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A B S T R A C T

Highly sensitive and selective method of determination for carcinoembryonic antigen (CEA) is of important 
significance for the effective early diagnosis and treatment of cancer. In this work, we report an ultrasensitive 
sandwich photoelectrochemical (PEC) immunosensor for CEA detection. To be precise, cobalt-borate nanosheet 
arrays (Co-Bi NSs) with the larger specific surface area are prepared by electrodeposition and used as the basal 
material to capture the primary antibody (Ab1) for the first time. And the other photoactive material Mn2O3@Au 
nanocube is exploited for labeling the secondary antibody (Ab2). The coulomb force of Mn2O3@Au nanocube and 
Co-Bi NSs photoelectrodes as the driving force effectively improves the photoelectric response. Under the light 
irradiation, charge separation occurs at the same time between AuNPs and Mn2O3, and the energy levels of 
Mn2O3@Au and Co-Bi NSs are effectively matched, achieving the high PEC performance of the biosensor. The 
synthesized nanomaterials are physically characterized by a series of characterization techniques. Besides, 
ascorbic acid (AA) is employed as an excellent electron donor, which can inhibit the recombination process of 
photogenerated electrons and holes, then obtaining enhanced and stable photocurrent signals. Under the optimal 
experimental conditions, the immunosensor shows a lower detection limit of 5.0 pg mL− 1 (S/N 3), a wider 
linear range of 0.1 ng mL− 1 ~ 1000 ng mL− 1, as well as excellent specificity, stability and reproducibility. 
Additionally, as-constructed PEC immunosensor can be applied to detect CEA in human serum, this proposed 
strategy may afford a promising approach for the biomarker sensing and clinical applications.   

1. Introduction

Currently, the cancer diseases remain one of the major threat to
human health as their effective treatment options remain a huge chal-
lenge [1,2]. Thus, the detection for tumor biomarkers, which express the 
presence or recurrence of cancer, is of important significance for the 
effective early diagnosis and treatment of cancer [3,4]. Carcinoem-
bryonic antigen (CEA), as the biomarker for many cancers, like colo-
rectal cancer, breast cancer, and ovarian carcinoma, is at the normal 
level of 3 ~ 5 ng mL 1 in healthy adults [5–8]. At present, plenty of 
analytical techniques based on luminescence [9], fluorescence [10], 
electrochemiluminescence [11], electrochemical [12] and photo-
electrochemical (PEC) [13] have been developed to realize the sensitive 

and efficient recognition of CEA. Among these reported methods, the 
PEC sensing has been seen as a reliable biological analysis for its 
desirable advantages and promising potential [14,15]. 

The PEC bio-analysis uses light for signal generation and electricity 
for detection signal respectively, and combines the superiorities of op-
tical and electrochemical methods, greatly reducing the cost of instru-
ment [16,17]. In addition, owing to the different energy forms of the 
input signal source and the output signal, the PEC technique possesses 
potentially lower background signal and higher sensitivity than the or-
dinary electrochemical methods [17]. One of the most effective ways to 
improve the analytical performance of PEC immunosensors is to reduce 
the background signal while being able to enhance the photocurrent 
intensity. As an excellent electron donor, ascorbic acid (AA) can inhibit 
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Instruments, Inc. Shanghai). Hg/Hg2Cl2 (SCE) is selected as a reference 
electrode, a graphite plate is selected as a counter electrode, and a 
cleaned Ti mesh (1 cm × 4 cm) is selected as a working electrode. After 
50 scanning cycles, the synthesized precursors α-Co(OH)2 NSs are rinsed 
with ethanol and deionized water and dried at 60 ◦C overnight. To 
further attain Co-Bi NSs, a similar approach is adopted. The graphite 
plate is used as the counter electrode, SCE as the reference electrode and 
precursors α-Co(OH)2/TM as the working electrode employing CV 
method in 0.1 M KBi until the current intensity stabilized. 

2.2. Synthesis of Mn2O3 nanocubes 

The preparation method of Mn2O3 nanocubes is based on reported 
literature with certain modifications [38]. Firstly, a 250 mL round 
bottom flask containing 40.0 mL of ultrapure water is heated to 85 ◦C. 
Then, PVP (1.1 g) dissolved in 13.0 mL of ethanol is added to the above 
hot water to form a homogeneous solution under stirring. KMnO4 
(0.372 g) dissolved in 15.0 mL of water is added to the above solution. 
The mixture is stirred at 85 ◦C for about 3 h. The obtained suspension is 
sealed in a 100 mL Teflon-lined autoclave, and a hydrothermal reaction 
occurs in an oven at 180 ◦C for 3 h. After cooling, the precipitate is 
centrifuged, rinsed with water and ethanol for 3 times and dried at 70 ◦C 
overnight. 

2.3. Synthesis of Mn2O3@Au nanocube 

Gold nanoparticles (AuNPs) are deposited on the synthesized Mn2O3 
nanocubes by the deposition–precipitation (DP) method using urea as a 
precipitant. In a typical process, 15.0 mL of HAuCl4 solution (2.43 mM) 
and 60 mL of deionized water form a homogeneous solution under 
continuous stirring, followed by the addition of 2.5 g of urea and 0.03 g 
of Mn2O3. The mixture is heated to 90 ◦C for 4 h. The suspension is 
centrifuged, rinsed three times with water, and dried under vacuum at 
90 ◦C overnight. 

2.4. Design of Ab2-Mn2O3@Au nanocube 

In short, 20.0 mg of Mn2O3@Au is dissolved in 2.0 mL of 0.1 M PBS 
solution (pH 7.4) and shaken for 1 h to form a suspension. Then, 1.0 mL 
of 20 μg mL 1 labeled antibody (Ab2-CEA) is added to the above sus-
pension, and shaken for 12 h at 4 ◦C, in order to make the Ab2-CEA and 
the Au NPs on the Mn2O3 nanocubes connected by the Au-N bonds as 
completely as possible, shown in Scheme 1B. Subsequently, 100 μL of 1 
% BSA is added to block the non-specific binding sites. Finally, the 
suspension obtained above is centrifuged at 4000 rpm for 10 min, and 
then re-dispersed it in 2.0 mL of PBS (0.1 M, pH 7.4). 

2.5. Construction of photoelectrochemical immunosensor 

In this experiment, a highly sensitive PEC immunosensor for CEA 
determination is constructed based on Co-Bi NSs. And the construction 
process of PEC immunosensor is displayed in Scheme 1A. Firstly, a piece 
of TM coating with Co-Bi nanosheets (Co-Bi/TM) is prepared, and then it 
is immersed into a 5 mg mL 1 polylysine solution (PLL) for 1 h to con-
nect the antibody through the formation of amide bond. After drying in 
air naturally, it is immersed in a mixed solution of 75 mM EDC and 15 
mM NHS for 1 h to activate the carboxyl group. After rinsed with water, 
the CoBi/PLL/EDC-NHS electrode is attained successfully. Then, 8 μL of 
20 μg mL 1 CEA-Ab1 is connected to the surface of Co-Bi/PLL/EDC-NHS 
electrode at 37 ◦C. After hatching for 45 min, it is washed with deionized 
water to eliminate CEA-Ab1 physically adsorbed on the surface. After 
that, 7 μL of 1 % blocking agent, BSA, is hatched on the prepared elec-
trode at 37 ◦C for 45 min to block non-specific binding sites, and then is 
rinsed with deionized water. Subsequently, 8 μL of CEA antigen at 
distinct concentrations are added to the electrode and hatched at 37 ◦C 
for 45 min, then rinsed with deionized water. After specific binding of 

the recombination process of photogenerated electrons and holes, then 
obtaining enhanced and stable photocurrent signals [18,19]. In addi-
tion, PEC sensor detection instrument is a simple, low cost, rapid and 
high throughput bioassay [20,21]. Therefore, this technique is prom-
ising for analytical applications and has attracted considerable research 
attention. 

Increasing research effort has been focused on the design of the 
photoactive nanomaterials, since photoactive nanomaterials have un-
predictable effect on the photoelectric conversion efficiency and 
analytical performance of the PEC sensor [22–25]. At present, numerous 
photosensitive nanomaterials, such as PbS [19], CdSe [26], ZnO [27], 
CuO [28] and so on have been used to construct PEC immunosensors. 
However, it is difficult to screen the nanomaterials that can successfully 
construct energy level matching and have brilliant photoelectric per-
formance. To performance this, recently, transition-metal borates 
(TMBi) have been widely concerned by researchers, on account of their 
nontoxic, low cost and abundant reserve on earth [29–33]. For example, 
Sun et al. synthesized nickel-borate nanoarray supported on carbon 
cloth (Ni-Bi/CC) as a highly 3D electrode for water oxidation [34]. In 
2017, Hyounmyung and his co-workers firstly considered several mo-
lybdenum borides as alternative non-noble metal catalysts for the 
hydrogen evolution reaction (HER) [35]. Luo’s group reported an 
amorphous core–shell like cobalt borate nanosheet-coated cobalt boride 
hybride (Co-B@Co-Bi), exhibiting remarkable oxygen evolution reac-
tion (OER) [36]. However, there are few works on the application of 
TMBi in PEC immunosensors. Mn2O3 nanocubes would be a good 
candidate for persistent contaminants degradation by photocatalysis 
[37]. Under visible light irradiation, the electrons (e ) ARE excited from 
VB of Mn2O3 and then transferred to the CB, leaving holes (h+) in the 
VB. Based on the excellent photoelectric performance of Mn2O3 nano-
cubes, we have designed and prepared a photoelectrochemical 
immunosensor. 

In this contribution, a novel signal amplification strategy is proposed 
to construct an ultrasensitive PEC immunosensor, in which cobalt- 
borate nanosheet arrays (Co-Bi NSs) are worked as the substrate for 
the first time and carcinoembryonic detection antibody (Ab2)-AuNPs/ 
Mn2O3 as the label. Specifically, Co-Bi NSs are grown on the Ti mesh 
(TM) via the electrochemical deposition method. Co-Bi NSs show good 
photostability, large photoactive area and high loading capacity, can 
support more photoactive substances, laying a foundation for improving 
the intensity of photocurrent. Under the light irradiation, charge sepa-
ration occurs at the same time between AuNPs and Mn2O3, and the 
energy levels of Mn2O3@Au and Co-Bi NSs are effectively matched. 
Then, electrons are allowed to transfer rapidly from Mn2O3@Au in the 
excited state to Co-Bi, and these electrons are collected as the photo-
current eventually, resulting in the amplification of the detected 
photocurrent signal. When Mn2O3@Au composition is served as an 
immune probe to label Ab2, AuNPs bind the labeled antibody Ab2 
through Au-N bond. Based on the sandwich PEC immunosensor, fabri-
cated by the specific combination of antigen–antibody immune reaction, 
the reliable recognition and efficient signal amplification of CEA can be 
realized. 

2. Experimental section

2.1. Synthesis of Co-Bi nanosheet arrays

Co-Bi nanosheet arrays (NSs) are formed by electrodeposition on a Ti 
mesh (TM). Before the experiment, the TM (1 cm × 4 cm) is ultrasoni-
cally washed with 3 M of HCl, acetone, and water for 10 min, respec-
tively. Firstly, the precursor α-Co(OH)2 NSs are formed by 
electrodeposition with cyclic voltammetry (CV) technique, where the 
potential ranges from 1.2 V to 0.8 V with a scan rate of 0.05 V s 1. 
The electrolyte of electrodeposition is 0.05 M Co(NO3)2⋅6H2O solution. 
This electrodeposition process is performed in a three-electrode system 
by employing the CHI 660E electrochemical workstation (Chenhua 



CEA-Ab1 and CEA, 15 μL of Ab2-Mn2O3@Au suspension as a label, is 
hatched at 37 ◦C for 45 min, and is rinsed with deionized water. Finally, 
the electrode obtained above generates an Ab1-CEA-Ab2 sandwich PEC 
immunosensor for CEA detection. The immunosensor is stored in 
refrigerator at 4 ◦C for future use. 

3. Results and discussion

3.1. Characterization of morphology and structure

The morphology of Co-Bi NSs is characterized by scanning electron 

Scheme 1. Scheme diagram of (A) fabrication process of as-prepared PEC immunosensor for CEA determination. (B) preparation of the Ab2-Mn2O3@Au.  

Fig. 1. Low (A) and high (B) SEM magnification images of Co-Bi NSs. (C) TEM image of Co-Bi NSs. (D) Powder XRD patterns of the bare Ti mesh, α-Co(OH)2/Ti and 
Co-Bi/Ti. 



Mn2O3 in the literature [39,40]. The spectrogram of Au 4f is presented in 
Fig. 2E, the binding energy of 84.5 eV and 88.2 eV are attributed to Au 
4f7/2 and Au 4f5/2, respectively, indicating the formation of Au0 [41]. 

The XRD patterns of Mn2O3 and Mn2O3@Au are displayed in Fig. 2F, 
with diffraction angles between 20◦ and 80◦. The characteristic peaks at 
23.13◦, 32.95◦, 35.68◦, 38.23◦, 40.62◦, 42.95◦, 45.18◦, 47.30◦, 49.35◦, 
53.27◦, 55.19◦, 57.03◦, 58.84◦, 60.62◦, 62.37◦, 64.08◦, 65.81◦, 67.46◦, 
69.11◦, 70.74◦, 72.35◦, 73.95◦ and 75.55◦ are indexed to (211), (222), 
(321), (400), (411), (421), (332), (422), (431), (521), (440), (433), 
(600), (611), (620), (541), (622), (631), (444), (543), (640), (721) 
and (642) lattice planes of Mn2O3 (PDF 41-1442), respectively. When 
Au NPs are deposited on the surface of Mn2O3 by deposi-
tion–precipitation (DP) method, we can observe the characteristic peaks 
of Au NPs from the XRD pattern compared with Mn2O3, which indicated 
that Au NPs have been successfully compounded with Mn2O3. 

3.2. Construction of PEC immunosensor 

The PEC behavior of immunosensor is a potent method to charac-
terize the property of electrode interface. Therefore, we carry out PEC 
tests to verify whether the prepared electrode is successfully fabricated 
step by step, as shown in Fig. 3A. Compared with Co-Bi NSs (curve a), 
the photocurrent response (curve b) is enhanced after PLL immobilizing 
on it subsequently, because of the good PEC property of PLL. When CEA 
antibody (CEA-Ab1), BSA, and CEA antigens are sequentially loaded on 
the Co-Bi/PLL/NHS-EDC surface, the photocurrent response weakens 
little by little, corresponding to the curve d, e and f, separately. This is 
due to the nature of the biomacromolecule (CEA-Ab1, BSA and CEA 
antigens) on the electrode surface that greatly hinders electron transfer. 
Then, the Ab2-Mn2O3@Au complex is treated as label and captured on 
the electrode surface through the specific binding of antibody Ab2 and 
antigen CEA. At this time, the photocurrent increases significantly 
(curve f), which testifies that the immunosensor is successfully manu-
factured, and on the other hand, the photocurrent signal is triumphantly 
amplified. These results obtained above keep pace with the fact that the 
electrodes are assembled as expected. And the novel immunosensor can 
enhance the analytical sensitivity of low-level protein detection. The 
corresponding histogram of different electrodes shown in Fig. 3B more 
clearly displays the situation described in Fig. 3A. 

The possible mechanism of Co-Bi-Mn2O3@Au immunosensor is 
shown in Scheme 2. Under the light irradiation, the charge separations 

Fig. 2. (A) SEM image of Mn2O3 nanocubes. (B) TEM image of Mn2O3 nanocubes. (C) TEM image of Mn2O3@Au. (D) XPS survey of Mn2O3@Au. Inset: the Mn 2p and 
O 1s region of Mn2O3@Au. (E) The Au 4f region of Mn2O3@Au. (F) Powder XRD patterns of Mn2O3 nanocubes and compound Mn2O3@Au. 

microscopy (SEM) and transmission electron microscope (TEM). As 
displayed in Fig. 1A and B, the SEM images of Co-Bi indicate that TM has 
been completely covered by Co-Bi NSs. In addition, we find that the 
platelets of Co-Bi NSs are arranged in arbitrary orientation, providing a 
larger specific surface area for loading more photoactive nanomaterial. 
The TEM image of Co-Bi NSs, as shown in Fig. 1C, displays thin sheet- 
like structure with clearly distinguishable edges. 

The crystallinity and phase purity of the obtained nanomaterials can 
be certified by X-ray diffractometer (XRD). As can be seen from Fig. 1D, 
the XRD patterns of bare Ti mesh (TM), α-Co(OH)2/TM and Co-Bi/TM 
are characterized, with diffraction angles between 10◦ and 70◦. The 
characteristic peaks at 35.09◦, 38.42◦, 40.17◦, 53.00◦ and 62.95◦ are 
assigned to (100), (002), (101), (102) and (110) lattice planes of Ti 
(PDF 44-1294). The diffraction peaks at 11.54◦, 23.20◦, 33.54◦, 38.14◦ 

and 59.08◦ are assigned to α-Co(OH)2, respectively, which is consistent 
with the literature [29]. When the precursor α-Co(OH)2 are tuned 
through electrochemical oxidation, we can only observe the character-
istic peaks of the Ti in the XRD pattern, indicating the amorphous 
products of Co-Bi have been formed. In addition, we propose the 
possible mechanism for such a Co-Bi NSs [29]. During the cyclic vol-
tammetry scanning, the Co species at the α-Co(OH)2 surface is oxidized 
into a higher valence state. The in situ precipitation of Co-Bi on the α-Co 
(OH)2 NSs is promoted via the electrostatic attractive interactions be-
tween such Co cations and borate anions in K-Bi solution. This process 
proceeds repeatedly until the complete conversion of α-Co(OH)2 into Co- 
Bi NSs ultimately. 

Mn2O3 nanocubes are synthesized by hydrothermal method. Fig. 2A 
and 2B display the morphology of Mn2O3 nanocubes by SEM and TEM, 
respectively. From above images, we can see that Mn2O3 nanocubes 
have been prepared successfully. It is clearly seen that the surface of 
Mn2O3 nanocube is very smooth in Fig. S1. In addition, the TEM image 
of Mn2O3@Au in Fig. 2C also reveals that Au NPs have been perfectly 
composited on the surface of the Mn2O3 nanocubes. The magnified TEM 
image of Mn2O3@Au shows a dense distribution of Au nanoparticles on 
its surface in Fig. S2. 

In order to further determine the oxidation state of the synthesized 
manganese oxides, X-ray photoelectron spectroscopy (XPS) analysis is 
performed, which is the tool for determining the surface composition. 
Fig. 2D shows the spectrogram of Mn 2p, the two peaks at 641.1 eV and 
652.8 eV are assigned to Mn 2p3/2 and Mn 2p1/2, respectively. The spin 
energy gap of Mn 2p is 11.7 eV, which is consistent with the value of 



of Au NPs and Mn2O3 occur simultaneously. Co-Bi nanosheets absorb 
light resulting in photoexcited electron-hole pairs. The ascorbic acid acts 
as an electron donor for the photogenerated holes, changing the 
photocurrent intensity. As shown in Fig. 3A, Co-Bi NSs catalyzes the 
oxidation of AA to produce a current value (curve a). When Polylysine 
(PLL) is decorated on Co-Bi, the photocurrent value will increase 
because the carboxyl and amino groups of PLL undergo oxida-
tion–reduction reactions (curve b). After the carboxyl and amino groups 
of PLL are activated by EDC-NHS, its redox reaction is more easily to 
occur, resulting in a stronger photocurrent value (curve c). When CEA- 
Ab1 (curve d), BSA (curve e), and CEA (curve f) are modified on the Co- 
Bi/PLL/NHS-EDC nanosheets, the photocurrent value continuously 
increased, which indicates their successful assembly. This increase in 
photocurrent value could be ascribed to the fact that the proteins are 
nonconductive and the electron transfer could be impeded by the 
insoluble precipitated layer [42]. When Ab2-Mn2O3@Au nanocubes are 
modified on the Co-Bi/PLL/NHS-EDC/CEA-Ab1/BSA/CEA, the photo-
electric current value will be greatly enhanced, because Mn2O3@Au 
nanocubes will oxidize AA and generate a photocurrent under light 
conditions. 

3.3. Optimization of experimental conditions 

In immunoassay, the experimental parameters have a great effect on 
the sensitivity of the prepared immunosensor during the process of 
fabrication and detection of antibody–antigen specific binding. Firstly, 

the influence of pH is investigated with PBS solution in the range of pH 
5.7 ~ 8.0, as displayed in Fig. 4A. It can be seen that the photocurrent 
response reaches its maximum at pH 7.0, indicating that the perfor-
mance is the best at this time. This may be due to the fact that the system 
is too acidic or alkaline to destroy the bioactivity of the protein [43]. 
Therefore, we choose pH 7.0 as the optimal pH for subsequent PEC 
testing. Then, the applied voltage has a great influence on the generation 
of the photocurrent signal, as displayed in Fig. 4B. The photocurrent 
amplified strongly as the applied potential increasing from 0 to 0.3 V. 
After that, the response weakens when a more positive voltage is 
applied. According to previous works, the intensity of resulting anodic 
photocurrent can be controlled by the applied potential. This maybe 
attribute to the destruction of the surface of CEA immunosensor by 
applying a high potential [44,45]. Thus, we choose 0.3 V as the appli-
cation voltage for photoelectrochemical trials to achieve relatively 
higher photocurrent signals, and ultimately improve the sensitivity of 
the immunosensor. 

As displayed in Fig. 4C, the effect of the amount on the PEC response 
is investigated by adding distinct volumes of Ab2-Mn2O3@Au suspen-
sions. As the volume of Ab2-Mn2O3@Au suspensions increasing from 
0.0 μL to 15.0 μL, the photocurrent response gradually enhances, and 
then, the suspension is continuously dropped until 20.0 μL, an obvious 
weaken is observed. The film thickness of the modified electrode surface 
can be changed by adding different volumes of Ab2- Mn2O3@Au sus-
pensions. The thicker the film, the more photoactive substances and 
light absorption it produces. However, the thicker the film on the 

Fig. 3. (A) Photocurrent responses of the modified electrode: (a) Co-Bi NSs, (b) Co-Bi/PLL; (c) Co-Bi/PLL/NHS-EDC; (d) Co-Bi/PLL/NHS-EDC/CEA-Ab1; (e) Co-Bi/ 
PLL/NHS-EDC/CEA-Ab1/BSA; (f) Co-Bi/PLL/NHS-EDC/CEA-Ab1/BSA/CEA; (g) Co-Bi/PLL/NHS-EDC/CEA-Ab1/BSA/CEA/Ab2-Mn2O3@Au. Insert: (a) Co-Bi NSs, (b) 
Co-Bi /PLL; (c) Co-Bi/PLL/NHS-EDC. The concentration of CEA is 1.0 ng mL− 1. The PEC test is performed in 0.10 M PBS solution (pH 7.0) containing 2.0 mM AA, and 
applied voltage at 0.3 V. (B) The corresponding histogram of different electrode. 

Scheme 2. Possible mechanism of Co-Bi-Mn2O3@Au immunosensor.  



electrode surface, the larger the diffusion resistance of electron move-
ment, and the photocurrent attenuated accordingly [44]. Hence, we 
choose 15.0 μL of Ab2-Mn2O3@Au suspension as the optimum volume 
for the subsequent tests. 

Different concentration of AA has a vital effect on enhancing and 
stabilizing the photocurrent intensity. As a valid electron donor, AA can 
inhibit the aggregation of electrons and holes in Mn2O3@Au photosen-
sitive electrodes. Fig. 4D displays the influence of different concentra-
tions of AA on the photoelectric performance of the immunosensor. The 
signal is amplified strongly as the concentration of AA increased from 
0 to 2.0 mM. After that, a larger concentration is added and the response 
remains constant. When the AA concentration is low (<2.0 mM), there 
are few reductant molecules that can be used to donate electrons to 
photo-generated holes, resulting in a decrease in electron output. As the 
AA concentration increasing (>2.0 mM), the absorbance of the solution 
system enhanced, ascribed to the saturation of the radiation intensity 
reaching the electrode surface, and the efficiency of excited Mn2O3@Au 
decreased. In addition, the response reaches a plateau at a high con-
centration (3.0 mM), which may also be caused by the saturation of 
electron donor [40]. Therefore, we opt 2.0 mM as the optimal concen-
tration for the subsequent detection. The loading amount of the capture 
antibody and the detection antibody been optimized in Fig. S3. As 
shown in Fig. S3A, a significant enhancement of photocurrent is 
observed between 5 and 25 μg mL 1 of anti-CEA. After the loading 

amount exceeds 20 μg mL 1, the photocurrent signals gradually become 
stable, indicating that the amount of capture antibody on the electrode 
gradually reaches saturation. Therefore, 20 μg mL 1 of capture antibody 
is the optimal amount. The same situation occurs in the optimization 
experiment of labeled antibody in Fig. S3B. Therefore, 20 μg mL 1 of 
labeled antibody is the optimal amount. 

3.4. Quantitative determination of CEA 

Quantitative analysis of CEA is accomplished by observing the 
variation of photocurrent signal via employing PEC technology. As the 
concentration of CEA increased, higher electron transfer efficiency is 
achieved, which ultimately leads to an enhancement in photocurrent. It 
can be seen from Fig. 5A that the photocurrent intensity strengthens 
significantly as the CEA concentration enhanced. Fig. 5B displays the 
corresponding calibration plot of photocurrent versus lgCCEA, where the 
relationship between photocurrent intensity and CEA concentration is 
logarithmic. The linear correlation is I = 0.42 + 0.33 lgCCEA (R2 =

0.989). The semilogarithmic relationship is satisfied. The error of the 
slope and the intercept is ± .149 and ±0.0278 in Fig. S4. As can be 
observed from Fig. 5B, the linear range is from 0.1 ng mL 1 to 1000 ng 
mL 1, and the lower detection limit (LOD) is 5 pg mL 1 (S/N = 3). 

The reasons for the superior performance of the immunosensor 
mainly involved the following aspects: (1) Co-Bi NSs possess a larger 

Fig. 4. The optimization of experimental parameters: the pH of the phosphate buffer solution (A), the effect of the applied voltage (B), the volume of Ab2-CEA/ 
Mn2O3@Au (C) and the concentration of AA (D) on the photocurrent responses. 



surface area, which allow more CEA-Ab1 to be attached to the electrode. 
(2) A large number of Ab2 are connected to the surface of Mn2O3@Au by
Au NPs via Au-N bonds, improving the contact opportunities for
antibody-antigen interactions. (3) High loading levels of AuNPs on
Mn2O3 nanocubes promote photoelectrochemical activity. As displayed
in Table S1, the means used in this experiment has certain superiority in
CEA monitoring compared to previously reported means.

3.5. Analysis in real sample 

Real serum samples are employed to verify the practicability of the 
signal amplification technology. And the human serum samples are 
diluted with 0.1 M PBS. As observed from Fig. 6A, the photocurrent 
intensity strengthens significantly as the CEA concentration enhanced, 

in the human serum. The inherent CEA concentration in the serum is 
measured by enzyme-linked immunosorbent assay (ELISA) and the re-
sults is 1.03 ng mL 1. The test in the serum is equivalent to an increase of 
1.03 ng mL 1 at the corresponding concentrations. As displayed in 
Fig. 6B, the intensity of photocurrent has a good linear relationship with 
lgCCEA in diluted human serum, where the CEA concentration is from 10 
pg mL 1 to 50 ng mL 1. An excellent linearity is achieved, in which the 
equation is I = 1.51 + 0.44 lgCCEA (R2 = 0.985). The error of the slope 
and the intercept is ±0.0271 and ±0.0372 in Fig. S5. Above results 
indicate that as-prepared immunosensor is expected to be applied in 
practice. 

In addition, the precision is investigated by applying standard 
addition method for recovery tests. Three serum samples are measured 
by adding CEA standard samples at different concentrations, and the 

Fig. 5. (A) PEC responses of the immunosensor at different concentrations of CEA: (a) 0.1, (b) 1, (c) 10, (d) 20, (e) 50, (f) 100, (g) 1000 ng mL− 1. (B) The calibration 
plot of photocurrent versus CEA concentration, error bar RSD (n 3). 

Fig. 6. (A) Photocurrent responses of the immunosensor at different concentrations of CEA: (a) 0.01, (b) 0.1, (c) 1, (d) 10, (e) 20, (f) 50 ng mL− 1 in the human serum. 
(B) Plot of photocurrent vs. CEA concentration, error bar RSD (n 3). (C) Specificity of the immunosensor: photocurrent responses to 1 ng mL− 1 CEA; 10 ng mL− 1 

cysteine; 10 ng mL− 1 glutamate; 10 ng mL− 1 UA; 10 ng mL− 1 HCG; 10 ng mL− 1 AFP; 10 ng mL− 1 NSE, error bar RSD (n 3). (D) Reproducibility of six different
electrodes. The PEC tests are performed in a human serum containing 2.0 mM AA with 0.3 V applied voltage, error bar RSD (n 3).



4. Conclusion

In summary, as-constructed immunosensor realizes the qualitative
and quantitative analysis of CEA through transforming the concentra-
tion of CEA into the detected PEC signal. Co-Bi NSs are used as the basal 
material to construct PEC immunosensor for the first time. The suc-
cessful prepared Au@Mn2O3 nanocubes act as the probe, amplifying the 
signal of the biosensor. The antibody–antigen–antibody sandwich type 
PEC immunosensor is fabricated layer by layer fixation. Impressively, 
this PEC immunosensor has outstanding performance, a low detection 
limit, wide linear range, good specificity, stability and reproducibility. 
Moreover, it can be used in human serum detection. This strategy may 
be extended to construct other PEC platforms for the determination of 
biomarkers in the future work. 
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