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ABSTRACT: A novel photoelectrochemical aptasensor for
adenosine triphosphate (ATP) detection was developed by
introducing inorganic−organic photoactive nanocomposites as
sensitization agents to achieve significant signal amplification.
Specifically, a TiO2/Au hybrid structure was first fabricated by
decorating Au nanoparticles on the surface of TiO2 film, which
then was used as the photoelectrochemical matrix for the
immobilization of ATP aptamer probes; amino-functionalized
CdS:Mn (CdS:Mn-NH2) nanocrystals covalently bound with
Ru(bpy)2(dcbpy)

2+ (bpy = 2,2′-bipyridine; dcbpy = 2,2′-
bipyridine-4,4′-dicarboxylic acid) to form CdS:Mn@Ru-
(bpy)2(dcbpy) photoactive nanocomposites, which were em-
ployed as signal amplification element labeling on the terminal of ATP aptamer probes. The ATP detection was performed via
the photocurrent variation produced by the conformation change of ATP aptamer probes after specifically binding with ATP
molecules. Before incubation with ATP, the ATP aptamer probe hybridized with its partly complementary DNA to form a
rodlike double helix, which made the labeled sensitization agents of CdS:Mn@Ru(bpy)2(dcbpy) far from the TiO2/Au electrode
surface, resulting in depressed sensitization effect. In the presence of ATP, the ATP aptamer probe specifically bound with ATP
molecule to form a G-quadruplex structure, which made the CdS:Mn@Ru(bpy)2(dcbpy) very close to the TiO2/Au electrode
surface, resulting in noticeably enhanced photocurrent intensity due to full activation of the sensitization effect. Accordingly, a
signal-on photoelectrochemical aptasensor was constructed. The designed aptasensor exhibited a wide linear range from 0.5 pM
to 5 nM with a low detection limit of 0.18 pM for ATP detection.

■ INTRODUCTION

Adenosine triphosphate (ATP) is a versatile nucleoside
triphosphate, which is known as the major energy storage
molecule within the cell and plays a vital role in regulation of
cellular metabolism and biochemical pathways.1,2 As a result,
ATP levels can be utilized to assess cell viability, injury,
proliferation, and inhibition induced by various biological
agents or small molecule drugs.3,4 In addition, ATP also serves
as an important indicator of microbial contamination in the
food industry.5 Therefore, the accurate detection and
quantification of ATP have become very important for
biochemical study, clinical diagnosis, and food safety. For an
extensive literature survey, the majority of reported strategies to
detect ATP are based on the specific binding between ATP
molecules and ATP aptamers. Since ATP aptamers were first
selected by Huizenga et al. in 1995,6 considerable efforts have
been devoted to developing aptasensors for ATP detection by
colorimetric,7 fluorescent,8 chemluminescence,9 electrochem-
ical,10 and electrochemluminescence11 methods. Despite the

obvious merits of these methods, some of them involve the
inadequacies of large background signal, evident sample
volume, limited sensitivity, and high equipment cost.
Photoelectrochemical biosensing is a recently emerged yet

vibrantly developing biosensor technique, which is based on the
combination of photoelectrochemical process and specific
biorecognition. Because it has the exciting features of simple
equipment, low cost, easy miniaturization, low background
signal, and high sensitivity,12 photoelectrochemical biosensing
has attracted growing interest and obtained a rapid develop-
ment. To date, many different kinds of photoelectrochemical
biosensors have been constructed and various target analytes
such as DNA sequences, biomarkers, cancer cells, and other
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biomolecules have been successfully determined. Of course, the
photoactive material and biorecognition probe are the two core
components of each photoelectrochemical biosensor. There-
fore, photoactive material plays a crucial role in its analytical
performances. The photoactive materials applied in photo-
electrochemical biosensing can be classified into inorganic and
organic types. The inorganic photoactive materials mainly
belong to semiconductor nanocrystals or quantum dots such as
TiO2,

13 ZnO,14 CdS,15 CdSe,16 and CdTe,17,18 whereas the
organic photoactive materials are primarily attributed to small
molecular dyes such as porphyrin,19,20 phthalocyanine,21

ruthenium complexes,22,23 and carboxylated perylene.24,25 For
inorganic photoactive materials, they possess the advantages of
high carrier mobility, large surface area, high extinction
coefficient, as well as high quantum yield;26−28 for organic
photoactive materials, they have the advantages of high light-
absorption efficiency, wide absorption range, and diverse
electronic structure.29−31 Because different types of photoactive
materials have their unique merits, combining inorganic
photoactive materials with organic types to form inorganic−
organic composite structures can take full advantage of the
merits of each and effectively promote the photocurrent
conversion efficiency.32−35 Thus, employing inorganic−organic
photoactive composites as sensitization agents for signal
amplification can contribute to an excellent sensitivity for
photoelectrochemical detection. However, to the best of our
knowledge, this excellent signal amplification strategy has not
been reported in any of photoelectrochemical bioassays to date.
Herein, we present a novel signal-on photoelectrochemical

aptasensor toward ATP detection based on the sensitization
effect of inorganic−organic photoactive nanocomposites for
signal amplification, as illustrated in Scheme 1. First, TiO2
nanoparticles were covered on a bare indium−tin oxide (ITO)
slice, and the compact film was formed after high-temperature
calcination. Then Au nanoparticles were decorated onto the
TiO2 film to produce TiO2/Au hybrid structure, and it was
used as the photoelectrochemical matrix of the sensing
electrode. After ATP aptamer probes (pDNA) were bound
with the deposited Au nanoparticles through Au−S bond, the
unbound sites on the electrode surface were blocked with 6-
hydroxy-1-hexanethiol (MCH). Subsequently, CdS:Mn-NH2
nanocrsytals were labeled on the terminal of pDNA via the
linking of glutaraldehyde (GLD) molecules, and then multiple

Ru(bpy)2(dcbpy)
2+ dyes (the structural formula is shown in

Figure S1) were bound on the surface of the anchored
CdS:Mn-NH2 nanocrsytals via the classic EDC coupling
reaction. After partly complementary DNA (cDNA) hybridized
with pDNA, the ATP molecules were detected by the
photocurrent increase caused by conformation change of the
pDNA from rodlike double helix to G-quadruplex structure,
which resulted in full activation of the sensitization effect of
CdS:Mn@Ru(bpy)2(dcbpy) photoactive nanocomposites. The
designed photoelectrochemical aptasensor exhibited high
sensitivity, satisfactory selectivity, reproducibility, and stability
toward ATP detection.

■ EXPERIMENTAL SECTION

Materials and Reagents. ITO slices (type JH52, ITO
coating 30 ± 5 nm, sheet resistance ≤10 Ω/square) were
ordered from Nanjing Zhongjingkeyi Technology Co., Ltd.
(China). TiO2 powder (P25) was purchased from the Degussa
Co. (Germany). Tris(2-carboxyethyl)phosphine (TCEP),
chloroauric acid (HAuCl4·4H2O), 6-hydroxy-1-hexanethiol
(MCH), N,N-dimethylformamide (DMF), cysteamine, Ru-
(bpy)2(dcbpy) (PF6)2NHS, adenosine triphosphate (ATP),
cytidine triphosphate (CTP), guanosine triphosphate (GTP),
and uridine triphosphate (UTP) were all obtained from Sigma-
Aldrich (US). Cadmium nitrate (Cd(NO3)2·4H2O), manga-
nese acetate (Mn(Ac)2·4H2O), sodium sulfide (Na2S·9H2O),
and sodium hydroxide (NaOH) were purchased from Nanjing
Chemical Reagent Co., Ltd. (China). Glutaraldehyde (GLD,
25% aqueous solution) and ascorbic acid (AA) were obtained
from Sinopharm Chemical Reagent Co., Ltd. (China). All other
reagents were of analytical grade and used as received. All
aqueous solutions were prepared with deionized water (DI
water, 18.2 MΩ/cm), which was obtained from a Milli-Q water
purification system. Tris-HCl buffer solution (pH 7.4, 10 mM)
containing 0.1 M NaCl was used for preparation and
hybridization of DNA stock solutions.
The oligonucleotides were ordered from Shenggong

Bioengineering Co., Ltd. (Shanghai, China) with the following
sequences: ATP aptamer probe (pDNA), 5′-NH2-(CH2)6-ACC
TGG GGG AGT ATT GCG GAG GAA GGT CAT CAT
CAT TTT-SH-3′; partly complementary DNA (cDNA), 5′-
ACC TTC CTC CGC AAT ACT CCC CCA GGT-3′.

Scheme 1. Fabrication Process of the Signal-on Photoelectrochemical Aptasensor toward ATP Detection
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Apparatus. Photoelectrochemical measurements were
performed with a homemade photoelectrochemical system. A
500 W Xe lamp was used as the irradiation source with the light
intensity of 400 μW·cm−2 estimated by a radiometer (Photo-
electric Instrument Factory of Beijing Normal University).
Photocurrent was measured on a CHI 660D electrochemical
workstation (Shanghai Chenhua Apparatus Corporation,
China) with a three-electrode system: a modified ITO
electrode with a geometrical area of 0.25 cm2 as working
electrode, a Pt wire as counter electrode, and a saturated Ag/
AgCl electrode as reference electrode. The ultraviolet−visible
(UV−vis) absorption spectra were tested on a UV-3600 UV−
visible spectrophotometer (Shimadzu, Japan). ζ potential was
tested on ZETASIZER nanoseries (Nano-ZS, Malvern,
England). Transmission electron microscopy (TEM) was
performed with a JEOL-2100 transmission electron microscope
(JEOL, Japan). Field-emission scanning electron microscopy
(FE-SEM) was carried out on a Hitachi S-4800 scanning
electron microscope (Hitachi Co., Japan) equipped with EX-
250 Energy-dispersive X-ray spectroscopy instrument (EDX,
HORIBA Co., Japan). Electrochemical impedance spectroscopy
(EIS) was performed on an Autolab potentiostat/galvanostat
(PGSTAT 30, Eco Chemie B.V., Utrecht, Netherlands) with a
three-electrode system in 0.1 M KCl solution containing 5.0
mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture as a redox
probe, and spectra were recorded in the frequency range of 0.01
Hz to 100 kHz with an amplitude of 5 mV.
Synthesis of CdS:Mn-NH2 Nanocrystals. The bare

CdS:Mn nanocrystals were synthesized based on a previously
reported route.36 Typically, 0.6 mmol of Cd(NO3)2 and 0.06
mmol of Mn(Ac)2 were first mixed in 50 mL of DI water. After
the mixture solution was heated to 70 °C under stirring, 10 mL
of 0.05 M freshly prepared Na2S solution was added; orange-
yellow precipitates were instantly generated. The reaction was
kept at 70 °C for 3 h with continuous stirring. The resulting
precipitates were centrifuged and washed with absolute ethanol
twice and DI water three times. The obtained precipitates were
redispersed into DI water for collecting the upper yellow
solution. To acquire amino-functionalized CdS:Mn nanocryst-
als, the collected upper yellow solution was first added by
excessive amount of cysteamine aqueous solution, and then was
incubated under shaking at room temperature for 6 h. Finally,
the resulting solution was centrifuged by Millipore ultra-
filtration centrifuge tube (molecular weight cutoff, 3000)
several times, resulting in the desired CdS:Mn-NH2 nanocryst-
als.
Preparation of ITO/TiO2/Au Electrode. A 10 mg sample

of TiO2 powder was ultrasonically dispersed in 10 mL of DI
water, and then 20 μL of this homogeneous suspension (1.0
mg/mL) was dropped onto a piece of ITO slice with fixed area
of 0.25 cm2. After being dried, the film was sintered at 450 °C
in air for 30 min and then cooled to room temperature. The
deposition of Au nanoparticles on ITO/TiO2 electrode was
similar to the literature method.37 The TiO2 modified electrode
was first immersed into 0.01 M HAuCl4 aqueous solution for 1
h. The pH of the solution was adjusted to 4.5 by dropwise
addition of 0.2 M NaOH solution. Afterward, the electrode was
washed with DI water thoroughly and dried in air, and then was
annealed at 300 °C for 2 h in air atmosphere. Consequently,
the desired ITO/TiO2/Au electrode was obtained.
Fabrication of the Aptasensor. Initially, 20 μL of 2 μM

ATP aptamer probe (pDNA) which was activated by TCEP
(0.6 μL, 10 mM) for 1 h was dropped on the ITO/TiO2/Au

electrode, and it was allowed to incubate at 4 °C overnight.
After being rinsed with Tris-HCl buffer (10 mM, pH 7.4) to
remove the unbound pDNA, the electrode was blocked with 20
μL of 1 mM MCH at room temperature for 1 h followed by
washing with Tris-HCl buffer. Subsequently, 20 μL of 5% GLD
solution was dropped onto the electrode and remained at room
temperature for 1 h. Then the electrode was rinsed with DI
water thoroughly to remove physically adsorbed GLD. Next, 20
μL of CdS:Mn-NH2 nanocrystals was dropped on the electrode
and incubated at room temperature for 1 h. After being rinsed
with DI water, the electrode was covered with 20 μL of DMF
solution containing 1 mM Ru(bpy)2(dcbpy) (PF6)2NHS and
incubated at room temperature for 6 h. The electrode was then
rinsed with DI water to remove the excessive unbound dyes
and incubated with 20 μL of 1 μM partly complementary DNA
at 37 °C for 1 h, which allowed cDNA to hybridize with pDNA.
After being rinsed with Tris-HCl buffer, the resulting electrode
was incubated with 20 μL of different concentrations of ATP
solutions at 37 °C for 1 h. Finally, the electrode was rinsed with
Tris-HCl buffer and prepared for photoelectrochemical
detection.

Photoelectrochemical Measurement. Photoelectro-
chemical detection was carried out at room temperature in
Tris-HCl buffer solution (pH 7.4, 0.1 M) containing 0.1 M AA,
which served as a sacrificial electron donor during the
photocurrent measurement. White light produced by Xe
lamp, with a spectral range of 200−2500 nm, was utilized as
excitation light and was switched on and off every 10 s. The
applied potential was 0.0 V. The AA electrolyte was deaerated
by pure nitrogen for 15 min before photocurrent measurement.

■ RESULTS AND DISCUSSION
Photoelectrochemical Mechanism of the Aptasensor.

Generally, the sensitivity of the photoelectrochemical bioassay
depends on the extent of photocurrent change when target
analytes were detected. Herein, inorganic−organic photoactive
nanocomposites were employed as sensitization agents for
signal amplification, and the photogenerated electron-transfer
mechanism of the aptasensor is shown in Scheme 2. In this

protocol, the TiO2/Au hybrid structure acted as substrate
photoactive material of the sensing electrode, whereas
CdS:Mn@Ru(bpy)2(dcbpy) photoactive nanocomposites
acted as the sensitization agents. TiO2 is a wide energy band
gap (∼3.2 eV) semiconductor material, which can absorb only
the ultraviolet light (<387 nm). However, it has been proven to
be an excellent electrode material because of its good
biocompatibility, high stability, low cost, and environmental

Scheme 2. Photogenerated Electron-Transfer Mechanism of
the Aptasensor toward ATP Detection
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safety. As an inorganic sensitization agent, CdS has a narrower
energy band gap (∼2.4 eV) and its absorption range can extend
to the middle-wavelength light. In order to improve electron−
hole recombination, Mn2+ was introduced into CdS to form
CdS:Mn doping structure, because the lifetime of electron−
hole recombination for CdS:Mn is up to microseconds, which
is much longer than that of CdS, which is nanoseconds.38 As a
kind of dye, polypyridyl ruthenium complexes have been
proven to be one of the most effective organic sensitization
agents for solar cells to enhance the photocurrent conversion
efficiency. Ru(bpy)2(dcbpy)

2+ is a member of the polypyridyl
ruthenium complexes, and its UV−vis absorption spectrum is
shown in Figure S2. The optical band gap of Ru-
(bpy)2(dcbpy)

2+ estimated from the band edge of absorption
(∼546 nm) was 2.27 eV. Because CdS:Mn nanocrystals
possessed large surface area, more dyes of Ru(bpy)2(dcbpy)

2+

were covalently bound on their surface to form CdS:Mn@
Ru(bpy)2(dcbpy) inorganic−organic photoactive nanocompo-
sites. The photoactive nanocomposites could evidently increase
the absorption efficiency of the light energy, effectively inhibit
the electron−hole recombination, and significantly promote the
photocurrent response accordingly. The function of Au
nanoparticles here was primarily to firmly bind with pDNA

via Au−S bond. In addition, the Au nanoparticles could also act
as light-scattering centers to increase the light absorption of the
CdS:Mn@Ru(bpy)2(dcbpy) nanocomposites and further im-
prove the sensitization effect.39,40 The generation of sensitiza-
tion effect was regulated by the conformation change of pDNA,
because the electron transfer was a distance-dependent process.
In the absence of ATP, the pDNA hybridized with its cDNA
and formed a more rigid, rodlike double helix. At this time, the
labeled CdS:Mn@Ru(bpy)2(dcbpy) nanocomposites were far
from the TiO2/Au electrode surface and the sensitization effect
was depressed. While in the presence of the ATP, the pDNA
released its cDNA and bound with ATP molecule to form a
stable G-quadruplex structure. In this case, the labeled
CdS:Mn@Ru(bpy)2(dcbpy) nanocomposites were very close
to the TiO2/Au electrode surface, resulting in evidently
increased photocurrent intensity produced by full motivation
of the sensitization effect. Accordingly, the target analytes of
ATP molecules could be sensitively and specifically detected.

Characterization of CdS:Mn and CdS:Mn-NH2 Nano-
crystals. Panels A and B of Figure 1 show the TEM image and
EDX spectrum of the bare CdS:Mn nanocrystals, respectively.
According to the outline in the TEM image, the average size of
the as-prepared bare CdS:Mn nanocrystals was evaluated to be

Figure 1. (A) TEM image and (B) EDX spectrum of the bare CdS:Mn nanocrystals; (C) ζ potentials of the bare CdS:Mn, cysteamine, and CdS:Mn-
NH2; (D) UV−vis absorption spectrum of the CdS:Mn-NH2 nanocrystals.

Figure 2. Typical SEM images of the (A) ITO/TiO2 and (B) ITO/TiO2/Au electrodes; (C) EDX spectrum of the ITO/TiO2/Au electrode. Insets
in parts A and B: photograph images of the corresponding electrodes.
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about 5 nm. In the EDX spectrum of CdS:Mn, elements Cd, S,
and Mn are clearly observed. However, other elements such as
Si, In, Sn, etc. came from the ITO substrate. As shown in Figure
1C, the initial ζ potential of the solution for bare CdS:Mn
nanocrystals was a little positive (+2.9 mV) because the added
amount of negatively charged S2− was a little less than that of
positively charged Cd2+ in the synthesis process; the ζ potential
of the cysteamine solution was obviously negative (−6.2 mV)
because electronegativity of the sulfhydryl group in cysteamine
was stronger than electropositivity of the amino group.
However, the ζ potential became evidently positive (+10.5
mV) for the solution of CdS:Mn-NH2 nanocrystals, because the
sulfhydryl group in cysteamine had reacted with Cd2+ on the
surface of bare CdS:Mn to form Cd−S bond, leading to
positively charged amino group on the surface of CdS:Mn
nanocrystals. Figure 1D displays the UV−vis absorption
spectrum of CdS:Mn-NH2 nanocrystals. It exhibited a broad
absorption range below 530 nm, but without any evident
absorption peak.
Characterization of ITO/TiO2/Au Electrode. Panels A

and B of Figure 2 exhibit the SEM images of the ITO/TiO2 and
ITO/TiO2/Au electrodes, respectively. After the TiO2 film was
formed on ITO electrode, a large number of TiO2 nanoparticles
(with the size range of 22−28 nm) as well as pores could be
clearly observed, as shown in Figure 2A. After Au subsequently
grew on the TiO2 modified electrode, it could be seen (Figure
2B) that many relatively small particles with the average size of
about 8 ± 2 nm were decorated on the TiO2 film, and the pore
size evidently decreased. In addition, the insets in panels A and
B of Figure 2 show the photograph images of ITO/TiO2 and
ITO/TiO2/Au electrodes, respectively. According to color
changes from white to violet of the electrode surfaces, it also
suggested the successful preparation of ITO/TiO2/Au
electrode. Figure 2C shows the EDX spectrum of the ITO/
TiO2/Au electrode. TiO2/Au indicator elements of Ti, O, and
Au are observed in the spectrum. Among which other elements
of Si, In, Sn, etc. were from the ITO slice. In addition,
elemental mapping analysis of TiO2/Au suggested the presence
of Ti, O, and Au components in the hybrid (Figure S3), and the
deposited Au element was well scattered on the TiO2 film.
Optimal Conditions of the Aptasensor Preparation.

To obtain optimal thickness of the TiO2 film, different
concentrations of TiO2 suspension were used to prepare
ITO/TiO2/Au electrode; other conditions were fixed. As
displayed in Figure 3A, the ITO/TiO2/Au electrode fabricated
with 1.0 mg/mL suspension exhibited the highest photocurrent
intensity. Increasing the concentration of TiO2 suspension
could offer more TiO2, resulting in more ultraviolet light

absorption and increased photocurrent intensity. However,
with further increasing the concentration of TiO2 suspension,
more surface recombination centers formed on the excessive
TiO2 and the diffusion resistance for electron motion in thicker
TiO2 film evidently increased,41 which led to the gradual
decrease in photocurrent intensity. Hence, a 1.0 mg/mL TiO2

suspension was adopted for fabricating the electrode in the
following experiments.
The doping ratio of Mn2+ in CdS:Mn-NH2 nanocrystals

could be adjusted by the addition of Mn2+ during the synthetic
process of the bare CdS:Mn nanocrystals. Figure 3B displays
the photocurrent intensity of the ITO/TiO2/Au/pDNA/
MCH/CdS:Mn electrodes prepared with different mole
amounts of Mn2+ and with other conditions fixed. Along with
the addition of Mn2+, the doping ratio would increase.42 At this
time, more electronic states were created in the middle band
gap of CdS, resulting in significantly reduced electron−hole
recombination, and the photocurrent intensity increased. As
could be observed, the electrode fabricated with 0.06 mmol of
Mn2+ possessed the optimal photocurrent intensity. After
further increases in the mole amount of Mn2+, more and more
excitation electrons were trapped by excess Mn−Mn ion
pairs,43 leading to the decrease of photocurrent intensity. Thus,
0.06 mmol of Mn2+ was used to synthesize the CdS:Mn-NH2
nanocrystals.

EIS Characterization of the Aptasensor Fabrication. As
a useful tool for characterizing the interface properties of
electrodes, electrochemical impedance spectroscopy was
utilized to monitor the construction process of the aptasensor.
Figure 4 exhibits the impedance spectra of the electrodes

Figure 3. Effect of (A) TiO2 concentration on photocurrent intensity of ITO/TiO2/Au electrode and (B) mole amount of Mn2+ on photocurrent
intensity of ITO/TiO2/Au/pDNA/MCH/CdS:Mn electrode.

Figure 4. EIS of (a) the ITO/TiO2/Au electrode, (b) after pDNA and
MCH immobilization, (c) after anchoring CdS:Mn-NH2 nanocrystals,
(d) after further anchoring Ru(bpy)2(dcbpy)

2+ dyes, and (e) after
cDNA hybridization.
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formed in different fabrication steps. Each impedance spectrum
consists of a semicircle reflecting the electron-transfer limited
process and a linear part originating from the diffusion limited
process. The electron-transfer resistance (Ret) equals the
semicircle diameter, which indicates the restricted diffusion of
the redox probe accessing the layer. For ITO/TiO2/Au
electrode, the impedance spectrum exhibited a small Ret
(curve a). After pDNA and MCH immobilization, the Ret
increased because of low conductivity of DNA sequences and
MCH molecules (curve b). After anchoring of CdS:Mn-NH2
nanocrystals, the Ret increased (curve c). This was because the
poor conductivity of both the CdS:Mn semiconductor and
GLD bridging molecules played a major role, although amino
groups on CdS:Mn-NH2 nanocrystals generated a positively
charged surface that improved the ability of the negatively
charged redox probe [Fe(CN)6]

3−/4− to access the electrode
surface. After further anchoring of Ru(bpy)2(dcbpy)

2+ dyes, the
Ret moderately decreased (curve d). That was because the
anchoring of one Ru(bpy)2(dcbpy)

2+ cationic dye could
consume two amino groups and the electropositivity of one
Ru(bpy)2(dcbpy)

2+ dye was stronger than that of two amino
groups. After the electrode was incubated with cDNA, the Ret
evidently increased (curve e), indicating that the cDNA had
hybridized with pDNA. Thus, the EIS characterization
suggested the designed aptasensor was successfully fabricated.
Photocurrent Characterization of the Aptasensor

Fabrication. The fabrication process of the aptasensor could
also be monitored by photocurrent responses, as shown in
Figure 5. The ITO/TiO2/Au electrode exhibited a relatively

small photocurrent intensity (curve a). It was because that TiO2
can absorb only the ultraviolet light resulting in low
photocurrent conversion efficiency. Meanwhile, as the Fermi
level of Au was lower than that of TiO2, the photogenerated
electrons in TiO2 could partly injected in Au nanoparticles to
equilibrate the Fermi levels between them, resulting in further
decreased photocurrent intensity.44,45 It was worth noting that
the photocurrent intensity moderately increased after pDNA
and MCH immobilization (curve b), although both the pDNA
sequences and MCH molecules possessed weak charge-transfer
abilities. This might be because the immobilization of pDNA
and MCH had weakened the Fermi-level alignment of TiO2/Au
hybrid structure. After CdS:Mn-NH2 nanocrystals and Ru-
(bpy)2(dcbpy)

2+ dyes were successively anchored on the
terminal of pDNA, the photocurrent intensity gradually
increased (curve c and curve d). Yet, the photocurrent
increments were not that obvious, because the pDNA was in
a flexible single-strand form leading to partly generated
sensitization effect. After cDNA hybridized with pDNA, the
photocurrent intensity decreased (curve e). It was mainly
because that the pDNA changed from flexible single-strand
structure into more rigid, rodlike double helix, which forced the
anchored CdS:Mn@Ru(bpy)2(dcbpy) nanocomposites further
far away from the electrode surface, leading to greatly depressed
sensitization effect. While the prepared sensing electrode was
incubated with 20 μL of 100 nM ATP, the photocurrent
intensity increased remarkably (curve f). This was mainly
because that the pDNA had specifically bound with ATP
molecule and formed a stable G-quadruplex structure, which
caused the anchored CdS:Mn@Ru(bpy)2(dcbpy) nanocompo-
sites very closed to the electrode surface, resulting in full
activation of the sensitization effect. Meanwhile, as a type of
small molecule, ATP possessed very small steric hindrance, and
the photocurrent decrease for ATP immobilization was
negligible. Therefore, the photocurrent responses proved the
successful fabrication of the proposed aptasensor.

Photoelectrochemical Detection toward ATP. The
photoelectrochemical ATP detection was based on the
conformation change of ATP aptamer probe from rodlike
double helix to G-quadruplex structure after it specifically
bound with ATP. The photocurrent response was directly
related to the concentration of ATP. Figure 6A displays the
photocurrent responses of the designed aptasensor after being
incubated with different concentrations of ATP. As the
sensitization effect could be fully generated in the presence of
ATP, the photocurrent response gradually increased with
elevating the ATP concentration. As shown in Figure 6B, the

Figure 5. Photocurrent responses of (a) the ITO/TiO2/Au electrode,
(b) after pDNA and MCH immobilization, (c) after anchoring
CdS:Mn-NH2 nanocrystals, (d) after further anchoring Ru-
(bpy)2(dcbpy)

2+ dyes, (e) after cDNA hybridization, and (f) after
incubation with 20 μL of 100 nM ATP.

Figure 6. (A) Photocurrent response and (B) calibration curve of the aptasensor for the detection of different concentrations of ATP from 0.5 pM to
5 nM. The error bars show the standard deviation of five replicate determinations.
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photocurrent response linearly increased with the increase of
logarithm of ATP concentration in the range from 0.5 pM to 5
nM. The regression equation was I = 27.25 + 4.19 log C (pM),
with a correlation coefficient of 0.9971. The detection limit (S/
N = 3) for ATP concentration was estimated to be 0.18 pM
(the calculation procedure for the detection limit is described in
Supporting Information), which was evidently lower than that
of recently reported, highly sensitive methods such as
Ru(bpy)2dppz

2+ sensitization-based photoelectrochemical bio-
sensor (3.2 nM),46 square wave voltammetry-based electro-
chemical assay (20 pM),47 electrochemiluminescent biosensor
(200 pM),48 differential pulse stripping voltammetry-based
electrochemical assay (100 pM),49 loop DNA probe-based
fluorescence strategy (1.2 pM),50 etc. Moreover, in order to
demonstrate the excellent performance of the sensitization
effect of CdS:Mn@Ru(bpy)2(dcbpy) nanocomposites, the
aptasensor employing only CdS:Mn-NH2 nanocrystals as
sensitization agents for signal amplification was fabricated.
The photoelectrochemical detection results revealed that the
latter aptasensor with only CdS:Mn-NH2 nanocrystals as
sensitization agents exhibited a detection limit of 2.6 pM,
which was 14 times higher than that of the former aptasensor.
Hence, the control experiment also indicated an apparent
superiority of the sensitization effect of CdS:Mn@Ru-
(bpy)2(dcbpy) nanocomposites.
Specificity, Reproducibility, and Stability of the

Aptasensor. The specificity of the designed aptasensor was
evaluated by comparing the photocurrent response to some
representative interferents, including cytosine triphosphate
(CTP), guanosine triphosphate (GTP), and uridine triphos-
phate (UTP). It can be observed in Figure 7 that the

photocurrent responses to 1 nM CTP, GTP, and UTP were
much lower than that of 100 pM of ATP, indicating negligible
interference of these interferents. In addition, the photocurrent
response to the mixed sample composed of 100 pM ATP, and 1
nM CTP, GTP, and UTP was also investigated, and no
significant difference of photocurrent response could be
observed as compared to the result obtained in the presence
of only 100 pM ATP. All these results demonstrated that the
proposed aptasensor had a satisfactory specificity toward ATP
detection.
The reproducibility of the aptasensor was assessed by testing

five independently fabricated sensing electrodes after being
incubated with the same concentration of ATP solution. The
photocurrent response offered relative standard deviations
(RSDs) of 4.6% and 3.8% to 1 pM and 10 pM ATP detection,

respectively, which suggested an acceptable reproducibility of
this aptasensor.
The stability of the aptasensor was evaluated by the

photocurrent change. After the sensing electrode was stored
in a dark and humid environment at 4 °C for 2 weeks, the
photocurrent intensity still maintained 92.4% of its initial
response, indicating good storage stability. Additionally, the
stability of the aptasensor was also estimated under different
pH conditions. As displayed in Figure 8, the photocurrent

intensity of the aptasensor did not change after being incubated
in Tris-HCl buffer with the variation of pH from 9.0 to 6.0,
demonstrating good pH stability of the designed aptasensor.

Preliminary Application of the Aptasensor. The
designed aptasensor was further applied to detect ATP
molecules in human serum samples. The recoveries of ATP
were used to evaluate its feasibility. From the analytical results
presented in Table 1, it could be obtained that the recoveries of

three samples for the added ATP with 0.05, 0.2, and 1 nM were
92.4%, 106.8%, and 97.5%, respectively, which indicated that
the proposed aptasensor has a promising potential for real
sample applications.

■ CONCLUSIONS
In summary, the sensitization effect of inorganic−organic
photoactive nanocomposites was first introduced into photo-
electrochemical bioassay for signal amplification. The devel-
oped signal-on photoelectrochemical aptasensor was applied for
the detection of ATP molecules. Based on the conformation
change of ATP aptamer probes from rodlike double helix to G-
quadruplex structure after specifically bound with ATP
molecules, the activation of sensitization effect could be
regulated. As sensitization agents, CdS:Mn@Ru(bpy)2(dcbpy)
photoactive nanocomposites could evidently increase the
photocurrent signal when ATP molecules were detected. Due
to excellent photoelectrochemical performances, the well-
fabricated aptasensor exhibited a low detection limit of 0.18
pM for ATP detection. Moreover, because of its sensitivity,
simplicity, specificity, reproducibility, and stability, the

Figure 7. Photocurrent responses of the aptasensor to (a) 100 pM
ATP, 1 nM (b) CTP, (c) GTP, (d) UTP, and (f) all of their mixture.
The error bars show the standard deviation of five replicate
determinations.

Figure 8. Photocurrent responses of the ATP aptasensor after being
incubated in Tris-HCl buffer with varied pH from 9.0 to 6.0. The error
bars show the standard deviation of five replicate determinations.

Table 1. Detection of ATP in Human Serum Samples

no. added (nM) found (nM) RSD (%) recovery (%)

1 0.05 0.0462 5.3 92.4
2 0.2 0.2135 4.8 106.8
3 1 0.9750 4.1 97.5
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proposed robust sensing strategy also can be extended to detect
other important biomolecules and has a wide potential
application in bioanalysis.
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