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ABSTRACT: Prompt and accurate detection of CA19-9 in human
serum has great clinical significance for the early diagnosis and
disease monitoring of cancer. Herein, we develop a convenient and
antifouling electrochemical sensor for CA19-9 determination by
immobilization of both an electrochemical redox probe [methylene
blue (MB)] and immunorecognition element (CA19-9 antibody)
on an electrostatic nanocage consisting of bipolar silica nano-
channel array (bp-SNA). bp-SNA is composed of a negatively
charged inner layer (n-SNA) and positively charged outer layer (p-
SNA), which could be stably prepared on indium tin oxide (ITO)
in several seconds using a two-step electrochemically assisted self-
assembly approach and display asymmetric surface charges for
confinement and enrichment of cationic MB into the inner n-SNA layer through electrostatic interaction. Modification of the CA19-
9 antibody on the top surface of bp-SNA confers the sensing interface with specific recognition capacity. An antibody−antigen
complex formed at the as-prepared immunosensor causes the decreased electrochemical signals of MB, achieving sensitive
determination of CA19-9 with a wider linear dynamic range from 10 μU/mL to 50 U/mL and a low detection limit (3 μU/mL).
Furthermore, accurate and feasible analysis of the CA19-9 amount in human serum samples by our proposed probe-integrated
electrochemical immunosensor is realized.

1. INTRODUCTION
Highly sensitive and fast determination of tumor-related
biomarkers is essential for early diagnosis, disease monitoring,
and accurate prediction of cancer.1 Carbohydrate antigen 19-9
(CA19-9), a carbohydrate antigen consisting of macro-
molecular glycoproteins, is one of the most crucial tumor
biomarkers associated with many malignant tumors such as
pancreatic, colorectal, liver, gastric, and ovarian,2,3 which
exhibits great clinical significance. Although CA19-9 can be
present in the blood of normal healthy people at a very low
amount (usually less than 37 U/mL), its amount will increase
dramatically in cancer patients.4 To date, techniques for the
quantitative detection of CA19-9 include enzyme-linked
immunosorbent assay (ELISA),5 photoluminescence,6 and
electrochemiluminescence (ECL).7 These assays have many
advantages but also have some drawbacks, such as large sample
volume, complicated and expensive instruments, and limited
sensitivity. Recently, electrochemical immunosensors have
attracted great interest owing to their features of simple
devices, low cost, high sensitivity, and easy miniaturization.8−12

Vertically ordered mesoporous silica films [also termed as
silica nanochannel array (SNA)] are a kind of synthetic
nanoporous membrane with selective permeability and
controlled molecular transport, which enable the design of a
vast variety of novel electrochemical/electrochemiluminescent
sensors.13−18 Their unique characteristics with respect to the

ultrasmall and uniform diameter of silica pores, ultrathin, high
porosity, and insulated property especially offer a broad
prospect for the direct analysis of complicated biological
samples.19−21 Analytes with redox-active characteristic can be
directly determined based on their electrochemical signals on
the SNA-based sensors.22,23 As for the tumor biomarkers
without electroactive property, both recognition elements and
probes are employed and the target-introduced large complex
on the outer surface of SNA leads to the signal variation of free
electrochemical/ECL probes in solution or electrochemical/
ECL probes immobilized on the SNA-based sensors and
further realizes their quantitative determination.24−26 In
contrast, probes immobilized into the nanochannels of SNA
offer advantages of easy detection operations, sparing chemical
reagents, and low cost without the addition of exogeneous
reagents. Su’s group has reported a nanocage consisting of
SNA bilayers with different pore diameters for physical
trapping ECL probe (tris(4,7-diphenyl-1,10-phenanthroline)-
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ruthenium(II) dichloride), allowing the determination of
dopamine released from living PC cells based on the
quenching effect.27 This bilayer SNA nanocage process is
performed by using the biphasic-stratification growth method
and poly(methylmethacrylate)-assisted transfer approach,
which however requires professional technicians and several
complicated steps. Our group has recently prepared a bilayer
SNA carrying asymmetric surface charges using a simple and
prompt electrochemically assisted self-assembly (EASA)
method, which can further act as an electrostatic cage for
confinement of the tris(2,2′-bipyridyl)ruthenium(II) ECL
probe and apply to detect disease-related biomarkers (e.g.,
SARS-CoV-2 IgG antibody),28 carcinoembryonic antigen
(CEA), and carcinoma antigen 15-3 (CA15-3).29

Methylene blue (3,7-bis(dimethylamino)-phenothiazin-5-
ium chloride, abbreviated as MB) is an electrochemically
active cationic thiazine dye, which has widely been used for the
fabrication and design of electrochemical sensors.30 In this
work, an electrostatic nanocage consisting of a bipolar silica
nanochannel array (bp-SNA) is prepared on the indium tin
oxide (ITO) electrode surface in several seconds by using a
two-step EASA method, which shows asymmetric surface
charges and is used for confinement and enrichment of MB
molecules into the inner tiny layer of bp-SNA through
electrostatic effect. Such MB immobilized into the bp-SNA-
modified ITO electrode can be then designed as the
convenient electrochemical immunosensor for CA19-9 deter-
mination with low cost and high sensitivity. The inner and
outer layers of bp-SNA carry negative and positive charges,
namely, n-SNA and p-SNA, providing dual electrostatic force
toward cationic MB molecules to generate a stable and
amplified electrochemical signal. Functionalization with CA19-
9 antibody on the top surface of bp-SNA confers the sensing

electrode with high specificity, and immune recognition
formed on the sensing interface enables quantification of
CA19-9. Direct analysis of the CA19-9 amount in human
serum is also evaluated, and satisfactory results are obtained.
Our proposed strategy immobilizes both the redox-active
probe and recognition element onto the solid bp-SNA, sparing
the usage of chemicals and improving the analytical sensitivity.

2. EXPERIMENTAL SECTION
Experimental sections including chemicals and instruments
used in this study, synthesis of the MB@bp-SNA/ITO-based
electrochemical immunosensor, and quantitative analysis of
CA19-9 using the differential pulse voltammetry (DPV)
technique are provided in the Supporting Information in detail.

3. RESULTS AND DISCUSSION
3.1. Fabrication of the MB@bp-SNA/ITO-Based Im-

munosensor. Scheme 1 illustrates the preparation process of
the MB@bp-SNA/ITO electrode and its application for
designing the CA19-9-specific sensing interface. Two-layer
SNA with opposite surface charge is first grown onto the ITO
surface using a two-step EASA method and changing the
composition of the silica-based precursor according to our
previous report.31 n-SNA near the underlying ITO electrode
bears a negatively charged surface, and p-SNA near the bulk
solution carries a positively charged surface, which together
constitute an electrostatic cage, namely, bp-SNA. MB
molecules with positive charge can enter the p-SNA layer by
vigorous mechanical stirring and be electrostatically confined
into the silica nanochannels of n-SNA. In such a case, p-SNA
positioned on the outer layer also can prevent the leakage of
confined MB molecules from the inner layer through an

Scheme 1. Illustration for the Fabrication of bp-SNA/ITO (a), MB@bp-SNA/ITO-Based Immunosensor (b), and Its
Electrochemical Sensing Mechanism for CA19-9 (c)a

aThe area of the tested MB@bp-SNA/ITO-based immunosensor is 0.5 cm2.
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electrostatic repulsion effect. Meanwhile, such MB@bp-SNA
attached to the ITO electrode, termed as MB@bp-SNA/ITO,
remains an open channel for effective mass transport and can
be used for the construction of gate-controlled immunosensors
for CA19-9 detection. CA19-9 antibody (Ab) as a recognition
element is modified onto the top surface of bp-SNA with the
help of the glutaraldehyde (GA) coupling agent. Ab/GA/
MB@bp-SNA/ITO with specifically recognized capacity can
be achieved after the blockage of nonspecific sites using bovine
serum albumin (BSA). When target CA19-9 specifically
interacts with the CA19-9 antibody to produce an antibody−
antigen immunocomplex onto the Ab/GA/MB@bp-SNA/ITO

electrode surface, the entrance of electrolyte ions through silica
nanochannels to maintain charge balance is hampered and
leads to the diminished electrochemical response of MB, finally
realizing the quantitative determination of CA19-9.
3.2. Characterization of bp-SNA. Figure 1 shows the

top-view TEM (A) and cross-sectional view SEM (B) images
of bp-SNA. The as-prepared bp-SNA is composed of
numerous nanoscale silica nanopores in a hexagonal arrange-
ment (Figure 1A). In addition, the diameter of silica pores is
uniform and about 2−3 nm. It could be found that bp-SNA
consisting of two homogeneous layers, namely, p-SNA layer
and n-SNA layer, is positioned on the top of ITO-coated glass

Figure 1. (A) Top-view TEM image of bp-SNA. The inset is the amplified image; (B) Cross-sectional view SEM image of bp-SNA/ITO.

Figure 2. Cyclic voltammetry (CV) responses of bp-SNA/ITO, n-SNA/ITO, and bare ITO electrodes to (A) 10 μM K3Fe(CN)6 and (B) MB in a
KHP solution (0.05 M, pH = 4) at a scan rate of 50 mV/s. The inset in (B) is the magnified CV curves of bare ITO and n-SNA/ITO electrodes.

Figure 3. (A) UV−vis spectra of bp-SNA/ITO before and after the immobilization of MB molecules. The inset is a digital photo of bp-SNA/ITO
before (right) and after confinement of MB molecules (left). CV curves of (B) MB@n-SNA/ITO and (C) MB@bp-SNA/ITO in 0.01 M PBS (pH
= 7.4) during different times. The scan rate for CV tests in (B, C) is 50 mV/s.
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(Figure 1B). p-SNA and n-SNA contain 92 and 78 nm length
channel, respectively. As bp-SNA has opposite surface charges,
the overall charge permselectivity of bp-SNA is studied by
using two different charged reversible electrochemical redox,
namely, Fe(CN)63− and MB. As shown in Figure 2, the n-
SNA/ITO electrode displays electrostatic permselectivity,
repulsing the ingress of Fe(CN)63− and attracting that of
MB, compared to the bare ITO electrode. Compared to that of
the n-SNA/ITO electrode, enhanced redox peak currents for
Fe(CN)63− and decreased redox peak currents for MB are
found at the bp-SNA/ITO, which is due to the suppression
effect of the positively charged outer p-SNA layer. It is
interesting that positively charged MB molecules can ignore
the electrostatic repulsion effect by the outer p-SNA layer
through mechanical stirring and be attracted by the inner n-
SNA layer. After mechanical stirring for 10 min, MB can be
stably confined into the inner nanospace of bp-SNA. However,
the electrochemical response of Fe(CN)63− has no significant
variation even under stirring for 30 min. These results suggest
that the surface charge of the inner n-SNA layer plays an
important role for overall charge permselectivity of the bipolar
SNA membrane and the fabricated bp-SNA indeed has the
capacity for electrostatic enrichment of MB molecules.
3.3. Stable Confinement of bp-SNA for MB. As shown

in Figure S1, the MB molecule has two characteristic
adsorption peaks around 600 and 650 nm, which are assigned
to the dimer and monomer of MB, respectively.

Figure 3A shows the UV−vis spectra of the bp-SNA/ITO
and MB@bp-SNA/ITO electrodes. As displayed, an obvious
adsorption peak around at 600 nm and a weak adsorption peak
around at 650 nm are observed at the MB@bp-SNA/ITO
electrode, which is assigned to the MB molecules. From the

photograph shown in the inset of Figure 3A, the MB@bp-
SNA/ITO electrode clearly exhibits a blue color, suggesting
the successful immobilization of MB molecules.

To evaluate the stabilization effect of bp-SNA for MB
molecules, both bp-SNA/ITO and n-SNA/ITO were used to
confine MB, to obtain MB@bp-SNA/ITO and MB@n-SNA/
ITO electrodes, respectively. CV signals of MB@n-SNA/ITO
and MB@bp-SNA/ITO electrodes in 0.01 M PBS (pH 7.4) at
various times are recorded in Figure 3B,C. Within 25 min,
electrochemical redox currents of MB diminish apparently at
MB@n-SNA/ITO, whereas nearly no variation is found at
MB@bp-SNA/ITO, revealing that the as-prepared MB@bp-
SNA/ITO sensor has excellent stability and potential for long-
term use. This is because bp-SNA emerged as an electrostatic
nanocage that provides dual-force impact for cationic MB
molecules, namely, electrostatic repulsion of the outer p-SNA
layer and electrostatic preconcentration of the inner n-SNA
layer.
3.4. Fabrication of the Ab/GA/MB@bp-SNA/ITO

Immunosensor. To confirm that each modification step of
Ab/GA/MB@bp-SNA/ITO is successful, CV and electro-
chemical impedance spectroscopy (EIS) were performed. bp-
SNA/ITO without the confinement of MB was subjected to
the prepared immunosensing interface and investigated by
using the Fe(CN)63−/4− redox probe. Figure 4A shows the CV
curves of bp-SNA/ITO, GA/bp-SNA/ITO, Ab/GA/bp-SNA/
ITO, and CA19-9/Ab/GA/bp-SNA/ITO electrodes in 0.1 M
KCl solution containing Fe(CN)63−/4−. As seen, in comparison
with the bp-SNA/ITO electrode, the voltammetric signal
intensity of Fe(CN)6

3−/4− gradually decreases with the
subsequent modification with GA or CA19-9 antibody,
suggesting their successful immobilization. When Ab/GA/bp-

Figure 4. (A) CV and (B) EIS curves recorded with the stepwise modification electrodes. The electrolyte solution is 0.1 M KCl solution containing
2.5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1: 1). (C) CV and (D) DPV curves of stepwise modification electrodes in 0.01 M PBS (pH = 7.4) at a
potential scan from −0.5 to 0.1 V. The scan rate for CV tests in (A) and (C) is 50 mV/s.
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SNA/ITO interacts with target CA19-9, the voltammetric
signal intensity of Fe(CN)63−/4− apparently decreases, which
arises from the steric hindrance effect of the CA19-9
antibody−antigen immunocomplex for Fe(CN)63−/4− and
indicates the occurrence of specific recognition. In addition,
functionalization of GA or CA19-9 antibody and interaction
with CA19-9 can give rise to the enhanced charge transfer
resistance (diameter of semicircles at high frequencies) (Figure
4B). In addition, CA19-9 antibody was labeled with fluorescent
FITC molecules to obtain FITC-labeled CA19-9 antibody
(FITC-Ab), which was used to modify the GA/bp-SNA/ITO
or bp-SNA/ITO under the same experimental conditions. As
shown in Figure S2 FITC-Ab/GA/bp-SNA/ITO displays the
green fluorescence compared with Ab/GA/bp-SNA/ITO
(Figures S2A,B), confirming the successful immobilization of
CA19-9 antibody on the GA/bp-SNA/ITO electrode surface.
By comparison, bp-SNA/ITO was used to incubate with
CA19-9 antibody without the use of the GA coupling agent.
No green fluorescence was observed (Figure 2C), further
suggesting the important step of GA modification.

Due to the inherent redox characteristic of MB, MB@bp-
SNA/ITO, GA/MB@bp-SNA/ITO, Ab/GA/MB@bp-SNA/
ITO, and CA19-9/Ab/GA/MB@bp-SNA/ITO electrodes
were soaked in 0.01 M PBS (pH 7.4) and tested for their
electrochemical signals. As shown in Figure 4C,D, a pair of
well-defined reversible redox peaks is obviously observed at
MB@bp-SNA/ITO, corresponding to the electrochemical
reaction of MB molecules electrostatically immobilized in the
silica nanochannels of bp-SNA. Covalent modification of GA
and CA19-9 antibody leads to the decreased redox peak
current, and the addition of CA19-9 further generates the
depleted current signals, indicating that our proposed Ab/GA/

MB@bp-SNA/ITO sensing interface enables the quantitative
determination of CA19-9.
3.5. Sensitive Response of the Developed Ab/GA/

MB@bp-SNA/ITO Immunosensor for CA19-9 Detection.
The analytical ability of the Ab/GA/MB@bp-SNA/ITO
immunosensor was validated by incubation with the
successively added concentrations of CA19-9 and tested in
0.01 M pure buffer (PBS, pH 7.4) using the DPV method. As
presented in Figure 5, DPV responses decrease with the
increasing CA19-9 amount, showing a proportional relation-
ship between anodic peak current (I) and logarithm of
concentration of CA19-9 (logCCA19‑9) within a concentration
range of 10 μU/mL to 50 U/mL. The acquired fitting linear
regression equation and limit of detection (LOD) are I (μA) =
− 1.41 logCCA19‑9 + 20.9 (R2 = 0.996) and 3 μU/mL (S/N =
3), respectively. The analytical performances of our as-
prepared Ab/GA/MB@bp-SNA/ITO immunosensor studied
in this work include the construction method, linear range, and
LOD, which have been compared with those of other
electrochemical sensors for CA19-9 determination, as shown
in Table 1. The linear dynamic range obtained at our proposed
Ab/GA/MB@bp-SNA/ITO immunosensor is wide, as well as
a low LOD and simple fabrication procedure.
3.6. Interference of Coexisting Species on the

Response of the Developed Ab/GA/MB@bp-SNA/ITO
Immunosensor. The selectivity property of the developed
Ab/GA/MB@bp-SNA/ITO immunosensor was assessed by
measuring the electrochemical responses of 1 U/mL CA19-9
before (I0) and after (I) the addition of potentially existing
interfering substances. As shown in Figure 6, the obtained
current ratio ((I0−I)/I0) is almost zero for the S100 calcium
binding protein (S100), carcinoembryonic antigen (CEA),
carcinoma antigen 125 (CA125), and bone γ-carboxyglutamate

Figure 5. (A) DPV responses from continuous increases of CA19-9 amount into 0.01 M PBS (pH = 7.4) at the Ab/GA/MB@bp-SNA/ITO
immunosensor. The concentrations of CA19-9 are 10 μU/mL, 100 μU/mL, 1 mU/mL, 10 mU/mL, 100 mU/mL, and 50 U/mL. (B) Calibration
curve for CA19-9 detection using the fabricated Ab/GA/MB@bp-SNA/ITO electrode.

Table 1. Comparison of the Analytical Performances of Electrochemical Sensors for CA19-9 Determination

method electrode construction method linear range (mU/mL) LOD (mU/mL) ref

ECL-RET GO/HBP/ITO labeled 2−5 × 104 0.25 32
ECL PtRu-PL-Ab2/CA19-9/Ab1/Au/GCE labeled 0.1−7 × 104 0.033 33
EIS CeO2/FeOx@mC500/AuE label-free 0.1−1 × 104 0.01 34
DPV Au Ag HNCs/GCE labeled 1 × 103−3 × 104 228 35
DPV Ab/GA/MB@bp-SNA/ITO label-free 0.01−5 × 104 0.003 this work

RET: resonance energy transfer; GO/HBP: GO-grafted hyperbranched/aromaticpolyamide; PL: polylysines; CeO2/FeOx@mC500: bimetallic
cerium and ferric oxide nanoparticles embedded within the mesoporous carbon matrix; GCE: glassy carbon electrode; Au Ag HNCs: bimetallic
alloyed Au Ag hollow nanocrystals.
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protein (BGP). However, the presence of CA19-9 or mixture
consisting of CA19-9 and four other interfering substances can
produce available signals, indicating the good selectivity of the
Ab/GA/MB@bp-SNA/ITO immunosensor for CA19-9 de-
tection. In addition, arising from the inherent property of silica,
the fabricated Ab/GA/MB@bp-SNA/ITO immunosensor is
not fit for quantitative analysis in strong alkaline media.
However, CA19-9 often exists in human serum and its amount
can be tested by our immunosensor.
3.7. Detection of CA19-9 in Human Serum. The

antifouling detection ability of the developed Ab/GA/MB@
bp-SNA/ITO immunosensor was studied by using a biological
complex matrix (human serum). Directly obtained human
serum samples were only diluted by 0.01 M PBS (pH 7.4)
without other tedious pretreatments, which were then tested
by the Ab/GA/MB@bp-SNA/ITO immunosensor. No
obvious electrochemical signal was observed. After being
spiked with a series of CA19-9 with known concentrations,
human samples were tested with our fabricated Ab/GA/MB@
bp-SNA/ITO immunosensor. Table 2 lists the measured

(found) and spiked concentrations. It could be found that the
achieved recoveries are from 96.0 to 102% with relatively low
RSD (less than 4.5%) and imply the great practical ability of
the Ab/GA/MB@bp-SNA/ITO immunosensor.

4. CONCLUSIONS
In summary, bp-SNA consisting of n-SNA and p-SNA was
employed for confinement and enrichment of MB molecules
into the inner layer and further construction of the probe-
integrated electrochemical immunosensor for CA19-9 detec-
tion. bp-SNA served as a solid substrate and can not only
confine and preconcentrate redox-active MB molecules inside
the silica nanochannels to generate amplified and stable

electrochemical signal but also render functional sites for
covalent immobilization of CA19-9 antibody to specifically
recognize CA19-9. By recording the electrochemical signals of
the proposed electrochemical immunosensor upon the capture
of CA19-9, reagentless determination of CA19-9 is realized
with a wide linear dynamic range and a low LOD. The
potential clinical utility of our proposed electrochemical
immunosensor in complex human serum is also demonstrated
with satisfactory results. The present strategy may be useful in
the development of probe-integrated electrochemical immu-
nosensors and could be extended to directly analyze CA19-9 in
clinical applications and point-of-care diagnostics.
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