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Abstract
The conventional polymerase chain reaction (PCR) method for DNA detection suffers from 

limited sensitivity and linearity, restricting its application to samples with molar concentrations 

above 10⁻² mmol. Here, we report a highly sensitive photoelectrochemical (PEC) biosensor for 

detecting the PML/RARA fusion gene, a key biomarker of acute promyelocytic leukemia (APL). 

The biosensing interface was constructed using an 18-mer single-stranded DNA probe 

immobilized on a ZnO/rGO/Au NPs@MoS2 heterojunction. The integration of three-dimensional 

ZnO nanoflowers with ultrathin MoS2 nanosheets not only suppresses photogenerated electron–

hole recombination but also enhances light absorption across the ultraviolet-visible (UV-vis) 

spectrum, thereby improving photoelectric conversion efficiency. Incorporating reduced graphene 
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oxide (rGO) effectively reduces interfacial resistance between ZnO and MoS2, while plasmonic 

Au nanoparticles (Au NPs) facilitate the absorption of visible light and the charge transfer through 

localized surface plasmon resonance (SPR) effects. During target recognition, CdSe quantum dot 

(QD)-labeled reporter DNA(rDNA) hybridizes with the target DNA (tDNA), which specifically 

binds to the surface-anchored capture probe. The formation of the DNA duplex and subsequent 

assembly of CdSe QDs alter interfacial charge transfer and induce steric and electrostatic 

hindrance, leading to a concentration-dependent drop in photocurrent.  Under optimized conditions, 

the biosensor exhibits a broad linear detection range from 100 fM to 1 μM and an ultralow limit 

of detection (LOD) of 1.9 fM, surpassing those of many previously reported DNA sensing 

platforms. Finite-difference time-domain (FDTD) simulations further confirm the contribution of 

plasmonic enhancement to the improved photoelectric response. This work presents a robust 

strategy for constructing advanced heterojunction photoelectrodes and provides a promising PEC 

platform for ultrasensitive biomarker detection in bioanalysis and clinical diagnostics. 

1.1 Introduction
The rapid and precise detection of specific DNA sequences has significantly advanced areas such 

as early cancer detection, viral testing, and the diagnosis of genetic disorders.1, 2 Since DNA 

concentration has usually been very low in biological samples, it is necessary to explore an 

ultrasensitive technique for DNA detection with high sensitivity, simple operation, and accuracy.3 

Photoelectrochemical (PEC) bioanalysis has emerged as a powerful tool for ultrasensitive 

biosensing due to its low background signal, high sensitivity, simplicity, and cost-effectiveness.4, 

5 PEC biosensors use light for excitation and electrical signals for detection, 

enabling miniaturization and simpler instrumentation.6 In contrast,  the traditional analysis systems 

such as electrochemiluminescence, colorimetry, fluorescence, photoelectrochemistry, and 

Polymerase chain reaction (PCR) often suffer from enzyme errors, primer interference, and 

nonspecific fluorescence signals.6, 7,8 PEC biosensors rely on photoactive materials that convert 

biorecognition events, e.g., DNA hybridization and enzyme reactions, into measurable electrical 

signals, making them ideal for clinical diagnostics and environmental monitoring.

The design of PEC biosensors relies on photoactive electrodes that convert photoirradiation into 

an electrical signal, making the choice of photoactive materials critical. Numerous inorganic 

metallic semiconductors such as Cu2O, TiO2, CdSe, CdTe, ZnO, and ZnSe are widely used.9-11 
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Among them, Zinc Oxide is particularly attractive due to its non-toxicity, affordability, and 

exceptional photochemical and chemical stability. However,  its wide energy band gap (3.37 eV) 

limits excitation to UV light,12 restricting its direct applications in biological sensing. 

Morphological engineering of ZnO nanostructures is crucial for overcoming these limitations. In 

our previous work, 3D ZnO nanoflowers were employed instead of 1D or 2D structures, providing 

a significantly larger surface area for chalcogenide quantum dots deposition and improved charge 

separation.13 ZnO nanoflowers, with their unique growth orientation and high surface area, will 

significantly enhance probe contact area and improve signal strength. Although the positive 

surface charge of ZnO promotes efficient DNA attachment, its limited photoelectric conversion 

efficiency has restricted broader application in PEC biosensing. Therefore, improving its charge 

conversion efficiency is essential for expanding its use in this field. Thus, to enhance photoelectric 

conversion efficiency, strategies such as doping, compounding, and sensitization have been 

explored, with sensitization being particularly practical and effective. Graphene is highly 

appealing due to its large surface area, excellent electrical conductivity, strong chemical stability, 

and outstanding mechanical strength.14, 15 Similarly, MoS2, a transition metal dichalcogenide 2D 

material analogous to a graphene-like layered structure, consists of covalently bound S-Mo-S 

layers held together by weak van der Waals forces.16, 17 MoS2 has large exposed active edges with 

high electrical conductivity that facilitates a fast charge transfer mechanism, and has gained 

significant attention due to its remarkable optoelectronics properties, high chemical stability, high 

rare-earth content, and nontoxicity.18, 19 These features render MoS2 highly promising for diverse 

applications spanning photovoltaics, nanoelectronics, energy storage, sensing, catalysis, and 

biomedical fields.20, 21 Similar to graphene and graphite, MoS2 exhibits layer-dependent properties 

due to its anisotropic structure. When reduced to a monolayer or a few-layers form, MoS2 

transitions from an indirect to a direct bandgap, significantly enhancing its photoluminescence and 

fluorescence quenching capabilities.22, 23 However, its intrinsic conductivity restricts the 

biosensing applications. To further enhance carrier dynamics, plasmonic Au nanoparticles (Au 

NPs) can be introduced into the heterostructure.  Owing to surface plasmon resonance (SPR), Au 

NPs boost visible-light absorption and create hot electrons, hence enhancing photoelectric 

conversion efficiency.24 In heterostructures, Au NPs serve dual roles as electron relays and 

photosensitizers, reducing Auger recombination while facilitating charge transfer between 

semiconductors of different band gaps. These properties, combined with their high surface area 
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and biocompatibility, make Au NPs ideal for PEC biosensing applications, particularly for protein 

adsorption and detection. Constructing hybrid nanostructures of ZnO nanoflowers, MoS2 

nanosheets, reduced graphene oxide (rGO), and Au NPs establishes a cascade multi-heterojunction 

that overcomes these limitations, enabling improved interfacial charge transfer and PEC 

biosensing performance. 

PEC sensing strategies have attracted significant interest to develop a modified photoelectrode 

DNA biosensor for rapid and cost-effective genetic diagnostics and other applications.25, 26 In PEC 

DNA biosensors, a complementary oligonucleotide capture probe is immobilized on an electrode 

surface, where its orientation and surface density critically determine hybridization efficiency and 

signal response. Target binding induces measurable changes in electrical properties, enabling 

sensitive detection. Consequently, the specificity and stability of the probe-target binding are 

critical for achieving high fidelity and reproducibility, making probe design a central challenge in 

DNA biosensor development. Some groups have reported several electrochemical biosensors for 

detecting synthetic single-stranded (ss-) PML/RARα fusion gene using specific probes, including 

locked nucleic acids (LNA),27 CDs/GO nanocomposites,28 dsDNA,27 ZnO functionalized carbon 

ionic liquid electrode,29 and poly-CCA for DNA detection,30 In practical clinical samples, however, 

nucleic acids are often present as persistent double-stranded DNA or DNA/RNA complexes, which 

inhibit direct hybridization with surface-bound probes. Denaturation procedures can produce 

ssDNA; however, rapid reannealing competes with probe binding and diminishes detection 

performance, posing a significant obstacle to reliable biosensing. 

In this work, we develop a signal-off PEC DNA biosensing strategy, in which ssDNA sequence, 

primers, and complementary DNA (cDNA) of the PML–RARA fusion gene associated with acute 

promyelocytic leukemia (APL) were selected for analysis. Hybridization of the target PML-RARA 

sequence suppresses photocurrent via interfacial blocking and modulation of charge-transfer 

pathways. The degree of photocurrent quenching is directly proportional to the logarithm of the 

target DNA concentration, enabling ultrasensitive detection. The mechanism of synthesis and 

photocurrent generation in the proposed DNA assay is illustrated in Scheme 1. The ZnO/rGO/Au 

NPs@MoS2 heterojunction promotes efficient separation of photogenerated electron–hole pairs, 

yielding enhanced and stable photocurrent. Au nanoparticles further broaden light absorption and 

improve charge transfer. Upon illumination, electrons transfer through the heterostructure to the 
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fluorine-doped tin oxide (FTO) electrode, while holes are consumed by ascorbic acid (AA), 

preventing recombination. The negatively charged ZnO/rGO/Au NPs@MoS2 hybrid was 

assembled on PDDA-treated FTO through electrostatic attraction and functionalized with thiol-

terminated capture DNA. Unbound sites were blocked with 6-hydroxy-1-hexanethiol (MCH), 

forming a stable PEC matrix with a strong photocurrent response, enabling sensitive and specific 

ssDNA detection.

Scheme 1.  Schematic representation of the fabrication of ZnO/rGO/Au NPs@MoS2 Biosensors 
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1.2 Experimental Section 
1.2.1 Synthesis of the materials

Please see Supporting information for the details of chemicals and reagents and synthesis of 

FTO/PDDA electrode, porous 3D ZnO nanoflowers, ultrathin MoS2 nanosheets, RGO/Au 

nanoparticles on ultrathin MoS2 nanosheets, and CdSe QDs. 

1.2.2 Fabrication of DNA biosensor

The biosensing electrode was prepared and used according to the following procedure. A 30 µL 

aliquot of 1 µM capture DNA (c-DNA) was first treated with 10 mM Tris-(2-carboxyethyl) 

phosphine (TCEP) for 1 hour at room temperature to break disulfide bonds. This pre-treated c-

DNA was then incubated on the FTO/PDDA/ZnO/rGO/Au NPs@MoS2 electrode at 4 °C 

overnight to facilitate immobilization. The electrode was subsequently rinsed with TE buffer (10 

mM Tris-HCl, 1 mM EDTA, pH 8.0) to remove unbound c-DNA. It was then incubated with 30 

µL of 1 mM 6-mercapto-1-hexanol (MCH) for 1 hour at 37 °C to passivate the surface, thereby 

displacing weakly adsorbed c-DNA on the electrode and blocking non-specific binding sites. The 

electrode was then incubated with 30 µL of target DNA (t-DNA) at varying concentrations for 100 

minutes at 37 °C to allow for hybridization with the immobilized c-DNA. Following another wash 

with TE buffer to remove unbound strands, 30 µL of reporter DNA (r-DNA) was added and 

incubated to form the sandwich structure on electrode. Afterward, CdSe quantum dots (QDs) were 

introduced and covalently coupled in situ to the surface-bound r-DNA in the presence of 40 mg 

mL-1 EDC and 10 mg mL-1 NHS for 120 minutes at 37 °C. This step facilitates the covalent 

coupling between the amino groups of the r-DNA and the carboxyl groups of the CdSe QDs via 

EDC-NHS chemistry. Finally, the electrode was thoroughly washed with PBS buffer (pH 7.4), and 

the modified electrode was subjected to photoelectrochemical (PEC) detection. 

1.2.3 Photoelectrochemical Measurement and Characterization

PEC measurements were performed with an electrochemical workstation (CHI760E) using a 

standard three-electrode setup. The working electrode was a modified fluorine-doped tin oxide 

(FTO) glass slide measuring 1 × 1 cm². A platinum (Pt) wire served as the counter electrode, and 

a saturated calomel electrode (SCE) was used as the reference electrode. Electrochemical 
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impedance spectroscopy (EIS) measurement was carried out in the same supporting electrolyte, 

with frequencies ranging from 1 Hz to 104 Hz and an applied potential of 0.172 V vs SCE. For the 

photocurrent tests, a blank solution comprising 0.1 M phosphate-buffered saline (PBS) at pH 7.4, 

containing Na2HPO4, NaH2PO4, and NaCl, along with 0.1 M ascorbic acid (AA) was used, because 

it acts as an effective electron donor during the PEC test. A 300 W xenon lamp with a long-wave-

pass filter (cut-on wavelength at 420 nm) aligned with the AM 1.5 G spectrum supplied visible 

illumination to the samples. The visible light intensity was measured at 50 mW cm⁻² using a 

radiometer (OPHIR, Littleton, CO). The morphologies and microstructures of the nanomaterials 

were characterized with a field-emission scanning electron microscope (FE-SEM; Hitachi SU-

8200, Japan) operated at 15 kV. Transmission electron microscopy (TEM) images, lattice 

structures, d-spacing, elemental mappings, and distributions were analyzed with high-resolution 

TEM (HRTEM; JEOL JEM-1400) operated at 200 kV. The crystal structure and phases of the 

materials were identified via X–ray diffraction (XRD) spectroscopy (PANalytical X'pert Pro MRD 

diffractometer) with Cu Kα radiation (λ = 1.5406 Å). Surface elemental composition and valence 

states were studied using X-ray photoelectron spectroscopy (Thermo Scientific ESCALAB 250 

spectrometer), with XPS data calibrated to the C 1s peak at 284.6 eV. The UV-vis diffuse 

reflectance spectrum (DRS) was obtained with a Shimadzu UV-3700 UV–Vis–NIR spectrometer 

(Shimadzu Co).

1.3 Results and Discussion
1.3.1 Surface morphology and composition studies

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to 

examine the morphology and microstructure of the synthesized sensor materials. The three-

dimensional shapes of the as-prepared ZnO and MoS2 were created using a hydrothermal method. 

The 3D hierarchical flower-like structures of ZnO and MoS2 are observed in the SEM images. 

These architectures are precisely engineered to provide a large specific surface area for 

photocatalytic reactions and biomolecule immobilization. This surface area is significantly higher 

than that of flat 2D films or solid nanoparticles. This extensive surface area allows immobilization 

of a substantial amount of cDNA on the sensor surface. Higher cDNA loading results in a higher 

reaction rate with the target analyte, producing a stronger and more sensitive signal. The ZnO 

exhibits a three-dimensional (3D) flower-like shape measuring a few micrometers across, as shown 
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in Figure 1a & 1b, and also in (S1 & S2). A closer cross-sectional view of a single ZnO structure 

(Figure 1c & 1d) reveals that these flowers consist of many self-assembled, porous nanoplates with 

typical thicknesses of approximately 119 nm. These nanoflowers have a uniform structure and 

large petals, which increase their specific surface area compared to traditional nanostructures such 

as nanorods or nanoneedles. Additionally, the numerous pores within the nanosheets form a porous 

network architecture. The porosity of the ZnO nanostructure at various scales ensures excellent 

mass transport and efficient light harvesting. It provides an effective, permeable matrix that 

facilitates the diffusion of the target analyte deep into the sensor, enabling it to reach the 

immobilized enzymes. This results in a faster response time. This characteristic is expected to 

improve reactant diffusion and provide a larger accessible surface area, making it especially 

beneficial for photocatalytic biosensing applications. TEM characterization of ultrathin MoS2 

nanosheets and Au nanoparticle-decorated rGO/MoS2 heterostructures is illustrated in Figures 1e 

&1f. High-resolution TEM (HRTEM) images in Figures 1g and 1h reveal well-defined lattice 

fringes at the interfaces between Au nanocrystals and MoS2 nanosheets. By modulating the 

synthesis temperature, the reaction process enables controlled disorder engineering, leading to 

expanded interlayer spacings, such as the 0.94 nm visible in Figure 1h, and an increased density 

of active sites. Elevated temperatures promote the formation of nanodomains with short-range 

atomic order arranged in a quasi-periodic manner. These domains enable rapid interdomain 

electron transport across the basal plane because of dangling bonds that serve as active sites, a 

finding supported by previous XRD analyses by Xie et al.31 32 Their work demonstrated that tuning 

the disorder level in MoS2 nanosheets optimizes the balance between active site availability and 

electrical conductivity for electrocatalytic applications. Thus, tailoring these disordered 

nanodomains is essential for aligning the electronic and structural properties of MoS2, thereby 

enhancing photoelectrochemical biosensing performance. The morphology of rGO and rGO/Au 

NPs @MoS2 nanocomposites was also investigated via TEM. The rGO sheets exhibited mono- to 

few-layered structures (Figures 1f and 1g), serving as three-dimensional conductive scaffolds that 

promote electron transport between photoexcited Au NPs@MoS2 and rGO through wrinkle-

induced tunneling. The persistence of these structures after ultrasonic treatment confirms strong 

interfacial interactions and successful heterostructure formation. The SAED of the materials is 

presented in Figure 1i. Furthermore, incorporating Au nanocrystals modifies charge transfer 

dynamics, substantially enhancing the PEC response. As visible in Figure 1f, Au nanoparticles are 
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densely and uniformly dispersed over the folded rGO and MoS2 nanosheets. High-resolution 

imaging shows a lattice fringe spacing of 0.237 nm, corresponding to the (111) plane of Au, 

confirming the successful synthesis of the rGO/Au NPs @MoS2 nanocomposite (Figure 1h).

Figure 1. FE-SEM images of (a-d) porous Three-Dimensional ZnO Nanoflowers, and (d) Cross-sectional 
view of ZnO Nanoflowers. TEM images of (e) Ultrathin MoS

2
 nanosheets, (f) Au NPs decorated on the 

rGO/MoS
2
 nanosheets, (g-h) HRTEM images of Au NPs decorated on the rGO/MoS

2
 nanosheets, and (i) 

SAED of the ZnO nanoflowers
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Figure 2. XRD patterns of (line-a) porous flower-like ZnO nanostructures on the FTO substrate, (line-b) 
ZnO/rGO/MoS2, (line-c) ZnO/rGO/Au NPs@MoS2/CdSe QDs. (b) UV-Vis diffuse reflectance spectra of 
the pristine ZnO and nanocomposite materials, (c) Corresponding plots of (ahν)2 versus hν of MoS2, and 
(d) (ahν)2 versus hν of ZnO.

1.3.2 Structural elucidation and optical measurement

X-ray diffraction (XRD) analysis was employed to examine the crystal phases of pristine ZnO 

nanoflowers and the complex rGO/Au NPs@MoS2/CdSe nanocomposite. As shown in Figure 2, 

the XRD patterns display a series of strong and weak diffraction peaks at 2θ values of 26.40°, 

31.74°, 33.66°, 34.34°, 36.18°, 37.74°, 44.10°, 51.53°, 54.49°, 56.64°, 61.61°, and 65.54°, which 

correspond to the characteristic crystallographic planes of the individual components, thereby 

confirming the formation of the nanocomposite material. After depositing ZnO on the fluorine-

doped tin oxide (FTO) substrate, the reflections at 31.74°, 34.34°, and 36.18° are clearly assigned 

to the (100), (002), and (101) planes of the hexagonal wurtzite structure of ZnO (JCPDS No. 36-
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1451). Notably, the (002) reflection exhibits a much higher relative intensity than the standard 

powder pattern. This increase in intensity indicates a preferred crystal growth orientation along the 

[001] direction (c-axis), a common feature of vertically aligned nanostructures. Peaks marked with 

triangles in the XRD pattern originate from the FTO substrate (JCPDS No. 46-1088).32 

Characteristic diffraction peaks for CdSe QDs are absent, likely due to their high dispersion, low 

concentration, or extremely small size, making them nearly undetectable by XRD. The deposition 

of Au nanoparticles (NPs) produces a weak, broad peak at 2θ = 44.10°, corresponding to the (200) 

plane of metallic gold (JCPDS No. 04-0784). The significant broadening of this peak indicates a 

small crystallite size, consistent with the nano-scale dimensions confirmed by TEM analysis. This 

broadening is a typical result of the Scherrer equation, where crystallites smaller than 10 nm 

produce notably wider diffraction peaks.33 The MoS2 component, synthesized via a hydrothermal 

process with controllable disorder engineering, exhibits a characteristically broadened peak 

centered at approximately 2θ ≈ 33.66°. This peak can be indexed to the (100) plane of the pristine 

2H-MoS2 phase (JCPDS No. 65-7025), confirming the retention of its basal plane atomic 

arrangement. However, the significant peak broadening, which intensifies with lower synthesis 

temperatures, directly reflects the introduced structural disorder, decreased crystallinity, and the 

formation of oxygen-incorporated MoS2 nanosheets. Lastly, the composite pattern shows no clear 

diffraction peak for reduced graphene oxide (rGO). This is a common trait for graphene-based 

materials that have been exfoliated. It's usually due to the low stacking order and thin layer 

thickness of the rGO sheets below the instrument's detection threshold.

The UV–vis absorption spectra of porous flower-like ZnO and Au NPs@MoS2 nanocomposites 

with variable contents were investigated to elucidate the interaction between the probes and the 

substrate, which plays a crucial role in photoelectrochemical (PEC) signal transduction. The 

absorption peaks in the UV region are characteristic of ZnO, with the pure porous ZnO 

nanoflowers exhibiting a maximum absorption edge at approximately 372 nm. To clarify the 

energy transfer mechanisms within the system, the absorption features of the ZnO/rGO/Au 

NPs@MoS2 substrate and the p-DNA/CdSe QDs probes were examined (Figure 2b). A 

comparison between pure ZnO and the ZnO/rGO/Au NPs@MoS2 nanocomposite reveals that the 

deposition of Au nanoparticles and rGO significantly enhances light absorption across the UV-vis 

range. This enhancement is attributed to the localized surface plasmon resonance (LSPR) effect of 
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Au NPs and the excellent light-harvesting capability of rGO. Furthermore, a substantial overlap in 

light absorption is observed between the ZnO/MoS2 and the final ZnO/rGO/Au NPs@MoS2/CdSe 

QDs nanocomposite. This spectral overlap suggests a potential PEC mechanism where Au NPs 

and CdSe QDs competitively consume light energy and the electron donor (ascorbic acid, AA). 

This competition is anticipated to produce a strong quenching of the photocurrent response. As 

illustrated in Scheme 1, the presence of rGO and Au NPs-MoS2, owing to their large specific 

surface area and superior electrical conductivity, augments the competitive capacity of the CdSe 

QDs. Additionally, the energy band gaps of MoS2 nanosheets and ZnO nanoflowers are estimated 

to be 1.58 eV and 3.26 eV, respectively, based on the Tauc plots in Figures 2c and 2d. All these 

optical properties confirm the successful construction of the designed PEC DNA biosensor.
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 Figure 3. XPS spectrum of ZnO/rGO/Au NPs@MoS2/CdSe: (a) XPS Survey, (b) Mo 3d, (c) S 2p, (d) Zn 
2p, (e) O 1s, (f) C 1s, (g) Cd 3d, (h) Se 3d, and (i) Au 4f.

X-ray photoelectron spectroscopy (XPS) was used to analyze the surface electronic states and 

chemical composition of the ZnO/rGO/Au NPs@MoS2/CdSe composite electrode. The survey 

spectrum confirms the presence of Zn, Cd, Mo, O, S, Au, GO, and Se elements, affirming the 

successful synthesis of the high-purity composite as depicted in Figure 3a. All binding energies 

were calibrated using the adventitious C 1s peak referenced at 285.3 eV. The Mo 3d spectrum 

(Figure 3b) shows doublet peaks at 229.16 eV (Mo 3d₅/₂) and 232.35 eV (Mo 3d₃/₂), indicating 

the predominance of Mo4+ in the products.34 Additionally, the S 2s peak appears at 226.01 eV 

binding energy in MoS2. The S 2p spectrum reveals peaks at 161.35 eV (S 2p₃/₂) and 162.41 eV 

(S 2p₁/₂), confirming the presence of S²⁻ ions and the successful formation of MoS2. The peaks 

for Mo4+ and S2− ions indicate the chemical coordination. Compared with reported values for the 
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individual components, slight binding-energy shifts are observed in several core levels of the 

composite. The Mo 3d5/2 peak at 229.16 eV and S 2p3/2 peak at 161.35 eV exhibit subtle deviations 

relative to pristine MoS2, indicating modulation of the Mo-S electronic environment due to 

interfacial coupling.  The Zn 2p spectrum shows symmetric peaks at 1021.5 eV (Zn 2p₃/₂) and 

1044.6 eV (Zn 2p₁/₂), indicating the presence of Zn²⁺ in ZnO. Deconvolution of the O 1s spectrum 

(Figure 3e) reveals two components: the prominent peak at 530.9 eV corresponds to lattice oxygen 

in Zn–O bonds. Similarly, the Zn 2p3/2 peak at 1021.5 eV show a slight shift compared with bare 

ZnO, suggesting electronic interaction between ZnO and adjacent components. In contrast, the 

smaller peak at 531.8 eV is attributed to adsorbed oxygen species or surface hydroxyl groups. 

Here, it is worth noting that surface hydroxyls can generate primary active hydroxyl radicals 

capable of trapping photoinduced electrons and holes, making them essential for photocatalysis 

and biosensing. In Figure 3f, the composite C 1s spectrum shows a significant reduction in the 

intensity of oxygen-functionalized carbon peaks (C–O, O=C–O) compared to pristine GO and the 

near-absence of the C=O peak, demonstrating the effective reduction of GO to RGO during the 

hydrothermal process.35 The Cd 3d spectrum (Figure 3g) presents a doublet at 405.14 eV (Cd 3d₅/₂) 

and 411.83 eV (Cd 3d₃/₂) with a spin-orbit splitting of 6.69 eV, confirming the Cd²⁺ oxidation 

state.35 Correspondingly, the Se 3d spectrum in Figure 3h shows peaks at 53.6 eV and 54.3 eV of 

Se 3d5/2 and Se 3d3/2, respectively, characteristic of Se²⁻, which collectively verify the presence of 

CdSe in the composite material.36 In Figure 3i, the Au 4f spectrum shows peaks at 84.18 eV (Au 

4f₇/₂) and 87.88 eV (Au 4f₅/₂), verifying the metallic nature of the incorporated Au nanoparticles.34 

The Au 4f7/2 peak at 84.18 eV also displays a minor shift from standard metallic Au (≈84.0 eV), 

implying charge redistribution at the Au/semiconductor interface. In addition, the Cd 3d and Se 3d 

peaks corresponding to Cd2+ and Se2- remain well-defined but exhibit slight binding-energy 

adjustments, reflecting electronic communication between CdSe and the surrounding 

heterostructure. These coordinated peak shifts across Mo, S, Zn, Au, Cd, and Se core levels 

indicate interfacial charge transfer and electron redistribution among ZnO, rGO, Au NPs, MoS2, 

and CdSe. Such electronic coupling is characteristic of heterojunction formation and supports the 

existence of strong interfacial interaction within the composite.
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1.3.3 PEC Mechanism of DNA Biosensor

The operating principle of the PEC biosensing platform, based on the ZnO/rGO/Au NPs@MoS2 

heterostructure, is illustrated in Figure 4. The detection mechanism relies on the modulation of the 

photocurrent signal, which are governed by efficient interfacial charge separation and transfer 

processes within the engineered heterojunction. From an energy-band perspective, the enhanced 

performance originates from a favorable staggered band alignment among the composite materials. 

Here, ZnO, an n-type semiconductor, has a more negative conduction band (CB) potential than 

MoS2, enabling spontaneous transfer of photogenerated electrons from MoS2 to ZnO upon contact 

and collected the electrode. Meanwhile, the holes migrate toward MoS2 via Au nanoparticle 

bridges and are scavenged by ascorbic acid (AA). The highly conductive rGO serves as an 

electron-transport mediator between ZnO and MoS2, accelerating carrier migration and 

suppressing recombination. Au nanoparticles, owing to their high work function, form Schottky 

junctions with MoS2 and ZnO, generating internal electric fields that promote directional carrier 

separation and suppress recombination.  As a result, a cascade charge-transfer pathway is 

established in ZnO/rGO/AuNPs@MoS2 multiheterojunction. This double-heterojunction (ZnO-

Au and Au-MoS2) configuration ensures efficient spatial separation of charge carriers, resulting in 

a stable, amplified anodic photocurrent baseline. This process is further influenced by the presence 

of the target analyte. Under illumination, ZnO nanoflowers (NFs) generate electron-hole pairs 

(e⁻/h⁺). The efficient interfacial band alignment facilitates rapid electron extraction and hole 

scavenging, thereby minimizing recombination losses. The sensing interface is modified when the 

target DNA hybridizes with its complementary probe. The attachment of CdSe quantum dots to 

the DNA duplex confirms successful hybridization. The presence of CdSe QDs substantially 

modifies energy transfer dynamics. The excited states of MoS2 nanosheets interact with the surface 

plasmon resonance (SPR) of Au NPs, inducing an exciton-plasmon interaction (EPI). This 

interaction directs excited electrons from MoS2 into the high-energy SPR states of Au. 

Consequently, this process disrupts the established charge-transfer pathway. Importantly, the hot 

electrons generated via SPR on the Au surface are injected into the electrolyte rather than 

transferred to the electrode, where they react with oxidized ascorbic acid (AA+). This sequence 

creates a positive feedback loop that consumes charge carriers intended for photocurrent 

generation. The combined effect of impeding electron transfer at the heterojunctions and diverting 

charges into electrolyte reactions significantly diminishes the anodic photocurrent. Furthermore, 
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the quenching effect was also observed the photocurrent decreases progressively with increasing 

target DNA concentration. Therefore, the biosensor operates via a signal-off PEC mechanism, 

where photocurrent quenching quantitatively correlates with target concentration.

Figure 4. (a) The mechanism of the energy band levels and energy transfer processes of the 

photoelectrochemical DNA sensing strategy. CB: conduction band. VB: valence band. EF: Fermi energy, 

(b) Scheme shows the photoelectrochemical sensing strategy for the detection of DNA.

1.3.4 Photocurrent Characterization of the DNA Biosensor 

The photoelectrochemical performance of the DNA biosensor was characterized by comparing the 

photocurrent responses of various modified electrodes under identical conditions, as depicted in 

Figure 5a. The pristine ZnO nanoflowers on a bare FTO substrate exhibited a baseline photocurrent 
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of 7.8 μA (curve 1). Coupling ZnO with rGO and MoS2 to form a ZnO/rGO/MoS2 nanocomposite 

significantly enhanced the photocurrent to 33.7 μA (curve 2), a 4.3-fold increase. This 

enhancement is attributed to the high electron mobility and conductivity of rGO, which facilitates 

charge transport, and the abundant catalytic active edge sites of the MoS2 nanosheets. The 

photoelectrochemical performance was further optimized by introducing Au nanoparticles to 

create the ZnO/rGO/Au NPs@MoS2 nanocomposite, which yielded the highest photocurrent of 

48.2 μA (curve 3). This superior performance stems from the localized surface plasmon resonance 

(LSPR) of Au NPs, which injects "hot electrons" into the conduction band of ZnO upon 

illumination. This process drastically improves charge conductivity, accelerates charge transfer, 

and effectively suppresses charge carrier recombination. Subsequent biosensor assembly steps 

confirmed its successful fabrication. The immobilization of capture DNA (c-DNA) and blocking 

with mercaptohexanol (MCH) insulates the electrode surface, resulting in a drop in photocurrent 

to 14.3 μA (curve 4) due to the poor charge-transfer properties of these organic layers. 

Hybridization with target DNA (t-DNA) partially restored the signal to 25.6 μA (curve 5), 

indicating the formation of a conductive DNA duplex. To observe the signal, reporter DNA (-

rDNA) conjugated with CdSe quantum dots (QDs) was hybridized to the captured t-DNA. The 

subsequent photocurrent reached 32.4 μA (curve 6), confirming the successful binding and high-

efficiency sensitization by the CdSe QDs, which facilitate electron injection and inhibits electron-
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hole recombination. These systematic changes in photocurrent response demonstrate the 

successful development and sensitive signaling mechanism of the DNA biosensor.

Figure 5. (a) Photocurrent response and (b) EIS Nyquist diagram of the during sensing platform of (1) ZnO 
NFs, (2) ZnO/rGO/MoS2, (3) ZnO/rGO/Au NPs@MoS2, (4) ZnO/rGO/Au NPs@MoS2-MCH-cDNA, (5) 
ZnO/rGO/Au NPs@MoS2-MCH-cDNA-tDNA, and (6) ZnO/rGO/Au NPs@MoS2-MCH-cDNA-tDNA-
rDNACdSe QDs. (c) Photocurrent responses of PEC DNA biosensor to different concentrations of t-DNA 
from (a-h): 100fM, 1pM, 50pM, 100pM, 1nM, 50nM, 100nM to 1μM, and (d) the corresponding calibration 
curve of the DNA sensor for the detection of different concentrations of target DNA from 100 fM to 1 μM.

1.3.5 Electrochemical Impedance Spectroscopy Characterization of DNA Biosensor

Electrochemical impedance spectroscopy (EIS) was employed to characterize the interface 

properties and monitor the step-by-step fabrication process of the DNA biosensor. The resulting 

Nyquist plots and Bode plots of the pristine materials and multiheterojunctions are presented in 
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Figure 5b and Figure S3. Each spectrum features a semicircular region, the diameter of which 

corresponds to the electron-transfer resistance (Ret), reflecting the probe’s kinetics of the redox at 

the electrode interface. The bare ZnO/FTO electrode exhibited a significant Ret value (curve 1). 

Upon modification with reduced graphene oxide and MoS2, the Ret decreased substantially (curve 

2), attributed to the excellent electrical conductivity of these materials, which facilitates electron 

transfer. A further decrease in Ret was observed after the incorporation of Au nanoparticles (curve 

3), a consequence of their high conductivity and electrocatalytic properties. Therefore, the Nyquist 

plot reveals a markedly reduced charge-transfer resistance for the ZnO/rGO/AuNPs@MoS2 

photoanode with a smaller curvature than that of pristine ZnO and its binary counterparts, 

indicating faster interfacial electron transport. This is attributed to the surface plasmon coupling 

mechanism in the heterojunction photoanode. To analyze the interfacial charge-transfer dynamics, 

Bode phase analysis was also considered. Figure S3b illustrates that the characteristic maximum 

frequency (fmax) of the Au-modified ZnO/rGO/MoS2 photoanode moves significantly to lower 

frequencies than the other photoanodes. As the electron lifetime (τ) is inversely proportional to the 

characteristic frequency peak (τ = 1/2πfmax), this lower frequency shift corresponds to a long 

electron lifetime. The prolonged carrier lifetime implies reduced interfacial charge recombination 

and increased charge-separation efficiency in the heterostructure. The coupling of Au NPs 

improves charge transfer kinetics and stabilizes photogenerated carriers, thereby enhancing the 

PEC performance of the photoanode. In a similar fashion, the subsequent steps in biosensor 

fabrication increased the interfacial resistance. The immobilization of c-DNA sequence and 

blocking with MCH molecules caused a pronounced increase in Ret (curve 4). This is due to the 

insulating nature of the organic layers and the electrostatic repulsion between the negatively 

charged DNA phosphate backbone and the anionic redox probe, [Fe(CN)₆]³⁻/⁴⁻. Hybridization 

with target DNA (t-DNA) resulted in a marginal further increase in Ret (curve 5), consistent with 

the addition of a second, weakly conductive DNA layer. Finally, the binding of probe DNA-

functionalized CdSe quantum dots (p-DNA/CdSe QDs) led to a remarkable increase in Ret (curve 

6), comparable to or exceeding that of the c-DNA/MCH layer. This substantial rise originates from 

the increased negative surface charge contributed by the QDs and their associated DNA, which 

electrostatically repel the anionic Fe(CN)6
3-/4- redox probe, thereby impeding interfacial electron 

transfer. Moreover, the large QD-DNA assembly introduces significant steric hindrance, further 

limiting charge transfer across the electrode/electrolyte interface. The systematic, step-dependent 
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evolution of the Ret value confirms the successful fabrication of the DNA biosensor at each stage. 

The signal amplification of PEC DNA detection is based on DNA hybridization. The photocurrent 

signal response is directly related to the concentration of target DNA. Figure 5c demonstrates the 

photocurrent signal of the designed PEC DNA biosensor incubated with different concentrations 

of target DNA. The sensitization effect would disappear after DNA hybridization, and the 

photocurrent gradually decreased with increasing the concentration of target DNA. Therefore, the 

control experiment also demonstrates the amplification of a photocurrent signal. The calibration 

curve was created by plotting ΔI (where ΔI = I0 − I; I0 is the photocurrent response when the target 

DNA concentration is zero, and I is the photocurrent response at various DNA concentrations) 

against log C (C represents different target DNA concentrations) as depicted in Figure 5d. The 

calibration regression equation was ΔI = 20.56-2.401 log10 CDNA (nM), with a strong negative 

correlation coefficient of 0.992. The linear detection range was from 100 fM to 1 μM, with a 

detection limit of 1.9 fM at 3σ (where σ is the relative standard deviation of five parallel 

measurements at a target DNA concentration of 0). This performance was significantly better than 

that reported in some previously published studies (Table S1). The sensitivity of our DNA assay 

is compared with prior PEC findings, and the results are presented in Table S2. The photocurrent 

decreases as DNA concentration increases because hybridized dsDNA forms an insulating layer 

that blocks electron transfer. This ultrasensitive limit of detection (LOD) indicates a highly 

efficient PEC transduction mechanism and effective signal suppression caused by DNA binding.

1.3.6 Optimization Conditions of the PEC biosensor

To achieve optimal PEC sensing performance, key experimental parameters were systematically 

optimized. These included the concentration of the FTO/ZnO/rGO/Au NPs@MoS2 nanocomposite, 

the incubation times for both CdSe QDs and target DNA hybridization, and the applied bias 

potential. The concentration of the ZnO/rGO/Au NPs@MoS2 nanocomposite dispersion 

significantly influences light absorption and charge transfer efficiency. As shown in Figure 6a, the 

photocurrent intensity increased with nanocomposite concentrations from 0.5 to 2.0 mg/mL. This 

enhancement is due to improved light harvesting and the formation of more effective 

heterojunctions that facilitate charge separation. However, the photocurrent decreased at 

concentrations above 2.0 mg/mL, likely because of increased surface charge recombination and 

higher electron transfer resistance from a thicker, less efficient film. Therefore, a 2.0 mg/mL 

Page 20 of 30Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

4/
20

26
 6

:4
7:

26
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6NR00077K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00077k


21

concentration was chosen for all subsequent electrode fabrication. The incubation time for t-DNA 

hybridization was optimized to ensure complete binding with the c-DNA probe. Figure 6b shows 

that the photocurrent response, which decreases upon hybridization due to steric hindrance and 

electrostatic repulsion, reached a minimum plateau after 100 minutes, indicating saturation of the 

hybridization process. Hence, 100 minutes was selected as the optimal t-DNA incubation time. 

Similarly, the incubation time for CdSe QDs, which serve as a signal-amplifying label, was 

optimized to 120 minutes to ensure maximum attachment to the dsDNA complex (Figure 6c). As 

shown in Figure 6d, the applied bias voltage was examined. Under light illumination, the 

photocurrent intensity was highest and then reached a plateau, most stable at 0 V. This potential 

provides a sufficient driving force for efficient electron-hole separation and charge collection 

without promoting significant side reactions, making it the optimal operating voltage for PEC 

detection.
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Figure 6. (a) PEC signal response of photocurrent under different ZnO/rGO/Au NPs@MoS2 concentrations: 
(0.5 to 3.5 mg mL-1. (b) Effect of incubation time of t-DNA hybridization. (c) the incubation time of r-DNA 
with CdSe QDs, and (d) the applied voltage on the sensor performance. (Error bar = RSD (n = 3)). 

1.3.7 Selectivity, Reproducibility, and Stability of the PEC Biosensor

In addition, the Practical applications of biosensors depend on the electrodes' selectivity, 

reproducibility, and stability in their photoresponsive characteristics. PEC biosensor selectivity 

was tested with t-DNA (a), one-base mismatched DNAI (b), and non-complementary DNA 

(nDNA) (c) in the identical concentration (2 μM). Figure S4a depicts that the t-DNA gives a 

significantly higher photocurrent response compared to DNAI and nDNA. The much lower weak 

signals from DNAI and nDNA indicate that hybridization of the probe DNA to the fully 

complementary t-DNA is efficient. These findings confirm the great selectivity of the suggested 

PEC biosensing platform. Five separate photoelectrodes are used to determine t-DNA in order to 

assess the biosensor's reproducibility. The photocurrents of five electrodes, as depicted in Fig. S4b, 

are largely consistent with one another and exhibit only minor variations, with a relative standard 

deviation (RSD) of 2.3%. This indicates that the biosensor is highly reproducible. We have also 

investigated the stability of the PEC DNA biosensor. The final PEC photoelectrode response was 

recorded under 20 seconds on/off irradiation cycles. The results show that the photocurrent 

remained stable and exhibited no obvious change, indicating excellent biosensor stability, as 

shown in Figure S4c. 
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Figure 7. The FDTD Simulation of (a, b, and c) electric field distributions and (d, e, and f) photocurrent 
density distributions of ZnO nanoflowers, rGO/Au NPs@MoS2 electrode.

1.3.8 FDTD simulations

Finite-difference time-domain (FDTD) method solves Maxwell’s time-dependent curl equations 

to simulate the temporal and spatial evolution of electromagnetic waves within a finite 

computational domain containing arbitrarily shaped structures. This approach was employed to 

theoretically validate the energy transfer process by visualizing the spatial distribution of the 

photoinduced electric field and the corresponding photocurrent density generated under different 

detector configurations.37 To study the properties of composite materials, we used a finite-time-

domain difference method to simulate the optoelectronic magnetic field of the coupled structure 

based on materials under incident light in the 300 nm-750 nm range, as depicted in Figure 7. We 

found that the internal field strength distribution of MoS2 and rGO is weaker than that of zinc oxide, 

which relates to their high electron mobility. Additionally, the gold particles' locations show a 

higher field strength distribution due to plasmon excitation, where gold exhibits surface plasmon 

resonance with the incident light field. This resonance produces a large scattering cross section 

that enhances the local electric field, increasing the absorption and utilization of incident light. 

Since the current reflects the detected information, we analyzed the current density of the structure 
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under illumination. We observed that the photocurrent is mainly distributed in the outermost layer 

of the material, which is beneficial for detecting external information. The increasing current 

density from inside to outside indicates that our structure favors carrier transmission, resulting in 

higher detection accuracy. A composite layered nanoflower structure with a height of more than 

300 nm was established on FTO glass. The nano flower has three layers of materials: zinc oxide, 

rGO, and MoS2, which are composed of four-nanometer pieces with a length of 1 μm. The 

nanoflowers are loaded with nanosphere particles with a radius of 15 nm. 

1.4 Conclusions

In this study, an improved photoelectrochemical (PEC) biosensor was developed for highly 

sensitive and precise detection of single-stranded DNA (ssDNA). The sensor design featured a 

compact three-dimensional (3D) nanostructure made of ZnO nanoflowers integrated with the 

active edge sites of ultrathin MoS2 nanosheets, combined with reduced graphene oxide (rGO), 

plasmonic Au nanoparticles, and further co-sensitized with CdSe quantum dots (QDs). The 

ZnO/rGO/Au NPs@MoS2 heterostructure creates an efficient two-dimensional (2D) photoactive 

interface that enhances light absorption, charge separation, and transport. XPS analysis confirmed 

the successful formation of the hybrid composite, while XRD, TEM, SEM, and EIS 

characterizations verified its structural stability and interfacial coupling. The co-sensitization 

effect between CdSe QDs and the nanocomposite electrode significantly enhanced photoinduced 

charge transfer, leading to a substantial amplification of the PEC response. The optimized 

biosensor exhibited a broad linear detection range and an extremely low detection limit, surpassing 

many previously reported PEC DNA platforms. The excellent sensing performance was due to the 

combined effects of the plasmonic Au nanoparticles and the highly conductive rGO interface, 

which reduced electron–hole recombination and boosted photoelectric conversion efficiency. 

FDTD simulations further verified the plasmonic enhancement and light-harvesting capabilities of 

the heterojunction. Overall, this work offers a strategic approach to constructing high-performance 

PEC biosensors through interface engineering and plasmonic coupling. The ZnO/rGO/Au 

NPs@MoS2-based heterostructure presents a promising pathway for ultrasensitive DNA detection 

and has significant potential for early diagnosis of DNA-related diseases and biomolecular 

monitoring.
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Data availability
All data supporting the findings of this study are available within the article and its supplementary 

information (SI). Supplementary information is available. Additional raw data that support the 

plots within this paper are available from the corresponding author upon reasonable request.
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