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A B S T R A C T

Developing highly sensitive and accurate analytical methods to detect tumor markers can increase the likelihood 
of successful cure and enhance the quality of life for cancer patients. Photoelectrochemical (PEC) aptasensors 
have emerged as ideal analytical tools for the early diagnosis of diseases due to their advantages, including low 
background signal, ease of operation, low cost, and high sensitivity. In PEC biosensing photoactive materials on 
electrodes play a central role in converting the optical signal into electrical signal, and greatly affect the 
analytical sensitivity. Therefore, selecting an appropriate photoactive material is crucial for constructing PEC 
aptasensors, but it still remains considerable challenges. This review comprehensively outlines the latest ad
vances in photoactive materials for constructing PEC aptasensors, emphasizes the design strategies of photo
active materials for significantly improving PEC aptasensing performance through rational engineering optical, 
electronic, and surface properties. The sensing modes of PEC aptasensors for tumor marker detection and the 
associated signal amplification strategies are classified. The latest research progress of machine learning-assisted 
PEC aptasensors in detecting tumor markers is also introduced. Finally, the current challenges in PEC aptasensing 
and future development directions are proposed.

1. Introduction

Since Edmond Becquerel's groundbreaking discovery of the photo
electric effect in 1839 [1,2], photoelectrochemistry (PEC) has been 
widely applied in numerous fields such as photovoltaics, photocatalysis, 
and PEC sensing [3–5]. The PEC process involves the conversion of 
photo-energy into electrical energy and the mutual conversion between 
electrical energy and chemical energy through charge separation and 

transfer of photoactive materials that absorb photons under light illu
mination [6,7]. PEC biosensing is an emerging technology that combines 
the principles of the photoelectric effect with electrochemical analysis 
[8–10]. It utilizes light as the excitation source, where a series of charge 
transfer processes occur among the analyte, photoactive materials, and 
electrodes, ultimately generating photocurrent signals to be detected by 
electrochemical instruments [11–13]. The separation between the 
excitation source and detection signal provides PEC sensing with high 
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sensitivity and low background noise. Additionally, by using electro
chemical instruments to output signals, PEC sensing technology inherits 
significant advantages of traditional electrochemical detection methods, 
such as low cost, simple operation, fast response, and easy miniaturi
zation [14–16]. With the continuous improvement of living standards, 
issues such as early cancer diagnosis, food safety, and environmental 
monitoring have received increasing attention. Owing to the important 
characteristics such as high affinity for target molecules, high speci
ficity, high sensitivity, and secondary structural changes upon target 
binding, aptamers as commonly used recognition elements in PEC bio
sensing have made PEC aptasensors as a promising approach for tumor 
biomarker detection [17–20].

The detection signal of PEC aptasensors mainly originates from the 
photoelectric conversion process of photoactive materials [21,22]. 
Therefore, the rational design of photoactive materials and the regula
tion of charge separation and transfer within photoelectrodes are 
important steps in achieving high-performance PEC aptasensing 
[23,24]. Thanks to advances in materials science and nanotechnology, 
numerous photoactive materials have been developed for PEC apta
sensing [25–28]. However, most single photoactive materials are 
limited by their light absorption efficiency and charge separation ki
netics, resulting in poor PEC performance [29,30]. Consequently, it is 
essential to develop photoactive materials with suitable bandgap 
structures, high conductivity for quick charge transfer, and rapid ki
netics for surface reactions. In recent years, various strategies have been 
employed to enhance the photoelectric conversion efficiency of PEC 
aptasensors, thereby improving their detection sensitivity [31–34].

Although several reviews on PEC biosensors have been published 
[35–39], few have focused on improving the sensing performance of 
PEC aptasensors by regulating the photoelectric conversion efficiency of 
photoactive materials. This review primarily highlights the latest 
research progress in regulating photoactive materials to improve PEC 
biosensing performance, with particular emphasis on the principles and 
strategies for enhancing their photoelectric performance (Fig. 1). Firstly, 
the development of photoactive materials, including inorganic and 
organic semiconductor materials, was comprehensively introduced 
based on the basic principles of PEC aptasensors. And several strategies 

to improving PEC performance and enhancing sensing sensitivity were 
discussed, including doping and defect engineering, morphology con
trol, and heterostructure construction. Subsequently, recent advances in 
regulating PEC aptasensing modes and associated signal amplification 
strategies are summarized. The sensing modes are mainly categorized 
into signal-off mode, signal-on mode, photocurrent polarity-switching 
mode, and ratiometric mode. Furthermore, the research progress of 
machine learning-assisted PEC aptasensors in detecting tumor markers 
was discussed. Finally, the challenges and future prospects for 
improving PEC performance are outlined, offering valuable insights for 
researchers and practitioners dedicated to advancing the next genera
tion of PEC sensing technologies.

2. Principles of PEC sensing system

The commonly accepted PEC mechanisms involve three steps 
(Fig. 2): (i) photon absorption when photoactive materials are irradiated 
with light energy exceeding their band gap energy, which leads to the 
transition of electrons in the ground state from the valence band (VB) to 
the conduction band (CB) to generate electron-hole pairs; (ii) separation 
and transport of electron-hole pairs to the surface of photoactive ma
terials, in which the photogenerated charge carriers may recombine to 
lose the energy as light or heat; and (iii) surface catalytic reactions, 
which generates electrical signals at the solid-liquid interface [5]. The 
cumulative effect of these processes determines the photoelectric con
version efficiency and the output signal intensity of the photoactive 
materials. The presence of the target analyte can directly or indirectly 
alter the environment of the photoactive material or electrolyte, causing 
the changes in electrical signal. Therefore, the detection signal can be 
modulated through various manners, providing effective approaches for 
the detection of different target analytes.

3. Photoactive materials

Photoactive materials, as a crucial component of PEC aptasensors, 
directly influence the analytical performance [40]. Generally, photo
active materials can be roughly divided into two categories based on 
composition: inorganic semiconductor materials and organic semi
conductor materials. Specifically, inorganic semiconductor materials 
are further divided into three categories: quantum dots (QDs), metal 
oxides, carbon nanomaterials and noble metal nanoparticles. Organic 
semiconductor materials are further divided into three categories: dyes, 
metal-organic frameworks (MOFs), and covalent organic frameworks 
(COFs).

3.1. Inorganic PEC photoactive materials

3.1.1. Quantum dots
Since Bruce and colleagues first discovered colloidal semiconductor 

nanocrystals or QDs in 1983 [41,42], QDs have attracted extensive 
experimental and fundamental research due to their advantages, such as 
tunable band gaps and sizes, adjustable photoluminescence properties, 
broad excitation and absorption ranges, and robust photostability [43]. 
In 1998, Alivisatos and Nie combined QDs with specific biomolecules, 
opening up limitless possibilities for novel bioanalytical applications 
[44,45]. In 2001, Willner's group pioneered the application of quantum 
dot-biomolecule nanocomposites in photoelectrochemical analysis [46], 
ushering in a new era of fundamental research on PEC behavior of QDs 
and advancing the practical use of various QDs in PEC aptasensors. To 
date, various QDs, especially II-VI QDs such as CdS, CdSe, HgS, ZnS, and 
ZnSe, etc. [47–49], have been developed as photoactive materials. For 
example, Wei et al. designed a PEC aptasensor based on Br,N-codoped 
TiO2 sensitized with CdS QDs for the sensitive detection of carcinoem
bryonic antigen (CEA, a broad-spectrum tumor biomarker) [50]. The 
constructed Br,N-codoped TiO2/CdS QDs sensitization structure, 
featuring a narrow energy level gradient, exhibited excellent PEC 

Fig. 1. Classification of photoactive materials, modification strategies, and 
sensing modes in PEC aptasensors, as well as their applications in tumor 
markers detection.

S. Zhang et al.                                                                                                                                                                                                                                   Journal of Electroanalytical Chemistry 1015 (2026) 120171 

2 



Fig. 2. (A) Diagram of the general PEC sensing system and (B) the electron-hole generation and transfer as well as possible recombination pathways. Reprinted with 
permission Copyright 2020 American Chemical Society [5].

Fig. 3. (A) Mechanism of electron transfer for Br,N-codoped TiO2 sensitized by CdS QDs. (B) Schematic diagram of polarity-switching-mode PEC aptasensing by 
intercalation of MB into CdTe QDs-dsDNA-Fe3O4@SiO2 composites for the detection of CEA. (C) Schematic diagram of the preparation of ZnIn2S4@Zn-TCPP process. 
(D) Schematic diagram of the PEC process of dpMOF with IRET mechanism in the presence of dopamine and dissolved O2. (E) Schematic diagram of the proposed PEC 
biosensor for CEA determination. (F) Schematic diagram of the preparation of AuNPs@WO3@TpPa-1-COF process. Reprinted with permission Copyright 2019, 2021, 
and 2025 American Chemical Society [50,103,114], Copyright 2023 and 2021 Elsevier [113,115] and Copyright 2024 Springer Nature [121].
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properties (Fig. 3A). With the continuous development of nano
materials, some heavy metal-free QDs, core-shell structured QDs, 
ternary, or even multicomponent QDs have been studied to evaluate 
their potential as photoactive materials, such as black phosphorus QDs 
[51], SnSe QDs [52], MoS2 QDs [53], Ag2Se QDs [54], ZnCuInSe QDs 
[55], Cs3Bi2Br9 QDs [56], AgInS2/ZnS QDs [57], and AgInSe2 QDs [58]. 
Therefore, QDs can effectively broaden the light absorption range and 
accelerate charge separation and transfer by sensitizing the photo
electrode, thereby improving their PEC response.

3.1.2. Metal oxides
Metal oxides exhibit semiconductor properties, and possess a wide 

range of applications due to their strong light-absorption capabilities, 
low toxicity, high chemical stability, and excellent photocatalytic ac
tivity [4,59,60]. Since Akira Fujishima and Honda first demonstrated 
the use of TiO2 electrodes for photocatalytic water splitting under ul
traviolet light irradiation in 1972 [61], TiO2 has been rapidly applied in 
various fields, including photocatalysis, sensors, solar cells and drug 
delivery. In 2006, Li et al. reported the first label-free PEC strategy using 
TiO2 for detecting hairpin DNA hybridization [62]. Subsequently, 
numerous PEC aptasensors based on metal oxides have emerged 
[63,64]. For example, Wei et al. utilized a TiO2/poly (5-formylindole) 
(P5FIn) heterojunction as a photoactive material to construct a PEC 
sensor for detecting glutathione (GSH) and 17β-Estradiol (E2) (GSH and 
E2, a common biomarker of ovarian cancer) detection using a cascade 
signal amplification strategy [65]. TiO2 and P5FIn exhibit excellent 
energy level matching, which promotes charge separation and transfer 
and provides strong and stable photocurrent signals for PEC analysis. In 
addition, metal oxides are generally classified into two types: n-type and 
p-type semiconductors. When the stoichiometric ratio is biased toward 
oxygen deficiency, the metal oxide materials exhibit n-type behavior, 
such as TiO2, Ta2O5, ZnO, WO3, SnO2, Fe2O3, and In2O3 [66–69]. 
Conversely, when the stoichiometric ratio shifts toward oxygen richness, 
the metal oxides behave as a p-type semiconductor, such as NiO, CuO, 
Cu2O, Co3O4, Bi2O3, and MoO3 [32,70,71]. In recent years, photo
cathode biosensors based on p-type semiconductors have attracted 
widespread attention due to their excellent anti-interference properties 
and high stability. For instance, Li et al. employed an iridium complex- 
sensitized NiO photocathode for cathodic PEC detection of miRNA-122 
(a key biomarker for early liver cancer diagnosis) [72]. Yang et al. 
synthesized an atom-shared plasmonic Bi-Bi2O3 hetero-nanostructure 
enriched with oxygen vacancies for high-performance photocathodic 
analysis, achieving sensitive detection of miRNA-221 aberrantly 
expressed in hepatocellular carcinoma [73]. This research highlighted 
the importance of fabricating high-performance photocathodes in PEC 
biosensing and encouraged further exploration of multifunctional ma
terials for broader applications.

3.1.3. Carbon nanomaterials
Carbon is one of the most abundant elements in both inorganic and 

organic materials. In recent years, carbon nanomaterials have attracted 
increasing attention in PEC biosensing due to their inherent advantages, 
including excellent photostability, fast electron mobility, high biocom
patibility, and a large specific surface area [74–76]. The combination of 
carbon nanomaterials with inorganic and organic semiconductor ma
terials has been proven to significantly improve PEC performance, 
making them highly valuable for developing high-sensitivity and effi
cient PEC aptasensors. Carbon nanomaterials are mainly divided into 
carbon dots (CDs), graphene, and carbon nitrides (g-C3N4). CDs are 
nanoparticles (NPs) ranging from 1 to 10 nm in size, exhibiting unique 
optical and electronic properties [77–80]. Wang et al. reported that CDs 
as photosensitizers enhanced the photocurrent of dumbbell-shaped gold 
nanorods/terminal TiO2 NPs. This enhancement was attributed to the 
strong visible light absorption of CDs, which broadened the TiO2 ab
sorption spectrum and amplified the photocurrent signal [81]. Gra
phene, a metal-free semiconductor, consists of a honeycomb lattice 

formed by layers of carbon atoms [82]. Since its successful preparation 
in 2004 [83,84], graphene and its derivatives have shown great poten
tial in biosensing due to their large specific surface area, unique elec
tronic properties, and ease of surface modification. For example, Zou 
et al. designed a signal on-off type PEC biosensor for the sensitive 
detection of CEA [85]. This sensor employed SnS2 nanosheets on 
reduced graphene oxide (GR) as the photoactive material, and Au NPs 
coated on GR functionalized CuS to achieve signal amplification. The 
effective enhancement of charge transfer on the electrode by GR pro
moted the separation of electron-hole pairs, resulting in an enhanced 
photocurrent response and excellent analytical performance of the PEC 
detection platform. In recent years, g-C3N4 has attracted significant 
attention in PEC biosensing due to its facile preparation, environmental 
friendliness, excellent light-harvesting ability, and tunable energy bands 
[86,87]. For example, Zheng et al. developed a promising enhanced PEC 
biosensor for the quantitative determination of 5-methylcytosine (5-mC) 
(a robust diagnostic, prognostic, and predictive biomarker of cancer) 
based on a co-sensitization strategy and coupled with a bridged DNA 
nanoprobe as a capture probe [88]. The perfect match of energy level 
arrangement between TiO2 and g-C3N4, combined with the unique op
tical properties of Au NPs, generated a strong photocurrent, significantly 
improving the detection performance of the PEC aptasensor. Bi et al. 
constructed a near-infrared light-driven PEC biosensor based on N- 
deficient B-doped g-C3N4/CdS (NB-g-C3N4/CdS) assisted by the CRISPR- 
Cas12a system for the detection of miRNA-21 highly expressed in most 
malignant tumors [89].

3.1.4. Noble metal nanoparticles
In recent years, noble metal nanoparticles have been extensively 

utilized as key components to enhance the sensing performance of PEC 
aptasensors [90,91] due to their advantages, including non-toxicity, 
excellent chemical stability, superior conductivity, outstanding optical 
transduction properties, and high specific surface area [92]. Au, Ag, Pd 
and Pt nanoparticles are the most popularly used noble metal nano
particles. They are commonly used to modify various semiconductors 
due to their local surface plasmon resonance (LSPR) effect, which 
broadens the light absorption range. Additionally, noble metal nano
materials can act as electron traps for facilitating the separation of 
electrons and holes, reducing charge recombination rates, and promot
ing rapid charge transfer kinetics, which greatly improve PEC perfor
mance [93]. For example, Wang et al. designed Nd-MOF nanorods as 
photoactive elements to construct a PEC platform [94]. In the presence 
of target vascular endothelial growth factor 165 (VEGF165, a biomarker 
of breast cancer, lung cancer, and lymphoma), AuNPs are introduced 
onto electrode surface to accelerate the charge separation of Nd-MOF 
nanorods due to the excellent conductivity and local surface plasmon 
resonance effect of AuNPs. Similarly, Qu et al. synthesized Er-MOF/ 
AuNPs nanocomposites by integrating AuNPs on the surface of Er- 
MOF nanocubes [95]. AuNPs not only enhance photoelectric conver
sion efficiency but also provide active sites for immobilizing thiol- 
functionalized aptamers. Li et al. used noble metal nanoparticle 
labeled signal aptamers to develop a dual-wavelength responsive 
sandwich-type PEC aptasensor for simultaneous detection of CEA and 
carbohydrate antigen 153 tumor markers based on the size effect, 
plasmon resonance, and the response of the noble metal nanoparticle 
enhanced system to different excitation wavelengths [96].

3.2. Organic PEC photoactive materials

3.2.1. Dyes
Organic dyes are widely used in solar cells and PEC biosensing due to 

their high efficiency, ease of modification, tunable electron transfer 
processes, and low cost. Therefore, dye sensitization is considered as an 
effective method to improve photoelectric conversion efficiency in PEC 
systems [97,98]. Common dyes include methylene blue (MB), [Ru 
(bpy)3]2+, rhodamine B, zinc phthalocyanine, etc. [99–101]. For 
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example, Fu et al. reported a simple PEC biosensor based on an inte
grated cosensitization strategy and p-n heterojunction quenching for 
detecting miRNA-21 [102]. Due to the cosensitization effect of Bi2S3 and 
toluidine blue O dye (TBO), the photocurrent of TBO@Bi2S3-ZnS 
increased by 136 times compared to ZnS alone, demonstrating the su
perior visible light absorption and photoelectric conversion efficiency of 
TBO@Bi2S3-ZnS. Moreover, dyes can also serve as signal probes in PEC 
biosensing. For instance, a polarity-switching-mode PEC aptasensor for 
CEA was constructed by embedding MB in amplified double-stranded 
DNA connected to superparamagnetic Fe3O4@SiO2 composites 
(Fig. 3B) [103].

3.2.2. Metal-organic frameworks
MOFs are a class of porous crystalline materials formed by the co

ordination of organic ligands with metal ions or clusters [104,105]. The 
concept of MOFs was first proposed by Yaghi et al. in 1995 [106]. MOFs 
exhibit several unique characteristics, including high specific surface 
area, tunable pore size, chemical stability, and reliable host guest in
teractions. These properties enable their potential applications in 
various fields such as gas adsorption and separation, drug delivery, 
catalysis, biomedical imaging, and sensing [107–109]. Furthermore, the 
diversity of metal centers and organic ligands, along with adjustable 
synthesis parameters, provides great flexibility for synthesizing MOFs 
with different pore sizes, structures, crystallinity, and chemical and 
physical properties. Importantly, MOFs can be fabricated into robust 
solid systems for immobilizing oligonucleotides via adsorption, van der 
Waals interactions, or covalent binding [110]. In 2012, Hou et al. re
ported a PEC sensor based on MOF thin films [111], advancing the 
development of MOFs in PEC sensing. Ju et al. designed an in situ release 
strategy for ascorbic acid (AA, an electron donor) on photoelectrodes to 
achieve polarity reversal of photocurrent in zirconium metal-organic 
frameworks (ZrMOF), enabling highly sensitive PEC detection of 
VEGF165 [112]. The porous structure of ZrMOF facilitates the diffusion 
of electron donors and increases reaction sites, thereby enhancing the 
electron transfer in PEC. Based on the ZnIn2S4@Zn-TCPP (TCPP: meso- 
tetra (4-carboxyphenyl) porphyrin) heterojunction, Du et al. developed 
a near-infrared light-assisted dual-modal PEC and photo-fuel-cell-driven 
self-powered biosensor for sensitive detection of miRNA-21 (Fig. 3C) 
[113]. Zn-TCPP, composed of well-isolated and evenly distributed 
Zn–O clusters, possesses numerous active sites and ultrathin nanosheet- 
like structures, exhibiting excellent PEC performance. Recently, to 
address the issues of narrow wavelength absorption and low photon 
utilization, our group designed and synthesized a dual-photosensitized 
MOF (dpMOF) that achieves intrareticular energy transfer (IRET) and 
multiple wavelength light absorption to enhance PEC performance 
(Fig. 3D) [114]. Specifically, the dpMOF employed the [Cd2(COO)4] 
paddlewheel unit as the metal node, with meso-tetra(4-carboxyphenyl) 
porphine (BDP) and pyridine-functionalized boron dipyrromethene 
(Por) ligands serving as the energy acceptor and donor, respectively. 
Experimental results and theoretical calculations demonstrated that the 
IRET process from BDP to Por ligands within the MOF skeleton improved 
photon utilization and charge separation, resulting in an IRET efficiency 
of up to 88.3% at 545 nm and a 2.6–6.5-fold increase in photocurrent. In 
addition, MOFs can function as carriers for encapsulating and trans
porting guest molecules. For example, Li et al. developed an 
immobilization-free PEC biosensor based on nucleic acid-functionalized 
MOFs combined with a T7 exonuclease-assisted recycling process for 
ultrasensitive detection of CEA (Fig. 3E) [115]. In this system, MOFs 
efficiently encapsulated electron donors, while double-stranded DNA 
(dsDNA) acted as a molecular gate structure for the pores. Upon the 
presence of CEA, dsDNA recognition targets triggered conformational 
changes and T7 exonuclease-aided recycling amplification, opening the 
MOF pores and releasing a large number of electron donors, which 
significantly enhanced the photocurrent. Compared to traditional PEC 
biosensors that require probes to be immobilized on the photoelectrode, 
this biosensor avoided steric hindrance effects and improved recognition 

and digestion efficiency. Furthermore, Zhou et al. demonstrated meth
ylene violet encapsulated zeolite imidazolate frame-90 and stimuli- 
responsive decapsulation to achieve dual-mode PEC and fluorescence 
bioanalysis for detecting adenosine triphosphate (ATP, which may 
induce cancer and cardiovascular diseases), with limits of detection 
(LOD) of 3.2 pM and 4.1 pM, respectively [116].

3.2.3. Covalent organic frameworks
In 2005, Yaghi, a pioneer in the development of MOFs, and his col

leagues discovered a crystalline organic porous material named covalent 
organic frameworks [117]. COFs are formed by linking light elements (e. 
g., C, N, H, O, B, and Si) through strong covalent bonds (e.g., B–O, C–N, 
C––N, and C=C–N). It has unique properties, such as a periodic struc
tural arrangement, abundant functional groups, low toxicity, tunable 
porosity and chemical structure, which offer great potential for devel
oping photoactive materials for PEC aptasensors [118,119]. In 2019, 
Yang et al. applied COFs in a PEC aptasensor, demonstrating their 
considerable promise in PEC biosensing [120]. In 2024 Zheng et al. 
utilized AuNPs@WO3@TpPa-1-COF as a photoactive material and 
designed a PEC sensing approach to detect DNA methylation (serves as a 
mechanism for inactivating tumor suppressor genes and activating on
cogenes during tumor development) levels and multiple methylated 
sites [121] (Fig. 3F). More recently, Yang et al. constructed a PEC 
biosensor for detecting circSATB2 (a biomarker for early cancer diag
nosis) based on CRISPR/Cas13a-programmed Cu nanoclusters and a Z- 
scheme T-COF/Ag2S composite [122]. The COF films grown in situ on 
the photoelectrode surface can accelerate charge transfer between the 
photoelectrode and the COF interface, thereby improving the stability 
and detection accuracy of PEC aptasensors. Although many COFs have 
been applied in gas storage and photocatalysis, research on PEC apta
sensors based on COFs remains in its infancy, motivating further 
development of COFs with both excellent photoactivity and high 
stability.

4. Modification strategies of photoactive materials

As the core component of PEC sensing, the photoelectric conversion 
efficiency of photoactive materials is closely related to the generation, 
migration, and redox capabilities of photogenerated charge carriers. 
Therefore, photoactive materials with high photoelectric conversion 
efficiency play a crucial role in improving the analytical performance of 
PEC biosensors. Although some single-component photoactive materials 
have been reported, they possess inherent limitations such as wide 
bandgaps, limited light absorption capacity, rapid recombination of 
photogenerated electron-hole pairs, and severe photo-corrosion. These 
drawbacks result in low photoelectric conversion efficiency, signifi
cantly impairing the analytical performance of PEC biosensing. There
fore, improving photon absorption as well as charge separation and 
transfer is essential to enhancing photoelectric conversion efficiency, 
which largely depends on the design of photoactive materials. This 
section introduces several strategies to improve the photoelectric con
version efficiency of photoactive materials in PEC aptasensors.

4.1. Morphology control

Rational regulation of the nanostructure of photoactive materials has 
emerged as a highly effective strategy for improving the performance of 
PEC aptasensors [123–125]. To date, various nanostructures have been 
synthesized and demonstrated photoelectrochemical properties, 
including one-dimensional (1D) nanotubes, nanobelts, nanowires, and 
nanorods, two-dimensional (2D) nanosheets and thin film, as well as 
three-dimensional (3D) microspheres, hollow microspheres, and nano
flowers [126–128]. In recent years, semiconductor nanocomposite 
photoactive materials based on 1D structures have been widely studied 
and applied in PEC aptasensors due to their excellent electron mobility 
at interface, high aspect ratio, and large specific surface area. For 
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example, Guo et al. utilized TiO2/Sb2S3 nanorod arrays (NRAs) as key 
components of PEC biosensors for detecting miRNA-155 (an intracel
lular oncogenic miRNA) [129]. The cascade arrangement of energy 
levels, the dominant [hk1] direction of Sb2S3 NRAs, and the suitable 
bandgap of Sb2S3 enhanced charge separation and transport, as well as 
visible light harvesting. The carrier mobility of Sb2S3 NRAs has been 
reported to be approximately 10 cm2 V− 1S− 1, demonstrating efficient 
charge transfer along the nanorods. Similarly, Wei et al. prepared a 
ternary Z-scheme TiO2-Ag-Ag2S nanoarray (Fig. 4A) to effectively 
improve the transport pathways of photogenerated carriers while pre
serving the rod-shaped morphology of TiO2, providing highly stable and 
accurate PEC performance [130]. Due to the high specific surface area, 
unique electronic and optical properties, and tunable band structure, 2D 
nanosheets have received widespread attention in PEC aptasensing 
platforms. The short diffusion pathways in 2D nanosheets accelerate 
exciton dissociation and free charge transfer. Meanwhile, the large 
surface area enables the absorption of a substantial number of photons 
in a remarkably short time, promoting the generation of more electron- 
hole pairs. Moreover, 2D nanosheets possess more active sites on their 
surface, providing significant advantages for probe attachment in PEC 
aptasensing. For example, Wang et al. synthesized BiFeO3/ultrathin 
graphite-like carbon nitride (utg-C3N4) nanosheets [131]. Under visible 
light irradiation, the photocurrent of BiFeO3/utg-C3N4 was 2.3 times 
that of BiFeO3/bulk-C3N4. The large specific surface area of utg-C3N4 

enabled the absorption of a large number of photons in a short time, and 
its ultrathin structure shortened the transport path of photogenerated 
charges, thereby improving PEC performance. In another study, Wang 
et al. successfully prepared Nd-MOF@AuNPs, where Nd-MOF nano
sheets possessed a larger specific surface area, enabling higher AuNP 
loading and providing active sites for assembling sensing elements 
(Fig. 4B) [94]. Compared to solid materials, 3D hollow nanostructures 
impart unique characteristics to PEC processes. These include multiple 
light scattering generated by the hollow nanostructures, which enhances 
light-harvesting efficiency and absorption, as well as thin shells that 
reduce the charge carrier transmission distance, thereby improving 
charge separation (Fig. 4C) [132–135]. Bi et al. constructed a multi
modal sensing platform based on 3D hollow CdS@Au nanospheres 
(HCdS@Au) for CEA detection, which combined PEC biosensors with 
colorimetric analysis and photothermal imaging [136]. The hollow CdS 
structure enhanced light absorption through scattering, resulting in 
higher photocurrents compared to solid SiO2@CdS.

4.2. Doping/defect engineering

Doping refers to the introduction of impurities (metallic or non- 
metallic), known as “dopants” into a semiconductor material. This 
process effectively regulates the material's electronic structure and band 
position, thereby improving conductivity, narrowing the band gap, and 

Fig. 4. (A) Schematic diagram of energy band diagram and charge separation path for TiO2-Ag2S and TiO2-Ag-Ag2S. (B) Schematic diagram of the preparation of Nd- 
MOF@AuNPs and the construction of PEC-EC dual-model circulating tumor DNA (ctDNA) biosensor. (C) Schematic diagram of some advantages of closed and open 
hollow structures. (D) Schematic diagram of the synthetic route of R-OVs-Bi4O5Br2. (E) The calculated total and partial density of states of pristine Bi4O5Br2 and (F) 
OVs-Bi4O5Br2. Reprinted with permission Copyright 2022 American Chemical Society [130], Copyright 2023 Elsevier [94], and Copyright 2019 and 2024 
Wiley [22,134].
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enhancing carrier dynamics, which collectively improve PEC perfor
mance [137–139]. Currently, non-metallic elements such as N, P, B, S, 
and metallic elements such as Se, Zn, and Co have been explored as 
dopants for photoactive materials [140–142]. For example, Wei et al. 
developed a PEC biosensor using cysteine-induced BiOBr (cys-BiOBr) for 
the ultrasensitive detection of miRNA-155 [143]. Their research 
demonstrated that S doping via cysteine in BiOBr results in a 6-fold in
crease in photocurrent signal compared to undoped BiOBr. This in
dicates that S doping not only narrows the bandgap to enhance light 
absorption and accelerates carrier separation but also increases the 
surface oxygen vacancy concentration, which suppresses electron-hole 
pair recombination, thereby significantly improving photoelectric con
version efficiency. Liu et al. demonstrated that yttrium doping effec
tively addresses the limitations of insufficient light absorption and rapid 
carrier recombination in ZnO, thereby enhancing its photoelectric con
version efficiency [144]. Beyond to single-element doping, co-doping 
also exhibits great potential. For example, Wei et al. prepared Co/S 
co-doped BiOBr (Co/S-BiOBr) via a simple hydrothermal method [145]. 
The PEC signal of Co/S-BiOBr was twice that of S-BiOBr or Co-BiOBr 
alone and 12 times that of undoped BiOBr, which demonstrated that 
co-doping with Co and S reduced electron-hole pairs recombination and 
improved charge separation and transfer by modulating the electronic 
structure.

Compared to doping with foreign atoms, defect engineering is an 
effective strategy for tuning the electronic structure and improving PEC 
properties by introducing intrinsic defects into photoactive materials 
[146,147]. Defects can broaden the light absorption range by altering 
the band structure and introduce electronic states within the bandgap, 
thereby improving charge separation efficiency and carrier mobility 
[27]. However, in some cases, defect formation can reduce charge sep
aration efficiency by creating recombination centers. Yin et al. prepared 
Bi4O5Br2 with abundant oxygen vacancies (denoted as R-OVs-Bi4O5Br2) 
(Fig. 4D) [22]. The introduction of oxygen vacancies (OVs) reduces the 
bandgap from 2.51 eV to 2.0 eV and extends the light absorption range 
from the original ~460 nm to ~540 nm. Theoretical calculations 

(Fig. 4E and F) indicate that the presence of OVs creates a new defect 
energy level in the bandgap of Bi4O5Br2. These vacancies act as centers 
for capturing photogenerated electrons, greatly enhancing carrier sep
aration efficiency and further improving PEC performance.

4.3. Heterojunction

In recent years, constructing heterojunctions has proven to be an 
effective method for improving the photoelectric conversion efficiency 
of photoactive materials. A heterojunction is an interface structure 
formed by aligning two or more semiconductor materials with different 
bandgap structures through band alignment. By employing appropriate 
band engineering, the light absorption range can be expanded, and the 
kinetics of charge transfer at the interface can be optimized, resulting in 
excellent performance in PEC aptasensors [148,149]. Based on the 
interfacial arrangement of the energy bands, heterojunctions can be 
classified into three types: straddling gap (type I), staggered gap (type 
II), and broken gap (type III) (Fig. 5A− 5C) [150,151]. In type I heter
ojunction, the CB of one semiconductor (SC I) is higher than that of 
another semiconductor (SC II), while VB is lower than that of SC II. This 
band alignment causes photogenerated electrons and holes to transfer 
from SC I to SC II, resulting in enhanced carrier recombination. In type 
III heterojunction, the VB of SC I is lower than the CB of SC II, which 
prevents directional transport of photogenerated carriers between SC I 
and SC II. In type II heterojunction, both the CB and VB of SC I are higher 
than the corresponding bands of SC II. Photogenerated electrons in SC II 
transfer to SC I, while photogenerated holes in SC I transfer to SC II. This 
charge transfer pathway suppresses the rapid recombination of photo
generated electron-hole pairs and promotes their spatial separation. In 
recent decades, type II heterojunctions have been extensively utilized in 
photocatalysis and PEC due to their ability to facilitate effective charge 
separation and extend the lifetime of charge carriers through the clas
sical mechanism of migration along the energy gradient and the creation 
of an internal electric field. For example, Feng et al. prepared hollow 
CdIn2S4/In2S3 heterostructure microspheres by a two-step hydrothermal 

Fig. 5. The charge transfer mechanism of (A) Type-I heterojunction, (B) Type-III heterojunction, (C) Type-II heterojunction and (D) p-n heterojunction.
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strategy [152]. The type II heterojunction formed by CdIn2S4 and In2S3 
promotes charge separation, improved photoelectric conversion effi
ciency, and enhanced photocurrent response, thereby enabling accurate 
detection of hepatocellular carcinoma cells (HepG2 cells). Currently, 
numerous studies have focused on type II heterojunctions for con
structing PEC aptasensors, including ZnO nanosheets/CdS QDs [153], 
CuInS2/red phosphorus nanosheets [154], Ag:ZnIn2S4/In2O3 [155], 
poly(diphenylbutadiene)-BiOBr [156], polyvinylpyrrolidone-treated 
In2S3/WO3 [157], WO3/g-C3N4/Cu2O-Au [158], Au@BiVO4/SnS2 
[159], MgTi2O5/CdSe [160], CuO/BiOCl [161], SnS2/MgIn2S4 [162], 
MoS2/NbS2 [163], BiOBr/Ag2S [164], Bi2S3@BiOI/Ag2S [165], b-TiO2/ 
CdS:Eu/Ti3C2 [166], Bi2O2S/Ag2S [167], BiOI/TiO2 [168]. In addition, 
p-n heterojunctions can be formed by combining p-type and n-type 
semiconductors. They typically exhibit built-in electric fields, which 
further promotes the transfer and separation of charge carriers (Fig. 5D) 
[131,169–171]. When p-type and n-type semiconductors come into 
contact, electrons from the n-type semiconductor diffuse into the p-type 
semiconductor, generating positive charges near the interface, while 
negative charges accumulate in the p-type semiconductor to balance the 
Fermi level (EF). As a result, the region near the p-n interface becomes 
charged, forming an internal electric field. Under the influence of this 
internal electric field and upon light irradiation, photogenerated elec
trons and holes in the p-type and n-type semiconductors migrate to the 
CB of the n-type semiconductor and the VB of the p-type semiconductor, 
respectively. This leads to effective separation of electron-hole pairs and 
improves photoelectrochemical conversion performance. For example, 
Song et al. synthesized high-quality MoS2 QDs-BiOI p-n heterojunction 
to construct a cathodic PEC aptasensing platform [172]. The photocur
rent of the MoS2 QDs-BiOI p-n heterojunction was nearly three times 
that of BiOI alone. Consequently, the proposed self-power cathodic PEC 
aptasensor achieved high sensitivity and accuracy in the determination 
of tumor necrosis factor-alpha (TNF-α, which is reported to relate to 
some cancers). Although type II heterojunctions effectively improve 
charge separation efficiency, the redox capability of photoexcited 

charge carriers is reduced compared to that of a single photoactive 
material. Unlike type II heterojunctions, photogenerated carriers in Z- 
scheme heterojunctions transport in a “Z” shape [173–175]. Specif
ically, under illumination, electrons in the CB of SC II can transfer to the 
holes in the VB of SC I, resulting in the accumulation of electrons in the 
more negative CB and holes in the more positive VB. Therefore, Z- 
scheme heterojunctions retain photogenerated electrons and holes with 
strong reduction and oxidation capabilities, facilitating efficient charge 
separation and enhanced redox activity. As early as 1979 [176], Bard 
proposed the ionic Z-scheme heterojunction (Fig. 6A), which required 
the use of appropriate redox pairs (e.g., Fe3+/Fe2+, IO3

− /I− , and I3− /I− ) to 
facilitate charge transfer. However, due to the environmental limitations 
of ionic Z-scheme heterojunctions, Tada et al. introduced all-solid-state 
Z-scheme heterojunctions in 2006 (Fig. 6B) [177], employing a solid 
electronic conductor instead of redox pairs. Common solid electronic 
conductors include Au, Ag, Pt, Cu, Cd, W, and graphene oxide. For 
example, Tang et al. designed a PEC biosensor based on a Z-scheme 
heterojunction of TiO2-Au-CdS QDs combined with CRISPR-Cas12a for 
detecting human papillomavirus-16 (HPV-16, the biomarker of cervical 
cancer and oropharyngeal cancer) (Fig. 6D) [178]. Wang et al. synthe
sized a ZnO/CdS heterojunction in 2009 and demonstrated that it fol
lowed the Z-scheme charge transfer mechanism when ZnO and CdS were 
in close contact [179]. In 2013, Yu et al. proposed the concept of direct 
Z-scheme heterojunction (Fig. 6C) [180]. Notably, direct Z-scheme 
heterojunctions inherited the advantages of traditional Z-scheme het
erojunctions, including improved charge separation efficiency and 
optimized redox potential, without requiring solid electron conductors. 
So far, Z-scheme heterojunctions have been widely developed in PEC 
aptasensors. For example, our group synthesized a Cu2S/CdIn2S4 direct 
Z-scheme heterojunction to achieve high PEC performance (Fig. 6E) 
[181]. Under illumination, the photocurrent of Cu2S/CdIn2S4 was 6 
times that of hollow Cu2S, attributed to the strong internal electric field 
formed at the Z-scheme heterojunction, which promoted the separation 
and transfer of photogenerated carriers. Additionally, the hollow 

Fig. 6. The charge transfer mechanism of (A) traditional Z-scheme heterojunction, (B) all-solid-state Z-scheme heterojunction (C) direct Z-scheme heterojunction. 
(D) Schematic diagram of PEC biosensor based on TiO2-Au-CdS QDs Z-scheme heterojunction for the detection of HPV-16. (E) Schematic diagram of charge transfer 
path of Cu2S/CdIn2S4 before contact, in contact, and under irradiation. Reprinted with permission Copyright 2022 American Chemical Society [178] and Copyright 
2024 Wiley [181].
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structure of Cu2S was beneficial for shortening the charge-transfer dis
tance and improving light-harvesting ability.

To gain a deeper understanding of the direct Z-scheme charge 
transfer mechanism and thermodynamically questionable, Yu et al. 
introduced the concept of S-scheme heterojunctions in 2019 [182]. The 
S-scheme heterojunction revealed a charge transfer pathway resembling 
a “step” (macroscopic perspective) or an “N” (microscopic perspective) 
type, driven by enhanced built-in electric fields and band bending 
(Fig. 7A) [183–185]. This S-scheme heterojunction facilitated efficient 
charge separation and exhibits strong redox capabilities. Li et al. 
employed a SnO2-OV/CdIn2S4 S-scheme heterojunction as a photoactive 
material to construct a PEC signal quenching sensor for the ultrasensi
tive detection of ctDNA (a biomarker of cancer) using multi-cycle strand 
displacement amplification combined with hybridization chain reaction 
(HCR) amplification (Fig. 7B) [186].

4.4. Schottky junction

The slow oxidation-reduction reaction at the photoelectrode/elec
trolyte interface can cause severe photocorrosion of semiconductors due 
to the accumulation of surface photogenerated charge carriers. There
fore, introducing efficient co-catalysts to promote interfacial redox re
actions can issue this issue. The Schottky junction formed between a 
metal and a semiconductor provides catalytically active sites, thereby 
accelerating interfacial reaction kinetics and reducing charge recombi
nation rates (Fig. 7C) [187–189]. When a metal contacts a semi
conductor, electrons in the CB of semiconductor transfer toward the 
metal to equilibrate the EF, thereby forming an electron depletion layer 
on the surface of the positive semiconductor and an electron accumu
lation layer in the negative metal region [4]. Therefore, the Schottky 
junction is beneficial for suppressing charge carrier recombination. Yan 

et al. constructed a biosensing platform with dual signal modes of 
colorimetry and PEC through a Zn0.5Cd0.5S/Ti3C2 (ZCS/TC) Schottky 
heterojunction [190], which was applied to monitor miRNA-21 
(Fig. 7D). Density functional theory calculations demonstrated the for
mation of an intimate Schottky heterojunction between ZCS and TC, 
which facilitated charge separation and transfer, providing a satisfactory 
initial signal for subsequent implementation of PEC biosensors. 
Furthermore, LSPR of noble metal nanostructures (such as Ag and Au) 
generates high-energy hot electrons, promotes charge transfer in semi
conductors, and enhances visible light absorption [191,192]. Fu et al. 
reported a CdS-NiS/Au composite material with high photoelectric 
conversion efficiency, exhibiting a photocurrent is 68 times higher than 
that of CdS alone, mainly due to the synergistic effect of the p-n heter
ojunction, Schottky junction, and the excellent optical properties of Au 
NPs [193]. By using Ag nanoclusters as effective quenchers combined 
with a duplex-specific nuclease (DSN) enzyme-assisted rolling circle 
amplification strategy, ultrasensitive detection of miRNA 21 with a LOD 
as low as 4.6 aM was achieved.

5. Sensing modes of PEC aptasensors

Tumor markers are substances associated with or produced by tu
mors and can be used for the early diagnosis of malignant tumors 
[38,194]. They provide a valuable and dynamic approach to under
standing the full picture of cancer, and play an indispensable role in 
screening, diagnosis, and prognosis. Due to the superior affinity and 
specificity of aptamers for tumor markers, PEC aptasensors have shown 
great potential in tumor marker detection [195,196]. Based on the 
relationship between signal response and different target analyte con
centrations, PEC aptasensors can be roughly divided into four modes: 
signal-off mode, signal-on mode, photocurrent polarity- switching 

Fig. 7. The charge transfer mechanism of (A) S-scheme heterojunction. (B) Schematic diagram of charge transfer path of SnO2-OV/CdIn2S4 before contact, after 
contact, and under irradiation. (C) The charge transfer mechanism of Schottky junction. (D) Differential charge density and possible mechanism of ZCS/TC. The 
depicted yellow and blue regions correspond to the accumulation and depletion of electrons, respectively. The yellow, gray, purple, blue, and brown spheres indicate 
S, Zn, Cd, Ti, and C atoms, respectively. Reprinted with permission Copyright 2025 and 2024 Elsevier [186,190]. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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mode, and ratiometric mode. In this section, we summarize these four 
distinct modes of PEC aptasensors and discuss their signal amplification 
strategies for detecting tumor markers.

5.1. Signal-off mode

The PEC aptasensors based on signal-off mode typically exhibit a 
decrease in photocurrent with increasing target analyte concentration. 
Their analytical performance largely depends on a high initial photo
current and effective signal quenching strategies. The initial photocur
rent is achieved by utilizing photoactive materials with excellent PEC 
properties, as detailed in the preceding section on modification strate
gies of photoactive materials. Signal quenching strategies include the 
steric hindrance effect, p-n heterojunction quenching effect, and energy 
transfer (ET) effect [20,21,197]. The steric hindrance effect arises from 
the complex formed by the binding of the target analyte with an 
aptamer, which increases the steric hindrance on the electrode surface, 
thereby physically blocking charge transfer in the PEC aptasensor [198]. 
For example, Zhang et al. constructed a PEC aptasensor for detecting 

ATP based on Yb-doped Bi2S3 (Yb-Bi2S3) (Fig. 8A) [199]. In the presence 
of ATP, the steric hindrance effect arising from the formation of the ATP- 
aptamer complex increased steric hindrance at the electrode interface 
and hindered electron transfer, resulting in a significant decrease in 
photocurrent. In addition, enzyme-catalyzed precipitation reactions can 
serve as an effective method for quenching photocurrent by generating 
insoluble precipitates on the electrode surface, which suppresses inter
face electron transfer and significantly reduces the photocurrent signal 
[200]. Feng et al. developed a highly sensitive signal-off PEC aptasensor 
based on Ag2S/Ag/ZnIn2S4/C3N4 for high-sensitivity detection of telo
merase activity (TE, over-expression in most cancer cells) (Fig. 8B) 
[201]. In this system, Au NPs and Cu2+-modified boron nitride nano
sheets (AuNPs/Cu2+-BNNS) acted as nanoenzymes to achieve significant 
amplification of PEC signals. The oxidation reaction between 4-chloro-1- 
naphthol and H2O2, catalyzed by nanoenzymes, generated insoluble 
precipitates on the electrode, hindering electron transfer and quenching 
the photocurrent. Besides, the p-n heterojunction quenching effect was 
achieved by utilizing p-type semiconductors to compete for photons and 
electron donors with n-type semiconductors, providing a simple and 

Fig. 8. (A) Schematic diagram of the signal-off PEC sensing platform for ATP detection by the steric hindrance effect. (B) Schematic diagram of the signal-off PEC 
aptasensor for TE activity detection by AuNPs/Cu2+-BNNS nanozyme-mediated biocatalytic precipitation. (C) The photocurrent quenching mechanism of p-type CuS 
to n-type SnO2/CdCO3/CdS. (D) Schematic diagram of the PEC aptasensor based on ET between Pdots and Au NPs. (E) Schematic diagram of signal-on PEC bio
sensing by catalyzing the generation of AA. (F) Schematic diagram of the PEC sensing platform based on the porous Cu2O-CuO flower-induced photocurrent-polarity 
switching of the CdS quantum dots. Reprinted with permission Copyright 2022 the Royal Society of Chemistry [199], Copyright 2022 and 2021 Elsevier 
[201,203,214], and Copyright 2018 and 2020 American Chemical Society [206,221].
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effective method for constructing signal-off PEC biosensors [202]. Li 
et al. used n-type SnO2/CdCO3/CdS with high photocurrent response as 
a signal indicator, and Y-type DNA structure stabilized p-type CuS QD 
was used as signal quencher to construct a p-n quenching PEC biosensor 
for detecting miRNA-21 (Fig. 8C) [203]. Upon the presence of miRNA- 
21, p-type CuS QD were introduced onto the electrode, significantly 
suppressing the photocurrent signal of SnO2/CdCO3/CdS. This was 
mainly attributed to the competition for electron donors and light en
ergy between p-type CuS QD and n-type SnO2/CdCO3/CdS, as well as 
the steric effect of Y-type DNA structure. Luo et al. introduced many PbS 
QDs onto the electrode surface through catalytic hairpin assembly 
(CHA), significantly reducing the photocurrent of n-type In2O3@Cu2

MoS4 and achieving quantitative detection of miRNA-21 [204]. Unlike 
steric hindrance and p-n heterojunction quenching effects, ET effect can 
regulate the behavior of photogenerated excitons by non-radiative en
ergy coupling between donor and acceptor materials, thereby modu
lating the photocurrent signal. In 2011, Chen et al. first reported a strong 
ET effect between CdS QDs and AuNPs bridged by DNA biorecognition, 
and applied it to PEC biosensing [205]. In 2018, the same team reported 
the ET between polymer dots (Pdots) and Au NPs in a PEC aptasensor 
(Fig. 8D) [206]. When Au NPs approach Pdots, ET occurred, leading to a 
significant quenching of the photocurrent. It is worth noting that the 
quenching photocurrent induced by the ET effect must meet two con
ditions. First, the emission spectrum of the photoactive material must 
overlap with the absorption spectrum of the quenching nanomaterial to 
ensure efficient ET between the two. Second, a certain distance must be 
maintained between the two nanomaterials to enable ET to play a 
dominant role, thereby significantly reducing the photocurrent 
[207–209]. Furthermore, compared to single signal-off strategies, 
signal-off PEC aptasensors that integrate multiple quenching mecha
nisms can synergistically enhance sensitivity. For instance, Pan et al. 
proposed a PEC aptasensor for ultrasensitive detection of TNF-α based 
on the signal quenching effect of NiCo2O4-Au and the signal generator of 
H-CdS [210]. In the presence of TNF-α, NiCo2O4-Au is introduced onto 
the surface of the H-CdS electrode, resulting in competitive depletion of 
electron donors, p-n semiconductor quenching effect, and the mimetic 
enzymatic catalytic precipitation effect, leading to a significant decrease 
in photocurrent. Therefore, the PEC aptasensor can detect TNF-α at a 
lower LOD (0.63 fg mL− 1).

5.2. Signal-on mode

PEC aptasensors that exhibit a positive correlation between changes 
in photocurrent and the concentration of the identified target analyte 
belong to the “signal-on” mode. Compared to signal-off PEC aptasensors, 
signal-on PEC aptasensors are not limited by signal capacity [165]. 
Signal enhancement strategies in PEC aptasensing include in situ gen
eration or release of electron donors/acceptors, sensitization effects, and 
LSPR effects [211–213]. Based on the strategy of in situ release of elec
tron donors, Li et al. constructed a PEC biosensor for detecting miRNA- 
21. This sensor employed CdS NPs-modified carbon cloth as the pho
toactive material on polyimide films, combined with an efficient four- 
stage reaction system for target recognition and signal amplification 
(Fig. 8E) [214]. Specifically, the presence of miRNA-21 triggered the 
CHA and subsequent HCR, producing long dsDNA labeled with abun
dant alkaline phosphatase. This enzyme catalyzed the conversion of 
ascorbic acid 2-phosphate to AA. As an electron donor, AA was oxidized 
at the photoelectrode, initiating a redox cycling amplification process 
that regenerates AA and enhances the photocurrent response. Lei et al. 
developed a Y-shape-structured PEC biosensor for miRNA-222 (papil
lary thyroid carcinoma-relevant biomarker) detection based on a dual 
signal amplification strategy of Bi4NbO8Cl/TiO2 heterojunction struc
ture and in situ enzymatic generation of AA [215]. Sensitization effect 
refers to the combination of sensitizing materials (such as narrow 
bandgap semiconductors, conductive materials, and nanomaterials) 
with substrate materials to form an energy matched sensitizing 

structure. This improves the PEC performance and conductivity of the 
substrate, thereby enhancing detection sensitivity [216]. Fan et al. 
proposed a PEC biosensor for detecting miRNA-141 (a liver cancer 
marker) using AuNPs/BiVO4 as photoactive materials, AgZnInS quan
tum dots as sensitizers, and a T7 Exo-assisted strand displacement dual 
recycle amplification reaction for signal amplification [217]. AgZnInS 
QDs formed a sensitized structure with BiVO4, effectively separating 
photogenerated electron-hole pairs and significantly improving the 
photoelectric conversion efficiency. This resulted in a 5-fold increase in 
photocurrent response. Using a similar strategy, Mao et al. introduced 
the signal amplification factor H3-CdSe into a PEC biosensor based on 
the b-TiO2/CdS:Eu/Ti3C2 heterojunction, achieving sensitive detection 
of miRNA-21 [166]. In addition to directly introducing sensitizing ma
terials using labels, sensitizing structures can also be formed by in situ 
generation of photoactive substances. Lin et al. enhanced the photo
current signal of Bi2S3@BiOI by in situ generating Ag2S with a narrow 
bandgap, and constructed a split-type PEC biosensor for detecting CEA 
[165]. Furthermore, the LSPR effect enhanced light absorption and 
accelerated electron transfer, significantly increasing the photocurrent 
of photoactive materials. Lu et al. constructed a PEC biosensor for sen
sitive detection of MCF-7 cells (a type of human breast cancer cell) based 
on an organic PM6:Y6 p-n heterojunction [218]. The LSPR of Au NPs 
and Ag NPs generated by silver staining reaction enhanced the photo
current response of the PEC biosensor and improved the sensitivity of 
the sensor with a LOD of 9 cell mL− 1. Wu et al. proposed a signal-on PEC 
biosensor for the sensitive detection of miRNA-155, which was based on 
DSN-assisted recycling amplification technology combined with photo- 
deposited Ag enhanced BiVO4 [219].

5.3. Photocurrent polarity-switching mode

Traditional PEC detection modes of signal-on and signal-off rely on 
changes in a single signal. However, in practical applications, the 
complexity of real samples often introduces multiple interfering sub
stances, leading to false positive or false negative results [220]. 
Recently, innovative PEC strategies featuring unique photocurrent 
polarity-switching have been developed to overcome the limitations of 
traditional PEC analysis methods. A PEC aptasensor based on the 
photocurrent polarity-switching strategy generates a photocurrent 
signal with opposite polarity generate when the target analyte is present 
in the detection system [63]. This approach offers excellent selectivity 
and a low background signal. In 2019, Chen's group developed a PEC 
detection platform for VEGF165 assay (Fig. 8F) [221]. Through the 
VEGF165-induced CHA process, porous Cu2O-CuO flowers were intro
duced onto CdS QDs, and the photocurrent polarity of CdS QDs was 
found to switch from anodic to cathodic, thereby improving the accu
racy of PEC biosensors. To date, various nanomaterials have been 
applied in PEC aptasensors base on photocurrent polarity-switching 
strategies, such as ferrocene switching the photocurrent polarity of Cu 
doped ZnS NCs [222], p-type BiOBr switching the photocurrent polarity 
of n-type C3N5 [223], ZrO2@CuO octahedra switching the photocurrent 
polarity of TiO2 nanodisks [224], CuBi2O4 switching the photocurrent 
polarity of CdS QDs [225], G-wire switching the photocurrent polarity of 
In2S3 rods [226], CuInS2 switching the photocurrent polarity of Er- 
MOF/AuNPs [95], and hemin/G-quadruplex switching the photocur
rent polarity of ZnIn2S4 nanosheets [227], Au@Cu2O switching the 
photocurrent polarity of CdS/Ni carbonate covalent organic framework 
nanorod arrays [228]. It should be noted that the success of the 
photocurrent polarity-switching strategy is not universally applicable 
but depends on the position of VB and CB of the photoactive materials, 
as well as appropriate band structure matching.

5.4. Ratiometric mode

The ratiometric PEC biosensor employs a dual-signal response mode, 
in which the ratio of two signals is used as the output signal rather than 
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the absolute value of a single signal [229]. The ratiometric PEC bio
sensors are usually divided into single-signal and dual-signal modes, 
depending on the target analyte. In single-signal mode, the target ana
lyte causes a significant change in one signal, becoming the response 
signal, while the other signal remains relatively unchanged, becoming 
the reference signal. In dual-signal mode, the target analyte causes sig
nificant changes in both signals, which can serve as response or refer
ence signals. Integrating ratio analysis technology into PEC aptasensors 
provides a built-in self-calibration model that effectively eliminates 
interference between the environment and detection system, thereby 

improving the sensitivity and accuracy of PEC analysis. So far, various 
ratiometric PEC aptasensors with wavelength, potential, and spatial- 
resolution have been successfully developed [230–232]. For example, 
Tang et al. constructed a ratiometric PEC aptasensor based on upcon
version nanoparticles (UCNPs)-semiconductor nanocrystals (Fig. 9A) 
[233], using spatial-resolved technology, for detecting CEA. NaYF4: Yb, 
Er UCNPs@CdTe nanocrystals were used as photoactive materials on 
two adjacent photoelectrodes, and CEA aptamer 1 (A1) and captured 
DNA (CA) covalently modified on both electrodes. Then, Au NP labeled 
CEA aptamer 2 (Au NP-A2) was immobilized on the functionalized 

Fig. 9. (A) Schematic diagram of the upconversion-mediated ratiometric PEC aptasensor with spatial-resolved technique for CEA detection. (B) Schematic diagram of 
the ratiometric PEC bioassay with wavelength-resolved strategy for miRNA-141 detection. (C) Schematic diagram of the ratiometric PEC sensing platform with 
potential-resolved strategy for VEGF165 and EpCAM. Reprinted with permission Copyright 2019 and 2017 American Chemical Society [233,234], and Copyright 
2024 Elsevier [235].
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working photoelectrodes (WP2) surface to form dsDNA. After specific 
recognition of the target CEA, the photocurrent signal of WP1 weak
ened, while the photocurrent signal of WP2 significantly increased. 
Yuan et al. established a wavelength-resolved ratiometric PEC biosensor 
for detecting micRNA-141 by using two different photoactive materials 
(Fig. 9B) [234]. By utilizing target-nucleotide transduction-amplifica
tion technology and DNA nanomachine mediated electron-transfer 
tunnel distance regulation strategy, the photocurrent of SiO2@MB 
near the sensing interface was enhanced at a wavelength of 623 nm, 
while the photocurrent of CdS QDs far from the sensing interface 
decreased at a wavelength of 460 nm. By calculating the ratio of these 
two different photocurrent signals, a ratiometric PEC analysis strategy 
was implemented. Zeng et al. proposed a dual-channel ratiometric PEC 
detection platform based on potential resolution for detecting VEGF165 
and epithelial cell adhesion molecule (EpCAM, highly expressed in 
human epithelial cell-derived malignant tumors) (Fig. 9C) [235]. The 
platform immobilized ionic liquids sensitized In2S3@BiOBr0.8I0.2/poly
merized 3,4-ethylenedioxythiophene/AuNPs (In2S3@BiOBr0.8I0.2/ 
PEDOT/AuNPs) photoanode and Cu@Cu2O photocathode on the same 
indium tin oxide electrode, with critical voltages of − 0.13 V and 0.42 V, 
respectively. After assembling the adapted DNA in different potential 
response regions, the resulting PEC sensing platform enabled sensitive 
ratiometric PEC detection of VEGF165 and EpCAM by adjusting the 
threshold voltage.

6. Machine learning

In recent years, machine learning has demonstrated exceptional ca
pabilities in processing complex datasets and extracting valuable in
formation from large amounts of multidimensional detection data. It has 
become an efficient and indispensable tool across various applications in 
numerous research fields [236]. Significant advancements have been 
achieved in fields such as physics, chemistry, biology, and materials 
science by continuously iterating and modifying machine learning 
model data to improve efficiency and accuracy. In the field of bio
sensors, machine learning offers notable advantages, including the 
ability to extract meaningful analytical insights from noisy, low- 
resolution sensing data—such as signal amplitude, response time, and 
steady-state current—which often exhibit significant signal overlap 
[237,238]. Beyond noise reduction, machine learning techniques can 
predict outcomes from multivariate datasets by identifying inherent 
data patterns and extracting potential relationships from existing 
training data. This adaptability makes machine learning a powerful tool 
for addressing multivariate data challenges involving complex matrices 
or high-dimensional biological systems. Consequently, machine 
learning provides innovative solutions to overcome the limitations of 
multimodal biosensing systems [239]. Existing research has demon
strated the broad applicability and potential value of machine learning 
in designing effective catalysts and recognizing sensing signals. For 
example, Mohammadoor et al. employed machine learning to optimize 
the carbon dot synthesis process, thereby improving PEC performance 
[240]. Yang et al. combined PEC biosensors with machine learning to 
effectively distinguish cancer patients from healthy individuals, 
enhancing the sensitivity and accuracy of cancer diagnosis [241]. They 
also proposed a machine learning-assisted renewable and polarity- 
switchable PEC biosensor for intelligent diagnosis of circular RNA 
[242]. Their results showed the accuracy of about 100%, and acceptable 
sensitivity and specificity of circular RNA intelligent diagnosis. The 
integration of PEC sensors and machine learning holds great potential 
for the intelligent diagnosis of circular RNA-related cancers.

7. Conclusions and perspectives

Due to the high sensitivity, low background signal, and rapid 
response, PEC aptasensors have emerged as a highly promising method 
for the detection of tumor biomarkers. In particular, the rapid 

development of nanomaterials and nanotechnology has played a crucial 
role in advancing PEC aptasensors. To date, numerous semiconductor 
nanomaterials have been used to construct PEC aptasensors. Table 1
summarizes the detection performances of photoactive materials-based 
PEC aptasensors for tumor markers. Although PEC aptasensors have 
made significant progress, many challenges remain that hinder their 
widespread application and further development. To broaden their ap
plications and enhance detection performance, the following develop
ment trends and challenges are presented: 

(1) Although the development of photoactive materials plays a 
crucial role in promoting the widespread application of PEC 
aptasensors in various fields, issues such as high cost, insufficient 
stability, low photoelectric conversion efficiency, and complex 
synthesis cannot meet their large-scale commercial applications. 
Therefore, developing new photoactive materials with high 
photoelectric conversion efficiency, long-term stability, good 
biocompatibility, and advanced manufacturing processes re
mains an important issue. Perhaps machine learning can be used 
to accelerate the optimization and discovery of high-performance 
photoactive materials, uncovering underlying mechanisms and 
design principles, and providing new opportunities for the regu
lation and fabrication of functional photoactive materials.

(2) The utilization and regulation of photogenerated charge carriers 
often depend on assumptions or experimental conclusions. 
Although extensive research has been conducted, the funda
mental mechanisms of photoelectrochemical reactions remain 
unclear, primarily due to the spatiotemporal complexity of 
charge separation, transfer, and participation in surface re
actions. Advanced theoretical calculations and in situ character
ization techniques (such as femtosecond transient absorption 
spectroscopy, Raman spectroscopy, Fourier infrared spectros
copy, in situ irradiated X-ray photoelectron spectroscopy, etc.) can 
provide a deeper understanding of the transport paths of charge 
carriers and the dynamic processes of charge separation and 
transfer. Surface reconstruction, identification of reaction sites, 
and photocorrosion phenomena also require the application of in 
situ electron microscopy or spectroscopy techniques to provide 
guidance for a deeper understanding of photoelectrochemical 
reaction mechanisms through complex theoretical calculations 
and characterization techniques.

(3) Most PEC sensing technologies typically use lamps as light sour
ces, electrochemical workstations as signal conversion devices, 
and external power sources, which is inconsistent with the trend 
toward miniaturization and portability of detection devices. 
Therefore, future research should focus on developing high- 
performance portable PEC sensing devices. For example, inte
grating PEC sensing with microfluidics, arrays, and chips can 
achieve high throughput and automation. PEC sensing can also be 
combined with hand-held instruments and miniaturized signaling 
devices (smartphones, multimeters, pH meters, etc.) to achieve 
real-time detection. Moreover, most reported PEC sensors are still 
at the laboratory stage. Adopting interdisciplinary research 
methods can accelerate the commercialization of PEC sensing 
technology to meet the needs of practical applications. Inte
grating PEC sensing with other disciplines, with a focus on reli
ability, stability, and throughput.
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