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A Photoelectrochemical Biosensor Using 

Enzyme-Catalyzed in situ Propagation of CdS Quantum 

Dots on Graphene Oxide 

Xianxiang Zeng, Wenwen Tu, Jing Li, Jianchun Bao, and Zhihui Dai* 

Jiangsu Collaborative Innovation Center of Biomedical Functional Materials and 

Jiangsu Key Laboratory of Biofunctional Materials, College of Chemistry and 

Materials Science, Nanjing Normal University, Nanjing, 210023, P. R. China 

ABSTRACT: An innovative photoelectrochemical (PEC) biosensor platform was 

designed based on the in situ generation of CdS quantum dots (QDs) on graphene 

oxide (GO) using an enzymatic reaction. Horseradish peroxidase catalyzed the 

reduction of sodium thiosulfate with hydrogen peroxide to generate H2S, which 

reacted with Cd
2+ 

to form CdS QDs. CdS QDs could be photo-excited to generate an 

elevated photocurrent as a readout signal. This strategy offered a “green” alternative 

to inconvenient pre-synthesis procedures for the fabrication of semiconducting 

nanoparticles. The nanomaterials and assembly procedures were characterized by 

microscopy and spectroscopy techniques. Combined with immune recognition and 

based on the PEC activity of CdS QDs on GO, the strategy was successfully applied 

to a PEC assay to detect carcinoembryonic antigen and displayed a wide linear range 

from 2.5 ng mL
-1 

to 50 μg mL
-1

 and a detection limit of 0.72 ng mL
-1

 at a 

signal-to-noise ratio of 3. The PEC biosensor showed satisfactory performance for 

clinical sample detection and was convenient for determining high concentrations of 

solute without dilution. This effort offers a new opportunity for the development of 

numerous rapid and convenient analytical techniques using the PEC method that may 

be applied in the design and preparation of various solar energy-driven applications. 

KEYWORDS: Quantum dots, graphene oxide, photoelectrochemistry, enzyme 

catalysis, biosensing 

■ INTRODUCTION 
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Photoelectrochemical (PEC) measurement is a newly emerging and dynamically 

developing technique for probing various biological events with high sensitivity. PEC 

measurements combine the advantages of optical methods and electrochemical 

sensing.
1-11

 The principle of PEC biosensors is based on the photocatalytic oxidation 

or reduction of biomolecules to enable photogenerated electron transfer between the 

analyte and a semiconductor electrode under light irradiation to amplify the PEC 

response. In previously reported assays, pre-synthesized semiconductors have been 

tethered to recognition elements having an affinity for their target analytes,
5
 and a 

series of PEC platforms have been designed for the detection of small molecules,
3,11-14

 

thrombin,
15

 DNA damage,
16

 antigen,
17,18

 and cell.
7,19

 

However, the use of pre-synthesized semiconductors as a signal source for PEC 

platforms has several drawbacks, such as harsh operating conditions and 

time-consuming fabrication processes, which potentially cause high background 

signals, low sensitivity, and increased cost of analytical assays, and is unfavorable for 

simplifying PEC detection and in situ monitoring of tumor markers. In 

fluorescence-based analyses, the enzyme-catalyzed growth of quantum dots (QDs) is 

a promising substitute for the use of a pre-synthesized semiconductor. Acetylcholine 

esterase can catalyze the conversion of acetylthiocholine to yield thiocholine, which 

promotes the decomposition of S2O3
2-

 to H2S;
20,21

 the subsequent reaction of H2S with 

Cd
2+

 forms CdS QDs, thereby improving the sensitivity of fluorescence analysis.
22,23

 

Alkaline phosphatase (ALP) catalyzes the hydrolysis of p-nitrophenyl phosphate, 

which generates p-nitrophenol and inorganic phosphate. The inorganic phosphate 

stabilizes the QDs produced in situ through the interaction of Cd
2+

 with S
2−

 ions, 

which offers a more stable fluorescence signal.
24

 

Based on these previous studies, we considered that the enzyme-catalyzed growth 
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3 

 

of QDs could be developed for the detection of various biomolecules. To the best of 

our knowledge, no reports have focused on the enzyme-catalyzed in situ propagation 

of QDs for PEC biosensors. This technique differed from the ALP-catalyzed 

hydrolysis of ascorbic acid 2-phosphate to generate an electron donor to modify 

pre-synthesized TiO2, which was utilized for the detection of an ALP inhibitor.
14

 

However, this reaction was not applied in our work. In this system, Na2S2O3 should be 

reduced to H2S in the presence of H2O2. Horseradish peroxidase (HRP) was a kind of 

enzyme which can catalyzed the reaction of H2O2. Therefore, the rate of the reaction 

could be significantly improved with the help of HRP. Then the generated H2S reacted 

with Cd
2+ 

to form CdS QDs which was called enzyme-catalyzed growth of QDs. By 

virtue of the immune recognition reaction, HRP was introduced to catalyze the 

propagation of CdS QDs, which could be photoexcited to generate a photocurrent as a 

readout signal, thereby generating a detector for tumor markers. Specifically, 

water-soluble graphene oxide (GO) was adopted to improve the stability of CdS QDs 

and reduce the recombination of electron-hole pairs to increase the PEC signal. The 

use of GO was advantageous for many applications, including sensors, optical and 

electronic devices, and energy conversion and storage.
25-31

 Further, GO was cheaper 

and more environmentally friendly than its derivatives. Meanwhile, GO owned a band 

between CdS QDs and ITO electrode. It might be a good intermedium for electron 

transfer from ITO electrode to CdS QDs. In addition, GO could facilitate CdS QDs
•+

 

production and trigger O2
•-
 generation

32,33
 and was acted as a vehicle for proton (H

+
) 

transport,
27

 GO can generate a photocurrent upon light irradiation
34,35

 and may be 

used as the source of the PEC signal. 

Here, using carcinoembryonic antigen (CEA) as a model, a novel PEC biosensor 

protocol based on the in situ generation of CdS QDs for CEA detection was proposed 
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(Scheme 1). Through a competitive immune recognition reaction, CEA was 

specifically conjugated to its HRP-labeled anti-CEA antibody (HRP-Ab). HRP then 

catalyzed the reduction of Na2S2O3 with H2O2 to generate H2S and form CdS QDs, 

which could be photoexcited under visible light to produce a photocurrent as the 

determination signal. The specific interaction between the CEA and HRP-Ab could be 

detected by recording the enhanced photocurrent of CdS QDs sensitized by GO. 

 

Scheme 1. Schematic illustration of the assembly process of the PEC biosensor. 

■ EXPERIMENTAL SECTION 

Materials and Reagents. Graphite (99.95%, 8000 mesh) was obtained from 

Aladdin industrial Corporation. Chitosan (CS), glutaraldehyde (GLD) solution (50%), 

bovine serum albumin (BSA) were obtained from Sigma-Aldrich. Cadmium acetate 

(Cd(CH3COO)2·2H2O) was purchased from Shanghai Reagent Co., Ltd. (Shanghai, 

China). CEA and HRP-Ab were purchased from Beijing Keybiotech Co., Ltd. 

(China). Ascorbic acid (AA) and H2O2 (30%) were obtained from Sinopharm 

Chemical Reagent Co., Ltd. (China). Other chemicals were of analytical reagent 

grade. The washing solution was tris(hydroxymethyl)aminomethane-hydrochloric 

acid (Tris-HCl) buffered saline (10 mmol L
-1

, pH 7.4). The washing solution 

containing BSA (1%, w/v) was used as blocking solution. Tris-HCl buffered saline 
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(0.1 mol L
-1

, pH 7.4) containing 0.1 mol L
-1

 AA was used as test solution. Ultrapure 

water obtained from a Millipore water purification system (≥18 MΩ·cm, Millipore, 

USA) was used in all assays. Blood samples from Jiangsu Hospital of Cancer were 

centrifuged at 4000 rpm for 5 min to obtain the supernates as clinical serum samples. 

CEA solutions (20 μL) with different concentrations were mixed with HRP-Ab (20 

μL, 60 μg mL
-1

) to obtained the incubation solution. 

The films deposited on ITO were collected from multiple groups by the blade after 

the enzyme catalyzation. One part was used for Fourier transform infrared (FTIR) 

measurements and the other was processed to form suspension with slightly ultrasonic 

treatment in ultrapure water with a short time for ultraviolet visible (UV-vis) 

absorption spectra tests, transmission electron microscope (TEM) and high-resolution 

TEM (HRTEM) images. The samples which were obtained from incubation solution 

(CCEA= 10 μg  mL
-1

) were prepared for all the characterizations except where 

otherwise indicated. 

Apparatus. The PEC measurements were performed with a Zahner PEC 

workstation (Zahner, Germany). All experiments were carried out at room 

temperature using a conventional three-electrode system with a modified indium tin 

oxide (ITO) electrode (sheet resistance, 20-25 Ω/square) with a geometrical area of 

1.0 ± 0.1 cm
2
 as working, a platinum wire as auxiliary, and a Ag/AgCl electrode as 

reference electrodes. All of the PEC measurements were carried out under 405 nm 

irradiation at a constant potential of -0.2 V (versus Ag/AgCl) in Tris-HCl (0.1 mol 

L
-1

, pH 7.4) buffer saline containing AA (0.1 mol L
-1

), which was deaerated with high 

purity nitrogen for 15 min before PEC experiments and then kept over a N2 

atmosphere for the entire experimental process. The HRTEM images were obtained 

on JEOL-2100F apparatus at an accelerating voltage of 400 kV (JEOL, Japan). 

Page 5 of 23

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6 

 

Electrochemical impedance spectroscopy (EIS) was carried out at open circuit 

potential with an Autolab potentiostat/galvanostat PGSTAT302N (Metrohm, the 

Netherlands) and controlled by Nova 1.8 software with a three-electrode system, in 

KCl solution (0.1 mol L
-1

) containing a K3Fe(CN)6/K4Fe(CN)6 (5.0 mmol L
-1

) (1:1) 

mixture as a redox probe from 0.1Hz-100 kHz with a signal amplitude of 10 mV. 

TEM images were taken using a Hitachi H-7650 type TEM at an accelerating voltage 

of 80 kV (Hitachi, Japan). UV-vis absorption spectra were obtained on Cary 60 

spectrophotometer (Agilent, USA). FTIR spectra were acquired in the range of 

4000-400 cm
-1

 on Tensor 27 (Bruker, Germany) at room temperature. 

Synthesis of GO. GO was synthesized using a modified version of Hummers’ 

method.
36 

In detail, graphite (2 g) was mixed with concentrated H2SO4 (10 mL), 

K2S2O8 (1 g), and P2O5 (1 g). The solution was heated to 80 
°
C and stirred for 6 h in 

an oil bath. The mixture was then diluted with deionized water, and the product was 

obtained by filtration through a 0.2-μm Nylon film and dried under ambient 

conditions. Thereafter, the product was re-oxidized by adding KMnO4 (0.6 g) to 

concentrated H2SO4 (10 mL) containing 0.2 g of the pre-oxidized products. After 

stirring for 2 h at 35 
°
C, deionized water (9.2 mL) was added followed by additional 

deionized water (28 mL) and H2O2 (0.5 mL) with continuous stirring for 15 minutes. 

During the above process, a light yellow hydrosol was obtained. The light yellow 

hydrosol was washed with concentrated hydrochloric acid (10 mL) and deionized 

water (100 mL). After centrifugation and ultrasonic dispersion, the final product was 

dried under vacuum. The product was diluted and sonicated for 1 h to separate any 

aggregated graphite oxide layers and further centrifuged to remove any graphite oxide 

residue prior to use. 

CS (0.5 mg) was added to 1 mL of a 1% acetic acid solution and ultrasonicated for 
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3 h to obtain a uniform CS solution. Cd(CH3COO)2·2H2O (16.0 mg) was then added 

to obtain a homogeneous solution. 

Preparation of PEC Biosensor. A GO solution (25 μL, 1 mg mL
-1

) was coated 

onto the ITO electrode (ITO/GO). Before drying, a CS (0.05%, 20 μL) solution 

containing Cd(CH3COO)2·2H2O (0.06 mmol L
-1

) was dropped onto the electrode 

surface. After GLD (1%, 20 μL) was reacted with CS for 30 min, CEA (60 μg mL
-1

,
 

20 μL) was conjugated onto the electrode and placed at 4 
°
C overnight to obtain 

ITO/GO/CEA. To eliminate nonspecific adsorption, any possible remaining active 

sites were blocked by placing the electrode in blocking solution (20 μL) for 1 h. After 

rinsing with washing solution, the PEC biosensor (ITO/GO/CEA/BSA) was obtained. 

Thorough washing with wash solution was required at each assembly step. 

PEC Tests. The incubation solution (20 μL) was dropped on the PEC biosensor 

and incubated for 45 min to obtain ITO/GO/CEA/BSA/HRP-Ab. Then, Na2S2O3 (1.8 

mmol L
-1

, 20 μL) and H2O2 (2.6 mmol L
-1

, 20 μL) were cast on the electrode and 

reacted for 15 min to obtain ITO/GO/CEA/BSA/HRP-Ab/CdS. Finally, after thorough 

washing, ITO/GO/CEA/BSA/HRP-Ab/CdS was inserted in the test solution to record 

the PEC response at an applied potential of -0.2 V with 405-nm irradiation under an 

N2 atmosphere. 

■ RESULTS AND DISCUSSION 

Characterization of GO, GO-CdS Nanocomposites and the PEC 

Biosensor. GO was characterized using the UV-vis absorption spectrum and TEM 

(Figure 1). The UV-vis absorption spectrum of GO exhibited two characteristic 

adsorption peaks: a peak at 230 nm due to the π→π∗ transition of the C=C bond and a 

shoulder at approximately 300 nm, corresponding to the n→π∗ transition of the C=O 
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bond (Figure 1A).
37,38

 Meanwhile, Figure 1B showed the representative TEM image 

of GO, the veil-like GO sheets exhibited wrinkle on the surface, which supplied a 

superior three dimensional structure for CdS QDs deposition. 

The UV-vis absorption spectra were used to characterize the formation of CdS QDs 

on GO (Figure 2A). Compared with the spectrum of GO (curve a), a broad peak 

(approximately 400 nm) appeared after modification of HRP-Ab (curve c), which was 

verified by the pure HRP (60 μg mL
-1

) absorption spectrum (curve b).
8
 When HRP 

catalyzed the reduction of Na2S2O3 by H2O2 to generate H2S, which reacted with Cd
2+

 

on GO,
23

 the absorption intensified (curve d), indicating the formation of CdS QDs. 

The possible reaction equations at the sensor surface were listed as follows:
20,32,33

 

 

 

Figure 1. (A) UV-vis absorption spectrum and (B) TEM image of GO. 
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Figure 2. (A) UV-vis absorption spectra  of GO, HRP, GO/CEA/BSA/HRP-Ab, and 

GO/CEA/BSA/HRP-Ab/CdS (a-d). (B) FTIR spectra of (a) GO and (b) 

GO/CEA/BSA/HRP-Ab/CdS. (C) TEM and (D) HRTEM images of 

GO/CEA/BSA/HRP-Ab/CdS. Insert: The size distribution of CdS QDs. 

FTIR spectroscopy further confirmed the generation of CdS on GO (Figure 2B). 

Compared with the major peaks of GO in the FTIR spectrum (curve a), in addition to 

the C=O (1740 cm
-1

), C=C (1618 cm
-1

), and O-H (3415 cm
-1

) vibrations, the FTIR 

signal of GO/CEA/BSA/HRP-Ab/CdS showed other vibrations corresponding to 

amide A (3070 cm
-1

, mainly N-H stretching vibrations), amide I (1639 cm
-1

, mainly 

C-O stretching vibrations), amide II (1541 cm
-1

, the coupling of bending vibrations of 

N-H and stretching vibrations of C-N), and Cd-S vibrations (486 cm
-1

) (curve b).
39

 

Furthermore, TEM (Figure 2C) and HRTEM (Figure 2D) images provided direct 

evidence for the formation of CdS QDs. The HRTEM image clearly showed 

well-defined individual CdS QDs (Figure 2D), which confirmed the formation of CdS 

QDs by HRP catalysis. Moreover, the average size of individual CdS QDs was 

estimated to be 6.6 nm (Figure 2D insert). The oxygen containing groups on GO, 

which are negatively charged, could supply fine propagation sites for Cd
2+ 31

 and lead 

to the narrow size distribution of CdS QDs, which is beneficial for fabricating the 
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PEC biosensor. After the CS was deposited, it owned three effects: entrapping agents 

for GO, crosslinking reaction with GLD and as a coordinating reagent with Cd
2+

 

because of its rich oxygen groups. GO and CS stabilized the Cd
2+

 on the electrode 

readily reacting with H2S to form CdS QDs. After the groups of CS and GLD were 

activated via the crosslinking reaction, the CEA and BSA could easily be assembled 

on the electrode, and the PEC biosensor (ITO/GO/CEA/BSA) was prepared after the 

washing. 

A photocurrent was generated (Figure 3A, curve a) after 20 μL (Figure 4A) of GO 

solution was cast on the ITO electrode, which was irradiated by 405-nm light at an 

applied potential of -0.2 V (Figure 4B and 4C).
28,40,41

 As the steric hindrance of the 

protein layer impeded ascorbic acid (AA) diffusion onto the electrode surface to 

scavenge holes and block photogenerated electron transfer, the photocurrent declined 

successively with the assembly of CEA, BSA, and HRP-Ab (CCEA = 0 μg mL
-1

) 

(Figure 3A, curves b-d) after a 45 min incubation (Figure 4D). While in the presence 

of Na2S2O3 (25 μL) and H2O2 (25 μL) (Figure 4E), an enhanced photocurrent was 

obtained (Figure 3A, curve e) after the HRP-catalyzed reaction proceeded for 15 min 

(Figure 4F). This was attributed to the formation of photoactive CdS QDs, which 

sensitized GO and led to an improved PEC response. At a negatively applied bias, the 

holes generated in the valance band of CdS QDs were scavenged by AA. 

Simultaneously, along with H
+
 in Tris-HCl buffered saline, AA served as a H

+
 source 

for H2 production in the conduction band of CdS QDs at the GO surface.
34,35 

While 

interacting with the incubation solution (CCEA = 10 μg mL
-1

) (Figure 3A, curve f), the 

photocurrent was higher than that of curve d but lower than that of curve e, which 

might have occurred because less HRP-Ab could conjugate with CEA immobilized on 

the electrode, which resulted in a decreased number of CdS QDs formed by HRP 
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catalysis. 

 

Figure 3. (A) PEC responses of ITO/GO, ITO/GO/CEA, ITO/GO/CEA/BSA, 

ITO/GO/CEA/BSA/HRP-Ab, ITO/GO/CEA/BSA/HRP-Ab (0 μg mL
-1

 CEA)/CdS, 

and ITO/GO/CEA/BSA/HRP-Ab (10 μg mL
-1

 CEA)/CdS (a-f). (B) EIS spectra of 

ITO, ITO/GO, ITO/GO/CEA, ITO/GO/CEA/BSA, ITO/GO/CEA/BSA/HRP-Ab, and 

ITO/GO/CEA/BSA/HRP-Ab/CdS (a-f). 

EIS was an effective method for monitoring changes in the assembly process 

(Figure 3B). Due to its nonconductive properties, GO could inhibit electron transfer, 

and lead to increased electron transfer resistance (Ret) for the redox probe (curve b) 

compared with a bare ITO electrode (curve a). Proteins with insulative properties 

would obstruct the diffusion of the redox probe to the electrode and increase the 

resistance. This premise was consistent with the observed increased Ret value after the 

anchoring of CEA, BSA, and HRP-Ab (curves c-e). After the HRP catalysis reaction, 

the Ret value was greatly increased (curve f). This phenomenon was ascribed to CdS 

QDs propagation that further impeded the redox probe transfer, which is in agreement 

with the results of the spectra and microscopy images shown in Figure 2. 

Optimization of Detection Conditions. The detection conditions were 

optimized for PEC determination. The photocurrent increased as the volume of GO 

(VGO) was increased from 5 to 25 μL (Figure 4A). A maximum photocurrent was 

observed at 25 μL and then decreased with additional GO, which might have been due 

to the excessive deposition of GO on the electrode and inhibition of electron and 

proton transport. Therefore, 25 μL was selected as the optimal deposition volume. 
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Figure 4. Effects of (A) GO content, (B) excitation wavelength, (C) applied potential, 

(D) incubation time, (E) Na2S2O3 and H2O2 content, and (F) reaction time on the PEC 

response obtained in the test solution. 

The irradiation wavelength was an important factor that influenced the PEC 

response. As observed (Figure 4B) at an applied potential of -0.2 V, the photocurrent 

decreased and excitation wavelength increased from 385 to 470 nm. The 

photocurrents at 405, 430, and 450 nm were 90.3%, 84.4%, and 60.5%, respectively, 

of that at 385 nm. The photocurrent at 405 nm provided sufficient sensitivity for PEC 

detection. Moreover, the absorption band of CdS QDs was approximately 400 nm 

(Figure 2A, curve d); however, 405 nm was more suitable for the excitation of CdS 

QDs. Therefore, 405 nm was chose for PEC determination. 

The applied potential was also an important parameter for producing the 

photocurrent. As shown in Figure 4C, the photocurrents increased from 0 to -0.2 V 

when the irradiation wavelength was 405 nm and reached its maximum. Thereafter, 

the photocurrent decreased as the applied potential was increased from -0.2 V to -0.3 
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V, which might be attributed to the reduction of oxygen-containing groups at negative 

potentials less than -0.2 V.
38

 The decreased bias potential could inhibit proton 

adsorption for electron consumption and electron-hole pair separation, which would 

reduce the photocurrent. Because of adding light energy consumption, the excited 

electron can be driven more easily from the conduction band to the electrolyte under 

lower potential, vice versa. Therefore, photoelectrochemical biosensing needs lower 

oxidation potential than electrochemical and chemiluminescence methods. Moreover, 

the low applied potential was beneficial for the elimination of interference from other 

species in the samples. Therefore, -0.2 V was selected for PEC detection. 

The effect of incubation time on the response of the PEC biosensor is presented in 

Figure 4D. The photocurrent leveled off after 45 min, which was indicative of the 

immune reaction having reached equilibrium. Consequently, 45 min was selected as 

the incubation time for the PEC biosensor. 

Furthermore, the contents of Na2S2O3 and H2O2 were assessed to obtain an optimal 

PEC response for the system (Figure 4E). The photocurrent increased with an 

increasing volume of H2O2 and displayed slight variation with an increasing volume 

of Na2S2O3. The increased photocurrent may be due to H2O2 as opposed to Na2S2O3, 

which could be acted as an electron and proton donor for the photocurrent generation 

in the system. The PEC response achieved a plateau in the presence of H2O2 (25 μL) 

and Na2S2O3 (25 μL) and fluctuated slightly thereafter. Accordingly, a H2O2 and 

Na2S2O3 volume of 25 μL was selected for the enzyme-catalyzing reaction. 

The optimal duration of the enzyme-catalyzing reaction was also determined 

(Figure 4F). The photocurrent leveled off after 15 min, indicating that the reaction 

attained its maximum. Thus, 15 min was chose as the optimal enzyme catalysis 

reaction time. 
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Figure 5. (A) PEC responses and (B) corresponding calibration curve of the biosensor 

to (a-n) 0, 0.0025, 0.005, 0.05, 0.5, 1, 5, 10, 20, 30, 40, 50, 55, and 60 μg mL
-1

 CEA. 

Inset: linear range from 0.0025 to 1 μg mL
-1

 for CEA. 

PEC Biosensing. The PEC biosensing concept was developed to provide a 

quantitative means to analyze the target. CEA was selected as a model of clinical 

heterogeneous immunoassays in human serum and was detected under optimal 

conditions (Figure 4) by this PEC biosensor. Prior to the assay, the 

ITO/GO/CEA/BSA electrode was directly inserted into the incubation solution 

without CEA as a control experiment. No obvious difference in the photocurrent was 

observed compared to the background signal, suggesting that non-specific binding 

was attenuated. The photocurrents were measured by varying the CEA concentrations 

in the incubation solution, and the results are presented in Figure 5A. When the 

concentration of CEA was increased, the corresponding photocurrent decreased and 

was inversely correlated with the concentration of CEA. A calibration plot for the 

photocurrent (lnΔI) was obtained by plotting the difference between the photocurrent 

at different CEA concentrations (C) and the background reading as a function of C; 

this plot of corrected photocurrent versus C showed a linear response from 2.5 ng 

mL
-1 

to 50 μg mL
-1 

(Figure 5B). The detection limit was 0.72 ng mL
-1

 at a 

signal-to-noise ratio of 3. 
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Figure 6. The PEC response of the proposed biosensor to CEA with interfering agents, 

including AFP, CA125, and CA19-9 at the same concentration (0.005 μg mL
-1

). The 

concentration of interfering agents (0.1 μg mL
-1

) was 20-times the concentration of 

CEA (0.005 μg mL
-1

) in the mixed-sample. The error bars show the relative standard 

deviations of four replicate experiments. 

The linear response range was much broader than the 1.0-60 ng mL
-1

 range 

achieved by the chemiluminescence method
39

 as well as the 20-2000 ng mL
-1

 range 

determined by surface plasmon resonance imaging.
42

 In addition, the detection 

potential (-0.2 V) was more similar to the physiological potential than -0.84 V, which 

was determined by the electrochemical method,
43

 and 0.64 V, which was determined 

by the electrochemiluminescence (ECL) method,
44

 thereby leading to less interference. 

Notably, the upper detection limit (50 μg mL
-1

) was at least 10-times higher than 

previously reported using electrochemical and ECL methods with different 

amplification strategies.
45,46

 As the normal level of CEA in human serum is 

approximately 5 ng mL
-1

,
42

 it is useful in diagnostic evaluations to avoid the 

possibility of false positives caused by sample dilution when the CEA concentration is 

elevated due to the onset or recurrence of a tumor. 

Reproducibility, Stability, and Specificity of the PEC Biosensor. The 

coefficients of variation were determined by measuring samples with the same 
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concentrations using five electrodes prepared independently under identical 

experimental conditions. The coefficients of variation for intra-assay runs of 0.05 and 

5.0 μg mL
-1 

CEA (n=5) were 4.9% and 4.7%, respectively, whereas the inter-assay 

coefficients of variation were 7.4% and 8.1%, respectively. These results suggest that 

the PEC biosensor possessed precision and fabrication reproducibility. When the PEC 

biosensor was stored away from direct light at 4 
°
C for two weeks, 93.7% of its initial 

response was maintained, and 88.1% of its initial response was retained after three 

weeks, indicating satisfactory long-term stability. 

In addition, the selectivity of the PEC biosensor was evaluated by the photocurrent 

(ΔI = I0.005 - I0, I0.005 was the photocurrent of CCEA = 0.005 μg mL
-1

, I0 was the 

photocurrent of CCEA = 0 μg mL
-1

) at 0.005 μg mL
-1

 CEA (Figure 6). 

Alpha-fetoprotein (AFP), carbohydrate antigen 125 (CA125), and carbohydrate 

antigen 19-9 (CA19-9) were acted as three types of interfering agents. At the same 

concentration (0.005 μg mL
-1

), the PEC responses to AFP, CA125, and CA19-9 were 

only 10.3%, 9.3%, and 11.4%, respectively, compared to that to CEA, implying a 

negligible interference of these tumor markers. When the concentration of interfering 

agents (0.1 μg mL
-1

) was greater than 20-fold higher than that of CEA (0.005 μg mL
-1

) 

in the mixed sample, the photocurrent was 102.6% of the photocurrent in the presence 

of CEA (0.005 μg mL
-1

) alone. These results illustrate that only CEA, excluding other 

test samples, could cause obvious differences in the PEC response, verifying the good 

selectivity of the PEC biosensor toward CEA detection. 

Analysis of Clinical Samples. This PEC biosensor was successfully used for 

clinical sample detection. When the level of CEA in serum was greater than the 

calibration range, the serum samples were appropriately diluted with Tris-HCl buffer 

saline (0.01 mol L
-1

, pH 7.4) prior to performing the assay. The assay results for 
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clinical serum samples, compared with the reference values obtained using a 

commercial ECL immunoassay, showed an acceptable agreement with relative errors 

less than 11.9% (Table 1), indicating the acceptable accuracy of the proposed PEC 

biosensor for clinical sample detection. 

Table 1 Comparison of serum CEA levels determined using the reference and 

proposed methods 

Sample 1 2 3 4 5 

Reference 

method  

[ng mL
-1

] 

3731 373.1 37.31 7. 462 3.731 

Proposed 

method  

[ng mL
-1

]
a
 

4061±31.3 339.2±8.8 34.82±2.87 8.259±1.174 4.175±0.927 

Relative 

error [%] 
8.8 -9.1 6.7 10.7 11.9 

a) Average value from five successive determinations; serum samples 2, 3, 4 and 5 

were diluted 10, 100, 500 and 1000 times, respectively. 

■ CONCLUSIONS 

In summary, an innovative PEC biosensor platform was developed by the in situ 

generation of CdS QDs on GO using enzymatic reactions, which offers a “green” 

alternative to inconvenient pre-synthesis procedures for the fabrication of 

semiconducting nanoparticles. Combined with biological recognition, the strategy was 

successfully applied to CEA determination, which is based on the PEC activity of CdS 

QDs sensitized GO with satisfactory performance. This work provides a new 

opportunity for the development of numerous rapid and convenient analytical 

techniques using the PEC method based on the readout signal and may be applied as 

an excellent initial design for the preparation of various solar energy-driven 

applications, including PEC water splitting, photocatalysis, and solar cell design. 
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