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Abstract: Carcinoembryonic antigen (CEA) has been an extensively used tumor marker responsible
for clinical early diagnosis of cervical carcinomas, and pancreatic, colorectal, gastric and lung cancer.
Combined with micro-electro mechanical system (MEMS) technology, it is important to develop
a novel immune microelectrode array (MEA) not only for rapid analysis of serum samples, but
also for cell detection in vitro and in vivo. In this work, we depict a simple approach to modify
chitosan–multi-walled carbon nanotubes–thionine (CS–MWCNTs–THI) hybrid film through one-step
electrochemical deposition and the CS-MWCNTs-THI hybrid films are successfully employed to
immobilize anti-CEA for fabricating simple, label-free, and highly sensitive electro-chemical immune
MEAs. The detection principle of immune MEA was based on the fact that the increasing formation
of the antigen-antibody immunocomplex resulted in the decreased response currents and the
relationship between the current reductions with the corresponding CEA concentrations was directly
proportional. Experimental results indicated that the label-free MEA had good selectivity and the
limit of detection for CEA is 0.5 pg/mL signal to noise ratio (SNR) = 3. A linear calibration plot
for the detection of CEA was obtained in a wide concentration range from 1 pg/mL to 100 ng/mL
(r = 0.996). This novel MEA has potential applications for detecting CEA for the research on cancer
cells and cancer tissue slices as well as for effective early diagnosis.

Keywords: multi-walled carbon nanotube; microelectrode array; carcinoembryonic antigen;
one-step synthesis; label-free

1. Introduction

Although many efforts have been made to develop managements such as screening, surveillance,
prevention and treatment in the past few decades, the distant metastasis and dissemination of cancer
remains the major contributor to worldwide mortality [1,2]. It is necessary to develop technology for
cancer therapy as well as effective early diagnosis [3,4]. Carcinoembryonic antigen (CEA) is a kind of
serum-based tumor marker and is extensively used for the clinical diagnosis of several diseases, such
as cervical carcinomas, and pancreatic, colorectal, gastric and lung cancer [5,6]. The sensitive, precise
and accurate detection at a low concentration level of CEA in serum samples is very significant in
biochemistry research, clinical diagnosis and biomedical exploits [7]. The immunoassay is a common
technique for the detection of tumor markers, including electrochemistry-, Raman spectroscopy-,
chemiluminescence-, fluorescence-, and surface plasmon resonance-based immunoassay methods [8,9].
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Recently, there is a growing interest around the electrochemical immunoassay due to its
advantages, including rapid analysis, high sensitivity and a relatively low limit of detection [10–13].
Generally speaking, an electrochemical biosensor involves a transducer system and bio-sensitive film,
which are connected by the chemical interface layer [14]. The sensitivity, specificity, stability and
repeatability of the biosensor are mainly based on the performance of the bio-sensitive film. Various
novel matrices have been explored and used for fabricating the electrochemical biosensor [15,16].
Among the materials, chitosan (CS) polymers have attracted much interest as suitable matrices due to
their abundant amino groups, low toxicity and excellent biocompatibility [17,18]. The film-forming
property of CS is used for constructing biosensors and immobilizing bioactive molecules, depending
on its solubility and insolubility by adjusting the pH with respect to its pKa [19]. Many redox
species have been used to develop electro-active nanocomposites for the application of biosensor
fabrication. The typical examples include various redox dyes, such as the Prussian blue (ferric
hexacyano ferrate) family, thionine (THI), ferrocene and its derivatives [20–22]. There is a growing
requirement to synthesize stable electro-active nanocomposites with high sensitivity, good stability
and good electrochemical performance through a simple synthetic process [23]. Therefore, the
selection of catalytic material is as important as the redox species. Multi-walled carbon nanotubes
(MWCNTs) have many advantages as a catalytic material over other materials, including high chemical
stability, high tensile strength, being nano-sized, high surface area, excellent stiffness, and high
electrical conductivity [24,25]. Additionally, the high effective surface area and reactive functional
groups are benefits that allow loading high-density redox species and increasing the electrochemical
currents [26–28]. Nowadays, microelectrode arrays (MEAs) have become a reliable device for detecting
neurotransmitters, genetic information and protein in vivo and in vitro [29–33]. Additionally, the
functional characteristics of the MEAs allow real-time detection and stable long-term recordings for
cells [34,35].

Herein, we report a novel method for the one step synthesis of CS-MWCNTs-THI hybrid
film as the bio-sensitive film to immobilize the CEA antibody for constructing the immune MEAs.
The CS-MWCNTs-THI hybrid film was modified onto the microelectrodes by electrochemical
deposition. Moreover, the amino groups of CS can offer active sites for the immobilization of anti-CEA.
Meanwhile, the synergistic effect of MWCNTs and THI could result in the good electrochemical
property of the immune MEAs. The CS-MWCNTs-THI hybrid films are successfully used to
fabricate label-free, simple and highly sensitive electro-chemical immune MEAs. The immune MEAs
were employed for detecting the concentrations of CEA in human serum samples and exhibited
good selectivity.

2. Results and Discussion

2.1. Principles of the Electrochemical Measurement

The immune MEAs were fabricated using the procedure shown in Scheme 1. The electrochemical
performance of CS-MWCNTs-THI hybrid film depended on the synergistic effect between the
MWCNTs and THI. The P-type electron clouds of two adjacent atoms overlapping each other formed
the π molecular orbital of the THI. The electrocatalytic effect of the MWCNTs was based on its active
edge plane with the active functional groups, defect sites and unsatisfied valences. On the basis of the
π–π electronic conjugation effect, the overlap of P-type electron clouds reduced the energy barrier for
electron transfer between the active sites of the MWCNTs and the THI molecules. The electrocatalytic
effect of the MWCNTs and THI increased the current response. Owing to the retardation of the
electron transfer process, the formation of the antigen-antibody immunocomplex on the surface of
the microelectrodes resulted in the decrease of the current response, and the relationship between the
current reductions with the corresponding CEA concentrations was directly proportional. The CEA
could be detected quantitatively in serum samples according to this relationship.



Nanomaterials 2016, 6, 132 3 of 12
Nanomaterials 2016, 6, 132  3 of 12 
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Scheme 1. The fabrication procedure of the immune microelectrode array.

2.2. Optimization of Microelectrode Preparation

MWCNTs have been widely used as an excellent catalytic material. MWCNTs with favorable
conductivity and good biocompatibility are adopted to fabricate electrochemical biosensors for
improving electrochemical signals. The lack of MWCNTs resulted in a weak catalytic effect with
a low current response of the THI. Excessive MWCNTs were not beneficial for the diffusion of THI
and resulted in an increased current baseline. Additionally, size controllability, uniformity and the
compactness of the hybrid film were as important as the electrochemical property of the hybrid film.
The more negative reaction potential resulted in a high deposition current due to the over-potential
accelerating the reaction kinetics of [CS]+ deprotonation. Under high deposition current conditions,
the hybrid film could cover several microelectrodes with an uncontrolled size. The rapid deposition
could increase the roughness of the hybrid film and the uneven surface of the hybrid film resulted in
the unstable current response in the cyclic voltammograms (CV) and differential pulse voltammetry
(DPV) curves. The excessive MWCNTs could hinder the deposition of CS. It was difficult to form a
dense hybrid film with fewer MWCNTs and this kind of hybrid film resulted in the leakage of the THI.
The size controllability, uniformity, compactness and electrochemical property should be all considered.
The deposition time and reaction potential depended on the composition of the solution and the size
of the microelectrode. When the volume ratio of CS and THI was 2:1 and per 300 µL mixed solution
contained 2.5 mg MWCNTs, CS could form a uniform and compact matrix to completely cover the
single microelectrode. This ratio of THI and MWCNTs also resulted in a stable current signal and good
electrochemical response.

2.3. Characteristics of the CS-MWCNT-THI Hybrid Film

Compared with the scanning electron microscope (SEM) energy-dispersive X-ray spectroscopy
(EDS) result of the bare Au microelectrode (Figure 1A), the qualitative analysis of SEM-EDS showed
the new characteristic peaks of the oxygen element and sulfur element in the CS-MWCNTs-THI
hybrid film (Figure 1B). The hydroxyl groups and molecular backbone of CS contributed to the new
characteristic peak of the oxygen element and the sulfur characteristic peak derived from the sulfur
element of the thionine molecule. These results were proof that CS and THI were embedded into the
hybrid film. After modification of the CS-MWCNTs-THI hybrid film, the characteristic peak of the
carbon element increased, due to the immobilization of the MWCNTs and CS.

As shown in Figure 1C, the CS-MWCNTs-THI hybrid film displayed s nano-porous structure.
This nano-porous structure could increase the effective surface area of the microelectrodes and reduced
the impedance, which is beneficial for increasing the current response. In addition, the nano-porous
structure promoted the diffusion of electro-active molecules and enhanced the electrochemical diffusion
current. The MWCNTs exposed on the surface of the CS-MWCNTs-THI hybrid film were beneficial not
only for loading the high-density redox molecules of THI, but also for accelerating the electron transfer
of the redox reaction by the electronic conjugation effect, which can enhance electrochemical currents.
The nano-porous structure of CS-MWCNTs-THI hybrid film and the synergistic effect of MWCNTs
and THI were beneficial for improving the electrochemical current response of the immune MEAs.
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image of the CS-MWCNTs-THI hybrid film. 
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Figure 1. Characteristics of chitosan-multi-walled carbon nanotubes-thionine (CS-MWCNTs-THI)
hybrid film. (A) Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS)
image of bare Au microelectrode; (B) SEM-EDS image of CS-MWCNTs-THI hybrid film; (C) SEM image
of the CS-MWCNTs-THI hybrid film.

2.4. Electrochemical Characteristics of the Immune MEAs

As illustrated in Figure 2, the modification process of the immune MEAs was monitored by cyclic
voltammograms (CVs) in a solution of phosphate-buffered saline (PBS) (pH 7.4). The results of the
CVs showed better stability and reproducibility with two pronounced redox peaks. As mentioned
before, the immune MEAs first were modified with CS-MWCNTs-THI hybrid film by electrochemical
deposition and showed a good electrochemical response with the peak current |Ip| of about 132 nA
(as shown in Figure 2, curve a). Consequently, the CS-MWCNTs-THI hybrid film cross-linked anti-CEA
by glutaraldehyde (GA), which was employed as the bridging molecule. Owing to the formation of an
electron-retarding layer, the loading of anti-CEA resulted in a conspicuous decrease of the peak current
and the |Ip| was about 77 nA (Figure 2, curve b). Finally, bovine serum albumin (BSA) solution was
used to improve the specificity of immune MEAs by blocking any possible remaining active sites and
this BSA layer could avoid the non-specific adsorption. After being blocked with BSA, the current
response of immune MEAs further decreased to about 35 nA due to the insulating protein layer of
BSA on the microelectrode hindering the electron transfer (Figure 2, curve d). Curve c was the CV of
the BSA/CS-MWCNTs-THI/Au microelectrode and the |Ip| was about 52.5 nA. The |Ip| of curve
c was lower than the |Ip| of curve b. It was indicated that the BSA could cover the microelectrode
more completely than anti-CEA and BSA was used to avoid the contribution of non-specific proteins.
Comparing curve c and curve d, the current intensity caused by the anti-CEA in the presence of BSA
was about 18.5 nA.
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Figure 2. Cyclic voltammograms (CV) of microelectrode modified with CS-MWCNTs-THI/Au (a);
anti-CEA/CS-MWCNTs-THI/Au (b); BSA/CS-MWCNTs-THI/Au (c); BSA/anti-CEA/CS-MWCNTs-
THI/Au (d). Scan rate: 100 mV/s, solution: pH 7.4 phosphate buffer. BSA: bovine serum albumin;
CEA: carcinoembryonic antigen.

2.5. Analytical Performance of the Immune MEAs

The electrochemical measurements of DPV were used to investigate the electrochemical response
properties corresponding to the adsorption of CEA in the immune MEAs. All the measurements of
DPV were carried out in the phosphate buffer (pH 7.4) with the potential range from ´0.7 to 0 V.
Because the formation of the antibody-antigen immunocomplex on the microelectrodes enhanced
steric hindrance and blocked the electron transfer of THI, the peak currents of the DPVs decreased.
The concentrations of the corresponding CEA were directly proportional to the current reduction
(Figure 3A). Additionally, the calibration plots between the peak current (Ip) and the logarithms of the
CEA concentrations are displayed in Figure 3B: Ip (nA) =´40.874 + 1.323 log CCEA (ng/mL) (r = 0.996).
The results exhibited a good linear detection relationship (LDR) between the peak currents and the
logarithms of the CEA concentrations ranged from 1 pg/mL to 100 ng/mL. In addition, the limit
of detection (LOD) for CEA by the immune MEAs was 0.5 pg/mL signal to noise ratio (SNR) = 3.
The results indicated that the immune MEAs enabled a relatively wide detection range and low LOD
for detecting CEA. The relative standard deviation (RSD) of MEAs for the detection of CEA were 11%
and 4.9%, respectively, at two concentration levels of 1 ng/mL and 5 ng/mL, which corresponds to the
zones of the maximum and minimum errors at the calibration graphs.
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Figure 3. (A) Differential pulse voltammetry (DPV) responses of the proposed immune microelectrode
arrays (MEAs) after incubation with various concentrations of carcinoembryonic antigen (CEA);
(B) Calibration curves of the immune MEAs with regard to CEA. Solution: pH 7.4 phosphate buffer.
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2.6. Selectivity and Repeatability of the Immune MEA

In order to evaluate the selectivity of the immune MEAs, some potential interferences were added
into 1 ng/mL of CEA, including dopamine (DA), BSA, uric acid (UA), ascorbic acid (AA), glucose
(Glu) and human immunoglobulin G (IgG), and the current responses were measured. Compared with
the response current of pure CEA (as shown in Figure 4), the variations in the amperometric response
caused by the interfering substances were 3.7%, 3.8%, 4.9%, 3.2%, 2.8% and 4.4% (less than 5.0%),
respectively, corresponding to the interferences of IgG, BSA, glucose, AA, DA, and UA. The results
indicated that the specificity of the proposed immune MEA was acceptably within experimental error
and this immune MEA with good selectivity could be employed as an immunosensor system for
detecting CEA.
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Figure 4. Amperometric response of the immune MEA to 1 ng/mL CEA, 1 ng/mL CEA + 1 ng/mL
IgG, 1 ng/mL CEA + 1 ng/mL BSA, 1 ng/mL CEA + 1 ng/mL glucose, 1 ng/mL CEA + 1 ng/mL
AA, 1 ng/mL CEA +1 ng/mL DA, 1 ng/mL CEA + 1 ng/mL UA. DA: dopamine; UA: uric acid;
AA: ascorbic acid.

The repeatability of the immune MEAs was also examined by using five equally immune
microelectrodes on the MEA for analyzing the same CEA concentration (1 ng/mL) (Figure 5). The five
immune microelectrodes, made independently, exhibited similar current responses of 41.38 nA,
39.71 nA, 42.20 nA, 39.88 nA and 40.48 nA, respectively. Therefore, the MEAs exhibited good
repeatability with an RSD of 2.6% (less than 5.0%) for the current response of detection for CEA.
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2.7. Analysis of Clinical Serum Samples

The recovery tests were performed by adding a standard solution of known concentrations
into the diluted serum samples of CEA and the results of the recovery test are displayed in Table 1.
The RSDs of detection were all less than 7.8% and the results showed satisfactory recoveries of 92–109,
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revealing an acceptable accuracy for detecting in human serum samples. To study the reliability of
the proposed immune MEA for human serum samples, the proposed immune MEA was employed
to assay five real samples from the Beijing University Cancer Hospital. The enzyme-linked immune
sorbent assay (ELISA) was used as a reference method. As shown in the Figure 6, the RSDs of ELISA
on the detection of serum samples were 6.2%, 5.6%, 8.2%, 5.3%, and 4.1%, respectively. The RSDs of
the results of detecting serum samples by immune MEA ranged from 6.7% to 9.1%. Additionally, the
relative deviation of the results detected by the two methods ranged from ´7.76% to 5.33% (in Table 2),
indicating an acceptable agreement. The test results of these two methods were consistent, indicating
that the proposed immune MEA could be potentially applied in detecting the CEA concentration for
clinical analysis.

Table 1. Recovery tests of CEA in the human serum samples.

Samples 1 2 3 4 5 6

Initial (ng¨mL´1) a 0.39 0.75 0.82 0.45 0.25 0.53
Added (ng¨mL´1) 0.50 0.50 1.00 1.00 2.00 2.00

Found (ng¨mL´1) b 0.86 1.32 1.81 1.48 2.26 2.51
Relative deviation (%) 7.0 7.8 6.6 7.6 5.1 5.6

Recovery (%) 92.3 109.3 98.7 106.7 104 96.2
a Human serum samples were diluted prior to assay; b The average value of five successive measurements.

Table 2. Assay results of clinical serum samples using the reference and proposed methods.

Serum Samples 1 2 3 4 5

ELISA (g/mL) a 0.78 3.26 1.50 8.17 23.2
Immune MEAs (ng/mL) a 0.81 3.18 1.58 8.43 21.4

Relative deviation (%) 3.85 ´2.45 5.33 3.18 ´7.76
a The average value of three successive measurements.
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3. Materials and Methods

3.1. Apparatus and Reagents

The scanning electron microscopy was used to perform the scanning electron microscope (SEM)
image of the microelectrode surfaces and energy dispersive X-ray spectroscopy (EDS) for component
analysis (S-3500, Hitachi, Tokyo, Japan). The Gamry electrochemical workstation was used to
carry out differential pulse voltammetry (DPV) and cyclic voltammetry (CV) (Gamry Reference 600,
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Gamry Instruments, Warminster, PA, USA). The ELx808 microplate reader was used to read the
absorbance. (BioTek Instruments, Inc., headquartered in Winooski, VT, USA).

The (D)-(+)-glucose (ě99.5%) and chitosan (CS, from crab shells, minimum 85% deacetylated)
were supplied by Sigma-Aldrich Co., Ltd (St. Louis, MO, USA). Ascorbic acid (AA, 99%) and thionin
acetate (THI) were provided by Alfa Aesar. CEA (purified from human fluids) and anti-CEA (CEA
monoclonal antibody purified from mouse and the immunogen is human CEA) were supplied
by Beijing Key-Bio Biotech Co., Ltd. Uric acid (UA, 99%; Beijing, China) was obtain from Alfa
Aesar. Multi-walled carbon nanotubes (purity > 95 wt. %) were supplied by Xianfeng nanomaterials
company (Nanjing, China). GA was supplied by Beijing Chemical Reagents Company. Dopamine
(DA, ě99%) was obtained from Acros Organics. Bovine serum albumin (BSA) was provided by
LanYi Chemical Reagents Company (Shanghai, China). CEA ELISA kit was provided by Shanghai
Linc-Bio Science Co. LTD (Shanghai, China). Human immunoglobulin G (IgG) was provided
by Cheng-wen Biological Company (Beijing, China). The phosphate-buffered saline (PBS, 0.1 M
Na2HPO4-NaH2PO4-KCl, pH 7.4) was provided by a PBS tablet (Sigma, St. Louis, MO, USA).
A Michem ultrapure water apparatus was used to purify the water (Michem, Chengdu, China,
resistivity 18 MΩ¨ cm). Clinical serum samples were available from Peking University Cancer Hospital
and Institute. All experiments were performed at ambient temperature and all other chemicals were
analytical reagent grade without purification.

3.2. Fabrication of MEA

As shown in Scheme 2, a standard commercialized glass was firstly washed with acetone, ethanol
and deionized (DI) water. The cleaned glass was prepared as the substrate for the fabrication of the
MEAs. Before an Au/Cr (200/30 nm) film was grown onto the substrate as the conductive layer
by magnetron sputtering (c), the major patterns were displayed by the first photolithographic step
using the mask 1 (a,b). The Au/Cr conductive layer was presented following by a lift-off process (d).
This conductive layer included electrode lead, pads and 60 microelectrodes. The diameter of circular
microelectrode was 20 µm and the space between two microelectrodes was 100 µm. Subsequently, a
Si3N4 (800 nm) was deposited as the insulating layer by plasma chemical vapor deposition (e).
Combined with the second photolithographic step using the mask 2 (f), the microelectrode sites
and pads were etched for 10 min to display by using an SF6 deep reactive ion etcher (SF6 DRIE) with
a power of 100 W (g,h). Finally, the excess AZ1500 was washed with acetone, ethanol and DI water.
The MEAs were manufactured with 60 Au microelectrodes and Si3N4 insulating layer (i).
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Scheme 2. Microelectrode array fabrication process schematic. (a) The first photolithography;
(b) the development of the photoresist; (c) magnetron sputtering; (d) lift-off process; (e) chemical
vapor deposition; (f) the second photolithography; (g) SF6 deep reactive ion etcher; (h) display the
microelectrode sites and pads; (i) cleaning step.
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3.3. Fabrication of CS-MWCNTs-THI Hybrid Film

The redox hybrid film of CS-MWCNTs-THI was firstly deposited to the surface of
the bare Au microelectrode by electrochemical reaction. The reaction principles are as
follows [29]: (1) chitosan protonated: CS pSolidq`nH` Ñ rCSs+ ; (2) chitosan deprotonated:
n rCSs`` mH2O2 ` ne´ Ñ CS Ó ` mH2O. According to reaction (2), the amino groups of CS became

–NH2 from –NH3
+ owing to the removal of local H+. In addition, the low fluidness of CS resulted in CS

forming a stabilizing film to cover the microelectrode. Meanwhile, the catalytic material MWCNTs and
electro-active molecular THI were immobilized together to form the hybrid film. The electrochemical
deposition was performed in a three-electrode system. The Pt was used as the counter electrode and
the reference electrode was provided by Ag|AgCl. The deposition potential was ´0.4 V for 300 s.
The MEAs were cleaned by oxygen plasma before modification. Before the electrochemical deposition,
300 µL CS (1.0 wt. %) solution containing 2.5 mg MWCNTs, THI (2 mg/mL) and H2O2 (30 wt. %) were
ultrasonicated for 30 min.

3.4. Fabrication of the Electrochemical Immune MEAs

After the CS-MWCNTs-THI hybrid film was modified onto the MEAs, the MEAs were immersed
into 0.25% GA, which was employed to generate aldehyde group terminals covering the surface
of the CS-MWCNTs-THI hybrid film. Then the MEAs were immersed into a 1 µg/mL solution of
anti-CEA in PBS (pH 7.4) for 4 h at 37 ˝C to cross-link antibody and the anti-CEA could be attached
by aldehyde group terminals of GA. Finally, the modified immune MEAs were incubated in BSA
solution (1.0 wt. %) at 37 ˝C for about 1 h to cover any possible remaining active sites and avoid the
non-specific adsorption.

3.5. Electrochemical Measurements

The Gamry workstation was connected with a three-electrode system for the measurement of
differential pulse voltammetry (DPV) and cyclic voltammetry (CV). The immune microelectrode was
set as the working electrode. Ag|AgCl was used as the reference electrode and the counter electrode
was a platinum wire. The immune MEAs were incubated in different CEA concentrations for 30 min
at ambient temperature before measurement. The instrumental conditions of DPV experiments were
set with a 100 ms pulse time, 25 mV pulse size, 5 mV step size.

3.6. The Assay Procedure of ELISA

CEA ELISA kit included 96T and could be used for detection on natural CEA and recombinant
CEA. The limit of detection was 0.5 ng/mL and the detection range was from 1 ng/mL to 200 ng/mL.
The assay procedure was as follows: (1) set control (zero), standard, test sample wells on the pre-coated
plate and recorded their positions respectively. (2) Added 40 µL sample diluent buffer into the control
(zero) well and added 40 µL of 0 ng/mL, 4 ng/mL, 20 ng/mL, 100 ng/mL, 200 ng/mL standard
solutions into the standard wells. Then added 40 µL sample (serum without dilution) into the sample
wells (added the solution into the bottom of each well and avoided bubbles and touching the side wall).
(3) Sealed the plate with a cover and incubated 37 ˝C for 45 min. (4) Removed the cover and discarded
the plate content. Clapped the plate on the absorbent filter papers or other absorbent materials and
washed plate five times with wash buffer. Added 100 µL HRP-labeled CEA antibody into each well
and incubated 37 ˝C for 45 min. (5) Removed the cover and discarded the plate content. Clapped the
plate on the absorbent filter papers or other absorbent materials and washed plate five times with wash
buffer. Added 100 µL TMB into each well, covered the plate and incubated at 37 ˝C in dark for 15 min.
(6) Added 50 µL stop solution into all the wells and mixed thoroughly. The color immediately changed
from blue into yellow. (7) Read the O.D. absorbance at 450 nm in the microplate reader (ELx808)
immediately after adding the stop solution. (8) Repeated the above steps to complete three tests.
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For statistical analysis, (the relative absorbance) = (absorbance of each well)-(absorbance of Zero
well). The standard curve can consist of the relative absorbance of each standard solution (Y) and
the corresponding concentration of the standard solution (X). The CEA concentration of the tested
serum samples can be obtained from the standard curve. The microplate reader (ELx808) provided the
analyzing software for calculating the CEA concentration of the serum samples.

4. Conclusions

A simple label-free electrochemical immune MEA based on CS-MWCNTs-THI hybrid film was
developed for detecting CEA. In summary, the highlights of the work are: (1) CS-MWCNTs-THI hybrid
film was easily modified onto the MEAs through one-step synthesis by electrochemical deposition.
The SEM and EDS results indicated that the good electrochemical property of the immune MEAs was
based on the nano-porous structure of the hybrid film and the synergistic effect of MWCNTs and
THI. (2) The immune MEA had a wide linear working range for the detection of CEA, from 1 pg/mL
to 100 ng/mL with a LOD of 0.5 pg/mL (SNR = 3). (3) The immune MEA had good selectivity,
repeatability and good agreement with ELISA for the detection of human serum samples. This novel
immune MEA has potential applications for effective early diagnosis, rapid analysis and research on
cancer cells and cancer tissue slices.
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