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Distance-triggered signaling on-off mechanism by plasmonic Au 
nanoparticles: toward advanced photocathodic DNA bioanalysis
Gao-Chao Fana, Huan Zhaoa, Linzheng Maab, Yanwei Lua and Xiliang Luo*a

An efficient signaling on-off mechanism was first proposed by 
integrating exciton–plasmon coupling and exciton energy transfer 
into cathodic PEC bioassay. This signaling on-off mechanism has 
endowed the cathodic PEC biosensor with powerful capability to 
ultrasensitive and specific detection of target DNA. 

With ever-increasing requirement for sensitive, selective, facile 
and rapid detection of specific DNA sequences, sustained and 
great efforts have been made by the researchers to explore 
powerful techniques with advanced signaling mechanisms.1,2 
Owning to the distinct merits such as high sensitivity, low 
background signal, easy operation and high throughput, 
photoelectrochemical (PEC) technique for DNA bioanalysis has 
shown its bright prospect and attracted increasing attention.3-5 
It has been demonstrated that cathodic PEC biosensors, which 
are built on photocathode and use p-type photoactive material 
as substrate, have shown huge potential to resist interference 
from reductive species, and thus stimulated strong research 
interests.6-9 Despite this, the exploration of high-performance 
cathodic PEC biosensors is still in its infancy. As a result, 
advanced signaling mechanism that with superior capability 
for photocathodic bioanalysis is beyond a doubt highly 
desirable. 

So far, for cathodic PEC sensors, the signaling mechanisms 
such as sensitization effect, energy transfer, steric-hindrance, 
and enzymatic reaction have been utilized alone to trigger or 
enhance the photocurrent signal for various targets. Thereinto, 
energy transfer is an effective strategy to decrease the 
photocurrent signal for building DNA related biosensors,10,11 
which is operated upon the spectral overlap combining with 
proper distance (around 10 nm) between energy donors and 

acceptors. The energy donors are usually semiconductor 
quantum dots (QDs), while the energy acceptors are metallic 
nanoparticles (NPs). Similar with energy transfer, exciton–
plasmon coupling can also happen between semiconductor 
QDs and metallic NPs, but close contact of them is 
necessary.12,13 Exciton–plasmon coupling is known as a special 
interaction between exciton-polaritons (in semiconductor) and 
plasmon-polaritons (in metallic NPs), which allows excited 
electrons to smoothly transfer between conduction band of 
QDs and surface plasma states of metallic NPs.13-14 This 
phenomenon can evidently increase the lifetime of the excited 
electrons, and hence effectively inhibit the charge (electron-
hole pair) recombination.13-15 Accordingly, integrating signaling 
mechanism of exciton–plasmon coupling into cathodic PEC 
biosensors can evidently enhance the cathodic photocurrent, 
while which has not been reported yet. As exciton–plasmon 
coupling and energy transfer have opposite effects to cathodic 
photocurrent, if possible, a joint signal amplification could be 
produced by regulating the distance between semiconductor 
QDs and metallic NPs to control the occurrence of exciton–
plasmon coupling and energy transfer, which would contribute 
significantly to ultrasensitive photocathodic detection. 

Scheme 1. Cathodic PEC DNA bioassay based on proposed 
signaling on-off mechanism.
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Herein, inspired by the situation above, an advanced 
signaling on-off mechanism regulated by plasmonic AuNPs was 
proposed to build an ingenious and efficient cathodic PEC DNA 
bioassay, as illustrated in Scheme 1. The DNA sequence of 
BCR/ABL fusion gene (type b3a2) associated with chronic 
myelogenous leukemia (CML) was served as the target DNA 
(tDNA). Experimentally, three-dimensional (3D) NiO nanofilm 
was first fabricated on an indium tin oxide (ITO) substrate by 
hydrothermal reaction and then assembled with CdTe QDs via 
layer-by-layer method to prepare the CdTe/NiO photocathode. 
AuNPs as signaling labels were covalently bound on the 
terminal of hairpin-structured probe DNA (pDNA) to form 
AuNPs-pDNA conjugates. After the CdTe/NiO photocathode 
was immobilized with AuNPs-pDNA conjugates and then 
blocked with monoethanolamine (MEA), the cathodic PEC 
biosensor was built. The tDNA was detected by the dramatic 
photocurrent decrease produced from conformation change of 
the pDNA after the specific DNA hybridization, which brought 
about disappeared exciton–plasmon coupling concurrent with 
generated exciton energy transfer. This superior signaling on-
off mechanism has endowed the cathodic PEC biosensor with 
powerful capability to ultrasensitive and specific detection of 
tDNA. 

Scheme 2. PEC signaling on-off mechanism for photocathodic 
DNA bioanalysis. Note: eT, eFA, and hv in the scheme stand for 
electron transfer, electric field action, and emission energy, 
respectively.

In the proposal, the CdTe/NiO photocathode was used as 
matrix to immobilize pDNA with plasmonic AuNPs on the 
terminal. The different roles of plasmonic AuNPs labeling were 
triggered by conformation change of pDNA after hybridization 
with tDNA. The PEC signaling on-off mechanism for 
photocathodic DNA bioanalysis was illustrated in Scheme 2. 
NiO is a typical p-type wide-band-gap semiconductor (Eg=3.6–
4.0 eV) with good stability, which shows a promising candidate 
for photocathode substrate.16,17 Yet, as NiO mainly harvests 
the ultraviolet light, just a very weak cathodic photocurrent 
could be obtained under visible-light irradiation. CdTe is a 
familiar narrow band-gap semiconductor with Eg value of 1.5 
eV, which renders CdTe an ideal material for visible light 
absorption.18,19 Coupling CdTe with NiO can effectively harvest 
the visible light, and the stepwise band edges of NiO and CdTe 
benefits the charge separation. As a result, the CdTe/NiO 
photocathode had an obvious cathodic photocurrent. 

In the absence of tDNA, the labels of plasmonic AuNPs 
were in close contact with the CdTe/NiO photocathode. At this 
time, as shown in Scheme 2A, the exciton–plasmon coupling 

formed between photogenerated electrons within conduction 
band (CB) of the CdTe QDs and hot electrons in surface plasma 
(SP) states of the plasmonic AuNPs.13,14 This exciton–plasmon 
coupling induced resonance is typically known for increasing 
the lifetime of the electrons in the excited state, and hereby, it 
evidently inhibited the charge recombination.13-15 Accordingly, 
the cathodic photocurrent of the AuNPs-pDNA modified 
CdTe/NiO photocathode obviously enhanced compared with 
pure pDNA modified CdTe/NiO photocathode (signal on). 

In the presence of tDNA, the labels of plasmonic AuNPs left 
from the electrode surface and kept a certain distance with 
CdTe/NiO photocathode. Under this situation, as shown in 
Scheme 2B, the exciton–plasmon coupling between the CdTe 
QDs and plasmonic AuNPs disappeared, and conversely, the 
exciton energy transfer between them happened. Because of 
the overlap between emission band of the CdTe QDs and SPR 
absorption region of the AuNPs, the emission generated by 
charge recombination of the CdTe QDs would induce SPR 
absorption of the AuNPs with the formation of a local electric 
field,20,21 which further increased the charge recombination 
ratio in the CdTe QDs and hereby decreased the cathodic 
photocurrent (signal off). Benefitting from disappearance of 
the exciton–plasmon coupling concurrent with generation of 
the exciton energy transfer, the cathodic PEC signal for tDNA 
detection would be very conspicuous. Compared with 
traditionally reported signal-on or signal-off mechanism, the 
proposed signaling on-off mechanism had superior capability 
for signal amplification, and hence the ultrasensitive detection 
of target could be realized.

Fig. 1. (A) HRTEM image and (B) UV-vis absorption spectrum 
of the CdTe QDs; (C) HRTEM images of the AuNPs; (D) PL 
emission spectrum of (a) the CdTe QDs and (b) absorption 
spectrum of the AuNPs. Inset in B and C: photographs of CdTe 
QDs solution (under white light and UV-lamp) and AuNPs 
solution (under white light). 

The synthesized CdTe QDs sample was first characterized 
by high-resolution transmission electron microscopy (HRTEM) 
image, as shown in Fig. 1A. The lattice fringes of the QDs were 
clearly shown in the HRTEM image and their average size of 
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2.8 nm was obtained from the clear outlines of theses QDs. Fig. 
1B exhibits UV–visible (UV-vis) absorption spectrum of the 
CdTe QDs, and a relatively broad absorption region to 560 nm 
with an obvious absorption peak at 502 nm could be found in 
the spectrum. The insets in Fig. 1B shows photographs of the 
CdTe QDs solution. The bright-green fluorescence indicated 
high quality of the QDs. Fig. 1C shows HRTEM image of the 
synthesized AuNPs, and the average size of about 4.5 nm was 
obtained from their clear outlines and lattice fringes. For 
effective exciton energy transfer, the spectral overlap is 
necessary. As shown in Fig. 1D, the CdTe QDs exhibited a sharp 
photoluminescence (PL) emission peak at 547 nm (curve a), 
while AuNPs showed an evident plasmon absorption peak at 
about 518 nm (curve b). It is noted that the emission band of 
the CdTe QDs had a considerable overlap with the SPR 
absorption region of the AuNPs, which was very beneficial to 
the inducement of SPR effect of the AuNPs. 

Fig. 2. (A, B) SEM images of the NiO film modified ITO electrode 
with (A) low and (B) high magnification; (C, D) SEM images of 
the hybrid CdTe/NiO film modified ITO electrode with (C) low 
and (D) high magnification. Inset in A and C: elemental 
mapping analysis of (Ni, O) and (Te, Cd).

Fig. 2A and 2B show scanning electron microscopy (SEM) 
images of NiO film modified ITO electrode with low and high 
magnifications. As depicted in Fig. 2A, the prepared NiO film 
was composed of abundant interconnected nanoflakes and 
appeared a highly crossed 3D porous nanostructure. It can be 
observed in Fig. 2B that these nanoflakes was smooth with 
about 12 nm in thickness and micron size in lateral dimension. 
The 3D porous nanostructure of the NiO film could offer a 
huge surface area to the subsequently modified CdTe QDs, 
which was conducive to the efficient light absorption and 
charge exchange at the electrode interface. Fig. 2C and 2D 
then reveal SEM images of the hybrid CdTe/NiO film with low 
and high magnifications. It can be clearly observed that the 
guests of CdTe QDs were evenly coated onto the surface of the 
3D porous NiO film (Fig. 2C), and the previous NiO nanoflakes 
became rough and thick (Fig. 2D). The elemental mapping 
analysis in the insets of Fig. 2A and 2C also suggested the 
modification of CdTe QDs on the NiO nanoflakes. Besides, the 

X-ray photoelectron spectroscopy (XPS) further confirmed 
successful fabrication of the CdTe/NiO photocathode (Fig. S1). 

The stepwise building of the DNA biosensor was inspected 
by photocurrent response, as shown in Fig. 3A. The NiO layer 
modified ITO electrode showed a small cathodic photocurrent 
(curve a) owning to intrinsic large band-gap and low visible-
light adsorption of NiO substrate. After CdTe QDs modification, 
the CdTe/NiO photocathode exhibited a significantly increased 
cathodic photocurrent (curve b), because the CdTe QDs with 
narrow band-gap obviously extended the absorption range (Fig. 
S2) and as a result presented a conspicuous sensitization effect 
to NiO nanofilm. To verify positive role of the AuNPs labeling in 
cathodic photocurrent enhancement, pure pDNA was used as 
a reference of the AuNPs-pDNA conjugate. After pure pDNA 
anchoring on the photocathode, an obvious decrease in the 
cathodic photocurrent could be observed (curve c), which 
might be attributed to weak charge transfer of the pDNA. 
While AuNPs-pDNA conjugates anchoring on the CdTe/NiO 
photocathode, an evident increase in cathodic photocurrent 
could be noticed compared with pure pDNA anchoring (curve 
d), which indicated the formation of exciton–plasmon coupling 
between the CdTe QDs and AuNPs labeling. Incidentally, the 
characterization of the AuNPs-pDNA conjugates was rendered 
in Fig. S3. After MEA blocking, the cathodic photocurrent 
decreased mildly (curve e) owning to weak charge-transfer 
ability of this small organic molecule. While the sensing 
electrode was incubated with tDNA, the cathodic photocurrent 
decreased greatly (curve f), demonstrating that the tDNA 
hybridization induced occurrence of disappeared exciton–
plasmon coupling and generated exciton energy transfer had 
successful happened. The expected variation trend of the 
photocurrent response hence confirmed successful building of 
the cathodic DNA bioassay. 

Fig. 3. (A) Photocurrent responses of (a) the NiO cathodic 
substrate, (b) after CdTe QDs modification, (c) after pure pDNA 
anchoring or (d) after AuNPs-pDNA conjugates anchoring, (e) 
after MEA blocking, and (f) after incubation with 1 μM tDNA. (B) 
calibration curve of the cathodic PEC biosensor toward 
different concentrations of tDNA from 1 fM to 100 pM. ΔI=I0–I, 
I0 and I stand for photocurrent responses of the DNA sensor 
before (I0) and after (I) tDNA hybridization.

Furthermore, the optical imaging was utilized to visually 
monitor and verify the final production of the energy transfer 
on the sensing electrode, as shown in Fig. S4. In the absence of 
tDNA, the pDNA was in hairpin shape and the labeled AuNPs 
were in close contact with CdTe QDs. In this case, as shown in 
Fig. S4A, the fluorescence quenching happened due to Förster 
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resonance energy transfer (FRET).22,23 Once the occurrence of 
the DNA hybridization, the pDNA changed from hairpin shape 
into a rigid rod-like double helix, and the AuNPs labels left 
from the electrode surface, keeping a certain distance with the 
CdTe QDs on the sensor surface. At this time, as exhibited in 
Fig. S4B, a fluorescence recovery was clearly observed owning 
to the inhibited FRET.24,25 Thus, optical imaging offered a visual 
evidence in realizing the DNA biosensor design.

The tDNA detection was operated upon the distance-
induced signal on-off mechanism controlled by AuNPs labeling. 
Under optimal condition (Fig. S5), the analytical performance 
of the cathodic PEC biosensor was evaluated. As revealed in 
Fig. 3B, in the scope of 1 fM to 100 pM, the photocurrent 
signal weakened linearly with increase in the logarithm of 
tDNA concentration. The regression equation was ΔI = −2.76 − 
0.78 log C (pM) with the correlation coefficient of 0.997, and 
the limit of detection (LOD, S/N=3) was acquired to be 0.28 fM, 
which was lower than or comparable to previously reported 
DNA biosensor for tDNA detection.26-30 The selectivity of the 
cathodic PEC biosensor was depicted in Fig. S6, and the result 
verified that the photocurrent signal was specifically triggered 
by the tDNA hybridization with pDNA. The stability and 
repeatability of the PEC biosensor were also studied (see the 
ESI file), and the results of high stability and acceptable 
reproducibility were acquired. The feasibility of the cathodic 
PEC biosensor was examined by detecting PCR products of 
practical samples. K562 cell and negative real sample were 
ordered as the targets. As depicted in Fig. S8, the photocurrent 
response of the cathodic PEC biosensor to PCR products from 
K562 cell showed an evident decrease, while the photocurrent 
response to negative real sample was nearly the same as the 
blank control. The results thus confirmed a promising 
application potential of the designed PEC biosensor.

In summary, an advanced signaling on-off mechanism 
controlled by plasmonic AuNPs was first demonstrated to build 
a powerful photocathodic DNA bioanalysis. The 3D structured 
CdTe/NiO photocathode had an evident cathodic photocurrent, 
being qualified for the PEC matrix. The different roles of 
plasmonic AuNPs labeling were triggered by conformation 
change of pDNA from hairpin structure to rigid rod-like double 
helix upon hybridizing with tDNA. Before tDNA hybridization, 
the formation of exciton–plasmon coupling between the CdTe 
QDs and plasmonic AuNPs could evidently enhance the 
cathodic photocurrent (signal on). After tDNA hybridization, 
the disappearance of exciton–plasmon coupling concurrent 
with the generation of exciton energy transfer conspicuously 
decreased the cathodic photocurrent (signal-off). Benefiting 
from this simple but superior signaling on-off mechanism, the 
photocathodic DNA bioanalysis offered an ultralow LOD and 
excellent selectivity for the detection of model tDNA of 
BCR/ABL fusion gene. More generally, we believe that the 
ingenious work especially in superior signaling mechanism 
would stimulate more inspiration to explore other various 
powerful cathodic PEC bioassays. 
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