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ABSTRACT: A TiO2/CdS:Mn hybrid structure cosensitized with
two diﬀerent sizes of CdTe quantum dots (QDs) was designed to
develop a novel and ultrasensitive photoelectrochemical DNA
assay. In this protocol, TiO2/CdS:Mn hybrid structure was
prepared by successive adsorption and reaction of Cd2+/Mn2+
and S2− ions on the surface of TiO2 ﬁlm and then was employed as
matrix for immobilization of hairpin DNA probe, whereas largesized CdTe−COOH QDs and small-sized CdTe−NH2 QDs as
signal ampliﬁcation elements were successively labeled on the
terminal of hairpin DNA probe. The target DNA detection was
based upon the photocurrent change originated from conformation change of the hairpin DNA probe after hybridization with
target DNA. In the absence of target DNA, the immobilized DNA
probe was in the hairpin form and the anchored diﬀerent sizes of CdTe−COOH and CdTe−NH2 QDs were close to the TiO2/
CdS:Mn electrode surface, which led to a very strong photocurrent intensity because of the formation of the cosensitized
structure. However, in the presence of target DNA, the hairpin DNA probe hybridized with target DNA and changed into a more
rigid, rodlike double helix, which forced the multianchored CdTe QDs away from the TiO2/CdS:Mn electrode surface, resulting
in signiﬁcantly decreased photocurrent intensity because of the vanished cosensitization eﬀect. By using this cosensitization signal
ampliﬁcation strategy, the proposed DNA assay could oﬀer an ultrasensitive and speciﬁc detection of DNA down to 27 aM, and it
opened up a new promising platform to detect various DNA targets at ultralow levels for early diagnoses of diﬀerent diseases.

D

throughput biological assays.15 Beneﬁting from the diﬀerent
energy forms of excitation source (light) and detection signal
(current), photoelectrochemical detection possesses potentially
high sensitivity due to the reduced background signals.16
Besides, advantageously inherited from the electrochemical
method, the photoelectrochemical instrument is simple,
portable, and inexpensive compared with conventional optical
methods.17 Of course, photoactive material plays a major role
in the performances of the photoelectrochemical biosensor. For
highly sensitive detection, the photoelectrochemical sensing
system with enhanced photocurrent intensity and less
electron−hole recombination is desirable. To achieve this
target, a cosensitized structure, which is composed of the basic
photoactive material and two or more sensitizers, is very
promising. Generally, diﬀerent semiconductors have diﬀerent
band gaps, causing their diﬀerent optimal absorption ranges. As
a result, coupling of small band gap semiconductors with large

etection of speciﬁc DNA sequences has attracted great
research interest due to its broad applications in
molecular diagnostics,1,2 genetics therapy,3 environmental
monitoring,4 forensic analysis,5 early screening of cancers,6
etc. Commonly, detection of DNA sequences is mainly based
upon DNA hybridization. In order to read out the DNA
hybridization events, diﬀerent kinds of markers such as
ﬂuorescent molecules, luminescent materials, electrochemical
species, enzymes, and photoelectric materials were used as
transducer elements labeling on the target DNA or DNA probe.
Consequently, various methods, for instance, colorimetric,7
piezoelectric,8 ﬂuorescence,9 chemiluminescence,10 electrochemical,11,12 and electrochemiluminescence,13,14 have been
developed for DNA detection. Despite many advances of these
DNA assays, some of them relate to drawbacks such as limited
sensitivity, complicated equipment, and relatively expensive and
time-consuming detection. As the DNA concentration is often
at a very low level in biological samples, it is very necessary to
explore ultrasensitive, selective, simple, and inexpensive method
for detecting speciﬁc DNA sequences.
Photoelectrochemical detection is a newly appeared yet
vibrantly developing analytical method for rapid and high© 2014 American Chemical Society
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Scheme 1. Construction Process of the Photoelectrochemical DNA Assay

reaction of Cd2+/Mn2+ and S2− ions to form a TiO2/CdS:Mn
hybrid structure, which acted as the photoelectrochemical
matrix for the sensing electrode. Next, the hairpin DNA probes
were ﬁrmly bound on the surface of CdS:Mn through a S−Cd
bond. Subsequently, a large-sized CdTe−COOH QD as the
ﬁrst signal ampliﬁcation element was labeled on the terminal of
a hairpin DNA probe via the classic EDC coupling reaction
between amino and carbonyl groups. Later, multiple small-sized
CdTe−NH2 QDs as the second signal ampliﬁcation elements
were connected on the surface of the previously anchored,
large-sized CdTe−COOH QD also via the classic EDC
coupling reaction. In this case, the photocurrent intensity of
the sensing electrode signiﬁcant enhanced due to the formation
of the diﬀerent sized CdTe QDs cosensitized TiO2/CdS:Mn
hybrid structure. After blocking unbound sites on the electrode
surface with cysteamine, the target DNA was detected by the
photocurrent decrease originated from the conformation
change of the hairpin DNA probe after DNA hybridization
which resulted in disappeared cosensitization eﬀect. The
designed DNA bioassay exhibited ultrahigh sensitivity,
selectivity, and reproducibility. The proposed cosensitization
signal ampliﬁcation strategy also provided a general consideration for the design of the photoelectrochemical DNA
biosensors to detect other DNA sequences.

band gap ones to obtain a cosensitized structure with cascade
band-edge levels can not only enhance the utilization of light
energy but also facilitate charge separation, and therefore
promote the photo-to-current conversion eﬃciency.18 For
example, Lee and Lo19 reported that the TiO2/CdSe or
TiO2/CdS photoelectrode only reached 1.24% or 1.15%
conversion eﬃciency under one sun illumination, whereas
TiO2/CdS/CdSe photoelectrode (in which TiO2 served as the
basic photoactive material; CdS and CdSe served as two
sensitizers) could achieve a conversion eﬃciency of 2.90%,
which was more than twice that of a TiO2/CdSe or TiO2/CdS
photoelectrode. Accordingly, the cosensitization strategy can
eﬃciently achieve signal ampliﬁcation. To date, numerous
semiconductor nanomaterials such as ZnO,20 TiO2,21 CdSe,22
CdS,23 CdTe,24 and Bi2S325 have been used for fabricating
various photoelectrochemical biosensors, yet very few works
focused on the cosensitization strategy to enhance the
sensitivity of the biosensors. For sensitive detection of DNA
sequences, polymerase chain reaction (PCR),9,26 rolling circle
ampliﬁcation (RCA),27,28 and hybridization chain reaction
(HCR)2,29 represent the most widely used signal ampliﬁcation
strategies with powerful ampliﬁcation capabilities. However,
these approaches are relatively sophisticated, expensive, and
time-consuming because of the introduction of auxiliary
enzymes and other DNA fragments. In contrast, the
cosensitization strategy only needs two or more semiconductor
sensitizers to amplify the detection signals and can avoid these
shortcomings. Thanks to the apparent advantages of signiﬁcant
signal ampliﬁcation as well as saving time and cost, the
cosensitization strategy would certainly be desirable. Unfortunately, to best of our knowledge, this superior signal
ampliﬁcation strategy has not been reported in photoelectrochemical DNA assay until now.
Herein, we present a novel photoelectrochemical DNA assay
based on the cosensitization strategy for signal ampliﬁcation, as
illustrated in Scheme 1. Initially, TiO2 nanoparticles were
coated onto a bare indium−tin oxide (ITO) electrode and the
compact ﬁlm was formed after high-temperature sintering.
Then, Mn-doped CdS (CdS:Mn) quantum dots (QDs) were
assembled on the TiO2 ﬁlm by successive adsorption and

■

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). Cadmium nitrate (Cd(NO3)2·4H2O) was obtained
from Shanghai Jinshan Tingxin Chemical Plant (China).
Sodium sulﬁde (Na2S·9H2O), manganese acetate (Mn(Ac)2·
4H2O), and methanol were obtained from Nanjing Chemical
Reagent Co., Ltd. (China). TiO2 powder (P25) was purchased
from the Degussa Co. (Germany). Cadmium chloride (CdCl2·
2.5H2O) and sodium hydroxide (NaOH) were purchased from
Shanghai Chemical Reagent Co. (China). Sodium tellurite
(Na2TeO3), sodium borohydride (NaBH4), 3-mercaptopropionic acid (MPA), cysteamine (CA), 1-ethyl-3-(3(dimethylamino)propyl) carbodiimide hydrochloride (EDC),
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Figure 1. HRTEM images of the (A) CdTe−COOH and (B) CdTe−NH2 QDs; UV−vis absorption spectra of the (C) CdTe−COOH and (D)
CdTe−NH2 QDs. Insets in parts A and B: size distribution of the QDs.

N-hydroxysuccinimide (NHS), and tris(2-carboxyethyl)phosphine (TCEP) were all obtained from Sigma-Aldrich
(U.S.A.). Ascorbic acid (AA) was purchased 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 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 used in this work were ordered from
Shenggong Bioengineering Co., Ltd. (Shanghai, China) with
the following sequences: hairpin DNA probe, 5′-H2N−(CH2)6−CTC GCT TGG AAT AGC TGT GAT CAT TGT
TAT TAG CGA GTT T−(CH2)6−SH-3′; target DNA, 5′CTC GCT AAT AAC AAT GAT CAC AGC TAT TCC A-3′;
single-base mismatch, 5′-CTC GCT AAT AAC AAT TAT
CAC AGC TAT TCC A-3′; noncomplementary, 5′-TAT ATC
TGA TCT GTC CCA ATT GTA CGA GTA T-3′.
Apparatus. A 500 W Xe lamp was used as the irradiation
source with the light intensity of 400 μW·cm−2 estimated by a
radiometer (Photoelectric 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 0.25
cm2 modiﬁed ITO as working electrode, a Pt wire as counter
electrode, and a saturated Ag/AgCl electrode as reference
electrode. The UV−visible (UV−vis) absorption spectra were
tested on a UV-3600 UV−vis spectrophotometer (Shimadzu,
Japan). Electrochemical impedance spectroscopy (EIS) was
performed on an Autolab potentiostat/galvanostat (PGSTAT
30, Eco Chemie B.V., Utrecht, Netherlands) with a threeelectrode 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 recorded in the frequency range of 0.01 Hz to 100 kHz
with an amplitude of 50 mV. Transmission electron microscopy

(TEM) was performed with a JEOL-2100 transmission electron
microscope (JEOL, Japan).
Synthesis of CdTe−COOH and CdTe−NH2 QDs. The
synthetic procedures of water-soluble CdTe−COOH QDs and
CdTe−NH2 QDs were based on the literature methods with
appropriate modiﬁcations (see the Supporting Information).30,31
Preparation of the ITO/TiO2/CdS:Mn Electrode. Prior to
use, ITO slices were cleaned by ultrasonic treatment for 15 min
in acetone, 1 M NaOH of water/ethanol mixture (1:1, v/v),
and water, respectively, and then dried at 90 °C for 12 h. Next,
6 mg of TiO2 powder was ultrasonically dispersed in 6 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 air drying, the ﬁlm was sintered at 450 °C for
30 min in air atmosphere and then cooled down to the room
temperature. The deposition of CdS:Mn on the ITO/TiO2
electrode was according to the successive ionic layer adsorption
and reaction (SILAR) method with some modiﬁcations.32 The
ITO/TiO2 electrode was ﬁrst dipped into 0.1 M Cd(NO3)2
mixed with 0.08 M Mn(Ac)2 methanol solution for 1 min and
rinsed with methanol, then followed by dipping into 0.1 M
Na2S methanol/water mixture (1:1, v/v) for 1 min, and again
rinsed with methanol. This SILAR cycle was repeated twice,
and the ITO/TiO2/CdS:Mn electrode was acquired.
Fabrication of the Biosensor and DNA Analysis.
Brieﬂy, 20 μL of 2.5 μM hairpin DNA probe pretreated by
TCEP (0.6 μL, 10 mM) for 1 h was dropped on the ITO/
TiO2/CdS:Mn electrode, and it was allowed to incubate at 4 °C
for 12 h. After being rinsed with Tris−HCl buﬀer (10 mM, pH
7.4) to remove the unbound hairpin DNA probe, the electrode
was covered with 20 μL of CdTe−COOH QDs containing 20
mM EDC and 10 mM NHS for 1 h at room temperature, and
then washed with Tris−HCl buﬀer. Next, 20 μL of CdTe−NH2
QDs was dropped on the electrode and incubated at room
temperature for 2 h, which allowed CdTe−NH2 QDs to react
with previously activated CdTe−COOH QDs on the electrode
10879
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Figure 2. Eﬀects of (A) concentration of TiO2 suspension, (B) concentration of Mn2+, and (C) coating number of CdS:Mn on photocurrent
responses of the ITO/TiO2/CdS:Mn electrode.

band gap values were estimated to be 1.8 and 2.1 eV,
respectively.
Photoelectrochemical Property of the ITO/TiO2/
CdS:Mn Electrode. TiO2 is a wide energy band gap (∼3.2
eV) semiconductor material, which can only absorb the
ultraviolet light (<387 nm). CdS has a narrower energy band
gap (∼2.4 eV), and its absorption range can reach to the
wavelength of 550 nm. Thus, coupling of CdS with TiO2 to
form a TiO2/CdS hybrid structure can evidently extend the
absorption range, increase the utilization of light energy, and
promote the photocurrent intensity.35 In order to improve
electron−hole recombination and further enhance the photocurrent intensity, Mn2+ can be introduced into CdS to form
Mn-doped CdS (CdS:Mn), because the lifetime of electron−
hole recombination for CdS:Mn is up to hundreds of
microseconds, which is much longer than that of dozens of
nanoseconds for CdS.36 Thus, herein, a TiO2/CdS:Mn hybrid
structure was ﬁrst employed as the matrix for photoelectrochemical sensing electrode. As the thickness of TiO2
ﬁlm, the content of doped Mn2+ in CdS, and the deposition of
CdS:Mn could inﬂuence the photocurrent intensity of ITO/
TiO2/CdS:Mn electrode, the optimal preparation conditions
should be investigated.
Since the area of the ITO electrode (0.25 cm2) and the
applied volume of the TiO2 suspension (20 μL) were ﬁxed, the
thickness of TiO2 ﬁlm could be adjusted by the concentration
of TiO2 suspension. Figure 2A shows the photocurrent
intensity of the ITO/TiO2/CdS:Mn electrode prepared with
diﬀerent concentrations of TiO2 suspensions, and with 0.08 M
Mn2+ and four SILAR cycles of CdS:Mn ﬁxed. It could been
seen that the ITO/TiO2/CdS:Mn electrode fabricated with 1.0
mg/mL suspension exhibited the highest photocurrent
intensity. Increasing the concentration of TiO2 suspension
could oﬀer more amount of TiO2, which enlarged the surface
area of TiO2 ﬁlm to absorb more amount of CdS:Mn. As a
result, more light absorption occurred on the ITO/TiO2/
CdS:Mn electrode and the photocurrent intensity increased.
However, with further increasing the concentration of TiO2
suspension, the diﬀusion resistance for electron motion in
thicker TiO2 ﬁlm evidently increased due to more and more
surface recombination centers on excessive TiO2,37 leading to
the gradually decreased photocurrent intensity. Thus, 1.0 mg/
mL TiO2 suspension was adopted for fabricating the electrode.
The doping content of Mn2+ in CdS could be adjusted by the
concentration of Mn2+ during the SILAR process.32 Figure 2B
exhibits the photocurrent intensity of the ITO/TiO2/CdS:Mn
electrode prepared with diﬀerent concentrations of Mn2+, and

surface. Subsequently, the electrode was rinsed with Tris−HCl
buﬀer and then incubated with 20 μL of 1 mM CA at room
temperature for 1 h to block nonspeciﬁc binding sites. After
being rinsed with Tris−HCl buﬀer, the resulting electrode was
employed as a photoelectrochemical DNA biosensor and
incubated with 20 μL of diﬀerent concentrations of target DNA
at 37 °C for 2 h. Finally, the electrode was rinsed with Tris−
HCl buﬀer and prepared for photoelectrochemical detection.
Photoelectrochemical Measurement. Photoelectrochemical detection was carried out at room temperature in
Tris−HCl buﬀer (0.1 M, pH 7.4) containing 0.1 M AA, which
was served as a sacriﬁcial electron donor during the
photocurrent measurement. White light, 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 10 min
before photocurrent measurement.

■

RESULTS AND DISCUSSION
Characterization of CdTe−COOH and CdTe−NH2 QDs.
Parts A and B of Figure 1 show the high-resolution TEM
(HRTEM) images of the prepared CdTe−COOH and CdTe−
NH2 QDs, respectively. The lattice fringes of the two kinds of
QDs are clearly observed, and the average sizes of 4.68 and 2.85
nm were obtained from their size distribution. Parts C and D of
Figure 1 display the UV−vis absorption spectra of the prepared
CdTe−COOH and CdTe−NH2 QDs, respectively. For
CdTe−COOH QDs, the spectrum exhibited a broad
absorption range below 735 nm and an evident absorption
peak located at 654 nm, whereas the spectrum of CdTe−NH2
QDs exhibited an absorption range below 580 nm and an
obvious absorption peak located at 515 nm. According to
Peng’s empirical formula derived from UV−vis absorption,33
the sizes of CdTe−COOH and CdTe−NH2 QDs were
calculated to be 4.43 and 2.71 nm, respectively. The band
gap values of the prepared CdTe−COOH and CdTe−NH2
QDs could also be acquired from UV−vis absorption spectra
based on the following equation:34
αhν = A(hν − Eg )1/2

(1)

where α, h, ν, Eg, and A represent the absorption coeﬃcient,
Planck constant, light frequency, band gap, and constant,
respectively. According to eq 1, the plot of (αhν)2 versus hν
was ﬁrst obtained. Then, by extrapolating the ﬁtting straight
line of the plot to a = 0, the band gap Eg was acquired. Thus, for
the as-prepared CdTe−COOH and CdTe−NH2 QDs, the
10880
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Figure 3. (A) EIS and (B) photocurrent response of (a) the ITO/TiO2/CdS:Mn electrode, (b) after hairpin DNA probe immobilization, (c) after
anchoring CdTe−COOH QDs, (d) after further linking with CdTe−NH2 QDs, (e) after CA blocking, and (f) after incubation with 20 μL of 1 μM
target DNA. Inset of part A: the electrical equivalent circuit applied to ﬁt the impedance spectra; Rs, Zw, Ret, and Cdl represent ohmic resistance of the
electrolyte, Warburg impedance, electron-transfer resistance, and the double layer capacitance, respectively.

spectrum exhibited a relatively small semicircle (Figure 3A,
curve a, Ret = 62 Ω). After hairpin DNA probe and CdTe−
COOH QDs were immobilized onto the surface of the ITO/
TiO2/CdS:Mn electrode step by step, gradually increased Ret
was observed due to the low conductivity of DNA or
semiconductors (Figure 3A, curve b, Ret = 129 Ω; curve c,
Ret = 208 Ω). It was worth noting that the increment of Ret for
hairpin DNA probe modiﬁcation (ΔRet = 67 Ω) was less than
that of CdTe−COOH QDs modiﬁcation (ΔRet = 79 Ω), which
was because amino groups of hairpin DNA generated a
positively charged surface that improved the ability of the
negatively charged redox probe ([Fe(CN)6]3−/[Fe(CN)6)]4−)
to access the electrode surface, whereas carboxyl groups of
CdTe−COOH QDs generated a negatively charged surface
that reduced the ability of the redox probe to access the
electrode surface. Subsequently, CdTe−NH2 QDs were
covalently bound on the electrode, and the Ret (Figure 3A,
curve d, Ret = 106 Ω) signiﬁcantly decreased to less than that of
Figure 3A, curve b. It was because each large-sized CdTe−
COOH QD had linked with multiple small-sized CdTe−NH2
QDs resulting in the excess of amino groups than carboxyl
groups, which evidently improved the ability of the redox probe
to access the electrode surface. After the electrode was blocked
with CA, the Ret further decreased (Figure 3A, curve e, Ret = 87
Ω) because of the terminal amino group on CA. While the asobtained sensing electrode was incubated with target DNA, the
Ret evidently increased (Figure 3A, curve f, Ret = 158 Ω),
indicating that the target DNA had hybridized with hairpin
DNA probe. Thus, the EIS characterization suggested that the
proposed DNA biosensor was successfully fabricated.
Cosensitization Eﬀect for Signal Ampliﬁcation. To
achieve ultrasensitive DNA detection, a cosensitization strategy
for signal ampliﬁcation was applied. In order to acquire a
cascade cosensitized structure, traditionally, diﬀerent semiconductor materials need to be meticulously selected. As
photosensitizers, semiconductor quantum dots not only exhibit
the merits of high absorption coeﬃcient, delivery of hot
electrons, and generation of multiple electron carriers, but also
possess the unique property of tunability of the band gap via
varying particle size.40−43 We hereby ﬁrst used the same
semiconductor quantum dots with diﬀerent sizes as diﬀerent
sensitizers to develop a new cosensitized structure for the
design of an ultrasensitive DNA assay, and the electron-transfer
mechanism is shown in Scheme 2. In this DNA assay, the
TiO2/CdS:Mn hybrid structure acted as photoelectrochemical
matrix for the sensing electrode, whereas large-sized CdTe−
COOH QDs and small-sized CdTe−NH2 QDs, respectively,

with 1.0 mg/mL TiO2 suspension and four SILAR cycles of
CdS:Mn ﬁxed. Along with increase of the concentration of
Mn2+, the doping content of Mn2+ in CdS increased, promoting
the formation of more midgap centers. Accordingly, the charge
separation was signiﬁcantly improved and the photocurrent
intensity increased. It could be seen that the ITO/TiO2/
CdS:Mn electrode fabricated by using 0.08 M Mn2+ possessed
the highest photocurrent intensity. After the concentration of
Mn2+ further increased, more and more excitation electrons
were trapped by excessive amount of Mn−Mn ion pairs,38
leading to gradually decreased photocurrent intensity. Thus,
0.08 M Mn2+ was used in the SILAR process to fabricate the
electrode.
The deposition of CdS:Mn could be adjusted by SILAR
cycles. Figure 2C shows the photocurrent intensity of ITO/
TiO2/CdS:Mn electrodes prepared with diﬀerent SILAR cycles
of CdS:Mn, and with 1.0 mg/mL TiO2 suspension and 0.08 M
doped Mn2+ ﬁxed. As the SILAR cycle increased, the deposition
of CdS:Mn gradually accumulated, resulting in more and more
light absorption, and the photocurrent intensity increased. As
could be seen, the ITO/TiO2/CdS:Mn electrode with four
SILAR cycles of CdS:Mn reached the highest photocurrent
intensity. After the SILAR cycle further increased, the excessive
amount of CdS:Mn oﬀered more and more surface
recombination centers which evidently increased the diﬀusion
resistance for electron motion, and therefore, the photocurrent
intensity gradually decreased.39 According to the previous work
by Santra and Kamat,32 the absorption range of CdS:Mn was
below 570 nm, which partly overlapped with that of the two
layers of subsequently labeled CdTe−COOH (<735 nm) and
CdTe−NH2 QDs (<580 nm). In order to achieve optimal
signal ampliﬁcation, two SILAR cycles of CdS:Mn was chosen
to fabricate the electrode.
EIS Characterization of the DNA Sensor Construction.
As an eﬀective technique for characterizing the interface
properties of electrodes, EIS was employed to monitor the
fabrication process of the DNA biosensor. Figure 3A shows the
impedance spectra of the electrodes involved in diﬀerent
fabrication steps, and its inset is the corresponding equivalent
circuit. The impedance spectra include a semicircle at higher
frequencies representing the electron-transfer-limited process
and a linear part at lower frequencies resulting from the
diﬀusion-limited process. The semicircle diameter equals the
electron-transfer resistance (Ret), which reﬂects the restricted
diﬀusion of the redox probe accessing the layer. And the Ret
values can be obtained from ﬁtted results with the equivalent
circuit. For the ITO/TiO2/CdS:Mn electrode, the impedance
10881
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more rigid, rodlike double helix, and the multianchored CdTe
QDs on the terminal of hairpin DNA probe were far away from
the TiO2/CdS:Mn electrode surface, which resulted in vanished
cosensitization eﬀect of the CdTe QDs to TiO2/CdS:Mn.
Thus, based on conformation change of hairpin DNA probe,
the target DNA could be sensitively detected by using this
cosensitization signal ampliﬁcation strategy.
In order to verify the feasibility of the designed
cosensitization strategy for signal ampliﬁcation, photocurrent
characterization of the prepared DNA biosensor was carried
out, as shown in Figure 3B. The ITO/TiO2/CdS:Mn electrode
exhibited an evident photocurrent response (Figure 3B, curve a,
I = 53.74 μA). After hairpin DNA probe immobilization, the
photocurrent decreased moderately (Figure 3B, curve b, I =
50.35 μA), which could be attributed to the relatively weak
charge transfer of the DNA sequence. After further anchoring
CdTe−COOH and CdTe−NH2 QDs to the terminal of
hairpin DNA probe successively, the photocurrent intensity
signiﬁcantly increased (Figure 3B, curve c, I = 66.15 μA; curve
d, I = 80.61 μA), demonstrating that the cosensitization eﬀect
of these CdTe QDs was very eﬀective. After CA blocking, the
photocurrent intensity decreased slightly (Figure 3B, curve e, I
= 78.56 μA), because immobilization of the small organic
molecule of CA partly obstructed AA to the electrode surface
for reaction with the photogenerated holes. After the sensing
electrode was incubated with target DNA, the photocurrent
decreased signiﬁcantly (Figure 3B, curve f, I = 55.58 μA) and
almost returned to the initial value of the ITO/TiO2/CdS:Mn
electrode, which indicated that the cosensitization eﬀect of
these CdTe QDs vanished. Accordingly, photocurrent characterization proved that the cosensitization signal ampliﬁcation
strategy for target DNA detection was achieved.
Photoelectrochemical Detection for Target DNA. The
cosensitization signal ampliﬁcation for photoelectrochemical
DNA detection was based upon the conformation change of
hairpin DNA probe after hybridization with target DNA. The
photocurrent response was directly related to the concentration
of target DNA. Figure 4A exhibits the photocurrent responses
of the designed DNA biosensor after incubation with diﬀerent
concentrations of target DNA. As the cosensitization eﬀect
would disappear after DNA hybridization, the photocurrent
gradually decreased with increasing the concentration of target
DNA. As shown in Figure 4B, the photocurrent response
linearly decreased with increase of logarithm of target DNA
concentration in the range from 50 aM to 50 pM. The
regression equation was I = 62.27 − 3.11 log C (pM), with the
correlation coeﬃcient of 0.9968. The detection limit (S/N = 3)

Scheme 2. Electron-Transfer Mechanism of the Designed
DNA Biosensor in AA Electrolytea

a

The energy levels of the conduction band (CB) and valence band
(VB) for TiO2, CdS, and CdTe originated from the literatures (refs
44−46).

acted as the ﬁrst and second signal ampliﬁcation elements.
Because of wave function conﬁnement of the quantum dot, the
band gap will increase with particle size decrease, leading to the
conduction band of small-sized CdTe−NH2 QDs being higher
than that of CdTe−COOH QDs.44 As one hairpin DNA probe
possesses only one binding site, multilabeling of hairpin DNA
probe with diﬀerent sized CdTe QDs was adopted to achieve
cosensitization signal ampliﬁcation. After large-sized CdTe−
COOH QDs were covalently bound with hairpin DNA probes,
the photocurrent intensity evidently increased. It was because
the absorbance range of the TiO2/CdS:Mn hybrid structure
was below the wavelength of 570 nm, whereas the CdTe−
COOH QDs extended to 735 nm, which dramatically
promoted the long-wavelength light harvest. When multiple
small-sized CdTe−NH2 QDs with the absorbance range below
580 nm were subsequently bound on the surface of the largesized CdTe−COOH QDs, the photocurrent intensity further
evidently increased, as the introduction of the CdTe−NH2
QDs obviously increased the absorption eﬃciency of middlewavelength light. Besides, Mn-doped CdS could also assist the
cosensitization eﬀect of these multianchored CdTe QDs to
promote the photocurrent intensity, because Mn2+ created
electronic states in the midgap region of CdS, which
signiﬁcantly reduced the electron recombination of photogenerated electrons coming from CdTe−COOH and CdTe−
NH2 QDs.32 However, after being hybridized with target DNA,
the hairpin DNA probe changed from the hairpin shape to a

Figure 4. (A) Photocurrent response and (B) calibration curve of the DNA biosensor for detection of diﬀerent concentrations of target DNA. The
error bars showed the standard deviation of ﬁve replicate determinations.
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CONCLUSIONS
In summary, we presented a novel photoelectrochemical
platform for ultrasensitive detection of DNA based on a
cosensitization strategy. Multilabeling of hairpin DNA probe
with diﬀerent sized CdTe QDs was adopted to achieve a
cosensitization eﬀect to signiﬁcantly amplify the photocurrent
signal. Conformation change of hairpin DNA probe after
hybridization with target DNA promoted the disappearance of
the cosensitization eﬀect to sensitively decrease the photocurrent signal. Due to excellent photoelectrochemical performance of this cosensitization eﬀect, the well-designed DNA assay
could oﬀer an ultralow detection limit of 27 aM and a wide
linear range from 50 aM to 50 pM for target DNA detection.
Beneﬁting from its simplicity, sensitivity, speciﬁcity, and
reproducibility, the proposed photoelectrochemical platform
shows great promise for the detection of trace levels of DNA
and has a wide potential application in bioanalysis.

for target DNA concentration was estimated to be 27 aM. To
illustrate the sensitivity, we compared the designed DNA
bioassay not only with previously reported photoelectrochemical protocols but also with other assays, as shown in
Supporting Information Table S1. It demonstrated that the
well-designed photoelectrochemical DNA assay presented a
much lower detection limit as well as a wider linear range.
Besides, to show excellent performance of the cosensitization
signal ampliﬁcation, the DNA bioassay with single-sensitization
eﬀect was constructed and tested. As illustrated in Supporting
Information Scheme S1, the sensor construction was similar as
the cosensitization strategy only with the second signal
ampliﬁcation elements removed. The photoelectrochemical
testing results (see Supporting Information Figure S1) revealed
that the single-sensitization signal ampliﬁcation for target DNA
detection exhibited a detection limit of 0.64 fM, which was
nearly 24 times higher than that of the cosensitization signal
ampliﬁcation. Thus, the control experiment also proved an
obvious superiority of the cosensitization signal ampliﬁcation
strategy.
Selectivity and Reproducibility of the DNA Assay. The
selectivity of the designed DNA assay was investigated by
comparing the photocurrent response to diﬀerent DNA
sequences, including target DNA, single-base mismatch DNA,
and noncomplementary DNA at the same concentration of 10
pM, respectively. As shown in Figure 5, the photocurrent
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Figure 5. Photocurrent responses of the DNA biosensor incubated in
20 μL of 10 pM diﬀerent DNA sequences: (a) target DNA, (b) singlebase mismatch DNA, (c) noncomplementary DNA, and (d) blank.
The error bars showed the standard deviation of ﬁve replicate
determinations.
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