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Using single stranded DNA (ssDNA) as a distance controller and Au
nanoparticles (NPs) functionalized with ssDNA as novel energy-
transfer nanoprobes, an ultrasensitive energy-transfer based
photoelectrochemical protein biosensor was realized.

The development of novel biosensors for highly sensitive, rapid,
and specific protein detection is of significant importance for
disease diagnosis, medicine research, food safety and
environmental monitoring.[l’zl Recent have witnessed tremendous
advances towards using various optical, electrochemical and
photoelectrochemical systems[}lg] for specific protein detections
and many exquisite signaling mechanisms, such as various
resonance energy transfer processes (including fluorescence,
bioluminescence, chemiluminescence, electrochemiluminescent,
etc.),[zo'm have been extensively studied. In this communication,
we report for an ultrasensitive protein detection based on the gold
nanoparticles (Au NPs) functionalized with nucleic acid strand as
novel energy-transfer nanoprobes in a properly designed
photoelectrochemical system. We apply the nucleic acid as a facile
mediator with tagged Au NPs to stimulate the exciton—-plasmon
interactions (EPI) for protein detection. It occurs with high
sensitivity and selectivity by photocurrent quenching of CdS
quantum dots (QDs) induced by EPI between Au NPs nanoprobes
and CdS QDs on the electrode.

The energy-transfer based system for protein detection is
formulated in Scheme 1. Exciton and plasmon are two most typical
excited states of nanomaterials, and the EPI represents a
fundamental light-matter interplay that has earlier been
demonstrated as a unique phenomenon for biodetection.?*2*
However, to date the highly sensitive protein assay using this
unique phenomenon has still been difficult due to various reasons.
In the present model system, the anti-thrombin G-quadruplex
sequence are immobilized on the CdS QDs modified indium tin
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oxide (ITO) electrode (Fig. S1 and S2 in the ESIt) by the
carbodiimide-assisted amidation reaction and the thrombin is
captured and then sandwiched by another G-quadruplex aptamer
tagged with Au NPs. The clamp of thrombin is verified by observing
the photocurrent quenching of CdS QDs by interparticle EPI. To
achieve such detection, we first prepared the Au NP-linked G-
quadruplex aptamer which contains a section of single stranded
DNA molecules. We verify the successful preparation of Au NP-
aptamer nanoprobes by UV-Vis absorbance spectra. As shown in Fig.
1A, comparing with the characteristic absorbance peak of Au NPs
(at ca. 520 nm) and nucleic acid aptamer (at ca. 260 nm), the
absorbance spectrum of Au-aptamer retained both the two slightly
red-shifted peaks, indicating that aptamer had linked to Au NP.
Modulation of the single stranded DNA length can serve as a facile
distance controller and thus place the Au NPs in proximity of CdS
QDs, which can resolve difficulties in the implementation of EPI in
common electrochemical or optical protein detections such as the
comparatively large sizes or insulating features of protein molecules.
After a series of optimization, we selected the nanoprobes which
contain 65-mer single stranded DNA molecules for following
detection. X-ray photoelectron spectroscopy (XPS), as shown in Fig.
1B, certified presence of Au, C and N in the synthesized
bioconjugate. The appearance of a shoulder around 400 eV could
be attributed to the nitrogen element came from the aptamer after
the conjugation, also suggesting the preparation of Au NP-aptamer
nanoprobes.

The efficient excitation of EPI requires a sufficient spectra overlap
between the exciton band and the plasmon band. The typical
absorption spectrum of the CdS QDs and Au NPs were recorded,
respectively (Fig. S3 in the ESIT). The absorption spectrum implies
that the CdS QDs have a broad absorption range that is suitable for
employment as photoactive substrate. Besides, CdS QDs have an
emission peak at around 510 nm. Meanwhile, the absorption
spectrum of the Au NPs is clearly characterized by the symmetrical
plasmon peak of Au NPs at around 520 nm. The excitonic emission
of the CdS QDs has a large spectral overlap with the plasmon
absorption of the Au NPs, which would be beneficial to the
inducement of the plasmon of Au NPs and thus the generation of
EPI. Besides, when in near close, Au NPs would also introduce a
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non-radiative decay route in CdS QDs. The insets in Fig. S3 A and B
are the TEM images of the CdS QDs and Au NPs, respectively.
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Scheme 1. Schematic mechanism of the operating biosensor system.
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Fig. 1 A) UV-Vis absorption spectrum of Au NPs, bare aptamer2 and
Au-aptamer2, the inset is TEM of Au-aptamer2. B) The XPS
spectrum of Au-aptamer2.

Intermittent visible light irradiation was applied to acquire the
transient photocurrent responses for each step during the
biosensor development. Fig. 2 records the corresponding
photocurrent changes under the monochromatic irradiation of 410
nm light. After anchoring aptamerl and blocking by

2 | J. Name., 2012, 00, 1-3
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monoethanolamine, the photocurrent decrease aboyt,21%.i3s
compared to the initial intensity, which &h el(dicerhed dforn
curves a, b and c respectively. This decrease should be attributed to
the enhanced steric hindrance of the electrode surface that
impeded the diffusion of electron donor to the CdS QDs surface.
After the thrombin was captured on the electrode by the specific
binding between the thrombin and aptamer, photocurrent intensity
further decreased with as shown by curve d. When the Au NPs and
CdS QDs in close proximity, the radiative decay in CdS QDs along
with the spontaneous emission would stimulate the plasmon
resonance of the proximal Au NPs and thereby generate local
electric fields that in turn modulate the exciton states in the CdS
QDs by enhancing the radiative decay rate, which would compete
with the electron transfer from the CdS QDs to the ITO electrode.
After the Au-aptamer2 was fixed on the captured protein, an
obvious decrease of around 50% photocurrent intensity could be
observed. In fact, Au NPs would meanwhile create a non-radiative
decay route for electron-hole recombination in CdS QDs with
exciton energy transfer from the CdS QDs to the Au NPs, the factor
of which also contributed to the photocurrent quenching of CdS
QDs.?* % |n Fig. 3, we compared the Au-aptamer2 nanoprobes to
the bare aptamer2, and the current reduction of Au-aptamer2 was
obviously greater than the bare aptamer2.
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Fig. 2 Photocurrent intensity in 0.10 M PBS containing 0.10 M
ascorbic acid of (a) PDDA/CdS modified ITO electrode, (b) modified
with 25 pL, 1 uM aptamerl and (c) blocked by MEA, (d) combined
with thrombin, (e) linked with Au NPs-labeled aptamer2. The
concentration of thrombin was 1.0 x 10! M. The working potential
was 0.0 V and the excitation wavelength was 410 nm.

A limit-of-detection study was performed by varying the
concentration of thrombin from 1.0x10™® M to 1.0x10™ M. As
shown in Fig. 4, the Al was reduced in proportion to the decreased
protein concentration, reflecting that with increased the protein
concentration, more Au-aptamer2 nanoprobes would be confined
to the electrode surface. Thus the photocurrent decreased greatly
resulting from the effect of interparticle energy transfer. The
photocurrent decrease, as shown in the Fig. 4 inset, was with the
linear range from 1.0x10™ M to 1.0x10™ M (R2=O.997) with the a
detection limit of 1.0x10™° M, and the detection limit was much
lower than recently reported detection of thrombin, %! indicating
the superiority of this novel energy-transfer based protein
biosensor.
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Fig. 3 Effect of different modification on the differential
photocurrent responses (Al = lg-l, Iy is the photocurrents of

MEA/aptamer1/CdS/ITO electrode, and | is the photocurrents of
Au-aptamer2 or aptamer2 /thrombin/ MEA/aptamer1/CdS/ITO.
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Fig. 4 Effect of different concentrations of thrombin on the
differential photocurrent responses (Al = Iy, |, is the photocurrents
of MEA/aptamer1/CdS/ITO electrode, and | is the photocurrents of
Au/aptamer2/thrombin/MEA/aptamer1/CdS/ITO. Insert: the
corresponding calibration curve. The photocurrent measurement
was carried out in 0.10 M PBS containing 0.10 M AA. The working
potential was 0.0 V and the light wavelength was 410 nm.

To study the selectivity of the biosensor, we used different
protein for incubation with same concentration (1.0 x 10° M)
following the same procedure, and then compared the resulting
photocurrent decrease with the thrombin (1.0 x 10 ™), Fig. 5. The
unmatched proteins could not cause Au-aptamer2 immobilization
and thus no obvious photocurrent reduction. In the case of the
thrombin, however, a significant decrease was observed, revealing
the specificity of its aptamers towards thrombin. Incidentally,
because lysozyme is the electropositive under normal physiological
pH condition, it could interact with the negatively charged DNA
non-specifically. High concentration of lysozyme was more easily to
disturb the thrombin detection.
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Fig. 5 The selectivity of electrode toward different analytes, the
concentrations of BSA, Lysozyme, GOD, PSA were 1.0x10° M, the
concentration of Thrombin was 1.0x10™> M.
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In conclusion, this study introduces an ultrasensitiveenergys
transfer based protein biosensor. Using siRglé 1St/a58EeP DNR UG
unique distance controller and Au NPs-single stranded DNA as novel
energy-transfer nanoprobes, the model protein of thrombin could
be detected down to the level of 107 M, which is comparable to
other reported analysis methods. These results not only opened a
different horizon for future construction of the energy transfer
system between various QDs and noble metal NPs, but also offered
a feasible mechanism for new ultrasensitive protein detection
through a judiciously designed nanosystem. More significantly,
since numerous common sandwich immunoassays could also be
integrated into the present protocol, this work could be extended
as a general sensing basis for those proteins.
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