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A B S T R A C T   

Neuron-specific enolase (NSE), a marker of small cell lung cancer, is over-expressed in patient serum. To reduce 
the threat of lung cancer to human health and life, a rapid and effective method for the sensitive detection of NSE 
is necessary. In this study, a sandwich-type photoelectrochemical (PEC) immunosensor for the rapid and sen
sitive detection of NSE was constructed. To provide a powerful and stable photocurrent signal, the bandgap- 
matched CdS/NiCo2O4 was used as the substrate material. In addition, Au@CoFe2O4, which can form a step 
electron transfer mode with NiCo2O4, was proposed for the first time as a second antibody (Ab2) marker to 
amplify photoelectric signals. The constructed signal-amplified PEC immunosensor showed good linearity in the 
range of 1 pg/mL − 100 ng/mL with a detection limit as low as 0.24 pg/mL (S/N=3). The constructed PEC 
immunosensor has shown excellent stability, selectivity, reproducibility, and repeatability. It showed recoveries 
in the range of 98% − 105% and relative standard deviations (RSD) within 5% in sample analysis. The method 
proposed in this study is expected to be more widely used in the future for the detection of other disease markers 
as well as environmental pollutants.   

1. Introduction 

In recent years, the incidence and mortality rates of lung cancer have 
remained high, posing a significant challenge to people’s health and 
lives. The two types of lung cancer are non-small cell lung cancer 
(NSCLC) and small cell lung cancer (SCLC), of which the incidence of 
SCLC is higher [1]. When SCLC is diagnosed, it is usually at an advanced 
stage with little chance of cure [2]. In healthy individuals, 
neuron-specific enolase (NSE) levels are 5 − 12 ng/mL. When NSE levels 
exceed 35 ng/mL, there is a risk of SCLC, and when they exceed a certain 
concentration, there is a high likelihood of SCLC [3–5]. Therefore, it is 
important that the concentration of NSE in human serum can be used as 
one of the most important indicators for the early diagnosis of SCLC. 

Sensitive detection of NSE is important for early screening of lung cancer 
[6]. Therefore, it is urgent to find a sensitive and stable method to detect 
NSE concentration in human serum. Currently, a variety of approaches 
have been used to detect NSE, including chemiluminescence, electro
chemiluminescence, and surface-enhanced Raman scattering [7–9]. In 
recent years, photoelectrochemistry (PEC) has received extensive 
attention due to its advantages of simple operation, low background 
signal, fast analysis speed, easy miniaturization, and high sensitivity 
compared with traditional detection methods [10–15]. PEC immuno
sensors have been widely used in the fields of early diagnosis of diseases, 
food safety, and environmental monitoring [16,17]. Among them, the 
preparation of photoelectric active materials with excellent performance 
is the most important for the construction of PEC immunosensors with 
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good performance [18]. 
As a versatile semiconductor material, metal sulfides are very 

promising photoelectrically active materials with excellent physico
chemical stability and suitable bandgap widths. In particular, cadmium 
sulfide (CdS) has attracted much attention due to its suitable band gap 
(2.2 − 2.4 eV), excellent photocatalytic properties, and unique structure 
[19,20]. However, the application of CdS is limited by its severe pho
tocorrosion [21]. To overcome this problem, CdS can be combined with 
other photoactive materials to form heterostructures, which increase the 
photostability and suppress the rapid recombination of electron-hole 
(e-/h+) pairs [22]. Among these tested photoactive materials, NiCo2O4 
with a spinel structure has attracted widespread attention due to its low 
cost, stable physicochemical properties, and excellent electrochemical 
performance. In addition, NiCo2O4 has the redox electron pairs of 
Ni3+/Ni2+ and Co3+/Co2+, which gives it better electrical conductivity 
and electrochemical activity [23]. Although NiCo2O4 has been widely 
used in supercapacitors, electrocatalysis, and lithium-sulfur batteries, its 
application as a photoelectroactive substance in the PEC immunoassay 
has not been widely exploited [24–26]. Therefore, in this work, NiCo2O4 
and CdS were composited to form heterogeneous structures, which 
accelerate the charge transfer and inhibit the recombination of e-/h+

pairs for signal enhancement. 
In this study, a signal-amplifying PEC immunosensor for sensitive 

detection of NSE was designed. CdS/NiCo2O4 composite served as the 
substrate material to increase the photoelectric signal. Although the 
CdS/NiCo2O4 composite has a large photocurrent signal, to exhibit a 
strong photocurrent signal even at very low analyte concentrations. A 
suitable signal amplification strategy needs to be chosen to achieve the 
optimization of the PEC immunosensor [27]. The selection of secondary 
antibody (Ab2) markers matching the bandgap of the substrate material 
for signal amplification of PEC immunosensors is a common approach. 
Cobalt ferrite (CoFe2O4) with a spinel structure has attracted attention 
for its excellent properties. CoFe2O4 has excellent chemical stability, 
optical, and electrical properties, but it has been less used in PEC 
immunosensor [28]. In addition, Au NPs serve as precious metals with 
good biocompatibility. They can be modified on the surface of CoFe2O4 
to facilitate the binding of the Ab2 to the marker and also increase the 
electrical conductivity. Therefore, Au@CoFe2O4 with good conductivity 
and photocatalytic properties was used as the Ab2 marker for signal 

amplification in this work. Au@CoFe2O4 labeled PEC immunosensor 
with amplified signal for sensitive detection of NSE was successfully 
constructed. This PEC immunosensor with excellent performance pro
vides new ideas for detecting other disease markers and environmental 
pollutants. 

2. Experimental part 

2.1. Reagents and apparatus are reported in Supplementary Material 

2.1.1. Preparation of CdS, CdS/NiCo2O4, CoFe2O4 and Au@CoFe2O4 
CdS, CdS/NiCo2O4, CoFe2O4, and Au@CoFe2O4 were synthesized 

according to the methods reported in the literature [29–31]. The syn
thesis process can be obtained in detail from the Supplementary 
Material. 

2.2. Preparation of Au@CoFe2O4-Ab2 

2 mL (4 mg/mL) of Au@CoFe2O4 solution was then mixed with 1 mL 
(10 μg/mL) of Ab2 solution, and incubated with shaking at 4 ◦C for 12 h. 
Finally, Au@CoFe2O4-Ab2 was washed and dispersed with 0.1 M phos
phate buffer solution (PBS, pH = 7.5). 

2.3. Construction of PEC immunosensor 

Scheme 1 shows the construction process of the proposed PEC 
immunosensors. Firstly, Indium Zinc Oxide (ITO) was washed with 
acetone, anhydrous ethanol, and deionized water sequentially for 
30 min, and blown dry with nitrogen. Then, the bare ITO electrode was 
drop-coated with 30 μL of 4.10 mg/mL CdS/NiCo2O4 suspension, and 
the ITO/CdS/NiCo2O4 electrode was obtained by drying at room tem
perature. The ITO/CdS/NiCo2O4 electrodes were then incubated over
night at 4 ◦C in 4 mg/mL solution of dopamine (PDA) Tris-HCl (pH =
8.5), then rinsed with 0.1 M PBS (pH = 7.5) and dried. 10 μL of Ab1 was 
modified on the surface of the above electrode. Then, 6 μL of bovine 
serum albumin (BSA, 1 wt%) was modified on the electrode surface and 
incubated at 4 ◦C for 2 h to block the non-specific binding sites. Next, 
10 μL of NSE was modified on the surface of the above electrodes and 
incubated at 4 ◦C for 2 h. Finally, 10 μL of Au@CoFe2O4-Ab2 was added 

Scheme 1. Diagram of constructing PEC immunosensor.  
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dropwise to the surface of the above PEC sensing electrode and incu
bated for 2 h at 4 ◦C to form sandwich-type PEC immunosensors. After 
each layer of modified biomolecules, unbound material was removed 
with 0.1 M PBS (pH = 7.5). 

3. Results and discussion 

3.1. Characterization of CdS, CdS/NiCo2O4, CoFe2O4, and 
Au@CoFe2O4 

The phase compositions and crystal structures of CdS, NiCo2O4, CdS/ 
NiCo2O4, and CoFe2O4 were analyzed by X-ray diffraction (XRD) char
acterization. As shown in Fig. 1A, the synthesized CdS diffracted five 
strong peaks at the (100), (002), (101), (110), and (112) crystal planes, 
respectively. The diffraction peaks of other crystal planes are also in 
perfect agreement with their standard cards (JCPDS No. 41–1049), 
which initially indicates that the synthesis of CdS is successful. The 
synthesized NiCo2O4 diffracted two strong peaks at 36.70◦ and 64.98◦, 
and the diffraction peaks at other positions were in perfect agreement 
with its standard card (JCPDS No. 20–0781). The synthesis of high- 

purity NiCo2O4 has been preliminarily demonstrated to be successful. 
The synthesized CdS/NiCo2O4 diffracted three strong peaks at 24.8◦, 
26.4◦, and 28.0◦, and there were diffraction peaks at other positions, 
which may be the reason for the formation of composites. The XRD 
pattern of CoFe2O4 in Fig. 1B shows three strong peaks at the (311), 
(511), and (440) crystal planes. The peaks diffracted from the other 
positions are also in perfect agreement with the standard card (JCPDS 
No. 03–0864), providing preliminary evidence for the successful syn
thesis of CoFe2O4. 

Fig. 2A shows a scanning electron microscope (SEM) image of CdS as 
regular rod-like structures with size ranges around 500 nm. SEM image 
of NiCo2O4 is shown in Figure S1 as microscopic sphere with a dimen
sion of around 4 μm. Fig. 2B shows an SEM image of CdS/NiCo2O4, a 
microsphere with a size of about 5 μm formed by depositing a layer of 
CdS nanorods on the surface. The elemental mapping images (Figure S2) 
and energy dispersive X-ray spectra (Figure S3) show that the five ele
ments Cd, S, Ni, Co, and O are uniformly distributed in the CdS/ 
NiCo2O4. Fig. 2C is the SEM image of CoFe2O4, which can be seen as a 
nanosphere with a size of around 100 nm. Fig. 2D is the SEM image of 
Au@CoFe2O4, and the comparison with Fig. 2C shows that Au NPs were 

Fig. 1. (A) XRD patterns of CdS, NiCo2O4, and CdS/NiCo2O4, (B) XRD pattern of CoFe2O4.  

Fig. 2. (A) SEM of CdS, (B) SEM of CdS/NiCo2O4, (C) SEM of CoFe2O4, (D) SEM of Au@CoFe2O4.  
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successfully deposited on the surface of CoFe2O4. The results obtained 
from Figures S4 and S5 show that the four elements Co, Fe, O, and Au are 
uniformly distributed in the Au@CoFe2O4 samples. The above results 
tentatively demonstrate the successful synthesis of CdS, CdS/NiCo2O4, 
CoFe2O4, and Au@CoFe2O4. 

The elemental composition and chemical valence states of the CdS/ 
NiCo2O4 composites were further analyzed by X-ray photoelectron 
spectrum (XPS). The XPS pattern of CdS/NiCo2O4 demonstrated the 
presence of the elements S, Cd, O, Co, and Ni (Fig. 3A). In the S 2p 
spectra (Fig. 3B), there are two main peaks at 159.9 eV (S 2p3/2) and 
160.9 eV (S 2p1/2), indicating the presence of S2- of CdS in the com
posites. In the Cd 3d spectra (Fig. 3C), there are two main peaks at 
403.5 eV (Cd 3d5/2) and 410.4 eV (Cd 3d3/2), indicating the presence of 
Cd2+ of CdS in the composites. In the O 1 s spectra (Fig. 3D), the three 

fitted peaks are attributed to lattice oxygen (529.7 eV), hydroxyl radi
cals (530.5 eV), and surface adsorbed water (532.2 eV) of NiCo2O4. In 
the Co 2p spectra (Fig. 3E), the two spin-orbit main peaks can be clas
sified as at 780.2 eV (Co3+(Co 2p3/2)), 781.3 eV (Co2+(Co 2p3/2)), 
783.0 eV (Co2+(Co 2p3/2)), 796.5 eV (Co3+(Co 2p1/2)) and 797.5 eV 
(Co2+(Co 2p1/2)) of five peaks and accompanied by two satellite peaks 
indicating the presence of Co3+and Co2+ in the composites [23]. Simi
larly, the Ni 2p spectra (Fig. 3F) show the presence of Ni2+ and Ni3+ in 
the composites. The above results further demonstrate the successful 
synthesis of CdS/NiCo2O4 composites. 

3.2. Comparison of photocurrent signals 

To demonstrate the successful construction of the immunosensor, a 

Fig. 3. (A) XPS of the CdS/NiCo2O4 composites, high-resolution XPS of (B) S 2p, (C) Cd 3d, (D) O 1 s, (E) Co 2p, and (F) Ni 2p.  

Fig. 4. (A) Photocurrent responses and (B) EIS of (a) ITO, (b) ITO/CdS/NiCo2O4, (c) ITO/CdS/NiCo2O4/PDA, (d) ITO/CdS/NiCo2O4/PDA/Ab1, (e) ITO/CdS/ 
NiCo2O4/PDA/Ab1/BSA, (f) ITO/CdS/NiCo2O4/PDA/Ab1/BSA/NSE, (g) ITO/CdS/NiCo2O4/PDA/Ab1/BSA/NSE/Au@CoFe2O4-Ab2 in pH 7.5 PBS containing 0.1 M 
AA (A) and 0.1 mol/L KCl containing 2.5 mmol/L [Fe(CN)6]4− /3− (B). 
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photocurrent signal comparison experiment (Fig. 4A) was conducted for 
the layer-by-layer modification process of the immunosensor. The 
photocurrent of the bare ITO is stable at around 0 μA, and its effect is 
negligible (curve a). After modifying only the substrate material on the 
ITO surface, the photocurrent was stable around 96 μA (curve b). This is 
because the CdS/NiCo2O4 heterostructure has good photovoltaic prop
erties and can provide strong and stable photocurrent signals. After 
incubating the electrode ITO/CdS/NiCo2O4 in 4 mg/mL of PDA over
night, the electron transfer can be accelerated due to the extreme sus
ceptibility of dopamine to oxidation, resulting in an increase of the 
photocurrent to 110 μA (curve c) [32]. As a non-conducting biomole
cule, Ab1 can inhibit charge transfer, resulting in an increase in the 
spatial potential resistance. As a result, the photocurrent (curve d) of the 
ITO/CdS/NiCo2O4/PDA/Ab1 electrode decreased significantly to 48 μA. 
To shield the non-specific binding sites, a layer of BSA was modified on 
the surface of the above electrode (curve e), and the spatial potential 
resistance was further increased, resulting in a decrease of the photo
current to 24 μA. When 1 ng/mL of NSE was modified on the surface of 
the above electrode, the photocurrent decreased to 17.3 μA (curve f). 
This was due to the specific recognition between Ab1 and NSE, which 
further hindered the charge transfer. When Au@CoFe2O4-Ab2 was 
modified on the surface of the above electrode, the photocurrent 
increased to 64.58 μA (curve g). This was due to the energy level 
matching between Au@CoFe2O4 and NiCo2O4, which can accelerate the 
charge transfer and achieve the amplification of the photocurrent signal. 
Based on the above photocurrent comparison experiments, the suc
cessful construction of the PEC immunosensor can be tentatively 
demonstrated. As shown in Figure S6, the photocurrent after modifying 
Ab2 without labelling Au@CoFe2O4 was 12.9 μA. However, after 
labelling with Au@CoFe2O4, the photocurrent increased fourfold up to 
64.58 μA. The above results indicate that Au@CoFe2O4 can be suc
cessfully implemented for signal amplification of the immunosensor. 

3.3. Comparison of the electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an important tool 
for identifying successfully constructed PEC immunosensor [33]. Hence, 
AC impedance experiments were proceeded during the construction of 
the immunosensor to further demonstrate its successful construction 
(Fig. 4B). The open-circuit voltage was 0.18 V, the frequency was 0.1 ~ 
1 × 105 Hz, the amplitude was 5 mV, and 0.1 M KCl and 2.5 mM [Fe 
(CN)6]4− /3− solution were used as test solutions. The equivalent circuit 
of the electrolyte-electrode surface is shown in the inset of Fig. 4B, which 
contains the electrolyte impedance (Rs), the electrode interface resis
tance (Ret), the diffusion resistance (Zw), and the double layer capaci
tance (Cdl). Specific data based on tests and combined with software 
simulations are given in Table S1. As shown in Fig. 4B, after the modi
fication of CdS/NiCo2O4 on the ITO surface, there was a significant in
crease in the impedance value (27.81 Ω, curve b) compared to the bare 
ITO (curve a, 15 Ω). This proved that the CdS/NiCo2O4 was successfully 
modified on the ITO surface. When a layer of PDA was incubated on the 
ITO/CdS/NiCo2O4 electrode surface, the impedance increased to 35.82 
Ω (curve c). When a layer of Ab1 was modified on the surface of the 
above electrode, the presence of biomolecules increased the spatial site 
resistance, leading to a further increase in impedance to 47.55 Ω (curve 
d). As shown in curve e, modification of the electrode surface with a 
layer of BSA to shield the non-specific binding site further increased the 
spatial site resistance, raising the impedance to 67.83 Ω. After modifi
cation of the NSE on the electrode surface as described above (curve f), 
the impedance increased to 85.9 Ω. This indicated that the NSE was 
successfully recognized specifically by Ab1, which further impeded the 
charge transfer. Eventually, the impedance value increased to 124 Ω 
when Au@CoFe2O4-Ab2 is modified on the surface of the electrode, as 
shown in curve g. This was attributed to the presence of numerous 
biomolecules, resulting in an increase in spatial site resistance to a 
maximum. The above experimental results further demonstrate the 
successful construction of immunosensors. 

Fig. 5. (A, C) CV curves of ITO (A) and ITO/CdS/NiCo2O4 (C) in 0.1 mol/L KCl containing 5 mmol/L [Fe(CN)6]4− /3− at different scanning rates, and (B, D) cor
responding plots of anodic peak current to v1/2 (error bar = SD, n = 3). 
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3.4. Electrochemical active surface area 

The electroactive surface area of an electrode affects the sensitivity 
and active site loading of a PEC immunosensor [34]. To demonstrate 
whether the electroactive surface area increase after modification of 
CdS/NiCo2O4 on the ITO surface, cyclic voltammetry (CV) tests were 
carried out in 5 mM [Fe(CN)6]4− /3− and the results are shown in Fig. 5. 
All analyses for this were performed based on the Randles Sevcik 
equation I = 2.69 × 105 A D1/2 n3/2 v1/2 c, where I is the peak value of the 
current related to the scanning speed, A is the electrically active surface 
area (cm2), D (6.70 × 10− 6 cm2/s) is the diffusion coefficient of the [Fe 
(CN)6]4− /3− , n is the 1 number of electron transferred during the redox 
process, v is the scanning rate of CV (0.02 V/s − 0.20 V/s), and c is the 
concentration of [Fe(CN)6]4− /3− (5 mM). Fig. 5A and C are, the CV 
curves of the bare ITO and ITO/CdS/NiCo2O4 electrodes at different 
scan rates, and the linear equations obtained are I = 2346.08 × v1/2 +

51.80 (R2 = 0.999) (Fig. 5B) and I = 2633.56 × v1/2 + 15.87 (R2 =

0.996) (Fig. 5D). The electrically active surface areas of the bare ITO and 
ITO/CdS/NiCo2O4 electrodes were obtained to be 0.67 cm2 and 
0.76 cm2, respectively. From these results, it can be concluded that the 
electrically active surface area of the ITO/CdS/NiCo2O4 electrodes 
increased by 13.4% compared to the bare ITO. 

3.5. Optimal conditions selection 

To obtain the best performance of the PEC immunosensor, a tradi
tional optimization experiment was first used to narrow down the se
lection [35,36]. The results obtained were a CdS/NiCo2O4 concentration 

of 3.5 ~ 4.5 mg/mL, pH of 7.2 ~ 7.6, and AA concentration of 0.08 ~ 
0.12 mol/L. The conditions of these three experimental conditions were 
further optimized by the Box-Behnken experiment. The data were 
simulated using Design Expert software, and the true equation obtained 
was: I = 376.04250 + 112.74375 A + 166.18750B + 12.04 C + 1.25AB 
+ 0.025AC + 3.75BC + 67.625A2 + 950B2 + 1.53C2, where A represents 
the pH, B represents the AA concentration, and C represents the 
CdS/NiCo2O4 concentration. The optimal experimental conditions ob
tained are as follows, the CdS/NiCo2O4 concentration is 4.10 mg/mL, 
the pH is 7.5, the AA concentration is 0.1 mol/L, and the maximum 
photocurrent obtained is 73.1 μA (NSE concentration was 10 ng/mL). 
The resulting 3D images are shown in Fig. 6, where the interaction be
tween the two factors can be explained in terms of the shape of the 
bottom contour. When the contour lines tend to be circular, it indicates 
that there is no significant mutual interaction between the two factors, 
and on the contrary, it means that there is a significant interaction be
tween the two factors. From the 3D images obtained, it can be seen that 
the bottom contours all tend to be rounded, which means that there is no 
significant interaction between the two in any of the three optimized 
experimental conditions. In addition, the selection of AA as an electron 
donor to capture photogenerated holes in this study improved the 
photocurrent response, and the specific result is exhibited in Figure S7. 

3.6. Electron transport mechanism 

To further investigate how the constructed immunosensors work, 
possible electron transfer mechanisms were analyzed. Solid-state UV 
tests were perused and obtained in Figure S8A, D, and G, with bandgap 

Fig. 6. (A-C) Box-Behnken experimental effect diagram of the influence of pH, AA, and CdS/NiCo2O4 concentration on photocurrent.  

Fig. 7. Diagram of the possible mechanism of the immunosensor in 0.1 M pH 7.5 PBS containing 0.1 M AA.  
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widths of (CdS) 2.36 eV, (NiCo2O4) 1.72 eV, and (CoFe2O4) 1.40 eV, 
respectively. The flat potential (Efb) of CdS, NiCo2O4, and CoFe2O4 were 
obtained by Mott-Schottky test as − 0.25 eV vs. SCE (− 0.01 eV vs. NHE), 
− 0.46 eV vs. SCE (− 0.22 eV vs. NHE), and − 0.48 eV vs. SCE (− 0.24 eV 
vs. NHE), respectively. The ECB of n− type semiconductors is 0 ~ 0.2 eV 
lower than Efb. Therefore, the conduction band potential (ECB) of CdS, 
NiCo2O4, and CoFe2O4 are − 0.21 eV (vs. NHE), − 0.42 eV (vs. NHE), and 
− 0.44 eV (vs. NHE), respectively (Figure S8B, E, and H). Combining the 
band gap values (Eg) obtained from solid-state UV tests and the equation 
Eg = EVB− ECB, the valence band potentials (EVB) of CdS, NiCo2O4, and 
CoFe2O4 were calculated to be 2.15 eV (vs. NHE), 1.30 eV (vs. NHE), 
and 0.96 eV (vs. NHE), respectively. Figure S8C, F, and I are UV ab
sorption test results for CdS, NiCo2O4, and CoFe2O4 with the maximum 
absorption wavelengths of 534 nm, 730 nm, and 750 nm were obtained, 
respectively. Based on the above analysis, the possible electron transfer 
mechanism of the immunosensor is obtained. (Fig. 7). The electrons in 
CoFe2O4 are transferred from the VB to the CB and then to the CB of 
NiCo2O4 due to photoexcitation. Since there is a step energy relationship 
between CdS and NiCo2O4, the electrons are further transferred to the 
CB of CdS and finally to ITO. After the separation of the e-/h+ pairs in 
CdS, the hole remains in the VB and is transferred to the VB of NiCo2O4 
because of an energy level difference. The hole is further transferred to 
the VB of CoFe2O4 and finally captured by AA. 

3.7. Performance of the PEC immunosensor 

The performance of the immunosensor was tested under optimal 
experimental conditions. The photocurrent signal increased with 
increasing NSE concentration (1 pg/mL − 100 ng/mL), as shown in  
Fig. 8A. The linear relationship between the photocurrent intensity and 
the logarithm of the NSE concentration is shown in Fig. 8B, with a linear 
equation of I = 11.22 lg c + 64.58 (R2 = 0.991, 95% confidence interval) 

and a detection limit of detection is 0.24 pg/mL (S/N=3). As shown in 
Table S2, the immunosensor constructed in this work for the detection of 
NSE has a wider detection range and a lower detection limit compared to 
other methods. 

The stability of the immunosensor is a prerequisite for sensitive 
detection of NSE. Therefore, the photocurrent stability and storage 
stability of the immunosensor were tested. In Fig. 8C, when the light was 
switched on and off for 18 cycles, the photocurrent intensity was still 
able to maintain 96.6% of the initial photocurrent with an RSD of 
1.42%. The photocurrent obtained after storing the constructed PEC 
immunosensor in a refrigerator at 4 ◦C for 1, 2, 3, and 4 weeks was 
97.6%, 96.7%, 95.3%, and 95.3% of the initial photocurrent, respec
tively (Fig. 8D). The above results indicate that the constructed PEC 
immunosensor has good photocurrent stability and storage stability. 

The selectivity of the PEC immunosensor is fundamental to the ac
curacy of the assay results. Therefore, constructed immunosensors were 
tested selectively using cytokeratin (CYFRA21–1), carcinoembryonic 
antigen (CEA), glycoconjugate antigen 15–3 (CA15–3), glycoprotein 
CD44, prostate-specific antigen (PSA), squamous cell carcinoma antigen 
(SCCA), immunoglobulin G (lgG), and a mixture of these (1 ng/mL), 
which may coexist with NSE. The immunosensors used for selective 
testing were different only for the antigens and were otherwise identical. 
As shown in Fig. 8E, the photocurrent values obtained after the addition 
of CYFRA21–1, CEA, CA15–3, CD44, PSA, SCCA, and lgG were all 
around 24 μA. This indicates that these four antigens were not specif
ically recognized. However, when the above four antigens and NSE were 
mixed and modified on the electrode, the detected photocurrent was the 
same as that of the modified pure NSE, which was about 64.58 μA. The 
above results indicate that the constructed immunosensor has excellent 
selectivity. 

The reproducibility of PEC immunosensors is an important indicator 
for evaluating the performance of the immunosensors and is a 

Fig. 8. (A) Photocurrent variation curves at different NSE concentrations, (a) 1 pg/mL, (b) 10 pg/mL, (c) 100 pg/mL, (d) 1 ng/mL, (e) 10 ng/mL, (f) 100 ng/mL, (B) 
logarithmic calibration plot of the immunosensor at different concentrations of NSE (error bar = SD, n = 5), (C) stability of immunosensor in 1 ng/mL NSE, (D) 
storage stability of immunosensor in 10 pg/mL NSE (error bar = SD, n = 3), (E) selectivity of the immunosensor in 1 ng/mL NSE (error bar = SD, n = 3), (F) 
reproducibility of immunosensor in 10 pg/mL NSE (error bar = SD, n = 3). 
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prerequisite for repeatable experiments. Therefore, five identical PEC 
immunosensors were prepared in different environments to simulta
neously detect NSE at a concentration of 10 pg/mL (Fig. 8F). The pho
tocurrents obtained were 40.4 μA, 42.4 μA, 41.0 μA, 41.4 μA, and 40.4 
μA with an RSD of 2.02%. The obtained test results indicate that the 
constructed PEC immunosensor has good reproducibility. 

The repeatability of PEC immunosensors is another important indi
cator to evaluate the performance of the immunosensors and is a pre
requisite for the reliability of the test results. Therefore, five identical 
PEC immunosensors were constructed to detect NSE at a concentration 
of 1 pg/mL, as shown in Figure S9. The test results obtained were 31.3 
μA, 31.4 μA, 31.7 μA, 33.2 μA, and 32 μA with an RSD of 2.54%. The 
results show that the constructed PEC immunosensor has good 
repeatability. 

3.8. Sample analysis 

To validate the accuracy of the constructed immunosensor, a stan
dard addition recovery method was used to detect the NSE content in 
human serum. The results of the assay are shown in Table 1, and the 
recoveries obtained by detecting different concentrations of NSE in 
human serum were in the range of 98–105%, with RSD in the range of 
1.17–3.30%. This indicates that the constructed immunosensor has good 
precision and practical value. 

4. Conclusion 

In conclusion, a sandwich-type PEC immunosensor for NSE detection 
using CdS/NiCo2O4 as a substrate and Au@CoFe2O4 as an Ab2 marker 
has been successfully constructed. By using a CdS/NiCo2O4 hetero
structure with good visible light absorption as a photo-active substance, 
the electron transfer can be accelerated and the recombination of e-/h+

pairs can be inhibited, thereby increasing the photocurrent signal. In 
addition, the use of CoFe2O4, which matches the band gap of NiCo2O4, 
as an Ab2 marker achieved the amplification of the photocurrent signal 
and improved the sensitivity. The proposed immunosensor demon
strated exhibited good selectivity, stability, repeatability, reproduc
ibility, and a linear range of 1 pg/mL − 100 ng/mL with a low detection 
limit of 0.24 pg/mL (S/N = 3). It has good precision and practical 
application in the detection of human serum samples. This study pro
vides a new idea for the detection of other disease markers. 
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