. At this reaction condition, uniform PB
nanocrystals could successfully form and block both the surface
and nanopores of the MCN nanocarrier to obtain the largest
electrochemical response. After centrifugation at 6000 rpm and
washing by water for three times, the resulting MCN-PB nano-
composite was obtained and dispersed in 2.0 mL pH 6.0 PBS for
further use.

2.4. Preparation of MCN-PB based nanoprobe

Firstly, the MCN-PB dispersion prepared above was added into
2.0 mL 1% PDDA aqueous solution and the mixture was stirred for
30 min to obtain a homogeneous suspension. After centrifugation
and washing, the resulting PDDA wrapped MCN-PB nanocompo-
site was dispersed in 2.0 mL 10 mM PBS. Then, 400 μL of the PDDA
wrapped MCN-PB dispersion was added into 3.0 mL colloidal Au
NPs prepared by the conventional citrate reduction method (Lai
et al., 2009) and mixed gently for 30 min. After washing three
times via centrifugation, 20 μg anti-HIgG and 100 μg GOD were
added into the resulting MCN-PB/Au NPs nanocomposite which
was previously dispersed in 0.80 mL 10 mM pH 6.9 PBS, and gently
mixed at room temperature for 2 h followed by storage at 4 °C
overnight. Next, the obtained product was centrifuged at
3500 rpm to remove the supernatant and then mixed with 2% BSA
for 60 min blocking. After centrifugation and washing with pH
6.9 PBS for three times, the resulting MCN-PB nanoprobe was fi-
nally obtained, which was resuspended in 0.8 mL pH 6.9 PBS
containing 0.1% BSA and stored at 4 °C.

2.5. Fabrication of immunosensor

Firstly, the SPCE system containing a carbon working electrode
(2 mm in diameter), a carbon auxiliary electrode, and an Ag/AgCl
reference electrode was fabricated with screen printing technol-
ogy according to our previous report (Lai et al., 2013). Then, a drop
of 40 μL 0.1% HAuCl4 solution containing 0.1 M KCl was applied to
the SPCE surface for 100 s electrodeposition at a potential of
�0.20 V. After washing by water, 1.0 μL of 0.5 mg/mL anti-HIgG
was dropped onto the surface of the working electrode for 12 h
assembly in a 100% moisture-saturated environment at 4 °C.
Subsequently, the excess antibodies were washed with the wash-
ing buffer and a pH 7.0 PBS, and a drop of 20 μL blocking solution
was applied to electrode surface for 60 min incubation at room
temperature to block possible remaining active sites against non-
specific adsorption. After another washing with washing buffer
and PBS, the resulting immunosensor was obtained and stored at
4 °C in a dry environment prior to use.

2.6. Immunoassay procedure

To carry out the immunoreaction and electrochemical mea-
surements, the immunosensor was firstly incubated with a 10-μL
drop of the HIgG standard solutions or serum samples for 50 min
at room temperature, followed by washing with washing buffer
and pH 7.0 PBS. Then, a 10-μL drop of nanoprobe dispersion was
cast on the immunosensor surface for another 50 min incubation.
After washing with washing buffer and PBS again, 30 μL pH
6.9 PBS containing 10 mM glucose was dropped onto the electrode
surface and an electrochemical measurement was performed by
differential pulse voltammetry (DPV) from 0.4 to �0.2 V with a
step potential of 4 mV, a pulse amplitude of 50 mV, and a pulse
period of 0.2 s to record the current response for the quantitative
analysis.
3. Results and discussion

3.1. Preparation and characterization of MCN-PB nanocomposite

In order to obtain the MCN nanocarrier, the hard template of
mesoporous silica nanosphere with moderately hydrophilic sur-
face was firstly synthesized and filled with the carbon precursor of
furfural for applying the hydrothermal carbonization reaction (Gu
et al., 2011; Titirici et al., 2007). After removal of the silica template
with HF, from SEM images we can find that the obtained MCN well
replicated the uniform nanostructure of the mesoporous silica
with an average diameter of 180 nm (Fig. 1). Subsequently, this
MCN was used as an excellent nanocarrier for the PB loading and
nanoprobe preparation. After mixing MCN with K3Fe(CN)6 and
Fe3þ and reacting for 20 h, the TEM characterization showed both
the nanopores and surface of MCN were fully blocked with a great
amount of small nanocrystals (Fig. 1C and D). These nanocrystals
should be attributed to the inherent reduction of Fe3þ into Fe2þ

by the MCN (Jin et al., 2010; Cao et al., 2010), which led to the
in situ formation of PB nanoparticles on the MCN nanocarrier.

The preparation process of the MCN-PB nanocomposite was
also monitored by the FTIR spectroscopy (Fig. 2). Compared with
the spectrum of mesoporous silica, two strong absorption peaks at



Fig. 1. SEM images of (A) mesoporous silica nanospheres and (B) MCN, and TEM images of (C) MCN and (D) MCN-PB nanocomposite.

Fig. 2. FTIR spectra of mesoporous silica nanosphere (a), silica-carbon nanosphere
(b), MCN (c) and MCN-PB nanocomposite (d).
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1697 cm�1 and 1605 cm�1 as well as a broad absorption band
around 3400 cm�1 newly appeared as the result of the hydro-
thermal carbonization reaction on this silica template. These ab-
sorption behaviors corresponded to the C¼O stretching vibration,
C¼C stretching, skeletal vibrations as well as the O–H stretching
vibration of the produced carbon nanocomposite (Titirici and
Antonietti, 2010). After the product was further treated with HF,
the Si–O–Si stretching peak at 1050 cm�1 completely disappeared
whereas the absorption peaks of C¼O, C¼C vibrations and the
broad O–H vibration band well remained. This result demon-
strated the successful removal of silica template to form the MCN
with abundant oxygen-containing groups (Titirici et al., 2007).
After in situ deposition of PB, a strong absorption peak
corresponding to the characteristic CN stretching within the
complex of Fe2þ–CN–Fe3þ of PB newly appeared at 2068 cm�1

(Jin et al., 2010); meanwhile, the strength of oxygen-containing
groups such as the C¼O stretching vibration of MCN decreased
obviously. These phenomena not only confirmed the successful
deposition of PB on the MCN nanocarrier but also suggested that
the formation of PB was due to the reduction of the oxygen-con-
taining groups of MCN (Cao et al., 2010; Lai et al., 2014b).

The as-prepared MCN-PB nanocomposite was further char-
acterized with XRD and EDX spectroscopy. The XRD pattern
showed obvious diffraction peaks located at 2θ¼17.21°, 24.50°,
35.12°, 39.35°, 43.39°, 50.58°, 53.90°, and 57.03° (Fig. S1A), which
corresponded to the (200), (220), (400), (420), (422), (440), (600),
and (620) reflections of PB, respectively (Jin et al., 2010; Cao et al.,
2010). In addition, the EDX spectrum shown in Fig. S1B also de-
monstrated the presence of related elements of PB such as Fe and
K on the obtained MCN-PB nanocomposite. These results further
confirmed the in situ formation of PB on the MCN nanocarrier to
obtain the MCN-PB nanocomposite successfully.

3.2. Preparation and characterization of MCN-PB based nanoprobe

The abundant oxygen-containing groups of MCN also enabled
its good dispersibility in water. As shown in Fig. S2, the as-pre-
pared MCN in aqueous solution (pH 7.0) showed a negative zeta
potential of �39.80 mV. After successful deposition of PB on MCN,
the zeta potential of the MCN-PB became �53.19 mV (pH 6.0). The
negative surface charge allowed the assembly of a layer of posi-
tive-charged polyelectrolyte of PDDA on the MCN-PB nano-
composite, which not only provided a tunable surface for the
further functionalization but also served as a polymer protection
layer to ensure the good stability of PB (Zhao et al., 2005). As a
result of PDDA assembly on MCN-PB, its zeta potential reversed to
a positive value of þ31.85 mV (pH 6.0). Then, this PDDA wrapped
MCN-PB nanocomposite could be further assembled by the nega-
tive-charged Au NPs synthesized by the conventional citrate re-
duction method for the nanoprobe preparation (Cui et al., 2008;



Fig. 3. UV–vis spectra of MCN (a), MCN-PB (b) and MCN-PB/Au NPs nanocomposite
(c) dispersed in water.
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Lai et al., 2009).
From the UV–vis spectra shown in Fig. 3 we can find an obvious

adsorption band around 700 nm which is associated with the
charge transfer within the Fe2þ–CN–Fe3þ of PB (Zhai et al., 2009)
on the as-prepared MCN-PB. After the surface coating with PDDA
and Au NPs in succession, the resulting product shows a new
plasma adsorption peak of Au NPs at 520 nm, indicating the suc-
cessful preparation of MCN-PB/Au NPs nanocomposite (Cui et al.,
2008). Thus, the signal antibody and high-content GOD could be
loaded onto this nanocomposite through the inherent interaction
between Au NPs and protein biomolecules to obtain the designed
nanoprobe (Lai et al., 2009).

The electrochemical behavior of the as-prepared MCN-PB based
nanoprobe was investigated by cyclic voltammetry. According to the
experiments, the MCN modified SPCE did not show any obvious
redox peak in the potential range from 0.4 to �0.3 V (not shown).
However, a pair of well-defined redox peaks appeared at the MCN-
PB nanoprobe modified electrode in a pH 6.9 PBS (Fig. 4), which
should be attributed to the good electrochemical character of PB
in situ deposited on the MCN nanocarrier (Zhai et al., 2009; Jin et al.,
2010; Cao et al., 2010). Moreover, when 10 mM glucose was added
into the PBS solution, this nanoprobe modified electrode showed an
obvious electrocatalytic response with great increase of the
Fig. 4. Cyclic voltammograms of MCN-PB based nanoprobe modified SPCE in a pH
6.9 PBS before (a) and after (b) adding 10 mM glucose. Scan rate: 50 mV/s.
reduction current. This phenomenon should be ascribed to the
sensitive GOD-catalytic response with the electrochemical media-
tion of PB loaded on the nanoprobe (Lai et al., 2009). This electro-
catalytic response could be used for the sensitive signal tracing in
the following electrochemical immunoassay.

3.3. Electrochemical immunoassay using the nanoprobe

Based on the electrode modification by the electrochemical
deposition of Au NPs, anti-HIgG was immobilized on the working
electrode surface of a SPCE to form an immunosensor (Zhuo et al.,
2008). After a sandwich immunoreaction with the analyte of HIgG
and MCN-PB based nanoprobe at the immunosensor in succession,
a drop of substrate solution containing excess glucose (10 mM) in
a pH 6.9 PBS, at which both the enzymatic bioactivity of GOD and
PB stability could be well maintained, was applied to the SPCE
surface for the electrochemical measurement. As the GOD on the
nanoprobe which was quantitatively captured onto the im-
munosensing surface through immunoreaction could catalyze the
oxidation of glucose substrate with PB as an electron transfer
mediator (Lai et al., 2009), sensitive electrochemical signal was
produced for the immunoassay (Scheme 1). The high loading of PB
and GOD on the nanoprobe as well as the enzymatically catalytic
cycle greatly amplified the electrochemical signal, thus this
method was able to achieve high sensitivity for the quantitative
measurement.

DPV was used to record the sensitive electrochemical response
of the immunosensor for quantitative immunoassay. As incubation
time is an important factor that affects the analytical performance
of an immunoassay method, the DPV current response of the
immunosensor toward 100 ng/mL HIgG at different incubation
time was investigated. From Fig. S3 we can find that the DPV re-
sponse of the immunosensor increased with the increasing in-
cubation time used in the sandwich immunoreaction and then
reached a constant value after 50 min, which indicated the satu-
rated formation of the immunocomplex. Therefore, an incubation
time of 50 min was used for the sandwich immunoassay.

3.4. Analytical performance

The DPV current response of the immunosensor toward the
target analyte of HIgG at different concentrations was investigated.
As shown in Fig. 5, the DPV response increased with the increase
of HIgG concentration, and a good linear relationship between the
peak current and the logarithm value of HIgG concentration in the
range from 0.01 to 100 ng/mL was obtained with a correlation
coefficient of 0.996. The limit of detection at the ratio of signal to
noise of 3 was estimated to be 7.8 pg/mL. Based on the comparison
listed in Table S1, we can find that this immunosensor has higher
sensitivity than many electrochemical immunoassay methods re-
ported previously (Ding et al., 2013; Lai et al., 2014a; Li et al., 2014;
Liu et al., 2012; Xu et al., 2012). The excellent analytical perfor-
mance including wide linear range and high sensitivity of the
method is much favorable for its practical applications.

3.5. Specificity, reproducibility, stability and reliability

In order to investigate the specificity of the immunosensor, the
electrochemical responses of CEA, MIgG and HSA at the im-
munosensor were investigated along with the target HIgG (Fig.
S4). Compared with the obvious DPV response of HIgG, no obvious
current signal over the blank control was observed for CEA, MIgG
and HSA samples, which indicated the cross-reactivity of the im-
munosensor toward noncognate proteins was negligible.

Five immunosensors were prepared and used for the repeated
measurements of two different concentrations of HIgG. The



Fig. 5. (A) DPV responses of the immunosensor toward HIgG at different concentrations, and (B) the calibration curve of the method. Curves a–g correspond to the
concentrations of HIgG from 0 to 100 ng/mL.
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coefficients of variation were 3.5% and 4.3% for the measurements
of 0.1 and 10 ng/mL HIgG, respectively. In addition, the im-
munosensor could retain over 91% of the initial response for
10 ng/mL HIgG after a storage period of two weeks in dry air at
4 °C. When this method was used for the recovery test of HIgG
added into the bovine serum sample, acceptable recovery between
97% and 106% was obtained with the relative standard deviation
lower than 5.0% (Table S2). These results indicated that the im-
munosensor had satisfactory reproducibility and stability as well
as acceptable reliability for practical applications.
4. Conclusion

A PB–carbon nanocomposite was prepared through the in situ
deposition of PB on a newly synthesized MCN nanocarrier less
than 200 nm in diameter. The high specific surface area and
abundant oxygen-containing groups of MCN arising from the
mesoporous silica template and hydrothermal synthesis enabled
the in situ deposition of high-content PB and convenient loading
of signal antibody and GOD on this nanocarrier to form a useful
nanoprobe. Both the high loading of PB and GOD as well as the
enzymatically catalytic reaction greatly amplify the signal tracing
of electrochemical immunoassay, resulting in the high sensitivity
of the method. In addition, the PB-mediated GOD electrochemical
system excludes the interference from dissolved oxygen com-
pletely. The nanoprobe is low-cost, simple and controllable in
preparation. The immunosensor has high specificity and satisfac-
tory reproducibility and stability as well as acceptable reliability.
Thus this nanoprobe and the immunoassay method provide great
potentials for the practical applications.
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