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A B S T R A C T

In view of the urgent need of determining polychlorinated biphenyls in the environment, we developed a highly
sensitive and selective photoelectrochemical (PEC) aptasensor for determination of 3,3′,4,4′-tetrachlorobiphenyl
(PCB77) by immobilizing aptamer on N-doped TiO2 nanotubes (N-doped TiO2 NTs). To improve analytical
performance of the PEC sensor, the complementary DNA functionalized CdS quantum dots (DNA-CdS QDs) were
introduced onto N-doped TiO2 NTs by hybridization. In addition of PCB77, owing to high affinity of aptamer to
PCB77, PCB77-aptamer complexes were formed by being bound of PCB77 whilst DNA-CdS QDs were released
from the sensing surface. The complexes with poor conductivity hindered the interfacial electron transfer,
leading to the photocurrent decrease. The more important is the release of DNA-CdS QDs enhanced the pho-
tocurrent decrease, playing the role of signal amplification. The photocurrent change was utilized to detect
PCB77 quantitatively. The PEC aptasensor exhibited excellent analytical performance for detection of PCB77
with wide linear range of 0.1–100 ng/L and a low detection limit of 0.1 ng/L. It manifested outstanding se-
lectivity for PCB77 in control experiments by employing six interferents which had similar structure or coexisted
with PCB77. Besides, the PEC aptasensor was used to detect the content of PBC77 in the environment.

1. Introduction

Polychlorinated biphenyls (PCBs) are a class of ubiquitous, persis-
tent, and highly toxic environmental contaminants, and these com-
pounds have always received widespread attention for the potential risk
for human health. Owing to PCBs excellent stability, they are extremely
resistant to chemical and biological degradation (Zheng et al., 2016a,
2016b), and often present in surface water, soil and sediment (Sobek
and Gustafsson, 2014). Among 209 congeners in PCBs family, PCBs
with chlorine in the 3, 4, and 5 positions have similar to the toxic
polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDFs)
(Johansen et al., 1994). 3,3′,4,4′-tetrachlorobiphenyl (PCB77) is con-
sidered to be one of the most toxic dioxin-like PCBs congener that in-
teracts with the aryl hydrocarbon receptor. It not only disturbs the
endocrine reproductive system of the organism, but seriously affects the
thyroid function, causing biological metabolism disorder, growth ab-
normalities and stunted growth (Roy et al., 2009). So, it is highly re-
quired to develop an effective analytical technique to evaluate the level
of PCB77 in the environment.

The common methods for PCBs detection are the instrumental
methods, liquid chromatography/mass spectrometry (LC/MS) (Moukas

et al., 2014; Lei et al., 2016) and gas chromatography/mass spectro-
metry (GC/MS) (Muscalu et al., 2015). Although these methods can
detect accurately trace PCBs, they involve sophisticated instruments
and time-consuming samples preparation procedures. A series of sim-
pler and more effective fluorescent and electrochemical sensors have
been developed (Wang and Meng, 2017; Zheng et al., 2016a, 2016b;
Wei et al., 2011). But most of them require a complicated procedure for
labeling fluorophores or electroactive tags to obtain the detection
signal. In recent years, surface enhanced Raman scattering (SERS)
sensors with high sensitivity was also reported (Wang et al., 2014).
They are very strict with SERS substrate, and only Au or Ag-decorated
metal and metal oxide can be qualified for the need. These drawbacks
limit actual application of these methods. Most importantly, the in-
dividual congener of PCBs is very difficult to be detected quantitatively
by the above-mentioned methods because of its extremely low content
compared with a majority of PCBs (two or three orders of magnitude)
(Malavia et al., 2004). Moreover, in complicated environment, the
presence of lots of other organic compounds with high concentration
seriously affects the determination of the individual PCBs. Thus, it is
still a challenging work to develop a facile, highly sensitive and selec-
tive method for detecting the individual PCB77 with low concentration
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but high toxicity in the environment.
Photoelectrochemical (PEC) technique as a newly emerged analy-

tical method has attracted more and more research interests (Wang
et al., 2017; Qin et al., 2016). The PEC process refers to photon-to-
electricity conversion resulting from charge separation and subsequent
charge transfer after absorption of photons during illumination (Zhang
et al., 2012). In the PEC detection, light is used as the excitation source
whilst generated current is used as the detection signal, which is the
reverse process to electrochemiluminescence (ECL). (Feng et al., 2015;
Yang et al., 2011) Due to the totally separated and two different kinds
of energy as excitation source and detection signal resulting in the low
background signal, PEC technique is an ultrasensitive analytical
method. Furthermore, the application of electronic readout makes the
PEC instrument possess these advantages such as favorable portability,
fast response, low cost and real-time detection (Zhao et al., 2012; Ren
and Liu, 2016). Hence, PEC technique is more favorable to detection of
PCB77 at extremely low level of concentration in the environment.
However, some active species such as hydroxyl radicals, superoxide
anion radicals generated by photoirradiation during PEC detection are
such powerful oxidants that most substances will be oxidized on the
photoanode (Gong et al., 2012), which makes PEC technique lack of
selectivity. How to realize high selectivity while detect sensitively
PCB77 in complicated environment is a key problem. Currently，the
molecular imprinting (MI) technique has been often used to obtain PEC
selective detection of analytes. For instance, our research group de-
veloped a cathodic PEC sensor based on Pd quantum dots modified
molecularly imprinted TiO2 nanorods (NRs), and applied in detecting
PCB 101 (Shi et al., 2018). However, these MI-based PEC sensors often
suffer from these drawbacks such as weak binding sites, slow binding
kinetics, and incomplete removal of imprinting molecule from the MIPs
surface. The drawbacks limit the actual application of the MI-based PEC
sensors. Aptamers are single-strand DNA or RNA sequences with high
affinity and specificity for their targets. Aptamer-based analytical
techniques are certainly very promising candidates for selective de-
termining analytes. It is reported that the aptamer for highly binding of
PCB77 has been selected (Xu et al., 2012). Thus, a PEC sensor based on
aptamer as the recognition element is proposed by combining ultra-
sensitivity of PEC method and high affinity of aptamer for PCB77, and
the photocurrent change caused by the biorecognition reaction between
aptamer and PCB77 would be utilized for highly sensitive and selective
detection of PCB77. Besides, it is very critical to choose an appropriate
photoactive material for immobilization of aptamer to get better ana-
lytical performance.

At the present, photoactive materials used in PEC biosensor are
mainly including inorganic materials such as Si, TiO2, ZnO and CdS,
organic materials such as porphyrin, phthalocyanine and their deriva-
tives, and complex materials. Among these materials, TiO2 is one of the
common photoactive materials for constructing biosensor due to its
inexpensiveness, environment safety, chemical and thermal stability. In
particular, anodic TiO2 nanotube arrays (TNs) grown on Ti foil pos-
sessing large surface area and high oriented interfacial structure have
attracted great interest in the field of PEC sensing.

In this research, the ordered N-doped TiO2 nanotubes (N-doped
TiO2 NTs) were designed as the photoactive substrate for anchoring
aptamer. Owing to their good biocompatibility and highly oriented
tubular structure, TiO2 NTs can provide not only a wonderful micro-
environment for aptamer, but also large surface area for loading more
aptamer, improving analytical performance of the PEC sensing platform
(Chen et al., 2010). By doping N element, the absorption of TiO2 NTs
extends successfully to visible region so that aptamer effectively keep
their bioactivity and specificity. Subsequently, the complementary DNA
functionalized CdS quantum dots (DNA-CdS QDs) were immobilized on
the electrode by hybridization. Here, CdS QDs, as a kind of the popular
PEC labels were chosen as DNA-functionalized photoactive material
based on their unique electrical and optical properties, and the perfect
stability. Thus a facile and novel PEC aptasensor was designed for

determining PCB77 in the environment. When PCB77 was added, DNA-
CdS QDs were replaced and released from the sensing interface because
of high affinity of aptamer to PCB77. The formed aptamer-PCB77
complexes with poor conductivity hindered the electron transfer, re-
sulting in the photocurrent decrease. The release of DNA-CdS QDs
further decreased the photocurrent so that the detection signal was
amplified. PCB77 could be determined quantitatively by measuring the
photocurrent change. The design PEC aptasensor showed high sensi-
tivity and selectivity for detection of PCB77, and the reasons for the
excellent analytical performance were explored in detailed. Further-
more, the application of the aptasensor in the environment was also
investigated.

2. Experimental

2.1. Reagents and apparatus

The two amino modified oligonucleotides were purchased from
Shanghai Sangon Biotechnology Co. Ltd. (Shanghai, China).

aptamer sequence:
5′-GGC-GGG-GCT-ACG-AAG-TAG-TGA-TTT-TTT-CCG-ATG-GCC-

CGT-G-(CH2)6-NH2–3′
Complementary DNA sequence:
5′-TTC-GTA-GCC-CCG-CCT-TTT-TTT-TTT-TT-(CH2)6-NH2–3′
PCB77 and PCB101 were purchased from Beijing Lark Company.

Benzopyrene, 17β-estradiol and biphenyl were purchased from Sigma-
Aldrich (St. Louis, MO). Titanium foils (≥ 99.8% purity) with the area
of 1.5× 4.0 cm2 were used in the work. Bovine serum albumin (BSA),
N-hydroxy succinimide (NHS), 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), and thioglycolic acid (TGA) were purchased from
Aladdin Reagent Co., Ltd. Bisphenol A and atrazine were purchased
from Sinopharm Chemical Reagent Co., Ltd. The apparatuses are listed
in Supporting information (SI).

2.2. Preparation of N-doped TiO2 NTs

According to the literature (Antony et al., 2012), Ti foils were me-
chanically polished prior to anodization. Then cleaned Ti foils were
anodized in a two-electrode system with Ti foils as an anode and Pt
sheet as a cathode in ethylene glycol solution containing 0.2 wt% car-
bamide, 0.3 wt% NH4F and 3 vol% deionized H2O at 25 °C. The ano-
dization process was performed at 40 V for 3 h. The as-prepared TiO2

NTs were immersed in ammonium hydroxide for 24 h, followed by
annealing in nitrogen ambience at 450 °C for 2 h. The N-doped TiO2 NTs
were used for the following tests. Before use, all of the N-doped TiO2

NTs were sealed to 1 cm2 with insulating glue.

2.3. Preparation of water-soluble TGA-CdS QDs and DNA-CdS QDs

TGA-CdS QDs were prepared and the detailed process was supplied
in SI. The prepared yellow TGA-CdS QDs were diluted with the same
volume of water and stored at 4 °C.

5mL TGA-CdS QDs, mixed with absolute ethyl alcohol were cen-
trifuged for 3min. The precipitates, TGA-CdS QDs were dispersed ul-
trasonically in 5mL 10mM PBS (pH 7.41). Then, TGA-CdS QDs were
activated by mixing with 20mg/mL EDC and 10mg/mL NHS for
30min. Subsequently, amino-modified DNA (10 μM, 500 μL) was slowly
added to the mixture solution and stirred lightly for 12 h. DNA-mod-
ified CdS QDs were centrifuged for 30min at 10,000 rpm to remove the
unbound DNA. Finally, DNA-CdS QDs were stored for use at 4 °C.

2.4. Design and fabrication of PEC aptasensor

50 μL 1% chitosan was dropped on N-doped TiO2 NTs of 1 cm2 and
dried at 40℃. The electrodes were immersed into 5% (V:V) glutar-
aldehyde for 30min. Then 30 μL 3.0 μM aptamer was dropped onto the
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electrode surface and stored at 4℃ overnight. Subsequently, the ap-
tamer-modified N-doped TiO2 NTs was incubated in 30 μL DNA-CdS
QDs solution for over 12 h to ensure that DNA-CdS QDs were absolutely
hybridized. The prepared aptasensor was immersed 1 wt% BSA to in-
hibit any unspecific absorption. Finally, it was placed in 0.5% sodium
dodecyl sulfate (SDS) solution (pH 1.9) for 3min and washed with
0.1 M PBS to reuse.

2.5. PEC measurement

All PEC experiments were performed in 0.1 M PBS (pH 7.41) with a
300W xenon lamp from Perfect Light (Beijing, China) as light source
with the wavelength of 430 nm. Photocurrent was recorded by I-t
technique at the potential of 0.0 V, and the distance was 5 cm between
the electrode and the light source. The illumination intensity was
13mW/cm2.

In detection of PCB77, photocurrent was investigated when the
aptasensor was incubated in different concentrations of PCB77. In
control experiments, the aptasensor was used to determine six inter-
ferents including PCB101, biphenyl, bisphenol A, benzopyrene, 17β-
estradiol and atrazine, and the method was the same as that for de-
tecting PCB77.

3. Results and discussion

3.1. Characterization of PEC aptasensor construction

Scheme 1 illustrates the schematic representation of the PEC apta-
sensor construction and the detection mechanism for PCB77. The or-
dered N-doped TiO2 NTs were first prepared on Ti foils by in situ an-
odization. After anchoring aptamer on N-doped TiO2 NTs surface, DNA-
CdS QDs were introduced on the sensing interface by hybridizing.

Fig. 1 exhibits the electrochemical impedance spectra (EIS) of each
step for the aptasensor construction in the presence of [Fe(CN)6]3-/4-.
First, the EIS of N-doped TiO2 NTs was examined for about 35 kΩ (curve
a). After the immobilization of chitosan and glutaraldehyde, NH2-ter-
minated aptamer molecules were anchored on CHO functionalized
electrode surface by the interaction between CHO and NH2 groups. The
EIS value was dramatically increased to 80 kΩ (curve b). This indicated
that the negatively charged aptamer molecules were successfully im-
mobilized on N-doped TiO2 NTs surface, which made an electrostatic
repulsion to the negatively charged redox species of [Fe(CN)6]3-/4-.
When DNA-CdS QDs were introduced on the electrode by hybridization,
the EIS value was again decreased to 58 kΩ (curve c), demonstrating
that DNA-CdS QDs could facilitate the electron transfer between the
sensing interface and the solution. Finally, after treated with BSA, the
obtained aptasensor was incubated in PCB77 solution, and the re-
cognition reaction was guaranteed to complete, a higher EIS value
about 90 kΩ was obtained (curve d). This indicated that aptamer-PCB77

complexes formed with poorer conductivity than aptamer further hin-
dered the interfacial electron transfer. At the same time, the increasing
value of EIS indicated that DNA-CdS QDs may be already released from
the sensing interface.

Besides, the PEC characterization of the aptasensor construction was
performed and given in Fig. S1. The photocurrent of N-doped TiO2 NTs
was about 12.2 μA cm−2. After modifying aptamer, the photocurrent
reduced approximately to 10.79 μA cm−2 because of the poor con-
ductivity of aptamer. When the aptamer-modified N-doped TiO2 NTs
was immersed into DNA-CdS QDs solution, the photocurrent was ob-
viously increased to 14.41 μA cm−2, indicating DNA-CdS QDs were
successfully immobilized on the sensing interface. Then, the aptasensor
was incubated in 0.5 ng/L PCB77 solution after blocking with BSA, the
photocurrent remarkably decreased to 12.33 μA cm−2. The PEC char-
acterization results were absolutely consistent with that of EIS char-
acterization, confirming that the PEC aptasensor was successfully con-
structed.

Here, control experiments were carried out to prove the photo-
current change caused by addition of PCB77. The PEC aptasensor was
incubated in the blank solution, 0.1M PBS, exhibiting high photo-
current and not any photocurrent change. This confirmed that the
photocurrent change was attributed to the recognition reaction be-
tween aptamer and PCB77. The photocurrent decrement after addition
of PCB77 could be explained as follows. Attributing to high affinity of
aptamer to PCB77, the binding strength is greater than that between
aptamer and its complementary DNA. As a result, PCB77 was captured
on N-doped TiO2 NTs to form the PCB77-aptamer complexes. At the
same time, DNA-CdS QDs were replaced and released from the sensing
interface. The PCB77-aptamer complexes with poor conductivity in-
creased the hindrances of the interfacial electron transfer, resulting in
the decrease of the photocurrent. A more important reason is that the
release of the DNA-CdS QDs from the sensing surface make the pho-
tocurrent decrease drastically.

3.2. Highly sensitive performance of PEC aptasensor

The photocurrent change was recorded in different concentrations
of PCB77 to evaluate the analytical performance of the aptasensor,
shown in Fig. 2A. It could be observed that the photocurrent decreased
continually with the increase of PCB77 concentrations from 0 to
100 ng/L. This indicated that more and more PCB77-aptamer com-
plexes formed hindered the interfacial electron transfer, and vast DNA-
CdS QDs were released from the sensing interface. While PCB77 con-
centration was over 100 ng/L, the photocurrent was almost no change
with increasing PCB77 concentrations from 200 to 500 ng/L. The re-
sults demonstrated that DNA-CdS QDs on sensing surface were

Scheme 1. Schematic representation of PEC aptasensor construction and the
detection mechanism of PCB77.

Fig. 1. EIS of (a) N-doped TiO2 NTs, (b) after aptamer immobilization, (c) after
anchoring DNA-CdS QDs, (d) after addition of PCB77.
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absolutely replaced by PCB77 and the amount of the PCB77-aptamer
complexes reached saturation. The curves of the photocurrent change
(ΔI) with different concentrations of PCB77 were shown in Fig. 2B,
where ΔI was the difference between the photocurrent before (I0) and
after (I) incubation in PCB77. Inset of Fig. 2B showed that the ΔI/I0
value appeared a well linear relationship with the logarithm of PCB77
concentrations ranging from 0.1 to 100 ng/L. The regression equation
was ΔI/I0 = 0.0902 logC+0.1229 (unit of C, ng/L) with a correction
coefficient of 0.9900. The detection limit was calculated to be 0.1 ng/L
based on the response of three times the standard deviation of zero-pose
response (n=6). So in the practical sample analysis, the concentrations
of PCB77 in samples are in the range of 0. 1–100 ng/L, and PCB77 could
be accurately determined. Compared with the prior reports, such as the
instrument methods (Portolés et al., 2016; Ramanujam et al., 2017),
electrochemical sensor (Wei et al., 2011), surface plasmon resonance
(Liu et al., 2016) and surface-enhanced Raman scattering techniques
(Fu et al., 2015), the detailed comparison results were shown in Table
S1. It was found that the detection limit of the present aptasensor for
PCB77 detection was lower than that of the conventional instrumental
methods and other optical or electrochemical sensors, and the linear
working range was comparable or even wider. Such a highly sensitive
PEC sensing platform was enough to detect accurately trace PCB77 in
the environment. Besides, the two important parameters were in-
vestigated before determining PCB77 to obtain the optimum analytical
performance. The optimized loading amount of aptamer on N-doped
TiO2 NTs was obtained when the concentration of aptamer was 3 μM.
The curve was shown in Fig. S2. To ensure that the biorecognition re-
action between aptamer and PCB77 was sufficient, the incubating time
of the aptasensor in PCB77 solution was optimized to be 40min (Fig.
S3).

The detailed reasons for the highly sensitive PEC sensing for PCB77

could be exploited from the following aspects.
Firstly, N-doped TiO2 NTs with the unique tubular structure were

design as the appropriate substrate for loading aptamer. Doping ni-
trogen in TiO2 NTs was necessary to extend the absorption of TiO2 to
visible region. XPS analysis of the surface composition of N-doped TiO2

NTs showed nitrogen element present in TiO2 NTs, and the high re-
solution spectrum of N-1s was shown in Fig. 3A. The N-1s spectra
consisted of three peaks, namely, 399.1, 399.9 and 405.0 eV. The first
two peaks were ascribed to substitution nitrogen in the oxide lattice,
leading N-Ti-O bond (Romero-Gómez et al., 2009) and the later one was
ascribed to surface adsorbed NOx (Wang et al., 2009). Full-scan XPS
spectra of the N-doped TiO2 NTs and high resolution spectra of other
elements were given in Fig. S4. Meanwhile, the UV-DRS spectrum in
Fig. 3B showed that the absorption of TiO2 NTs by doping nitrogen was
successfully extended to over 450 nm. This red-shift of the absorption
edge was ascribed to the N-doping in the intrinsic band gap of TiO2 NTs,
in the N–Ti–O bond, and the formation of the local state in valence band
through the interaction between N2p and O2p orbit could reduce the
band gap of TiO2 NTs, thereby promoting the effective absorption of
visible light (Pany and Parida, 2014; Parida et al., 2013). The adsorp-
tion of N-doped TiO2 NTs was in visible region, which was important
for maintaining effectively the bioactivity and affinity of aptamer. By
measuring the photocurrent under visible irradiation, the results in-
dicated that the photocurrent of N-doped TiO2 NTs was greatly higher
than that of pure TiO2 NTs (Inset of Fig. 3B). This reason was that a
relatively stable oxygen vacancy formed on TiO2 NTs surface by doping
nitrogen enhanced the photoelectric response of TiO2 NTs (Lai et al.,
2010). According to the SEM images shown in Fig. 3C, N-doped TiO2

NTs of 80–100 nm in diameter were synthesized with the tube wall
thickness of approximately 10 nm. Its cross-section view (Inset) showed
N-doped TiO2 NTs was ordered vertically aligned grown on Ti foil with
the length of about 2 µm. Compared with pure TiO2 NTs (Fig. 3D), N-
doped TiO2 NTs surface became slightly rough, which was attributed to
the partial lattice collapse of TiO2 NTs by doping nitrogen. But N-doped
TiO2 NTs still remained intact tubular structure. The high-density and
uniform tubes acted as a “nanocontainer”, which not only offered large
area nanospaces for immobilizing aptamer, but promoted the direc-
tional charge transport due to one-dimensional feature of TiO2 NTs
(Zhang et al., 2013). Besides, the crystal structure of N-doped TiO2 NTs
and TiO2 NTs was measured by XRD technique (Fig. S5). The diffraction
peaks were present at 25.3°, 38.6°, 48.1°, 53.9°, corresponding to (101),
(112), (200) and (105) crystal planes, which indicated that N-doped
TiO2 NTs were in anatase phase (JCPDS File 21-1272). The nanocrystal
of N-doped TiO2 NTs was unchanged by doping nitrogen compared
with TiO2 NTs. But the strength of most diffraction peaks weakened,
owing to by the disorder of N-doped TiO2 NTs surface (Li et al., 2009).
The Raman spectroscopy analysis in Fig. S6 showed five different
Raman vibration peaks were approximately present at 142.1, 192.4,
392.7, 514.4, 636.2 cm−1, corresponding to Eg, Eg, B1g, A1g + Eg, Eg
mode, which belonged to the modes of anatase phase. The additional
absorption mode was not found by doping nitrogen, which was con-
sistent with XRD characterization. So N-doped TiO2 NTs with tubular
structure had better photoelectrical activity, which was conducive to
improving the sensitivity of the aptasensor.

Secondly, another important factor for high sensitivity of the PEC
aptasensor was that DNA-CdS QDs introduced on the sensing interface
enhanced the photocurrent and played the role of signal amplification
for detection of PCB77. TEM images in Fig. 4A revealed that TGA-CdS
QDs (IR spectra of TAG- CdS QDs was shown in Fig. S7) with the par-
ticle size of about 5 nm exhibited excellent dispersion and obvious
lattice fringe observed under high resolution TEM from Fig. 4B. The
XRD pattern in Fig. 4C showed that the diffraction peaks present at
26.51°, 43.98°, 52.09° could be assigned to (111), (220), and (311)
crystal plane (JCPDS, No. 42-1411), demonstrating CdS QDs belonged
to the cubic crystal structure, and there was hardly any impure peak. As
shown in the inset of Fig. 4C, the UV spectra of TGA-CdS QDs (curve a)

Fig. 2. (A) Photocurrent of the PEC aptasensor to different concentrations of
PCB77 from a to m, 0, 0.1, 0.3, 0.5, 0.8, 1.3, 5.0, 10, 50, 100, 200, 300, 500 ng/
L, respectively. (B) The relationship of the photocurrent change (ΔI) with dif-
ferent concentrations of PCB77, Inset: the linear calibration curve of ΔI and the
logarithm of PCB77 concentrations ranging from 0.1–100 ng/L.
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revealed that CdS QDs as an excellent photoactive material exhibited
wider light adsorption. A typical characteristic peak of DNA was pre-
sent at 260 nm for DNA-CdS QDs (curve b), confirming TGA-CdS QDs
were successfully labelled with the complementary DNA. TGA-CdS QDs
labeled with amino-modified complementary DNA were introduced on
the sensing surface, and the SEM morphology and full-scan XPS spectra
of the DNA-CdS QDs loaded on N-doped TiO2 NTs were given in Fig. S8.
It was observed that CdS QDs of 5 nm was dispersed on the surface of N-
doped TiO2 NTs. The full-scan XPS spectra showed seven elements in-
cluding S, O, Ti, Cd, N, C and P were present, and the molar ratio of Cd/
S was approximately equal to 1.

Here, the photoresponse and the analytical performance of the PEC
aptasensor were investigated before and after the introduction of DNA-
CdS QDs, shown in Fig. 4D. The photocurrent of the sensor was only
about 9.5 μA cm−2 without DNA-CdS QDs (curve a), while the photo-
current apparently increased to 13.7 μA cm−2 by introducing DNA-CdS
QDs on the sensing interface (curve b), demonstrating DNA-CdS QDs
helped to enhance the photocurrent of the aptasensor. At the same time,
the analytical performance of the PEC aptasensor for detecting 5 ng/L
PCB77 was also investigated. The results showed that the photocurrent
change, ΔIb and ΔIa (the difference of the photocurrent before and after
adding PCB77) was 3.1 and 0.30 μA cm−2 with (curve b′) and without
(curve a′) DNA-CdS QDs, respectively. The photocurrent change of the
former was ten times more than the latter. From this, the detection
signal was amplified by introducing DNA-CdS QDs. The reason is
mainly based on the following mechanism (Freeman et al., 2011; Golub
et al., 2009), shown in Fig. S9. Under visible irradiation, CdS QDs ab-
sorbed photons with energies higher than its band gap and the electrons
were excited from the valence band to the conduction band, forming
the electron-hole pairs. The holes participated in oxidation reaction on
the electrode surface. The electrons transferred to the electrode and

passed through the external circuit, generating photocurrent. Thus
more electrons were provided and flowed across the circuit by in-
troducing DNA-CdS QDs, leading to the photocurrent enhancement. In
addition of PCB77, owing to high affinity of aptamer to PCB77, the
PCB77-aptamer complexes were formed while DNA-CdS QDs were re-
placed and released from the sensing surface. The PCB77-aptamer
complexes with poor conductivity hindered the interfacial electron
transfer, resulting in the photocurrent decrease. More importantly,
DNA-CdS QDs as a PEC label released from N-doped TiO2 NTs destroyed
the coupling between the photoexcited QDs and the electrode surface.
The photogenerated electrons from DNA-CdS QDs decreased dramati-
cally so that the photocurrent of the PEC aptasensor further decreased,
and the photocurrent change (detection signal) increased. As a result,
DNA-CdS QDs not only increased the photocurrent of the PEC apta-
sensor, but realized signal amplification for determining PCB77.

Thirdly, the packing density of aptamer molecules on the electrode
surface was also a key factor affecting the sensitivity of the PEC apta-
sensor. The order tubular structure of N-doped TiO2 NTs with large
surface could provide much more multidimensional spaces for loading
abundant aptamer, and the packing density of aptamer on N-doped
TiO2 NTs was calculated by the chronocoulometry. The detailed cal-
culation process was supplied in Fig. S10. It was estimated to be
2.36×1013 molecules cm−2. Control experiments were performed
using gold electrode as the substrate for anchoring aptamer. The
packing density of aptamer was approximately 1.24×1012 mole-
cules cm−2. The load of aptamer on N-doped TiO2 NTs was almost
twenty times more than that on gold electrode. Besides, compared with
our previous work (Fan et al., 2014), the amount of aptamer on N-
doped TiO2 NTs was ten times more than that on CdSe NPs-TiO2 NTs of
2.26×1012 molecules cm−2. It could be understood that a small
number of the tubular structure of TiO2 NTs was inevitable to be

Fig. 3. (A) High resolution XPS spectra of N 1s of N-doped TiO2 NTs, (B) UV-DRS spectrum of TiO2 NTs (a) and N-doped TiO2 NTs (b), Inset: photocurrent of TiO2 NTs
(a) and N-doped TiO2 NTs (b), (C) SEM top-view images of N-doped TiO2 NTs and (D) TiO2 NTs, Inset: the cross-section view of N-doped TiO2 NTs.
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slightly blocked or destroyed when CdSe NPs were electrodeposited on
TiO2 NTs. However, N-doped TiO2 NTs could keep intact tubular
structure of TiO2 NTs and provided larger nanospaces for immobilizing
aptamer molecules. These results further confirmed N-doped TiO2 NTs
were more favorable to load aptamer molecules. The high packing
density of aptamer on the sensing interface greatly improved the sen-
sitivity of the aptasensor. Furthermore, due to good biocompatibility
and high hydrophilicity of N-doped TiO2 NTs, aptamer could well retain
good bioactivity and high affinity to make per each binding event ef-
fectively.

3.3. High selectivity of PEC aptasensor

In order to evaluate the selectivity of the PEC aptasensor for de-
termining PCB77, control experiments were carried out by employing
six interferents which might coexist in the environment or have similar
structure with PCB77. The aptasensor was incubated in two-component
system containing 5 ng/L PCB77 and one interferent with the same
concentration. The relative response (ΔIn/ΔI0) of the photocurrent was
shown in Fig. 5. ΔIn/ΔI0 was calculated by the photocurrent change ΔIn
(In-IPCB77) induced by the interferent in the two-component system
versus the photocurrent change ΔI0 (IPCB77-I0) for 5 ng/L PCB77, where
I0 and IPCB77 referred to the photocurrent before and after incubation in
5.0 ng/L PCB77, In was the photocurrent of the two-component system
containing 5.0 ng/L PCB77 and another one interferent of the same
concentration. It could be observed that ΔIn/ΔI0 was less than 4.57% in
the presence of the same concentration of bisphenol A, benzopyrene,
17β-estradiol, atrazine, and less than 7.52% for biphenyl. However,

ΔIn/ΔI0 was 29.4% for PCB101, maybe had an effect on determination
of PCB77. Through referring to the original report for selecting anti-
PCB77 aptamer by SELEX technique (Xu et al., 2012), we found that the
presence of PCB101 interfered similarly on the developed fluorescent
aptasensor for the detection of PCB77. The explanation is the fact that
the structure of PCB101 was very similar with PCB77. Although the
selected aptamer has high affinity and binding ability to PCB77, it could
also have a little bit of binding ability with PCB101. So the results
obtained in our work are absolutely consistent with that of the original

Fig. 4. (A) TEM images and (B) high resolution TEM images of TGA-CdS QDs. (C) XRD patterns of TGA-CdS QDs, Inset: UV spectra of TGA-CdS QDs (a) and DNA-CdS
QDs (b). (D) Photoresponse of the PEC sensor before (curve a) and after (curve b) the introduction of DNA-CdS QDs, and their corresponding photocurrent in 0.1M
PBS (pH 7.41) solution containing 5.0 ng/L PCB77 with (curve b′) and without ( curve a′) DNA-CdS QDs.

Fig. 5. The selectivity and specificity of the assay for PCB77 on the PEC apta-
sensor, Inset: Time-based photocurrent response of PEC aptasensor in blank
solution.
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reference. Thus, other five interferents except for PCB101 couldn’t have
any interference on the PEC aptasensor for the detection of PCB77.

3.4. Stability, reproducibility and reusability of PEC aptasensor

The stability of the aptasensor was very critical factor in practical
application. Its photocurrent was investigated as the excitation light
was turned on and off repeatedly, shown in the inset of Fig. 5. It was
observed that the photocurrent hadn’t any change over 20min, re-
vealing the perfect stability of the PEC aptasensor. Besides, its long-
term storage was also studied when stored in 0.1M PBS (pH 7.41) at
4 °C for two weeks. The photocurrent still remained 93.2% of the initial
response for detecting the same concentration of PCB77, demonstrating
good long-term stability of the PEC aptasensor. The stability could be
related with the immobilization way of aptamer on the photoactive
material and the special 3-D nanotubular structure of N-doped TiO2 NTs
(Yu et al., 2010).

The reproducibility of the PEC aptasensor was evaluated by an in-
traassay and an interassay. The intraassay was for determining 0.5 ng/L
PCB77 with six replicate measurements and the relative standard de-
viation (RSD) was 6.12%. The interassay RSD was 6.25% by detecting
0.5 ng/L PCB77 with five aptasensors. The results suggested that the
PEC aptasensor had good reproducibility, which was suitable to be
applied to detecting the actual samples. Besides, the reusability of the
aptasensor was also investigated. The PCB77-aptamer complexes on the
electrode could be effectively eliminated in 0.5% SDS solution (pH 1.9)
for 3min. The photocurrent response after regeneration was shown in
Fig. S11. Over 80% of the initial response was observed after reuse for
three times.

3.5. Practical application of PEC aptasensor

The PEC aptasensors were used to determine the real samples, tap
water and domestic sewage using the standard addition method. Before
analysis, the sewage samples were filtered through an ordinary filter
paper to remove the suspended solid matter and small particles and
then they were further pretreated by the membrane with the size of
0.2 µm. The substances dissolved in these samples were not changed by
the pretreatment. The samples were diluted to decrease the interference
of complex matrices. These samples spiked with three different con-
centrations of 5, 15 and 60 ng/L were detected, respectively. The re-
covery results of PCB77 in the two different matrixes were showed in
Table S2. In order to demonstrate accuracy and reliability of the PEC
aptasensor, HPLC was used to analyze the same samples. Seen from
Table S2, the results with the present aptasensor are well consistent
with that obtained by HPLC. The RSD of the two methods are less than
6.0% based on five experiments at each concentration. It confirmed the
practicality of the present aptasensor for the detection of PCB 77. More
importantly, compared with HPLC, the present method is simpler, ra-
pider and more low-cost without complex sample preparation, specia-
lized personnel operation and expensive instruments. Meanwhile, the
results indicated that the PEC aptasensor could resist the influence of
complex matrix effect, and exhibited good accuracy and high precision.

4. Conclusions

In summary, a simple and novel PEC aptasensor was constructed for
detection of PCB77 by immobilizing aptamer on N-doped TiO2 NTs.
Through introducing DNA-CdS QDs on the sensing interface, it en-
hanced the photocurrent and amplified the detection signal for PCB77,
improving effectively the sensitivity of the aptasensor. The PEC apta-
sensor exhibited good sensitivity, selectivity and stability. Meanwhile,
it was successfully applied to evaluate PBC77 levels in real samples, and
the results were acceptable.
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