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g r a p h i c a l a b s t r a c t
� PbSeAu heterodimers were used as
novel signal quencher to quench the
PEC signal of TiO2/BiOI hetero-
structure (p-n).

� The Au in PbSeAu heterodimers
could expedite the electron separa-
tion/transfer process and connected
with Ab2.

� The biosensor showed a low LOD of
0.028 pg/mL and a wide detection
range of 0.0001e500 ng/mL.
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a b s t r a c t

By using PbSeAu heterodimers as the signal quencher, TiO2/BiOI as matrix, a novel sandwich-type
photoeletrochemical (PEC) biosensor for sensitive determination of amyloid b-protein (Ab, ~4 KDa)
was developed. BiOI was attached to the surface of TiO2 and formed a heterogeneous structure (p-n
junction), which enlarged the light harvest range and enhanced the electron transfer rate of TiO2. In
order to quench the PEC signal, PbSeAu heterodimers were used as the labels to combine with Ab. Owing
to the competitively light energy harvesting and electron donor consuming effect of PbSeAu hetero-
dimers, less light energy and electron donor arrived at TiO2/BiOI. In addition, Au directly contacted with
PbS could enhance the electron seperation and transfer rate, and lead to improved competitiveness
consumption of the electron donor. PbSeAu integrated with secondary antibodies formed PbSeAu-Ab2
bioconjugate, which would further obstruct the electron transfer and impede the interreaction between
electron donor and photoelectrode surfaces. Owing to the unique PbSeAu heterodimer structure and the
quenching effect of PbSeAu-Ab2 bioconjugate, the fabricated immunosensor for Ab detection exhibited
good stability, high sensitivity, and a low detection limit of 0.028 pg/mL (S/N¼ 3).

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Alzheimer's disease (AD) is a common chronic neurodegenera-
tive disease, and one of the most common diseases in the entire
world. The clinicopathological characteristics of AD include neuritic
plaques composed of aggregated amyloid-b peptides surrounded
by dystrophic neurites, also accompanied by neuronal and synaptic
degeneration [1,2]. Based on research findings, amyloid b-protein
(Ab, ~4 KDa) is derived from hydrolyzed b-amyloid precursor pro-
tein (secreted by cell), and has a strong neurotoxic effect after the
accumulation in matrix [3e5]. Therefore, Ab can be used as one
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kind of specific biomarkers for AD detection [6], and various
methods have been developed for the Ab detection [2,6,7]. The
photoelectrochemical (PEC) immunosensor is derived from elec-
trochemical immunosensor, in which the light and electricity are
used as separated excitation and detection signals, respectively
[8,9]. The PEC bioanalysis also inherits the advantages of traditional
electrochemical bioanalysis, such as cost efficiency and simple
instrumentation [10e13]. In consideration of these merits, we
developed a PEC sensing platform for the Ab detection by moni-
toring the biological/chemical interactions generated signal
changes.

As we all known, sensitivity is a very important evaluation index
for the performance of PEC biosensor [14,15]. Variousmethods have
been used to improve the sensitivity of the PEC biosensor [16e18].
Among them, using p-type semiconductor as signal quencher to
compete with n-type semiconductor for the consuming of electron
donor is a powerful and promising way [19e21]. PbS is a typical p-
type semiconductor, on account of its large exciton Bohr radius,
high dielectric constant, carrier mobility as well as strong electron
carriers confinement effects [22e24], which can generate multiple
electron-hole pairs. What's more, compared with n-type semi-
conductors, p-type PbS is more apt to interact with O2 (electron
acceptor) rather than electron donor (e.g. AA) in the electrolyte
(PBS) [19,25]. In addition, PbS has a narrower band-gap (~0.44 eV)
[26], which makes it has a wide light absorption capacity. There-
fore, PbS is an appropriate p-type semiconductor for the quenching
of PEC signals. Under continuous light irradiation, the photoin-
duced electron of PbS could be captured by O2 (dissolved in elec-
trolyte), and the photogenerated hole (in the valence band) could
reacted with the electron donor (ascorbic acid) in the meantime.
For the above reasons, in the PEC sensing system, PbS could be used
to compete with the matrix materials to consume the electron
donor. In addition, combining PbS with Au together could form
PbSeAu heterodimer [27], and the quenching efficiency of PbS also
could be improved. The reason is that Au nanoparticle (metallic
nanostructure) directly contacted with PbS (semiconductor) forms
a metal/semiconductor junction enhanced its electron/hole sepa-
ration and transportation (photoactivity) rate [28]. Moreover,
thanks to the good biocompatibility of Au, PbSeAu could directly
bind with secondary antibodies (Ab2) and need not further modi-
fication [29].

Titania (TiO2) as a popular wide band-gap (~3.2 eV) semi-
conductor, owing to its cost efficient, good chemical stability and
nontoxic properties, has attracted increasing attention [30e34].
Bismuth oxyiodide (BiOI), as an important inorganic semiconductor
with a narrow band-gap of ~1.7 eV, has already been wildly used in
the promising industrial applications owing to its excellent pho-
tocatalysis and unique optical properties [35e38]. By combining
the wide band-gap semiconductor TiO2 and narrow band-gap BiOI
together, Zhang et al. [39] developed a TiO2/BiOI heterostructure,
which showed better photocatalytic activities compared with pure
TiO2 or BiOI, indicating that under the illumination of visible light
BiOI and TiO2 have well matched banding energy (more efficient
generation and separation of electron/hole pairs). Furthermore, as
an easy synthesized material (by using solvothermal or hydro-
thermal method), BiOI also is a popular sensitizers, which could
form heterostructures with TiO2. Nevertheless, the previous
research is mainly about its photocatalytic or photovoltaic
applications.

In the present work, we developed a novel sandwich-type
immunosensor for Ab detection, which was fabricated by using
TiO2/BiOI heterostructure as matrix and PbSeAu as quencher. BiOI
nanosheet was decorated on the surface of TiO2 nanosphere by the
chemical bath deposition (CBD) method and the thickness of BiOI
could be adjusted by different repeating cycles of CBD process.
PbSeAu heterodimers as labels could compete with the matrix and
further quench the output PEC signals. What's more, the unique
PbSeAu heterodimers, to the best of our knowledge, hasn't been
used in the field of PEC immunoassay.

2. Experimental section

Reagents, apparatus as well as the preparation of ITO/TiO2, ITO/
TiO2/BiOI/CS-GA electrode, PbS octahedron, PbSeAu octahedron-
nanoparticle heterodimers and PbSeAu-Ab2 bioconjugate are
included in the Supporting Information.

2.1. Fabrication of the PEC biosensor

The fabrication procedure of the PEC biosensor was shown in
Scheme 1. First, 5 mL of Ab1 (10 mg/mL) was dropped onto the sur-
face of the as prepared ITO/TiO2/BiOI/PDA/CS-GA electrode and
incubated at 4 �C for 120min, and following rinsed with PBS
(0.1mol/L, pH¼ 7.4) to wash off physically absorbed Ab1. Then the
resulting electrode was incubated with 5 mL of BSA (1wt%) for
120min to block possible remaining active sites. Next, 5 mL of
different concentrations of Ab was added and incubated at 4 �C for
120min. After that, 5 mL of PbSeAu-Ab2 (1mg/mL) was added onto
the as-prepared electrode to form the PEC biosensor. Following, it
was washed with PBS solution thoroughly (removing non-specific
absorption) to obtain the desired PEC biosensor.

2.2. PEC measurement procedure

Detection of Ab was carried out through an electrochemical
workstation in 0.1mol/L PBS (pH¼ 7.4; containing 0.1mol/L AA as
the sacrificial electron donor) solution. The photocurrent was
presented by the time-based photocurrent curve on a PEC work-
station with 0 V applied potential and a LED light excitation source
of 430 nm (light intensity is 180Wm�2). The error bars in this work
originated from three times of parallel measurement.

3. Results and discussion

3.1. Characterization of TiO2, TiO2/BiOI, PbSeAu heterodimers and
PbSeAu-Ab2 bioconjugate

Fig. 1A showed a typical SEM image of the TiO2 nanoparticles,
which have a diameter about 20 nm (inset is the picture of ITO/
TiO2). Fig. 1B exhibited the SEM image of BiOI modified TiO2 (inset
is the optical photograph of ITO/TiO2/BiOI and SEM of magnified
TiO2/BiOI), as we can see, the BiOI nanosheets (~500 nm) were
vertically decorated on the surface of TiO2. The corresponding XRD
patterns for TiO2 (Fig. 1A) and TiO2/BiOI (Fig. 1B) were shown in
Fig. S1 (Supporting Information). The related XRD patterns shows
that the main peaks of TiO2 corresponding to anatase TiO2 (JCPDS
PDF#21e1272), while the pattern of TiO2/BiOI contains both the
main peaks of TiO2 as well as BiOI (JCPDS PDF#10e0445), which
proofs the successful synthesis of TiO2/BiOI heterostructure. As
seen from the EDS image of TiO2/BiOI heterostructure nanocrystals
in Fig. 1C, the element of Bi, O, I, and Ti are corresponding to the
TiO2/BiOI heterostructure, which indicating the successful synthe-
sis of the sample. As shown in the TEM image (Fig. 1D), the PbS
exhibited a octahedral structure with the size of ~50 nm. The
UVeviseNIR absorption spectrum and the Kubelka-Munk plots of
PbS were shown in Fig. S2, fromwhich we could see that PbS has a
wide light absorption range and a narrow band-gap about 0.44 eV.
The obtained PbSeAu heterodimers (Fig.1E) presented a dumbbell-
style structure, with a size about 140 nm (as shown in the inset of
1E: Au ~ 90 nm, PbS ~50 nm). Fig. 1F shows the XRD patterns of PbS



Scheme 1. Fabrication process of the proposed PEC biosensor.

Fig. 1. SEM images of (A) TiO2 nanoparticles (inset is the picture of ITO/TiO2) and (B) TiO2/BiOI heterostructure (inset is the optical photograph of ITO/TiO2/BiOI and SEM of
magnified TiO2/BiOI). (C) EDS image of TiO2/BiOI heterostructure. (D) TEM image of PbS octahedron. (E) SEM image of PbSeAu heterodimers. (F) XRD patterns of PbS (black curve)
and PbSeAu (red curve) heterodimers. (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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and PbSeAu. The related XRD pattern shows the main peaks cor-
responding to galena PbS with a octahedral structure (JCPDS
PDF#05e0592) and gold (JCPDS PDF#04e0784), which demon-
strated the successful synthesis of PbSeAu heterodimers.

The morphologies and microstructures of PbSeAu hetero-
dimers were also confirmed by the TEM image. As shown in Fig. S3
A, the morphology of PbSeAu in agreement with the SEM image in
Fig. 1E, indicating the successful synthesis of PbSeAu
heterodimers. In addition, the UVevisible absorption spectros-
copy of PbSeAu and PbSeAu-Ab2 bioconjugate were used to
demonstrate the interaction between PbSeAu heterodimers and
Ab2. Fig. S3 B illustrated the UVevisible absorption spectra of
PbSeAu (black curve) heterodimers and PbSeAu-Ab2 bio-
conjugate (red curve), respectively. The PbSeAu heterodimers and
PbSeAu-Ab2 bioconjugate both exhibited a peak at approximately
525 nm, which could be ascribed to the surface plasmon



Scheme 2. Schematic illustration of the possible electron transfer mechanism of the
“signal-off” PEC biosensor.

Q. Han et al. / Analytica Chimica Acta 1092 (2019) 85e9288
resonance peak of the Au nanoparticles. Compared with PbSeAu
heterodimers, a peak was observed at ~272 nm after PbSeAu
had been conjugated with Ab2, which could be ascribed to Ab2.
In addition, slight shift of the absorption band toward a higher
wavelength (535 nm) was noticed, which suggested that PbSeAu
and Ab2 could form PbSeAu-Ab2 bioconjugate.

XPS was performed to study the surface chemical compositions
and oxidation states of the TiO2/BiOI heterostructure. Fig. 2A shows
the survey XPS spectrum of the as-fabricated TiO2/BiOI hetero-
structure with the relevant elements of Bi, O, I, Ti, and C. The cor-
responding XPS spectra of Bi 4f, O 1s, I 3d, and Ti 2p are also
illustrated. Fig. 2B shows the Bi 4f7/2 and Bi 4f5/2 signal with max-
ima located at ~158 and ~161 eV, while Fig. 2C indicates the O 1s
peaks located at around ~529 and ~532 eV, which should be
assigned to the TiO2 and BiOI compound. Fig. 2D exhibits that I 3d
have several peaks in the binding energies (BEs) of 615e635 eV.
Specifically, the peaks centered at ~631 and ~619 eV could be
attributed to I 3d3/2 and I 3d5/2, respectively. Fig. 2E of the Ti 2p
spectrum exhibits a peaks at the BEs of ~459 eV. The peak positions
were determined with a C 1s BEs of 284.6 eV (Fig. 2 F) as the in-
ternal benchmark. These results confirmed the successful prepa-
ration of TiO2/BiOI heterostructure.
3.2. Mechanism of the as prepared PEC biosensor

Scheme 2 illustrated the mechanisms of the photocurrent
generating and quenching of the fabricated PEC biosensor. TiO2 is a
popular wide band-gap semiconductor, modified with BiOI could
promote its electron separation and light utilization efficiency. Af-
ter the signal-quenching PbSeAu (p-type PbS, band-gap ~0.44 eV)
heterodimers were introduced, the photocurrent would decrease.
This could be explained as follows: First, the steric hindrance of
Fig. 2. (A) XPS spectrum of the as-fabricated TiO2/BiOI heterostructure an
PbS-Ab2 could hinder the electron transfer and reduce the photo-
current response. Second, the photoinduced electron of PbS were
captured by the dissolved oxygen (electron acceptors) in electrolyte
to form O2

¡., and then the photoinduced hole was neutralized by
ascorbic acid (AA), which would partly reduce the AA supplied for
TiO2/BiOI heterostructure as well as the photocurrent response
[19,22]. Third, the direct contact between PbS and Au could expe-
dite the electron separation and transfer process, which would
further enhance the quenching effect. Hereto, a novel and effective
quenching type PEC immunosensor was obtained.
d (BeF) XPS spectra of Bi 4f, O 1s, I 3d, Ti 2p and C 1s, respectively.
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3.3. Optimization of the experimental conditions

For the purpose of acquire an optimal output PEC signals, some
detailed experimental conditions for the design of this sandwich-
type biosensor were studied. Herein, we investigated the effect of
TiO2 concentration, CBD repeating cycles as well as the concen-
tration of PbSeAu heterodimers on the photocurrent response of
the sandwich-type immunosensing system. As indicated from
Fig. S4 A, the photocurrent increased with the increasing TiO2, and
reached a relatively larger and stable photocurrent at 7mg/mL.
When the concentrations of TiO2 exceed 7mg/mL, TiO2 falls off
from the ITO more easily and its photocurrent also becomes un-
stable. Thus, 7mg/mL was selected for the preparation of PEC
biosensor. As seen from Fig. S4 B, with the increases of CBD
repeating cycles, the photocurrent reached a maximum sensitiza-
tion effect at 4 cycles. But when the repeating cycles exceed 4, the
photocurrent decreased gradually, which could be attributed to the
increased resistance with the excessive addition of BiOI. To simplify
the process, 4 CBD repeating cycles was used for the preparation of
TiO2/BiOI heterostructure.

Figure S4 C gives the relationship between the PbSeAu-Ab2
concentration and photocurrent. As shown in Fig. S4 C, the
photocurrent gradually decreased with the increasing concentra-
tions of PbSeAu-Ab2 from 0.2mg/mL to 1.0mg/mL, and reached a
plateau at 1mg/mL. In consideration of the cost and material
saving,1mg/mL of PbSeAu-Ab2was used for the preparation of PEC
biosensor.

For comparison, pure BiOI coated on ITO was also prepared by
the CBD method and with the same cycles. The different photo-
currents response and UVevis diffuse reflectance spectra of
different electrodes were depicted in Figs. S5 and S6, respectively.
Clearly, the photocurrent of TiO2/BiOI (curve c) was much higher
than pure BiOI (curve a) and TiO2 (curve b) (shown in Fig. S5). This
could be attributed to the well-matched band-structures of TiO2
and BiOI, which effectively promoted the transfer rate of photo-
generated electron and limited the electron/hole recombination
rate. Fig. S6 shows the UVevis diffuse reflectance spectra of pure
TiO2, pure BiOI and TiO2/BiOI heterostructure. The spectrum
depicted that the TiO2 nanoparticles primarily absorb the ultravi-
olet light with a wavelength under 400 nm, which was ascribed to
the wide band-gap absorption of TiO2. After the modification of
BiOI, the absorption edge was expanded to about 550 nm, which
can be assigned to the inherent band-gap absorption of BiOI. This
property enhances the utilization rate of TiO2/BiOI to visible light,
and as a result, the photocurrent also was enhanced [40].

3.4. Electrochemical characterizations of the proposed PEC
biosensor

As shown in Fig. 3, the PEC responses of the electrode at
different modification steps were investigated. Each step in the PEC
sensor construction process could be reflected by the correspond-
ing photocurrent responses. As depicted in Fig. 3A, the photocur-
rent increased from curve a (ITO electrode) to curve c (ITO/TiO2/
BiOI electrode). The increase could be attributed to that the TiO2/
BiOI heterostructure enhanced the electron transfer rate and
depressed the electron-hole recombination efficiency. After the
ITO/TiO2/BiOI electrode was modified with CS-GA (cross-linking
agent), Ab1, BSA (blocking nonspecific site), Ab, and PbSeAu-Ab2 in
sequence, the photocurrent decreased gradually. The reason is that
the immobilized insulation substance (CS-GA and other proteins)
increased the electron transfer resistance and impeded the electron
donor to the electrode surface, as well as the quenching effect of
PbS.

The fabrication process of the PEC biosensor was also
investigated by the electrochemical impedance spectroscopy (EIS).
The employed frequency range of EIS spectra was 0.1e1� 105 Hz.
Fig. 3B illustrated the Nyquist plot of different modified stages. As
depicted in the graph, the impedance spectrum composed of a
semicircle portion and a linear portion. The semicircle portion
equals to the electron transfer resistance (Ret), and reflects the
restricted diffusion of the redox probe through the multilayer
system. The lower right inset in Fig. 3B is the equivalent circuit,
containing the solution resistance (Rs), Ret, Warburg impedance
(Zw) and double layer capacitance (Cdl). The Ret indicates the elec-
trode interfaces properties among other impedance composition.
All of the above mentioned values were simulated by ZSimpWin
(software) and exhibited in Table S1. As shown in Fig. 3B, the
semicircle part increased from curve (a) to curve (h), which in-
dicates the success modification of each step. The results agreed
with the photocurrent change in Fig. 3A, which indicating the PEC
biosensor was successfully constructed.

3.5. Analytical performance of the proposed PEC biosensor

To investigate the analytical performance of the PEC biosensor,
the quantitative measurement was implemented by detecting Ab
with different concentrations under the optimized experiment
conditions. The photocurrent response of the immunosensor could
reflect the concentration of Ab. Fig. 4A demonstrated that the
photocurrent decreased with the increase of Ab. As depicted in
Fig. 4B, the photocurrent response linearly decreased with the
increasing logarithm of Ab concentration in the range of
1� 10�4 ng/mL - 500 ng/mL. The calibration equation was
DI¼�0.6 lg c - 2.4, with the correlation coefficient of 0.993. With
the concentration of Ab increased, a growing number of PbSeAu-
Ab2 bioconjugate was specifically bounded with Ab (on the elec-
trode surface), which consumed more electron donor (AA) and
increased the electron transfer resistance, resulting in the reduced
photocurrent. As shown in Table S2, our work showed awide linear
range and a low limit of detection, exhibiting its advantages in Ab
analysis.

To investigate the selectivity of the proposed PEC biosensor, the
anti-interference test was carried out. There were several repre-
sentative interfering proteins, involving prostatic specific antigen
(PSA), carcino embryonie antigen (CEA) and immunoglobulin G
(IgG) were used for the test. All the samples were measured under
identical experimental condition. The specificity of the biosensor
was appraised by measuring the photocurrent response of (a)
blank, (b) 10 ng/mL PSA, (c) 10 ng/mL CEA, (d) 10 ng/mL IgG, (e)
10 ng/mL Ab, and the mixture (f) (containing 10 ng/mL of Ab, 10 ng/
mL of PSA, 10 ng/mL of CEA and 10 ng/mL of IgG), respectively.
Compared with the blank specimen, no obvious photocurrent
changes appeared after the addition of PSA, CEA and IgG, as
depicted in Fig. 4C.What's more, the photocurrent response toward
the mixture (f) was approached to that incubating with 10 ng/mL
Ab. Therefore, the selectivity of the proposed PEC biosensor toward
Ab detection had acceptable performance. The stability of the PEC
immunosensor was also an important criterion factor of the
biosensor [41]. Fig. 4D exhibited the photocurrent response of the
PEC immunosensor under “off-on-off” irradiation cycles for 480 s.
As depicted in the chart, there was no distinct photocurrent change
between each single “off-on-off” cycle, which demonstrated that
the proposed PEC biosensor have a stable signal output capability.

3.6. Application of the proposed biosensor in ACSF samples

To prove the potential of the constructed biosensor in Alz-
heimer's disease detection, the recovery experiment was carried
out by adding different concentrations of Ab into artificial



Fig. 3. (A) Photocurrent response and its corresponding (B) EIS Nyquist plots of different modification steps (from a to h): (a) ITO; (b) ITO/TiO2; (c) ITO/TiO2/BiOI; (d) ITO/TiO2/BiOI/
CS-GA; (e) ITO/TiO2/BiOI/CS-GA/Ab1; (f) ITO/TiO2/BiOI/CS-GA/Ab1/BSA; (g) ITO/TiO2/BiOI/CS-GA/Ab1/BSA/Ab; (h) ITO/TiO2/BiOI/CS-GA/Ab1/BSA/Ab/PbSeAu-Ab2. The EIS experiments
were performed without light. The inset in figure B is the equivalent circuit for EIS. The PEC tests were tested in 0.1mol/L PBS (pH¼ 7.4) containing 0.1mol/L AA with 0 V bias
voltage and a light source of 430 nm. EIS spectra were performed in 2.5mmol/L [Fe(CN)6]3-/4- solution containing 0.1mol/L KCl.

Fig. 4. (A) Photocurrent response of the proposed PEC biosensor with different Ab concentrations: 0.0001 ng/mL, 0.001 ng/mL, 0.01 ng/mL, 10 ng/mL, 50 ng/mL, 100 ng/mL, 125 ng/
mL, 250 ng/mL, 500 ng/mL. (B) The calibration plot of different Ab concentration determination. (DI¼ I� I0, I0 and I are the photocurrent of the biosensor before and after incubation
with Ab, respectively.) (C) Selectivity of the proposed PEC biosensor: (a) blank, (b) PSA (10 ng/mL), (c) CEA (10 ng/mL), (d) IgG (10 ng/mL), (e) Ab (10 ng/mL), (f) The mixture
(containing 10 ng/mL of Ab, 10 ng/mL of PSA, 10 ng/mL of CEA and 10 ng/mL of IgG). (D) The photocurrent responses of the PEC biosensor for the detection of 10 ng/mL Ab under
repeated “off-on-off” irradiation cycles for 480 s.
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cerebrospinal fluid (ACSF) (Shanghai Kingmorn life science Co., Ltd.,
Shanghai, China). As shown in Table S3, the recovery rate ranged
from 96.4% to 104.6%, which demonstrated that the developed
biosensor had a promising potential for Ab determination in clinical
diagnostics. Furthermore, to satisfy the need of practical applica-
tion in future, ELISA method was used as a reference method to
assess the proposed PEC method. By using ELISA method and the
proposed methods, the Ab in diluted samples were determined 5
times, respectively. The results were shown in Table S4, which
indicated the sufficient precision and high accuracy of the proposed
biosensor.

4. Conclusions

A novel signal off PEC sensing platform for the sensitive detec-
tion of Ab was developed by using TiO2/BiOI heterostructure (p-n)
as matrix and PbSeAu heterodimers as the signal quencher. The
constructed TiO2/BiOI heterostructure had superior
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photoelectrochemical properties, exhibited double-folds higher
photocurrent response than pristine TiO2. Additionally, by using
PbSeAu heterodimers as the signal quencher, the photocurrent
response of TiO2/BiOI could be partly quenched, the reason is that
the directly contacted metal (Au)/semiconductor (PbS) junction
significantly enhanced the electron separation and transfer rate,
and then boosted the electron donor consuming and reduced the
output PEC signal. Owing to the introduction of PbSeAu hetero-
dimers, the PEC bioanalysis platform exhibited good performance,
with a linear range of 1� 10�4 to 500 ng/mL, and a low limit of
detection (LOD) down to 0.028 pg/mL. Most importantly, the ad-
vantages of heterodimers (which containing both semiconductor
and noble metal) would offer new design ideas for signal reduction
or amplification.
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