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Electrochromic sensing platform based on steric
hindrance effects for CEA detection†
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In this work, an electrochromic sensing platform with prussian

blue (PB) as the indicator was proposed for signaling carcinoem-

bryonic antigen (CEA) using the bipolar electrode (BPE) system.

The CEA aptamer was pre-anchored on the anode pole of the BPE

for capturing CEA through strong binding affinity. The presence of

CEA induced the increase of steric hindrance and led to lower

electrochemical currents. Due to the quantitative relationship

between the two reactions occurring at both ends of the BPE, the

amount of deposited PB in situ can be used as an indicator for

reporting target protein concentration. Using CEA concentration

in normal human serum as a reference (5 ng mL−1), this electro-

chromic sensing platform can be used for distinguishing persons

with cancer from normal humans easily and quickly, which is very

important for subsequent treatment of patients. This novel electro-

chromic platform has great selectivity for target tumor proteins

and provides a fast, visual method for CEA detection. Finally, the

proposed biosensor can be applied to detect CEA in human serum,

which holds great potential for point-of-care diagnostics com-

bined with the advantage of the closed BPE system.

Introduction

According to the U.S. National Cancer Institute, cancer has
become the number two leading cause of death.1,2 As a conse-
quence, early accurate cancer identification and detection are
crucial for patient survival and successful prognosis of
cancers.3 Carcinoembryonic antigen (CEA), an acidic glyco-
protein with a molecular weight of about 180 kDa, is known to
be one of the most important tumor markers.4 Various carci-
nomas are related to CEA,5,6 such as lung, breast and rectal
cancer. Thus far, fluorometric analysis,7,8 radioimmunoassay,9

enzyme-linked immunosorbent assay,10,11 chemiluminescence
immunoassay12,13 and other methods14,15 have been developed
for CEA detection. Among these methods, electrochemical
methods have attracted considerable interest due to advan-
tages of high sensitivity, low cost and portability.16–18 In most
cases, electrochemical sensors for CEA were based on
labeled19 or solid-state electrochemical probes as reporters,20

which require a complex modification process. In addition,
little attention was paid to high-throughput assays among
current electrochemical sensors since the signal readout often
requires the involvement of expensive electrochemical work-
stations to complete. Developing label-free and high-through-
put approaches to distinguish patients with cancer from those
without is very important for point-of-care diagnostics.21–23

Steric hindrance effects provided an effective tool for label-free
electrochemical determination of target.24–26 When the target
molecule is bound to the surface of the electrode, the electron
transfer of the redox molecule can be inhabited, and current
decreased.27,28 Based on this steric hindrance mechanism,
Ban and co-workers29 developed an electrochemical aptasen-
sor for cardiac troponin I detection in the presence of a ferro-
cene-modified silica nanoparticle redox probe.

The bipolar electrode (BPE) has recently attracted consider-
able attention in bioanalysis30–32 and has been widely used for
detection of prostate-specific antigen (PSA),33 DNA,34,35 cancer
biomarkers,36,37 and so on. It can act as both anode and
cathode without any direct electrical connection under an even
electrical field over the solution, which offers good opportu-
nities to control large-scale BPEs in parallel for high-through-
put analysis. To date, the signal readout for this detection was
mostly focused on electrochemiluminescence,38,39 which was
often achieved via expensive instruments for collecting the
output signal. In order to achieve visual target detection,
Crooks and co-workers40 reported an electrochemical sensing
platform using a prussian blue (PB) spot that electrodeposited
on an ITO film as the electrochromic indicator for visual detec-
tion of glucose and H2O2. Based on this electrochromic prin-
ciple, our group41,42 developed a renewable display platform
for screening the activity of catalysts with the naked eye.
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Inspired by the unique steric hindrance mechanism and
BPE, a novel, high-throughput and visual sensing platform for
CEA detection with the closed BPE arrays was demonstrated.
First, the single-strand DNA aptamer of CEA was attached on
BPE anodes to capture CEA due to strong and specific binding
affinity. When CEA were bound on the electrode surface, the
electron transfer of redox molecule probe ([Fe(CN)6]

3−/4−) was
inhibited due to steric hindrance. On the basis of the quantitat-
ive relation between the two reactions occurring at both ends of
the BPE, the current passing the closed BPE cathode was
accordingly decreased, which influenced the amount of PB de-
posited at the BPE cathode pole and can be recognized by the
naked eye. The electrochromic detection system offers great sen-
sitivity for target molecules and provides fast and visual detec-
tion of CEA concentration. Meanwhile, the proposed biosensor
can be applied to detect CEA in human serum, which holds the
potential in the field of point-of-care diagnostics combined with
advantages of the closed BPE system (see Scheme 1).

Results and discussion

The standard photolithographic technique was used to fabri-
cate the ITO electrode array, and the closed bipolar system was
achieved by bonding a PDMS membrane with two reservoirs
on the ITO substrate. Au film was deposited on the electrode
surface, as shown in Scheme 1. CEA aptamer DNA was modi-
fied on the Au film via formation of the sulfur–gold bond and
then backfilled in non-specific binding sites with MCH. When
CEA is introduced into the sensing channel, the target CEA
can bind with the recognition element on the electrode
surface through specific affinity and induced the aptamer DNA
structural change.8 CEA is a biological protein molecule of
about 180 kDa; it may be bound on the electrode surface to
effectively retard the interfacial electron-transfer kinetics of
the redox probes in the sensing channel due to the protein’s
steric hindrance effects. Due to the related quantitation
between the two BPE poles, the current through the BPE cath-

odes was also decreased and thus influenced the amount of
PB. The amount of deposited PB was dependent on CEA con-
centration, which provides the basis for CEA detection.

Au film was selected and deposited onto the BPE anode
through electrochemical deposition using driving 2.5 V for
120 s. As shown in Fig. 1A, the current has an obvious change
in the first 20 s and then maintains a stable value. As seen in
the photograph, the color of the electrode was changed to
yellow, which indicated that Au was successfully deposited on
the electrode surface. To verify the in situ deposition of the
electrochromic material, driving voltage of 1.5 V was used for
BP deposition at the BPE cathodes. Like the Au film de-
position, an obvious current change at the initial stage was
observed due to BP deposition, and subsequently the current
maintained a stable value (Fig. 1B) accompanying the color
change to blue. The amount of deposited PB can be adjusted
by controlling deposition time. Consequently, it can be used
as the indicator for reporting the target concentration.

In order to verify the change in electron-transfer resistance
induced by the CEA, electrochemical impedance spectra (EIS)
were collected with a gold electrode using [Fe(CN)6]

3−/4− as the
indicator. The Nyquist plots are displayed in Fig. 1B; a very
small semicircle domain was obtained with the bare Au elec-
trode, indicating low electron-transfer resistance (Ret). After
incubation with CEA aptamer DNA and MCH, impedance
obviously increased (Ret = 3.5 × 103 Ω) due to the electrostatic
repulsive force between the negative charged interface and
[Fe(CN)6]

3−/4− anions. The sensing interface was then used for
capturing CEA and the impedance spectrum recorded. The Ret
was significantly increased from 3.5 × 103 Ω to 1.6 × 104 Ω,
illustrating the decreased efficiency in electron transfer result-
ing from steric hindrance after protein binding.

The fabricated sensing interface was used for response to
different concentrations of CEA for high-throughput assays
using closed BPE arrays. Different concentrations of CEA were
introduced into the sensing channels and incubated for 1 h.
5 mM [Fe(CN)6]

3−/4− and PB deposition solution (2.5 mM FeCl3
+ 2.5 mM K3[Fe(CN)]6 + 0.1 M HCl + 0.1 M KCl)) were injected
into the sensing array channel and reporting channel, respect-
ively. Then a driving voltage of 1.5 V was applied on the
driving electrodes for 180 s, and PB was deposited on the elec-
trode of BPE arrays. Results are shown in Fig. 2A. As displayed,

Scheme 1 Schematic illustration of closed bipolar electrochromic
strategy for high-throughput analysis of CEA.

Fig. 1 (A) Current change of closed BPE array under certain voltage for
Au and PB deposition, respectively. (B) EIS of the CEA aptamer-modified
Au electrode before and after incubation with 5 ng per mL CEA in 0.1 M
NaCl + 5 mM [Fe(CN)6]

3−/4− solution.
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the amount of deposited PB was decreased with the increase
in CEA concentrations from 1 ng mL−1 to 10 ng mL−1. Corres-
pondingly, the color of the PB spot changed from blue to
nearly colorless. To further confirm results, the Nyquist plots
for different concentrations of CEA were recorded as shown in
Fig. S3A.† The Ret increased from 3450 to 28 700 and
increased Ret signals were directly related to CEA concen-
tration from 1 ng mL−1 to 10 ng mL−1, illustrating the steric
hindrance effect on electron transfer.

CEA concentration in normal human serum is about 5 ng
mL−1.5 Thus, using this value as a reference, higher or lower
CEA concentration can be observed directly by the naked eye.
Experimental results confirmed that the designed electrochro-
mic strategy could be used for confirming people with cancer
risk with the naked eye. In order to analyze CEA concentration
quantitatively, chip reader software was installed on an intelli-
gent phone43,44 for analyzing the color brightness of PB spots;
results are shown in Fig. 2B. We found that PB spot brightness
was increased according to CEA concentration, which has a
strong linear relationship in the range of 1 to 10 ng mL−1.

CEA is a typical tumor biomarker and we hope that our
designed electrochromic sensor can be used for clinical diag-
nosis.45 Such sensor must possess high specificity for target
molecules compared with other interfering substances. In
order to explore selectivity and specificity of our electrochro-
mic strategy, control experiments were performed. Three
typical proteins—AFP, BSA and thrombin—were chosen as
control molecules. According to the photographic results in
Fig. 3A, the presence of low CEA concentration (10 ng mL−1)
causes a remarkable color change (blue to light-blue) due to
formation of a CEA-aptamer complex. While in the presence of
even 5-fold excess of interferential proteins (50 ng mL−1)
under the same condition, a very small color change was
observed compared with the blank experiment. The signal
readout can also be recognized from the color brightness his-
togram of PB spots in different protein samples (Fig. 3B).
Results showed that selectivity of the electrochromic strategy
toward CEA was very good with recognized CEA aptamer and

not greatly affected by other interfering proteins, which can be
used for target CEA selectively detected by the naked eye.

Direct determination of CEA level in human serum is very
important for early cancer diagnosis. The practical application of
the electrochromic sensor based on closed BPE arrays was
demonstrated in real human serum (obtained from First Hospital
of Jilin University, Changchun). Results are given in Table 1.
Using the CEA concentration in normal human serum as a refer-
ence point (≈5 ng mL−1),6 and higher or lower levels can be
observed directly by the naked eye through the designed electro-
chromic strategy. CEA contents of real human serum samples
identified by our strategy were in good agreement with results
provided by the hospital, which indicated that the electrochromic
platform has great promise for CEA detection in real samples.

Conclusions

In summary, an electrochromic sensing platform for CEA detec-
tion was presented based on steric hindrance effects. The
aptamer modified on the anode pole of the BPE can bind CEA
protein through the strong affinity. CEA as a protein has a mole-
cular weight of about 200 kDa, which can effectively retard the
interfacial electron-transfer kinetics of the redox probes. Thus
the electron transfer resistance (Ret) of the platform was
increased and the current passed through the closed BPE was
decreased, which made the amount of PB deposited in the
cathode of BPE decrease. Meanwhile, the deposited amount
was dependent on CEA concentration and it can be observed

Fig. 3 Closed bipolar electrochromic strategy for detecting different
concentrations of CEA from 1 to 10 ng mL−1. (A) Photographs of PB
spots in different concentrations of CEA. (B) Linear relationship between
CEA concentration and color brightness of PB spots.

Table 1 CEA concentration in human serum detected by our device

Sample Photographs
Results from
our device

Data from
hospital

Comparative
deviation

Human serum 5.41 5.64 4.08%
3.67 3.56 3.09%
9.78 9.38 4.26%

Fig. 2 Closed bipolar electrochromic strategy for detecting different
concentrations of CEA from 1 to 10 ng mL−1. (A) Photographs of PB
spots in different concentrations of CEA. (B) Linear relationship between
CEA concentration and color brightness of PB spots.
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with the naked eye. The concentration of CEA in normal human
serum is less than about 5 ng mL−1; this electrochromic
sensing platform can be used for distinguishing the person
with cancer from a normal human with the naked eye simply
and quickly. It not only saves time and lowers costs, but also is
very important for high-throughput assays of CEA detection.
CEA protein was successfully detected in human serum solution
with satisfactory performance levels. This novel electrochromic
platform has great sensitivity for target tumor proteins and pro-
vides a fast and visual method for CEA detection. Combined
with the unique feature of the BPE to control large-scale arrays
and label-free strategy, the proposed biosensor may be used as a
novel platform for CEA detection in point-of-care diagnostics.
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