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A B S T R A C T

Atrazine (ATZ) is one of the most widely used and highly toxic triazine herbicides in the world.
Photoelectrochemical (PEC) method is an attractive and sensitive alternate for ATZ. However, for conventional
PEC sensors, recognition elements usually need to immobilize on electrode surface, where a complex procedure
is unavoidable and the reproducibility of sensors fabrication is usually poor. Therefore, we herein proposed a
new and feasible strategy for developing a signal-on immobilization-free PEC aptasensor to ATZ. Aptamer for
ATZ is combined with graphene to obtain APT-GN complex, serving as the recognition element in solution. TiO2

nanotubes (NTs) electrode deposited with Au nanoparticles (NPs) is used as the substrate electrode. After further
self-assembled with 1-Mercaptooctane (MCT), the photo-generated carriers transfer between the resultant
electrode and the electrolyte will be blocked, leading to a signal-off of the photocurrent. But when sensing ATZ,
aptamers on APT-GN will be grasped by ATZ, leaving free graphene to assemble onto MCT/Au NPs/TiO2 NTs,
which will largely “turn on” the photocurrent response of the substrate electrode due to the efficient carrier
transport efficiency of graphene. Meanwhile, simultaneous addition of deoxyribonuclease I (DNase I) can bring
about further cycling amplification of the signal enhancement. The as-designed PEC aptasensor exhibits a linear
range from 50.0 fM to 0.3 nM with detection limit of 12.0 fM for ATZ. Since the reaction of recognition elements
and targets ATZ occurs in homogeneous solution rather than on the photoelectrode surface, this PEC aptasensor
exhibits advantages of high stability, anti-interference ability, reproducibility, and wide pH and ion strength
feasibility range. A promising immobilization-free aptasensing platform has thus been provided not only for ATZ
but also for other kinds of environmental pollutants.

1. Introduction

With the development of the industrialization in the world, the
problem of environmental pollution has become increasingly serious.
When environmental pollutants enter the living organism, they can
cause biochemical changes in body fluids and tissues, interfere with or
destroy the normal physiological functions of the body, and cause
temporary or persistent pathological damage. Atrazine (2-chloro-4-
ethylamino-6-isopropylamino-s-triazine, ATZ) is one of the most widely
used highly toxic triazine herbicides in the world (Buser, 1990), which
has serious disturbance effects on the endocrine system, central nervous
system and immune system, and is a potential teratogen and carcinogen
to humans (Hyer et al., 2001). In 1986, the maximum limit of ATZ and
its degradation products was regulated to be 0.1 μg/L (0.1 ppb) in
drinking water by European Union. In view of its great toxicity, it is
great significant to establish methods for highly sensitive and accurate

detecting of ATZ in environmental samples.
Photoelectrochemical (PEC) sensing, as a newly emerged analytical

approach combining both optical and electrochemical techniques, not
only owns the advantages of electrochemical analytic techniques, but
also has a much more attractive ultrasensitivity capacity (Zhao et al.,
2015). Since electronic detection devices, rather than sophisticated and
expensive optical equipment, are adopted, PEC instrumentation de-
monstrates additional advantages of simplicity, low cost, and minia-
turization (Osterloh, 2013). Due to such excellent properties, PEC
sensing method has undergone tremendous development these years
and has been applied in assaying typical environmental pollutants such
as PCBs (Shi et al., 2016), Bisphenol A (Qiao et al., 2016; Lu et al.,
2013), MC-LR (Liu and Yu et al., 2016a; Liu et al., 2017; Chen et al.,
2012), antibiotics (Zhu et al., 2019; Zeng et al., 2019; Peng et al., 2018)
and Hg2+ (Han et al., 2015) in the environment. ATZ is relatively
difficult to be detected directly by simple electrochemical method due
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to its stable molecular structure. Therefore, PEC approach with ultra-
high oxidation ability is a promising alternative for ATZ.

At the same time, an appropriate recognition element is important
to obtain the selective sensing performance towards ATZ. In previous
reports, the commonly used recognition elements for ATZ were mole-
cularly imprinted polymer (MIP) (Kubo et al., 2008; Pardieu et al.,
2009), enzyme (Jiang et al., 2006; Yu et al., 2010) and antibody (Wang
et al., 2017; Bhardwaj et al., 2015). However, the inherent dis-
advantages of these recognition elements, for instance, molecularly
imprinted polymers were hindered signal transmission, while enzymes
and antibodies were easily inactivated, largely limit their applications.
Aptamer, termed as “artificial antibodies” that are synthetic single
stranded DNA or RNA sequences which can bind their targets with high
affinity and specificity (Ellington et al., 1990), has recently been used to
build impedimetric aptasensor to ATZ (Madianos et al., 2018), and
good selectivity has been achieved towards ATZ with aptasensor.

However, for most reported aptasensors, the recognition elements
aptamers need to immobilize onto the electrode surfaces. As we know,
some obvious limitations for such immobilization-based sensors (Hou
et al., 2018) are unavoidable, including that: (i) The immobilization
operations are usually complicated and time-consuming, and it is rather
hard to fabricate sensors without differences. (ii) The modification
conditions of the recognition probes on the surface need to be carefully
optimized to obtain proper density and orientation, otherwise the
binding efficiency between the target and the probe might be damaged,
because the steric effect of the surface may cause changes in the geo-
metric conformation of the probe. (iii) Due to the limited loading of the
surface recognition elements of the electrode, the target substance is
easy to achieve saturated adsorption, which directly affects the detec-
tion sensitivity of the sensor. (iv) Immobilization-based sensors are
normally difficult to regenerate once a target substance recognition has
occurred because of the residue of target material or the change of the
micro-environment of the sensor itself. (v) In complex detection system,
the stability of the recognition molecules is also a great challenge,
especially in the PEC analysis. The recognition element structure is easy
to change and even loses its specific recognition ability and may pro-
duce interference signals under light condition. Therefore, how to de-
sign an immobilization-free PEC aptasensor towards environmental
pollutants, of which the aptamers do not need to immobilize onto the
photoanodes, is of great interest and is a challenging topic.

Since the Hsing and co-workers’ work (Xuan et al., 2012) of DNA
sensing based on solution-phase electrochemical molecular beacon was
reported, the possible strategies to realize immobilization-free electro-
chemical (EC) analysis have aroused more and more concern and quite
a number of interesting ideas (Yan et al., 2013; Liu and Ke et al., 2019a;
Liu and Sun et al., 2019b; Liu et al., 2014; Hou et al., 2015; Tan et al.,
2015; Fu et al., 2016) have been proposed. However, there are few
reports on immobilization-free PEC analysis, in which photoactive or-
ganic molecules modified at the end of single-stranded DNA strands,
such as the organic dye methylene blue (MB) or toluidine blue (TB)
(Hou et al., 2018; Ge et al., 2016), are used as signal molecules to
realize signal on or off. And photoactive organic molecules modified
DNA may be unstable and much more expensive than unmodified ones.

Recently, we proposed a signal-on immobilization-free EC apta-
sensor towards microcystin-LR (MC-LR) based on synergistic signal
amplification strategy with graphene, DNase I enzyme and Au nano-
particles (Liu and Sun et al., 2019b), in which the signal amplification
reaction took place in solution, and the naked graphene with excellent
conductivity was assembled onto the surface of substrate electrode to
restore electron transfer (eT) channel blocked by alkylate thiol instead
of dye molecules. Inspired by the idea that graphene is also an excellent
promoter and conductor for photogenerated carriers, we wonder whe-
ther the proposed electrochemical signal amplification strategy can be
applied to photoelectric sensing to build an immobilization-free PEC
aptasensor system to pollutants that does not need to modify aptamers
with photoactive probes.

Therefore, in this work, we developed an immobilization-free sy-
nergistic signal amplified method based on aptamer-graphene (APT-
GN) complex and deoxyribonuclease I (DNase I) for sensitively de-
tecting ATZ for the first time. The TiO2 NTs electrode modified by Au
nanoparticles (NPs) (Au NPs/TiO2 NTs) was used as the substrate
electrode, in which Au NPs are not only to improve PEC performance of
TiO2 NTs significantly but also to provide large surface area for self-
assembled monolayer (SAM) loading. Alkylate thiol 1-Mercaptooctane
(MCT) was chosen to serve as the block agent, which could self-as-
sembled onto Au NPs/TiO2 NTs surface via Au–S covalent bond and
block the carriers transfer between electrode and electrolyte in an ap-
propriate degree. Graphene was used as a “molecular switch” for pho-
toelectric signals (Song et al., 2016), which worked when ATZ react
with the APT-GN complex to form ATZ-APT complex and leave “naked”
graphene. Moreover, simultaneous addition of DNase I could lead to
cycling amplification of the signal enhanced MCT/Au NPs/TiO2 NTs
electrode. The proposed PEC aptasensor towards ATZ exhibits out-
standing sensitivity, high selectivity, and good stability. This im-
mobilization-free sensing stratagem is very promising not only to ATZ
but also to other kinds of targets including different contaminants in
evironmental samples.

2. Experimental

2.1. Reagents and apparatus

The single-strand DNA (ssDNA) aptamer of atrazine (ATZ) was
chosen according to the prior reported literature (Williams et al., 2014)
with the sequence of 5′-TGT-ACC-GTC-TGA-GCG-ATT-CGT-ACG-AAC-
GGC-TTT-GTA-CTG-TTT-GCA-CTG-GCG-GAT-TTA-GCC-AGT-CAG-
TGT-TAA-GGA-GTG-C-3′, and was purchased from Shanghai Sangon
Biotechnology Co. Ltd. (Shanghai, China) without any modification.
Other reagents and apparatus information is listed in supporting in-
formation (SI, S1) in detailed.

2.2. Design and fabrication of aptamer-graphene (APT-GN) complex and
MCT/Au NPs/TiO2 NTs electrode

As shown in Scheme 1, to construct the ATZ PEC aptasensing
system, the APT-GN complex and the substrate electrode were designed
and prepared as follows.

APT-GN complex was prepared by combining well-dispersed gra-
phene with anti-ATZ aptamers under ultrasound condition in ice bath
(Liu et al., 2019a, b). Briefly, graphene was added to DI water and
sonicated for 3 h to obtain homogeneous graphene dispersion with a
concentration of 0.15mg/mL. Then, 130 μL of the aqueous graphene
dispersion was added to anti-ATZ aptamers, and the mixture was in-
cubated in ice bath under ultrasound condition for 3 h. Due to the in-
trinsic giant π-conjunction and hydrophobic properties of graphene,
aptamers can be adsorbed onto graphene through π-π stacking inter-
action and hydrophobic interaction (Lu et al., 2009). In order to remove
unmodified graphene and get fully integrate aptamer with graphene,
while reducing system background current, the obtained suspension
was then centrifuged at 2000 rpm for 5min to remove the large pieces
of graphene. 10 μM APT-GN complex dispersion was thus obtained.

Ti foils were polished to a smooth surface before use, and were
cleaned via ultrasonication in acetone, ethanol and DI water succes-
sively, followed by drying in N2 flow. Electrochemical anodization was
performed using a DC power supply in a two-electrode configuration
with the Ti foil as the anode and a platinum foil as the cathode.
Anodization was carried out at 0 °C and 60 V for 3 h in electrolytes
including ethylene glycol and glycerol (1:3, v/v) with 3M H2O and
0.54M NH4F (Lee et al., 2013), and then the as-grown nanotube layer
was ultrasonically removed in DI water. After that, a second anodiza-
tion was taken to the Ti foil at 60 V for 1 h, followed by ultrasonically
removing the as-grown nanotube layer again in DI water. Finally a third
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anodization was taken to the Ti foil at 20 V for 5min. After the ano-
dization process, the samples were rinsed with water and then dried in
air, followed by heat-treating at 550 °C for 180min in air with a heating
rate of 5 °C/min. TiO2 nanotubes (NTs) were thus obtained.

Au NPs were deposited onto TiO2 NTs by photocatalytic reduction
method (Zhang et al., 2013). The TiO2 NTs were first immersed in a
0.3 mM aqueous solution of HAuCl4 for 24 h, and then the TiO2 NTs
absorbed Au3+ was irradiated in this solution with a 300W Xe lamp for
1 h to reduce Au3+ to Au0 by photocatalysis at the expense of water
oxidation. The HAuCl4 concentration and the irradiation time was op-
timized (as shown in SI, Fig. S1 and Fig. S2).

The as-prepared Au NPs/TiO2 NTs electrode was then immersed in
40mM MCT overnight to formed MCT self-assembled molecular (SAM)
layer on the surface through Au–S bonds. Thus, MCT/Au NPs/TiO2 NTs
electrode was obtained.

2.3. Photoelectrochemical sensing procedure of ATZ

To sense ATZ, MCT/Au NPs/TiO2 NTs electrode was incubated with
20 μL Tris-HCl buffer, 10 μL APT-GN complex, 4 μL DNase І, and 6 μL
target ATZ of different concentrations, denoted as sensing system
(sensing sys), at 30 °C for 1 h, wherein the incubation time was opti-
mized by I-t method (as shown in Fig. S3). After the incubation, the
electrode was washed with DI water and ethanol to remove the un-
combined substance and then dried in N2. For calculating the dose-re-
sponse turn-on signal for ATZ, the photocurrent of MCT/Au NPs/TiO2

NTs electrode before and after incubation with the sensing sys con-
taining different concentrations of ATZ were measured by I-t method,
respectively. According to the turn-on signal of the electrode, estimated
by their photocurrent change, the quantitative determination of ATZ
could be realized. Unless otherwise specified, the electrolyte solution
used in the I-t method was 0.1 M PBS (pH = 7.4), and the applied bias
voltage was +0.5 V according to the photoelectric conversion effi-
ciency (SI, Fig. S4).

3. Results and discussion

3.1. The design, fabrication and characterization of ATZ aptasensor system

The construction process of ATZ PEC aptasensor is illustrated in
Scheme 1. APT-GN complex was prepared via π-π stacking reaction
between the graphene hexagonal cells and the nucleobases of aptamers
(Lu et al., 2009; Eissa et al., 2014). Reduction of Au3+ to Au NPs by
photoreduction occurred on the surface of TiO2 NTs. Then it was im-
mersed in MCT ethanol solution overnight to form MCT SAM layer via
Au–S covalently bonded on Au NPs/TiO2 NTs. Due to the strong hy-
drophobic effect of MCT, which could hinder effective photogenerated
carriers transfer between the MCT/Au NPs/TiO2 NTs electrode surface
and the electrolyte, the probability of electrons and holes combination
were increased. As a result, a drastic decrease of the photocurrent signal
would be observed.

However, when the MCT/Au NPs/TiO2 NTs electrode incubated
with APT-GN complex, target ATZ, and DNase I, the aptamer would be
detached from the surface of graphene due to the specific recognition
reaction between ATZ and aptamer, and the “naked” graphene would
be exposed, which would assemble to the surface of the MCT/Au NPs/
TiO2 NTs electrode due to the hydrophobic interaction and π-con-
junction. Owing to the excellent carriers' conductivity of graphene, the
photogenerated electrons and holes “channel” blocked by MCT SAM
layer can be restored, and the photoelectrical signal will be turned on. It
has been reported that DNase I is capable of cleaving an aptamer that
binds to a target molecules at a specific site, allowing long-chain ap-
tamer to be cleaved into DNA fragments and release free target mole-
cules, but can't shear the aptamer that bound to graphene (Sun et al.,
2017). Therefore, in the presence of DNase I, the obtained ATZ-APT
complex can be cleaved, and then ATZ will be released, which can re-
attack other aptamers on graphene. Following that, the cycle resumes,
resulting in the successive release of ATZ, leading to a further ampli-
fication of PEC signal. Therefore the dose-response curve of ATZ and
the photocurrent signal can be obtained.

Fig. 1A presents a top view SEM image of TiO2 NTs, indicating that

Scheme 1. Illustration for the construction of the immobilization-free PEC aptasensor.
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the resultant TiO2 NTs consist of a periodic upright ordered array of
nanotubes that can provide large specific surface for Au NPs deposition.
The nanotube diameter and wall thickness of TiO2 NTs are ca. 100 nm
and ca. 20 nm, respectively, with regularly round-shaped and smooth
open structure which can facilitate modification of Au NPs. The top-
view SEM image of the prepared Au NPs/TiO2 NTs is shown in Fig. 1B,
which clearly exhibits the Au NPs are well-dispersed on TiO2 NTs with
average size of 15–30 nm. After the loading of Au NPs, the nanotube
structure of TiO2 NTs is still well maintained. The energy dispersive X-
ray spectroscopy (EDS) spectrum (Fig. S5) and Mapping spectrum (Fig.
S6) of the Au NPs/TiO2 NTs present another evidence of the successful
Au deposition. The XRD patterns (Fig. S7) of TiO2 NTs show dominant
anatase phase with preferential orientation of (101). The dominant Au
peaks in the XRD pattern of the Au NPs/TiO2 NTs could be assigned to
the (111) plane and (220) plane. According to Fig. 1C, after interaction
with graphene, numerous microscale layers of graphene nanosheets can

be seen lying on MCT/Au NPs/TiO2 NTs surface uniformly and stably
by hydrophobic interaction and π-conjunction between graphene and
MCT. The graphene neither completely covers the surface of MCT/Au
NPs/TiO2 NTs nor destructs their tubular structure, which is of great
benefit to restore the photocatalytic properties of MCT/Au NPs/TiO2

NTs. It might also be attributed to the fact that graphene with its two-
dimensional (2D) planar structure bears a giant π-π conjunction system,
which can reopen the carriers channel between the electrode and the
electrolyte.

Since Raman spectroscopy is sensitive to the characteristic peaks of
reactive species, Raman spectroscopy is further used to prove the suc-
cessful preparation of the aptasensor. As shown in Fig. 1D, all electrodes
show characteristic peaks of TiO2 NTs at 148, 200, 395, 516 and
627 cm−1, which are attributed to Raman active vibration of Eg, Eg, B1g,
B1g and Eg of anatase TiO2, respectively (Soejima et al., 2013). When Au
NPs are deposited onto TiO2 NTs, no new Raman scattering peaks

Fig. 1. SEM images of TiO2 NTs(A), Au NPs/TiO2 NTs(B), and GN/MCT/Au NPs/TiO2 NTs (C); Raman spectrum (D) and I-t response in 0.1M PBS (pH=7.4) with
visible light illumination (E) of diverse electrodes. The inset in Fig. 1D is a partial enlargement of the Raman spectrum of MCT/Au NPs/TiO2 NTs electrode.
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appear, while the intensity of the characteristic peaks attributing to
anatase TiO2 increased due to the Raman enhancement of Au NPs (red
line). After self-assembly of MCT onto Au NPs/TiO2 NTs, several
characteristic Raman scattering peaks of MCT appear (green line). The
peak at 824 cm−1 corresponds to the out of-plane bending vibration of
C–H, while that at 1094 cm−1 corresponds to the C–S stretching vi-
bration, and peaks at 1570 cm−1 corresponds to non-symmetry
stretching vibration of C–C (Joo et al., 1987) (as shown in the inset in
Fig. 1D). All these new peaks prove the successful growth of MCT on the
electrode surface. However, it is still not clear why the peak intensity at
1570 cm−1 is significantly stronger than those at 803 cm−1 and
1060 cm−1. After incubation with the sensing system, the Raman
spectra of the resulting electrodes showed two characteristic peaks at
1356 and 1584 cm−1, corresponding to the D and G peaks of graphene,
respectively (blue line) (Park et al., 2017). This gave direct evidence for
the successful combination of graphene onto MCT/Au NPs/TiO2 NTs
after incubation with ATZ, APT-GN complex and DNase I.

3.2. Sensing mechanism of ATZ PEC aptasensor

In order to optimize the bias voltage, a linear sweep voltammetry
(LSV) test is conducted on Au NPs/TiO2 NTs electrode and then the
photoelectric conversion efficiency of the electrode at different poten-
tials is calculated. Results show that the photoelectric conversion effi-
ciency of the electrode is different under different bias voltages, and
reaches the maximum at +0.5 V (detailed results and calculations are
shown in SI, Fig. S4). Therefore, a bias of +0.5 V is applied throughout
the subsquent I-t experiments.

The photocurrent responses for different electrodes upon irradiation
with visible light were displayed in Fig. 1E. A weak photocurrent re-
sponse (ca.3.78 μA‧cm−2, black line, curve a) was observed for TiO2

NTs electrode at 0.5 V. It may be due to the fact that TiO2 NTs array
with periodic upright order structure can improve the absorption of
visible light by increase the refraction and reflection of light in nano-
tubes (Wu et al., 2015). Compared to TiO2 NTs, the photocurrent
density was greatly improved to 16.75 μA‧cm−2 for Au NPs/TiO2 NTs
electrode (red line, curve a), more than 4.4 times that of the former.
This was attributed to the fact that Au NPs not only can extend the
absorption range of the modified TiO2 NTs electrode due to its surface
plasmon resonance (SPR), but also can suppress the charge re-
combination by forming a hetero-junction between Au and TiO2. After
self-assembly of MCT, the photocurrent response decreased to
11.23 μA‧cm−2 under the same condition (green line, curve c), in-
dicating that the MCT SAM layer greatly inhibits the heterogeneous
carriers transfer. However, it increased to 19.31 μA‧cm−2 for GN/MCT/
Au NPs/TiO2 NTs electrode (blue line, curve d). That is obviously
caused by the loading of “naked” graphene onto MCT/Au NPs/TiO2 NTs
surface and hence opening the carriers transfer tunnel of the electrode.
Ultraviolet visible (UV–vis) diffuse reflectance spectroscopy (DRS) can
more intuitively evaluate the absorption properties of different elec-
trodes. Results show that the modification of naked graphene on MCT/
Au NPs/TiO2 NTs electrode can significantly enhance the light ab-
sorption capacity reduced by MCT (Fig. S8).

The feasibility of the proposed PEC aptasensor for ATZ was in-
vestigated by carrying out PEC measurements under different condi-
tions. As shown in Fig. 2, the photocurrent density for MCT/Au NPs/
TiO2 NTs electrode in 0.1 M PBS (pH=7.4) was ca. 11.23 μA‧cm−2

(green line, curve a). While for MCT/Au NPs/TiO2 NTs electrode after
incubation in sensing system without ATZ (only containing APT-GN
complex and DNase I), the photocurrent density in PBS remained al-
most unchanged (11.26 μA‧cm−2, purple line, curve b), revealing that
DNase I cannot cleave the aptamer in the APT-GN complex or generate
the signal amplification probe graphene. Our previous reports have also
proved this conclusion (Liu and Ke et al., 2019a; Liu and Sun et al.,
2019b). However, it is noticeable that after incubation in sensing
system with 5.0 nM ATZ, the photocurrent density increased to

19.31 μA‧cm−2 (blue line, curve c). It illustrates that the graphene on
APT-GN complex can not assemble to the MCT/Au NPs/TiO2 NTs
electrode surface; while ATZ can bind to the aptamer of APT-GN
complex with high selectivity, leading to the produce of “naked” gra-
phene to restore the “channel” of photogenerated carriers’ transfer.

We further evaluated whether DNase I can trigger target recycling.
As shown in Fig. 2B, compared to the photocurrent density for MCT/Au
NPs/TiO2 NTs before incutation (green line, curve a), it increased to
15.21 μA‧cm−2 for the electrode incubated in sensing system without
DNase I (i.e., only containing Tris-HCl buffer, APT-GN complex, 5.0 nM
ATZ) (orange line, curve b′). The change of photocurrent (Δjb′-a = jb′-ja,
the same below) is calculated to 3.98 μA‧cm−2, which is only 49.3% of
the value for Δjc-a (8.08 μA‧cm−2) that corresponds to the photocurrents
for the electrode after incubation in sensing system with DNase I
(Fig. 2D). This is logically ascribed to the fact that aptamers bound with
ATZ can be cleaved by the DNase І, releasing ATZ which can reattack
other aptamers on APT-GN complex. Following that, the cycle starts
anew, leading to the successive release of ATZ and further graphene,
resulting in the greatly increase of PEC signal.

To understand the important role of graphene in the sensing system,
PEC behavior of MCT/Au NPs/TiO2 NTs after incubating in a same
sensing system with aptamer instead of APT-GN complex (i.e., only
containing Tris-HCl buffer, aptamer, DNase I, and 5.0 nM ATZ) was
investigated (Fig. 2C, pink line, curve b′′). In comparison, the response
is almost the same to that for MCT/Au NPs/TiO2 NTs before incubation.
The Δjb′′-a is calculated to only 0.54 μA‧cm−2. That means although the
aptamer can recognize ATZ and combine with it, but since there's no
graphene to assemble onto MCT/Au NPs/TiO2 NTs surface, no turn-on
signal can be observed. On the contrary, the large value of Δjc-a
(8.08 μA‧cm−2) for MCT/Au NPs/TiO2 NTs electrode after incubating in
the same sensing system with APT-GN complex is clearly attributed to
the self-assemble of graphene to the MCT/Au NPs/TiO2 NTs electrode
surface to restore the “channel” of carriers transfer that hindered by
MCT molecular film.

According to the above experiments, a possible sensing mechanism
is proposed (Fig. 3). When Au NPs/TiO2 NTs electrode is subjected to
the visible light irradiation, due to surface plasmon resonance, the Au
NPs generate hot electron-hole pairs (Zhao et al., 2017). The hot elec-
trons injecting to TiO2 conduction band (CB) is accomplished by
overcoming Schottky barrier, which is generated due to the large work
function of gold and it can effectively suppress the recombination of
electrons and holes. Subsequently, the CB electrons of TiO2 tend to
transfer into external circuit. After MCT SAM modification, the com-
bination probability of electrons and holes increases and the carriers
transfer channel is properly blocked due to MCT's hydrophobic and
insulating properties. When senging ATZ, graphene can be released
from the APT-GN complex, and the obtained “naked” graphene which is
equipped with high density edge-plane-like defects and excellent car-
riers' conductivity, is assembled onto the electrode surface. Then the
remaining holes tend to transfer to graphene from Au NPs and the hot
electrons transfer to external circuit. As a result, the carriers transfer
“channel” on electrode surface that hindered by MCT molecular film
can be restored. Mott-Schottky plots (Fig. S9) have been studied and the
potential mechanism of photoactivity enhancement of the Au NPs/TiO2

NPs under visible light irradiation has also been discussed in SI (S2)
accordingly.

3.3. Sensing performance of ATZ PEC aptasensor system

The photocurrent of MCT/Au NPs/TiO2 NTs electrode is measured
by I-t method after incubation in the sensing system with different
concentrations of ATZ. Fig. 4A reveals an obvious concentration-de-
pendent response of the photocurrent density towards a series of dif-
ferent concentration ATZ.

It can be seen that comparing to the photocurrent for sensing system
without ATZ, the photocurrent increases significantly even for ATZ with
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concentration as low as 50.0 fM. As the concentration of ATZ further
increases, the photocurrent increases accordingly (Fig. 4A). It can be
reasonably considered that the formation of ATZ-aptamer causes the
exposed graphene assembled onto MCT/Au NPs/TiO2 NTs electrode
and restores the path of carriers transfer. We calculated the increase in
photocurrent density caused by ATZ in detail according to the following
formula:

⎜ ⎟= − − ⎛
⎝

− ⎞
⎠

Δj j j j j( )A on A off A on A off( ) ( ) ATZ ( ) ( )
0

Where jA on( ) is the average value of the current under light condi-
tion, jA off( ) is the average value of the current under dark condition. The
subscript character ( )ATZ and ( )0 represent the photocurrent density for
sensing system with and without ATZ, respectively. The curve of Δj
corresponding to ATZ concentration is plotted (Fig. 4B), in which the Δj
increases rapidly from 50.0 fM to 0.3 nM, while slows down from
0.3 nM to 1.0 nM, and the change of photocurrent density is relatively
small from 1.0 nM to 5.0 nM. The linear curve of photocurrent corre-
sponding to the logarithm of ATZ concentration is further plotted (inset
of Fig. 4B) and it is found that there is a good linearity between Δj and
lgCATZ in the range from 50.0 fM to 0.3 nM (R2=0.9938) (the inset of
Fig. 4B). At the same time, the limit of detection was estimated to be

12.0 fM (S/N=3), which is more sensitive than those obtained by
HPLC (Barchanska et al., 2012), GC-MS (Guan et al., 2017), SERS
(Rubira et al., 2014), impedimetric aptasensor (Madianos et al., 2018),
Immunosensor (Bhardwaj et al., 2015), QCM sensor (Gupta et al.,
2015), MIP EC sensor (Li et al., 2015), Fluorescence (Liu and Li et al.,
2016b), etc. The detailed detection linear range and detection limita-
tion of the relating work were summarized in SI (S3, Table S1).

3.4. Superior selectivity, stability and reproducibility of ATZ PEC
aptasensor

In order to evaluate the selectivity of the immobilization-free ATZ
PEC aptasensor, experiments are performed by measuring changes in
photocurrent density of aptasensor after incubation with 5.0 pM ATZ
together with 100-fold concentration contaminants mixture, respec-
tively. There are some interfering substances with similar structures
that may coexist in real water samples, such as paraquat, glyphosate,
trichlorfon, acetamiprid and clofentezine (their structural formulas are
shown in the inset of Fig. 5A), selected as potential disruptors. The
selectivity is evaluated by estimating the relative photocurrent density
ratio, R(%), which is calculated by the following equation:

Fig. 2. I-t responses of MCT/Au NPs/TiO2

NTs in 0.1M PBS (pH=7.4) under visible
light illumination (A, B, C) before incubation
(a) and after incubation (b, b′, b′′, c) in sen-
sing system containing APT-GN complex,
5.0 nM ATZ, DNase І (c) or sensing system
without ATZ (b), without DNase І (b′),
without APT-GN complex while with apta-
mers instead (b′′); Photocurrent density
change Δj (D) calculated from A, B, C, where
Δjb-a= jb-ja, Δjb′-a = jb′-ja, Δjb′′-a = jb′′-ja and
Δjc-a = jc-ja.

Fig. 3. Schematics of carriers transfer under visible light at Au NPs/TiO2 NTs (A), MCT/Au NPs/TiO2 NTs (B) and GN/MCT/Au NPs/TiO2 NTs (C) interface.
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= − ×+R j j j(%) ( )/ 100%ATZ C ATZ ATZ

where jATZ is the photocurrent density for 5.0 pM ATZ, +jATZ C is the
photocurrent density for mixture of 5.0 pM ATZ and 100-fold con-
centration contaminant. The relative photocurrent density ratio of 5.0
pM ATZ is set to be 100%. Results show that the relative photocurrent
density ratio is less than 5% after addition of 100-fold concentration of
the interferents including paraquat and acetamiprid. For 100-fold
concentration of glyphosate, trichlorfon and clofentezine, the relative
photocurrent density ratio is less than 10% (Fig. 5A). Besides, the R(%)
values for the aptasensor's selectivity against a common proteins, bo-
vine serum albumin (BSA), and a commonly existing pollutant in real
water sample with large molecular weight, humic acid, are still less
than 7% under the same conditions. All results indicate that the apta-
sensor has high selectivity and affinity for ATZ. It can be attributed to
the use of aptamer as recognition element for PEC aptasensor, which

can bind target ATZ with high binding affinity and specificity, con-
firmed by circular dichroism (CD) spectrum.

The stability, another important factor of the ATZ PEC aptasensor, is
evaluated by repeatedly turning the excitation light on and off and
continuously recording the time-based photocurrent response (Fig. 5B).
It is observed that the photocurrent is very stable and the relative
standard deviation (RSD) was only 5.0% after 10 cycles, which gives
the clear proof that the constructed ATZ PEC aptasensor having out-
standing stability.

Moreover, since the water samples are often acid or alkaline and
with high concentrations of ions in the actual environment, the effects
of pH and Na+ ionic strength of ATZ-containing samples on the pro-
posed immobilization-free PEC aptasensor are investigated by the same
I-t method to detect ATZ samples (cATZ= 5.0 nM) in electrolytes with
different pH (pH=1–13) and different concentrations of Na+

Fig. 4. (A) The photocurrent response of the PEC aptasensor after incubation in sensing system containing ATZ from 0 to 5.0 nM. (B)The relationship between the
response current and ATZ concentration, and the inset is the liner calibration curve of the current and the logarithm of ATZ concentration (error bars calculated by
n=3).

Fig. 5. (A) The selectivity test of the ATZ PEC aptasensor, where the ratio of the response for ATZ (R%) is set to be 100%. (B) Stability of photocurrent of the
aptasensor after incubation in sensing system containing 5.0 nM ATZ, and effects of pH (C) and Na+ ionic strength (D) of ATZ-containing samples (cATZ= 5.0 nM) on
the immobilization-free ATZ PEC aptasensor, where the ratio of the response for ATZ (R%) in pH 7 and 0.01M Na+ is set to be 100%, respectively.
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(2.0–6.0M), respectively. Results (as shown in Fig. 5C and D) shows
that the photocurrent density of the aptasensor remains 98.9% and
99.7% even for ATZ under pH=1 and pH=13. And in the electrolyte
with increasing Na+ concentration, the photocurrent density of the
electrode is hardly reduced, even in an electrolyte containing 6.0 M
Na+, the photocurrent is only reduced by 4.8%. The wide pH and ion
strength feasibility range of the present PEC aptasensor might be rea-
sonably owing to the distinct immobilization-free characteristics of the
sensing platform. One the one hand, when sensing ATZ samples, the
MCT/Au NPs/TiO2 NTs electrode is first incubated with sensing system,
which contains 20 μL Tris-HCl buffer, 10 μL APT-GN complex, 4 μL
DNase І, and 6 μL target ATZ of different concentrations for 1 h. That's
to say, the volume of ATZ in the sensing system is relatively small, and
there's Tris-HCl buffer present at the same time. So the activity of DNase
I will not be affected by extreme pH or strong ion strength of the ATZ
samples during incubation. On the other hand, after incubation for 1 h,
the electrode is gently rinsed with DI water to remove unbound sub-
stance. Since graphene, the product of the specific reaction of ATZ and
APT, can bind to MCT, only graphene remains on the surface of MCT/
Au NPs/TiO2 NTs electrode. And the further I-t test is performed on the
obtained electrode after incubation. Since there're no biomolecules of
aptamers or DNase I on the electrode any more, the photocurrent per-
formance will not affected by the pH or ion strength conditions. Results
show that the photocurrent response is almost unchanged even under
pH=1 or pH=13 conditions, or even in an electrolyte containing
6.0 M Na+. Therefore, the present immobilization-free aptasensor
system can effectively avoid the interference of external extreme pH
and ion strength factors on DNase I and the aptamer.

In addition, the reproducibility of the PEC aptasensor is investigated
by evaluating the photoelectric response of several independently pre-
pared MCT/Au NPs/TiO2 NTs electrodes after incubation with the
sensing system containing 5.0 nM ATZ. According to the I-t results, the
RSD of the photocurrents of the six electrodes is calculated to be 3.9%,
which means that the proposed immobilization-free aptasensor has
good reproducibility. The results reveal that the immobilization-free
aptasensor has great application potential. It is mainly related to the
aptamer loaded on graphene, and then firm loading of naked graphene
nanosheets on the MCT functionalized electrode surface, instead of
modifying the aptamer directly on the electrode surface.

3.5. Real water sample analysis

A preliminary application of the proposed PEC aptasensor in real
samples is performed through the measurement of one living commu-
nity pond to evaluate the analytical reliability and application potential
of the proposed method, and the results are summarized in SI (S3, Table
S2). Results show that recoveries of 103.1%–113.0% are achieved for
the water sample with standard addition method. The related standard
deviation (RSD) is all less than 8% (n=3), indicating that the proposed
sensing platform is promising in the real sample monitoring.

4. Conclusions

In summary, an immobilization-free PEC aptasensor system has
been successfully proposed for ATZ based on a novel synergistic signal
amplification strategy. Compare to traditional immobilization-based
PEC aptasensors, two significant advantages of our work should be
emphasized. First, the aptamer's recognition response to ATZ is de-
signed to occur in solution, avoiding the inherent limitations of im-
mobilized-based PEC aptasensor while achieving high selectivity.
Second, we use graphene as a signal amplifying molecule rather than
modifying the photoactive material on the recognition element, ex-
hibiting more sensitive, convinient, and cost-effective. The limit of the
detection for ATZ by the present immobilization-free PEC aptasensor is
estimated to be as low as 12.0 fM and the linear range is from 50.0 fM to
0.3 nM. At the same time, this immobilization-free PEC aptasensor

exhibits good stability and selectivity and has been successfully applied
to the analysis of real samples. In particular, this immobilization-free
sensing method is not only promising suitable for ATZ but also sig-
nificant for other small polutants to detect. Nevertheless, the in-depth
and detailed molecular mechanism of synergistic signal amplification
and the switching effects of photogenic electron-hole transferring
channels are still not fully understood. And we will focus on the relating
studies in the future.
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