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A B S T R A C T   

Photoelectrochemical (PEC) immunoassays exhibiting high sensitivity and decent operability have considerable 
potential in areas such as cancer diagnostics. In particular, cathodic PEC configurations can prevent interference 
from reductive substances, which can occur in biological samples; however, challenges remain in terms of 
sensitivity and operability. In this study, separate-type PEC immunoassays were developed for carcinoembryonic 
antigen (CEA) by combining microplate-based immune recognition and off–on cathodic PEC detection. Poly
dopamine (PDA)-coated Prussian blue (PB) nanoparticles (PB@PDA NPs) were used as signal tags to label the 
detection antibody. The PB NPs and PDA captured on the microplates both disassembled under strongly alkaline 
conditions to generate redox-active electron acceptors. The disassembled products were quantitatively trans
ferred to PEC detection cells and synergistically enhanced the PEC current with microstructured BiOI, which 
operated as a cathodic semiconductor electrode. As proof of principle, carcinoembryonic antigen (CEA) was 
applied to elucidate the potential application of PEC immunoassay in clinical diagnosis, and the obtained linear 
range of the sensor was 0.001–100 ng mL− 1 with the detection limit of 54.9 fg mL− 1 (S/N = 3). The proposed 
separate-type off–on PEC strategy showed high sensitivity and decent operability for CEA detection, indicating its 
potential for the identification of other tumor markers.   

1. Introduction 

Immunoassays with sandwich-type configurations have been 
remarkably successful in the in vitro detection of protein tumor markers 
owing to the effective biorecognition of analytical targets by complex 
matrices [1,2]. The well-established enzyme-linked immunosorbent 
assay (ELISA) uses microplates as detection platforms and enzymes as 
catalytic labels. Moreover, the integration of microplate readers with 
automated incubation and sampling processes has enabled 
high-throughput analysis [3,4]. However, significant challenges remain 
in terms of achieving high detection sensitivities and wide response 
ranges of color-based output signals. Consequently, immune-recognition 

configurations have been combined with other optical and electro
chemical techniques to construct high-sensitivity sensing platforms, 
such as electrochemical (EC) [5,6], electrochemiluminescent (ECL) 
[7–9], and photoelectrochemical (PEC) [10–12] immunosensors. Addi
tionally, nanomaterials show tremendous promise as signal tags (i.e., 
nanolabels) in these methods because of their unique and diverse 
physicochemical properties. 

PEC immunoassays have attracted considerable attention because of 
their minimal interference from input signals and inherently high 
sensitivity for electrochemical detection [13]. Both anodic and cathodic 
PEC immunosensors have been developed using different semiconductor 
materials as photoelectrochemically active transducers [14,15]. In the 
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anodic PEC detection mode, electron donors in the electrolyte are 
essential for generating a stable anodic PEC current. In contrast, 
cathodic PEC detection is based on the removal of photogenerated 
electrons. The dissolved oxygen in the solution acts as an electron 
acceptor in cathodic PEC detection. However, PEC efficiency is low, and 
reproducibility cannot be guaranteed [16]. Certain redox-active sub
stances are known to act as electron acceptors for PEC biosensors [16, 
17]. Generally, the on–off detection mode is adopted in scenarios with 
decreasing current signals. However, despite the advantages related to 
their high detection sensitivities, cathodic PEC immunosensors oper
ating in the off–on detection mode have been scarcely reported because 
of the difficulties involved in using electron acceptors as signal tags. 
Additionally, the complicated construction of PEC electrodes, which is 
currently incompatible with automated devices, is an issue. Therefore, 
microplate-based immune recognition was combined with cathodic PEC 
detection in this study to develop separate-type immunoassays (Scheme 
1) with redox-active nanocomposites as nanolabels and electron 
acceptors. 

Prussian blue (PB) has been extensively used in electrochemical 
[18–20] and optical bioassays [21–23] owing to its excellent redox and 
catalytic properties. Additionally, the size and morphology of PB 
nanoparticles can be controlled to facilitate their use as nanolabels for 
immunoassays. However, difficulties related to their bioconjugation 
with biomolecules hinder their applications. Strategies such as the use of 
mussel-inspired polydopamine (PDA) coatings, which have been 
developed as a universal surface modification approach for solids and 
nanomaterials, can be adopted to address this issue [24]. PDA-based 
surface engineering of a PEC sensing platform was demonstrated in 
our previous study, along with its feasibility and convenience for 
immobilization of biorecognition elements [25–27]. In the present 
study, PDA-coated PB nanoparticles (PB@PDA NPs) were used as signal 
tags for immunoassays. PB@PDA can be employed as a theranostic agent 
for both cancer imaging [28,29] and photothermal therapy [30–32]. 
However, the use of PB@PDA as a source of electron acceptors in 
cathodic PEC bioassays has been scarcely reported. 

Carcinoembryonic antigen (CEA) is an important biomarker that can 
be used for diagnosing gastric cancer, colorectal cancer, breast cancer 

and other gynecological tumors [33,34]. Furthermore, the CEA level is 
an index to evaluate the success of operation and the prognosis of pa
tients. Therefore, to validate the feasibility of the proposed detection 
strategy, a broad-spectrum tumor marker—CEA [35]—was used as a 
model analytical target for the immunoassay. Unexpectedly, both PDA 
and PB enhanced the cathodic PEC response, leading to a decent 
analytical performance. Overall, the separate-type immunoassays 
enabled off–on cathodic PEC detection with high sensitivity and 
adequate reproducibility. Moreover, the combination of a redox-active 
polymer with redox-active nanoparticles not only facilitated the bio
conjugation of PB as a nanolabel, but also synergistically enhanced the 
PEC response. Additionally, the consistent disassembly-related proper
ties of PDA and PB under alkaline conditions were exploited to produce 
different types of electron acceptors. 

2. Material and methods 

2.1. Materials and chemicals 

Bismuth nitrate pentahydrate, Potassium iodide, Poly
vinylpyrrolidone (PVP, K30), Dopamine hydrochloride, Sodium hy
droxide, Tris (hydroxymethyl)aminomethane (Tris), Disodium 
hydrogen phosphate and Potassium dihydrogen phosphate were pur
chased from Shanghai Macklin Biochemical Chemical Reagent Co., Ltd. 
Potassium ferricyanide was purchased from Sinopharm Chemical Re
agent Beijing Co., Ltd, China. Ethylene glycol (EG) and ethanol were 
purchased from Tianjin Fuyu Fine Chemical Co., Ltd. Bovine serum al
bumin was provided by Shanghai Aladdin Biochemical Reagent Co., Ltd. 
Carcinoembryonic antigen (CEA) antigen and antibody were purchased 
from Shanghai Linc-Bio Science Co. LTD. The working electrode adopts 
indium tin oxide (ITO) glass provided by China Southern Glass Group 
Co., Ltd. All reagents in this work are of analytical grade. 

2.2. Synthesis of Bismuth oxyiodide (BiOI) microspheres 

BiOI was synthesized using a previously reported protocol [36] with 
slight modifications. First, Bi(NO3)3 5H2O was added to EG (40 mL) and 

Scheme 1. (A) Preparation of secondary antibody marker PB@PDA–Ab2 and (B) construction of the PEC sensor.  
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stirred to ensure dissolution, resulting in solution A (0.1 M). Next, KI was 
added to EG (40 mL) and stirred in the dark to ensure dissolution, 
yielding solution B (0.1 M). Solution B was added to solution A, stirred 
for 30 min in the dark, transferred to a 100 mL reaction kettle, and 
heated at 160 ◦C for 12 h. After cooling to room temperature, a yellow 
precipitate was collected by centrifugation and subsequently washed 
three times with ethanol and deionized water to remove unreacted 
material. Finally, the precipitate was dried in a vacuum oven at 80 ◦C for 
12 h and stored at 4 ◦C for subsequent use. 

2.3. Preparation of PB NPs 

PB NPs were synthesized according to the literature [37] with slight 
modifications. First, PVP (8.0 g) was added to a HCl solution (1 M, 40 
mL) and stirred to ensure dissolution. Next, potassium ferricyanide 
(0.696 g) was dissolved in the preceding solution, and the mixed solu
tion was transferred to a 50 mL reaction kettle and heated at 100 ◦C for 
24 h. After cooling to room temperature, a blue precipitate was collected 
by centrifugation and washed three times with ethanol and ultrapure 
water to remove unreacted substances, such as PVP. Finally, the PB NPs 
were dried in a vacuum oven for 12 h to remove moisture and stored at 
4 ◦C for subsequent use. 

2.4. Preparation of PB@PDA NPs 

PB@PDA NPs were prepared by exploiting the tendency of dopamine 
to form a stable and uniform polydopamine film on NP surfaces under 
alkaline aerobic conditions. Five milligrams each of the PB NPs and 
dopamine hydrochloride were added to a Tris-HCl buffer solution (5 mL; 
pH = 8.5; 0.01 M) and reacted under aerobic conditions for 2 h. The 
resulting solution was centrifuged, and the product was washed three 
times with deionized water, dispersed in a phosphate-buffered saline 
(PBS) solution (4 mL; pH = 7.4; 0.1 M), and stored at 4 ◦C for subsequent 
use. 

2.5. Preparation of preparation of PB@PDA-Ab2 

The preparation of PB@PDA-Ab2 is illustrated in Scheme 1A. The 
detection antibody (Ab2; 1 μg mL− 1, 1 mL) was added to the PB@PDA 
NP dispersion (4 mL) and incubated at 4 ◦C under agitation for 12 h. A 
blue precipitate was collected by centrifugation and washed three times 
with a PBS solution (pH 7.4, 0.1 M). Subsequently, the product was 
added to a bovine serum albumin (BSA) solution (5 mL, 1% in PBS 
solvent), centrifuged, and washed three times with PBS. Finally, the 
precipitate was dispersed in PBS (5 mL) at 4 ◦C for subsequent use. 

2.6. Characterization 

The PB NP and PB@PDA NP samples (1 mg mL− 1) were diluted ten- 
fold with deionized water, and their diameters were estimated by dy
namic light scattering (DLS; Nano ZS particle size analyzer; Malvern, 
UK). 

For field-emission scanning electron microscopy (SEM; Zeiss, Ger
many), sample analysis was conducted by fixing BiOI powder to the 
spike-shaped sample stage of the SEM device using conductive glue. 

For transmission electron microscopy (TEM; JEM-2100; JEOL, 
Japan), a drop of the NP dispersion (8 μL) was added to a copper grid 
coated with a continuous layer of carbon using a pipette, and the dried 
copper mesh was subsequently imaged. 

X-ray diffraction (XRD) patterns of the BiOI and PB powders were 
obtained using a Bruker device (Germany). 

Absorption spectra were obtained using a TU-1901 UV–vis spectro
photometer (Puxi Instrument, Beijing). 

2.7. Preparation of PEC biosensor 

The construction of the identification platform of the PEC sensor is 
described henceforth (Scheme 1B). First, a capture antibody (Ab1; 100 
μL) was added to a 96-well plate, incubated at 4 ◦C for 12 h, and washed 
three times with PBS (0.1 M, pH 7.4). A BSA solution (1%, 100 μL) was 
subsequently added, and the system was incubated at 37 ◦C for 1 h and 
washed three times with PBS. Then, the CEA antigen was added at 
different concentrations in a manner similar to that for the BSA solution. 
Finally, the PB@PDA–Ab2 dispersion was added, and the previous 
experimental step was repeated. 

To construct the detection platform of the PEC sensor, a BiOI 
dispersion (4 mg mL− 1) was first prepared by dissolving the BiOI mi
crospheres (4 mg) in deionized water (1 mL). The BiOI dispersion 
droplets (10 μL) were placed on a treated indium-tin-oxide (ITO) 
working electrode and dried, yielding a BiOI photocathode electrode. A 
NaOH solution (100 μL, 0.1 M) was added to the treated 96-well plate to 
decompose the PB@PDA NPs on the microplate using ELISA to generate 
ferricyanide. The decomposed solution in the microplate was subse
quently added to a Tris-HCl buffer solution (4900 μL, pH = 6.5, 0.01 M), 
and the resulting solution was subjected to photoelectrochemical 
detection using the BiOI photocathode. 

2.8. Preparation of the real samples 

For real sample analysis, blood (from Shandong Provincial Hospital 
Affiliated to Shandong First Medical University) was run at 3000 r/min 
for 10 min. The serum from the upper layer was diluted twice for spiking 
experiments. Sample A was taken from patients with gastric cancer, and 
sample B was taken from patients with rectal cancer after surgical 
treatment. First, the content of CEA in serum was determined. Then, the 
serum samples were added with different concentrations of standard 
CEA for determination. 

2.9. Photocurrent detection 

A traditional three-electrode system consisting of a saturated calomel 
electrode, platinum wire, and the constructed PEC biosensor as the 
reference, counter, and working electrodes, respectively, was used for 
detection, with a Tris-HCl buffer solution (0.01 M, pH 6.5) as the elec
trolyte. The PEC tests were performed at 25 ◦C using a Zahner photo
electrochemical test system (Zennium-PP 211, Germany) with the bias 
voltage set to 0 V, a full-wavelength light source, and excitation light 
power of 1000 W m− 2. 

3. Results and discussion 

3.1. Characterization of BiOI microspheres 

BiOI has a typical layered structure with superimposed [Bi2O2]2+

layers and iodide ions and a conventional 2D nanosheet morphology. 
However, an appropriate solvent can induce self-assembly of the nano
sheets, transforming BiOI from 2D layered nanosheets to 3D mesoporous 
microflowers, which significantly increases the specific surface area 
[16]. BiOI was synthesized using a hydrothermal method with EG as the 
solvent. SEM analysis (Fig. 1A) indicated that the prepared BiOI was in 
the form of ~1-μm-sized flower-like microspheres comprising closely 
arranged sheet-like 2D structures. Moreover, XRD peaks of BiOI were 
observed at 29.7◦, 31.7◦, 45.5◦, 51.5◦, and 55.3◦ (Fig. 2B), which cor
responded to the standard card of tetragonal BiOI [JCPDS No. 70–2062; 
(012), (110), (013), (112), (020) (014) (021), and (122), respectively]. 
These results confirmed the successful preparation of flower-like BiOI 
microspheres. 
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3.2. Characterization of PB and PB@PDA NPs 

Cubic PB NPs were synthesized under acidic conditions using PVP as 
the stabilizer and reducing agent, and potassium ferricyanide as the sole 
iron source. The morphologies of the PB and PB@PDA NPs were 
examined by TEM and DLS, which revealed ~200-nm-sized cubes of PB 
[Fig. 2A, B]. In biosensing, the negatively charged PB NP surface can 
directly bind to antibodies; however, the complex spatial structures of 
the antibodies of certain biological macromolecules can hinder this 
binding. Therefore, a PDA film was introduced to facilitate the binding 
between the PB NPs and antibodies. PDAs inspired by mussel adhesion 
proteins can adhere to most substrate surfaces and form homogeneous 
films [24]. Additionally, PDA can undergo Michael addition and/or 
Schiff base reactions with amine-containing molecules, enabling strong 
binding with antibodies through chemical bonds. TEM analysis of the 
PB@PDA NPs [Fig. 2C, D] suggested that the PB NP surface was 
enveloped by a thin film, that is, PDA. DLS spectra of the pristine and 
PDA-coated PB NPs reflected the changes in diameter of the NPs 
[Fig. 2E, F]. Moreover, changes in the UV–vis region in the UV–vis ab
sorption spectra (Fig. 2H) further corroborated the coating of the PDA 
film on the PB NP surface. Powder XRD analysis (Fig. 2G) revealed the 
crystal structure of the PB NPs. The diffraction peaks of the PB NPs at 
17.5◦, 24.8◦, 35.5◦, 39.8◦, 43.7◦, 50.9◦, 54.3◦, and 57.5◦ corresponded to 
the (200), (220), (400), (420), (422), (440), (600), and (620) crystal 
planes in the standard card of PB (JCPDS No.73-0687). 

3.3. Photochemical tests and signal generation mechanism of BiOI/ITO 
electrode 

As a narrow-bandgap p-type semiconductor, BiOI has attracted 
extensive attention owing to its strong absorption in the visible-light 
region and decent chemical stability. In this study, the [Fe(CN)6]3− / 
[Fe(CN)6]4− electron pair was used instead of O2/O2

− to improve the 
photocurrent response of the BiOI electrode. The addition of potassium 
ferricyanide significantly improved the photocurrent response of the 
BiOI electrode (Fig. 3A), and the photocurrent signal generated by the 
PB NPs after NaOH addition was significantly higher than that of the 
pristine PB NPs (Fig. 3B). This indicates that the [Fe(CN)6]3− generated 
via the decomposition of the PB NPs enhanced the photocurrent 
response of the BiOI electrodes. Additionally, the photocurrent signal of 
the BiOI electrode increased further after the PDA coating, because the 
PDA film is a redox composite film and the quinoid structure in the 
dissociated PDA molecule can be reduced to an electron-containing 
phenolic structure. Therefore, as shown in the electron-transfer mech
anism (Fig. 3C), both [Fe(CN)6]3− and PDA acted as electron acceptors 
to capture electrons, enhancing the photocurrent response of BiOI [38]. 
The differences in the photocurrent signals of the BiOI electrode in 
different electrolytes (Fig. 3B) indicate that the ferricyanide generated 
via the decomposition of the PB@PDA NPs under alkaline conditions 
and the PDA redox composite film exhibited a synergistic enhancement 

effect, which significantly improved the photocurrent signal of the BiOI 
electrode. UV–vis absorption spectroscopy was performed to explore the 
possible effects of the PDA film coating on the decomposition of the PB 
NPs (Fig. 3D). Upon the addition of NaOH, the characteristic peak of 
PB@PDA NPs at 750 nm disappeared, indicating that the addition of 
PDA did not affect the decomposition of the PB NPs, which was also 
corroborated by a color change (inset of Fig. 3D). 

3.4. Selection of conditions for the PEC biosensor 

The pH of NaOH, which was used as an alkali source to decompose 
the PB NPs, was varied to determine an optimal value for complete 
decomposition of the PB NPs. The pH was found to considerably influ
ence the generation and amplification of the signal. The absorption peak 
of PB at 750 nm gradually decreased with increasing pH of NaOH, with 
the peak disappearing completely at a pH of 13. Therefore, an NaOH 
solution with a pH of 13 was used for the decomposition. The thickness 
of the PDA film is another important factor that affects the generation of 
electron donors via PB NP decomposition. The NaOH solution was added 
to the PB@PDA NP dispersions corresponding to different PDA-film- 
coating durations to investigate the decomposition, along with a Tris- 
HCl buffer solution, and the mixed solution was used as the electro
lyte. The BiOI electrode exhibited an optimal signal in the electrolyte 
corresponding to a PDA wrapping duration of 2 h; therefore, a reaction 
time of 2 h was adopted. The acidity and alkalinity of electrolytes 
significantly influence the signal generated by an electrode. Therefore, 
the pH of the Tris-HCl buffer added during the PEC tests was varied 
(Fig. 4C), which revealed that the solution with a pH of 6.5 exhibited an 
optimal signal. UV–vis absorption tests of the electrolytes (Fig. 4D) 
corresponding to Fig. 4C data suggested that the change in pH of the 
Tris-HCl buffer did not affect the stability of the electrolyte solution but 
influenced the photocurrent response of the BiOI electrode. 

3.5. Response of PEC sensor to CEA 

Under the optimized experimental conditions, different CEA con
centrations were detected using the PEC sensor. As the CEA concentra
tion increased, a greater number of PB@PDA NPs were bound in the 96- 
well plate and the photocurrent signal gradually increased (Fig. 5). The 
logarithm of CEA concentration in the range of 0.001–100 ng mL− 1 was 
linearly related to the photocurrent of the BiOI electrode. The detection 
range of the PEC sensor for CEA was 0.001–100 ng mL− 1 and the 
detection limit was 54.9 fg mL− 1 (S/N = 3). The regression equation of 
the calibration curve was I1 = − 0.252⋅lgc − 1.96, and the correlation 
coefficient was 0.996. 

3.6. Stability and anti-interference tests of the PEC biosensor 

The stability of the photocurrent response of the prepared immu
nosensor was subsequently investigated (Fig. 6A). At a CEA 

Fig. 1. (A) SEM image and (B) XRD pattern of flower-shaped BiOI microspheres.  
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concentration of 0.1 ng mL− 1, the photocurrent response was investi
gated for 15 cycles with an on–off irradiation time of 300 s. The signals 
corresponding to the pure interfering proteins were equivalent to the 
blank signal [Fig. 6B(c–e)]. Moreover, the signals corresponding to the 
CEA-added specimens did not change significantly compared to that of 
pure CEA, indicating that the constructed sensor exhibited decent 
selectivity and specificity for CEA. Additionally, the detection limit of 
the CEA assay was superior to those previously reported (Table 1), 
highlighting the high sensitivity of the constructed sensor. 

3.7. Real-sample analysis 

To analyze the applicability of the constructed PEC biosensor in 
practical analysis, the recoveries of different concentrations of CEA in 
different serum samples were tested. As shown in Table 2, the recovery 
of different concentrations of CEA in sample A ranged from 95.0 to 
100.0%, and the RSD range was from 1.5 to 2.3; the recovery of different 
concentrations of CEA in sample B ranged from 100.0 to 105.0%, and 
the RSD range was from 1.1 to 1.3. The above data showed that the 
sensor had good accuracy and practicability. 

Fig. 2. TEM images of the (A, B) PB and (C, D) PB@PDA NPs; DLS spectra of the (E) PB and (F) PB@PDA NPs; (G) XRD pattern of the PB NPs; (H) UV–vis absorption 
spectra of the (a) PB and (b) PB@PDA NPs. 
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4. Conclusions 

A novel sandwich-type cathodic photoelectrochemical immuno
sensor was designed using the p-type semiconductor BiOI as the pho
toelectrode and PB@PDA NPs as the secondary antibody marker for CEA 
detection. PDA film coating enabled the PB NPs to readily capture the 
CEA antibody, whereas both PDA and PB contribute to the enhancement 
of cathodic PEC responses and good analytical performances were 
achieved. The separated construction strategy also enables the sensor to 
have a lower detection limit. The constructed sensor showed good per
formance for the detection of CEA with a detection range of 0.001–100 

ng mL− 1 and a detection limit of 54.9 fg mL− 1, and showed excellent 
detection performance in actual sample detection. This strategy of 
controlling the release of electron donors/acceptors by relying on labels 
has broad application prospects for the design and preparation of PEC 
biosensors. 
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