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Herein, a label-free and ultra-low-background-noise PEC biosensor was developed for lead ion (Pb?*)
assay based on the Cuy0-CuO-TiO; heterojunction. By calcination of cupric ion (Cu?*) doped-titanium
based metal organic framework (MOF) material (NH,-MIL-125), the Cu,0-CuO-TiO, heterojunction
was synthesized. With Pb*, lots of DNA single strands (S1) could be released based on the Pb?* assisted
cyclic amplification strategy and hybridized with hairpin DNA (HP1) on the modified electrode. The

exposed phosphate groups on S1 can adsorb Cu;0-CuO-TiO, heterojunction, which results in a large
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cathode photocurrent. Due to the good photoelectric property of Cu0-CuO-TiO, and Pb%*-triggering
cyclic amplification strategy, the constructed PEC biosensor achieves a wide linear detection range (10 fM
-1 uM) and a low detection limit (6.8 fM), which provides potential applications in ultrasensitive
determination of Pb?* in environmental water samples and organisms.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, water pollution has become one of the most urgent
problems in the world. With the increase of industrial, agricultural
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and domestic wastewater discharge, the risk of human exposure to
heavy metals is also increased [1]. As one of the most dangerous
heavy metals [2], lead ions (Pb?") in trace concentration also pose a
serious threat to organisms and human health. On account of the
strong toxicity [3] and non-degradability [4] of Pb?*, it is continu-
ously accumulated through the food chain cycle of the ecosystem,
resulting in irreversible damage to the human brain, kidney and
nervous system [5]. Hence, it is tremendous practical significance to
develop a sensitive and simple method to detect it. To date, various
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assays have been developed for the determination of Pb’™,
including UV—vis spectroscopy [6], atomic absorption spectrom-
etry [7], and inductively coupled plasma mass spectrometry, etc. [8]
However, due to the limitations of large instrument and cumber-
some operation, these traditional methods are generally only
suitable for laboratory detection and not suitable for field analysis
and daily testing. In order to solve these problems, in recent years,
some promising Pb%*" detection methods have been developed,
such as fluorescence spectrometry [9,10], electrochemistry [11—13],
electrochemiluminescence [14,15], and colorimetry [16,17], etc.
Although these technologies showed good performance for the
detection of Pb®*, some limitations including low selectivity, high
background signal, and high measurement cost also existed [18].
Thgrefore, it is still a challenge to design a new method to detect
Pb-t,

Photoelectrochemical (PEC) biosensors are considered to be a
kind of analysis technology with vigorous development and
application prospects due to the separation of excitation light and
detection signal, resulting in a low background noise [19—-21].
Meanwhile, it also has the characteristics of miniaturization, low
cost and easy operation, etc. [22] Recently, plenty of PEC biosensors
have been constructed for the detection of Pb?*. For example,
Huang et al. proposed a “signal-on” PEC sensing platform for highly
sensitive detection of Pb®* by embedding methylene blue into 3D
DNA to sensitize the substrate material [5]. Shi et al. prepared an
ultrasensitive PEC aptasensor for Pb>* assay based on the MoS;-
CdS:Mn nanocomposites and CdTe quantum dots [3]. Li et al.
established a new-type PEC method for the detection of Pb?* based
on a dual-signal amplification strategy [23]. For above methods, the
direct introduction of the photoelectric material on the electrode
will produce a certain amount of initial photocurrent, and this
background signal will limit the sensitivity. Therefore, it is worth
exploring to design and develop a kind of PEC biosensor without
background noise or with ultra-low background noise for the
sensitive detection of Pb%*.

For ultra-low-background-noise PEC sensor, the photoactive
material is of vital importance to its performance. Titanium dioxide
(TiO3) has been widely studied in the fields of photocatalysis and
solar cells because of its favorable valence band position, non-
toxicity, chemical stability, light corrosion resistance and low cost,
which is considered to be one of the most potential materials
[24—26]. In addition, it is reported that the phosphate groups on
ssDNA have a strong affinity to TiO, and it can selectively adsorb
TiO; through the chelation interaction between phosphate groups
and Ti ion [19]. However, the shortcomings of TiO, such as low
surface area, rapid recombination of photo-generated electrons and
holes, and wide band gap would limit the application of TiO; in the
field of PEC biosensor. To solve these shortcomings, many re-
searchers employed precious metals [27], dye or narrow-band-gap
semiconductors (CdS, CdSe...) to sensitize TiO, [28,29]. But the
scarcity of precious metals, the complex operation of dye sensiti-
zation process, and the great environmental pollution caused by
heavy-metal-based semiconductor will limit its practical
application.

It is reported that CuO and Cu,0 have the merits of low cost,
hypotoxicity, abundance and the high photoelectric conversion
efficiency [30]. Herein, we used the titanium based metal organic
framework (MOF) material (NH,-MIL-125) as the template due to
its large surface area and porosity. Then Cu?* was introduced into
the surface and pores of NH,-MIL-125 due to the chelation between
Cu?* and amino groups of NH,-MIL-125. And the CuyO-CuO-TiO,
heterojunction was synthesized by calcination of Cu?*/NH,-MIL-
125. On account of the good photoelectric property of Cu,0-CuO-
TiO,, a label-free and ultra-low-background-noise PEC biosensing
platform was developed for the determination of Pb%>*. As depicted
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in Scheme 1, the hairpin DNA (HP1) was fixed on the 3-(amino-
propyl)triethoxysilane-functionalized indium-tin oxide (APTES/
ITO) electrode by glutaraldehyde (GA) cross-linking method. In the
presence of Pb%*, the Pb%*-substrate strand (Pb-Sub) could be
cleaved and would output lots of DNA single strands (S1), and S1
could hybridize with HP1 on the electrode. The exposed phosphate
groups on S1 could adsorb Cuy0-CuO-TiO, and a large cathode
photocurrent was observed. Thus, Pb>" was detected sensitively.
The developed PEC biosensing platform provides a potential
application prospect for real-time and rapid determination of Pb?*
in environmental water samples and organisms.

2. Experimental section
2.1. Preparation of Cuy0-CuO-TiO, heterojunction

The Cu®**-doped NH,-MIL-125 was prepared based on the re-
ported literature after a slight modification [31]. 0.52 mL of
Ti(OC4Hg)4 and 1.087 g of 2-aminoterephthalic acid (NH,-BDC)
were dissolved in a mixed solution (CH30H: 2.7 mL; DMF: 24.3 mL).
Then, the obtained mixture was fleetly stirred for 30 min. Next, the
mixture was heated at 150 °C and maintained for 24 h in a Teflon-
lined autoclave. After cooling down, the precipitate (NH,-MIL-125)
was obtained by centrifugation, washed and dried in vacuum at
60 °C. Sequentially, 50 mg of NH;-MIL-125 powder and
Cu(NO3),-3H,0 with different mass were dispersed in 10 mL ul-
trapure water under ultrasonic stirring for 1 h. Then, the mixture
was freeze-dried for 12 h to obtain the Cu”—doped NH,-MIL-125
(called Cu?*/NH,-MIL-125). In order to completely convert NH;-
MIL-125 (Ti) precursor to TiO, without obvious change of its
morphology [32] and to simultaneously produce CuO and Cuy0
[30], the Cu®**/NH,-MIL-125 was calcined in air at 350 °C for 1 h
with the heating rate of 5 °C/min. Finally, the Cu,0-CuO-TiO; het-
erojunction was obtained. The pure TiO; was prepared by the same
procedure without Cu®*.

2.2. Pb?*-assisted recycling

10 pL (5 pM) of Pb**-catalysis strand (Pb-Cata, biotin-labeled)
was added into 10 puL (5 uM) streptavidin-functionalized mag-
netic beads (SA-Fe304) suspension and stirred at 37 °C for 1 h. The
Pb-Cata can be connected to SA-Fe304 through the specific binding
between biotin and streptavidin. Subsequently, it was washed with
Tri-HCI (10 mM, pH 7.4) for three times to eliminate excess Pb-Cata.
After that, 10 pL of Pb-Sub (5 uM) was injected to the above mixture
and maintained for 2 h at 37 °C. Thereafter, the various concen-
trations of Pb%* was injected into above mixture and incubated for
2 h. Since the Pb?* could specially cleave the corresponding binding
site of Pb-Sub, the S1 related to target (Pb%>") could be acquired by
magnetic separation.

2.3. Fabrication of the PEC biosensor

The cleaned ITO slices were obtained according to the previous
literature [33], and then treated with 2% APTES ethanol solution for
2 h and dried at 75 °C to obtain the amino-modified ITO electrode.
Next, the GA (20 pL, 5 wt %) aqueous solution, as a crosslinking
agent, was added onto the ITO/APTES for 2 h. Before using, the HP1
was denatured at 95 °C and maintained for 5 min. After cooling
down to the room temperature, 20 uL of HP1 (1 pM) was added
onto the electrode and incubated for 2 h to acquire the ITO/APTES/
HP1 electrode. Then, it was soaked into 1 wt % of BSA solution to
block the nonspecific sites. Afterwards, 20 pL of S1 solution was
coated onto the ITO/APTES/HP1/BSA electrode and incubated for
2 h (37 °C). In the end, 20 pL of Cuy0-CuO-TiO; (2 mg/mL)
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Scheme 1. Schematic illustration of the PEC biosensor for the detection of Pb?*.

suspension was added on the ITO/APTES/HP1/BSA/S1 electrode at
37 °C for 2 h. After washing, the PEC test was carried out in Tris-HCI
buffer (10 mM, pH 7.4) at —0.3 V.

3. Results and discussion
3.1. Characterization of materials

The morphologies of NH,-MIL-125 and Cuy0-CuO-TiO, hetero-
junction were characterized by scanning electron microscopy
(SEM). From Fig. 1A, a disk-like morphology is showed in the SEM
image of NH,-MIL-125. After calcination of the Cu?*-doped NH,-
MIL-125, the Cu;0-CuO-TiO; heterojunction maintains the same
shape of NH,-MIL-125 (Fig. 1B) due to that the calcination tem-
perature is lower than the skeleton decomposition temperature of
NH,-MIL-125 [32,34,35]. The TEM image (Cup0-CuO-TiO,) is dis-
played in the inset of Fig. 1C and a rounded shape is consistent with
the SEM image. At the same time, the spacing of lattice fringes in
HRTEM image (Fig. 1C) are 0.275 nm and 0.247 nm, which are
correspond to the CuO (110) and CuyO (111), implying that the
composite includes CuO and Cuy0. Here, the production of Cuy0
may result from the reduction of Cu?>* to Cu * by reducing gases
which are produced by insufficient combustion of organic ligands
in the Cu?*-doped NH,-MIL-125 [30,36]. To confirm the element
distribution of the prepared heterojunction, the element mapping
is also provided in Fig. 1D. It is found that Ti, Cu and O elements are
distributed uniformly in the CuyO-CuO-TiO, heterojunction.

The phase compositions of NH,-MIL-125 and CuyO-CuO-TiO;
were studied by X-ray diffraction (XRD). Fig. S1A (see supporting in-
formation section) is the XRD pattern of NH,-MIL-125, which is
consistent with that in the published literature, demonstrating a
successful preparation of NHp-MIL-125 [37]. The XRD patterns of
Cuy0-CuO-TiO; and pure TiO, are shown in Fig. S1B (see supporting
information section). From the XRD curve of TiO», it is noted that the
obtained TiO, by this pyrolysis temperature is amorphous phase,
which is consistent with the previous report[37]. Simultaneously, the
diffraction peaks of Cu;O-CuO-TiO; are consistent with the standard
phase card of CuO (PDF 80-1917), indicating CuO is present in the
composite. But no diffraction peak of CuyO can be observed, which
may be the low content of Cu0 in the Cu;0-CuO-TiO, heterojunction.

X-ray photoelectron spectroscopy (XPS) was further utilized to
study the elemental valence state and composition of the Cu,0-

CuO-TiO; heterojunction. Fig. 2A clearly shows that the Ti, Cuand O
elements are included in the Cu;0-CuO-TiO; heterojunction. Fig. 2B
shows that the peak value of Ti 2p3; is 458.8 eV, indicates that the
valence of titanium is positive tetravalent [38]. And the two main
peaks at 953.7 eV and 934.0 eV in Fig. 2C are corresponded to Cu
2p1)2 and Cu 2p3p; peaks, respectively [30]. Furthermore, the peak
of Cu 2p3j was separated into two peaks at 934.3 eV and 933.0 eV,
which are associated with Cu?>* and Cu * respectively. The presence
of Cu ™ confirms that the Cu,0 exists in the prepared material,
which is consistent with the HRTEM result. Moreover, based on the
electron oscillation, satellite peaks in the Cu 2p spectrum appear.
From Fig. 2D, three peaks can be seen in the O 1s spectrum, which
are oxygen vacancy (Oy), lattice oxygen (Or) and adsorbed oxygen
(Oc), respectively. And the presences of Oy and Oc are due to the
chemisorption and dissociation of oxygen species (OH™., O~ or
02'). According to the above results, the CuyO-CuO-TiO; hetero-
junction is synthesized successfully.

Fig. 3A shows the nitrogen adsorption-desorption isotherm of
the Cuy0-CuO-TiO,, and the calculated Brunauer Emmett Teller
(BET) surface area is 75.1 m?/g. From the insert plot in Fig. 3A, the
pore size distribution curve displays that the prepared material has
porous structure, and 18.4 nm of average pore size is obtained.
Porous structure and large specific surface area are conducive to the
absorption of excitation light source and electron transfer, which
are benefit for the PEC process. From the UV—vis absorption spectra
(Fig. 3B), the Cup0-CuO-TiO, displays a wider absorption range in
the absorption region of visible light compared with the pure TiO»,
indicating that the CupO-CuO-TiO2 may have a good photoelectric
property.

3.2. Electrochemical and photoelectrochemical characterization

Electrochemical impedance spectroscopy (EIS), as an effective
method, was used to investigate each process of step-by-step
modification of the ITO electrode. The electron transfer resistance
(Ret) is corresponding to the semicircle diameter in Nyquist dia-
gram [39]. As shown in Fig. 4A, a small semicircle diameter (20.3 ,
curve a) is obtained on the bare ITO electrode, indicating that it
possesses a small electron transfer resistance. Subsequently, after
modified with APTES and GA, the resistance value of R.; increases to
46.7 Q (curve b). Then, the modification of HP1 on the electrode
through amide bond makes the R value increase (116.8 , curve c),
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Fig. 1. SEM images of NH,-MIL-125 (A) and Cu,0-CuO-TiO; (B); (C) HRTEM image of the Cu,0-CuO-TiO,. (D) EDS mapping results of CuyO-CuO-TiO5.
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Fig. 4. (A) Nyquist plots in 5 mM [Fe(CN)g]*> /4~ containing 0.1 M KCI at open circuit potential (frequency range, 0.1-10° Hz). (B) Photocurrent responses in Tris-HCI (10 mM, pH 7.4)
at —0.3 V. (a) bare ITO; (b) ITO/APTES; (c) ITO/APTES/HP1; (d) ITO/APTES/HP1/S1; (e) ITO/APTES/HP1/S1/Cuy0-CuO-TiO,. (C) PEC mechanism of ITO/CuyO-CuO-TiO; electrode.

which results from the blocking effect of HP1 on the [Fe(CN)g]> /4~
transfer to the electrode surface. After blocking with BSA and then
modifying with S1, the R value increases significantly due to the
non-conductive protein and negative-charged DNA molecules
(511.0 Q, curve d). Owing to the unfolding of hairpin structure, the
phosphate radicals on the DNA molecules will be exposed. And
after treated with Cu,0-CuO-TiO, (curve e), the R value increases
to 774.6 Q because of the introduction of the semiconductor ma-
terial on the electrode via the chelation interaction between
phosphate groups and Ti ion. Above results confirm that the PEC
biosensor is prepared successfully according to Scheme 1.
Meanwhile, the construction process was also characterized by
PEC method. As shown in Fig. 4B, no obvious photocurrents can be
observed at the bare ITO, ITO/APTES, ITO/APTES/HP1 and ITO/

APTES/HP1/S1 electrodes (curves a to d). After incubating the ITO/
APTES/HP1/S1 electrode with CuyO-CuO-TiO,, an obvious cathodic
photocurrent generates, indicating that the Cu,0-CuO-TiO; heter-
ojunction is successfully introduced to the electrode through the
specific affinity between TiO, and phosphate groups on S1 mole-
cules. These results show that the prepared PEC biosensor displays
an ultra-low-background noise for Pb?* detection.

According to the valence band (VB) and conduction band (CB)
values of Cuy0O, CuO [30] and TiO, [40], the possible electron
transfer mechanism of the prepared biosensor may be as follows
(Fig. 4C): The holes and electrons of the semiconductor materials
are excited to the corresponding VB and CB under visible light. The
electrons on the CB of Cu,0 transfer to the CB of TiO,, and then to
the CB of CuO. Subsequently, the electrons on the CB of CuO are
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linear calibration curve of the developed PEC biosensor for the detection of Pb?*.

consumed by O, in the buffer solution. On the other hand, the
generated holes are reduced by ascorbic acid (AA). Because of the
matched energy levels of Cuy0, CuO and TiO, can inhibit the
recombination of the photo-generated electron/hole pairs, thus a
significant cathode photocurrent can be observed.

3.3. Conditions optimization

Experimental condition optimization was carried out to get the
good performance of the developed biosensor for Pb** assay. For
PEC biosensor, the photoactive material plays a significant role.
Fig. S2A (see supporting information section) shows the effect of
different mass ratio between Cu(NOs3)-3H,0 and NH,-MIL-125 on
the photocurrent of the developed PEC biosensor. It is noted that a
maximal photocurrent is observed at the 60% mass ratio, and the
photocurrent decreases when the mass ratio is more than 60%. The
reason may be as follows: the appropriate amount of CuO in the
Cuy0-CuO-TiO, heterojunction can inhibit the recombination of
electron/hole pairs and reduce the band gap of TiO,. However, the
excessive loading of CuO will block the active sites of TiO, resulting
in the decrease of the photocurrent [41,42]. Therefore, 60% is
selected as the optimal mass ratio between Cu(NO3)-3H;0 and
NH,-MIL-125 for the synthesis of the Cu;O-CuO-TiO,.

The Pb?* cleavage time is another vital factor to affect the PEC
signal of the prepared sensor. As shown in Fig. S2B (see supporting
information section), the photocurrent increases when the cleavage
time of Pb?* increases. As the cleavage time is 60 min, the photo-
current reaches a platform. This shows that the appropriate
cleavage time of Pb%* is 60 min.

In addition, the incubating time of Cu,O-CuO-TiO, will directly
affect the photoelectric response of the PEC sensor, which is further
optimized. According to Fig. S2C (see supporting information sec-
tion), the photocurrent increases with the extended incubating
time of Cuy0-CuO-TiO,. When the incubating time is 120 min, the
PEC response reaches to a plateau, indicating that the optimal
incubating time of Cuy0-CuO-TiO; is 120 min.

34. Pb** assay

Under optimal conditions, the developed PEC biosensor is used
for quantitative detection of Pb%* concentration. Fig. 5A represents
the PEC responses to the different concentrations of Pb%* under the
visible light excitation. It is found that the photocurrent response
increases with the increasing of Pb®* concentration in the range
from 10 fM to 1 uM. Fig. 5B exhibits the linear relationship between
the photocurrents and logarithmic (lg) concentrations of Pb?>* and

the linear regression equation is I (nA) = —3.62 x 10%gCi -
1.56 x 103 (R? = 0.996) with a limit of detection (LOD) of 6.8 fM (S/
N = 3). By comparison, the developed PEC biosensors shows a
lower detection limit and a wider linear response range than other
previously reported works (Table 1).

3.5. Selectivity, reproducibility and stability

In order to verify the feasibility of the proposed PEC biosensor in
practical application, selectivity and stability need to be explored.
The selectivity test was carried out by adding 100-fold interfering
substances relative to the concentration of Pb%* (1 uM), including
cd**, Mg?*, Ca?* and Cu®' (the concentration of all the in-
terferences is 100 pM). As shown in Fig. 6A, the photocurrents for
Pb%* group and the mixture are much larger than that for the blank
group and other interfering substances, indicating a good selec-
tivity toward Pb?* assay. On the other hand, the photocurrent ob-
tained from five PEC biosensors are almost same (Fig. 6B),
indicating the satisfactory repeatability of this biosensor. Further-
more, the stability of the electrode was also investigated. After
storing in the refrigerator at 4 °C for 3 weeks, the developed PEC
biosensor remains 92.8% of its initial photocurrent for Pb?* assay.
Which indicates that the prepared PEC biosensor get an acceptable
stability.

3.6. Recovery test

In order to evaluate the practicability of the prepared PEC
biosensor, a complex system of natural water samples was used and
the recovery tests of Pb?>* were carried out. The water samples were

Table 1

Comparison of various methods for Pb%>* assay.
Methods LOD (uM) Linear range (uM) Reference
fluorescence 0.01 0.01-0.1 9
fluorescence 1x1073 5.0 x 1073-1 10
electrochemistry 145 x 1074 4.8 x 107%-4.8 12
electrochemistry 768 x 1074 2 x 1073-0.24 13
electrochemiluminescence 6.4 x 1076 1 x 107°-0.1 14
electrochemiluminescence 3 x 10°° 1x 10752 15
colorimetry 0.025 0.05—1 16
colorimetry 0.032 0.1-10 17
photoelectrochemistry 1.67 x 108 5.0 x 1078-0.1 3
photoelectrochemistry 3 x 1078 1x1077-1 5
photoelectrochemistry 316 x 100 5.0 x 10761 23
photoelectrochemistry 6.8 x 107? 1x10 %1 this work
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Fig. 6. (A) Selectivity of the developed PEC biosensor for Pb?* assay. Pb?* concentration, 1 uM; interferent concentration (Cd**, Mg?*, Ca®*, Cu®*), 100 uM. (B) Repeatability of the

PEC biosensor. Pb?* concentration, 100 nM.

Table 2
Detection of Pb?* in environmental water samples.
Sample Add (nM) Found (nM)* RSD (%) Recovery (%)
1 0.00 6.39 14 —
2 10.0 16.6 1.0 102
3 50.0 594 1.0 106
4 100 107 3.6 101

¢ Average value of three measurements.

obtained from the Xiangjiang river (Changsha, Hunan province,
China). As shown in Table 2, 6.39 nM of Pb?* can be found by using
the developed PEC biosensor for the detection of water sample
(Xiangjiang river), which is in good agreement with the result
detected by inductively coupled plasma-mass spectrometry
(6.76 nM, Table S2, see supporting information section), indicating
that this PEC biosensor has a good veracity and practicability. After
adding different concentrations of Pb?* in the Xiangjiang water
samples, and the recoveries for the added Pb?* with 10.0 nM,
50.0 nM and 100 nM are 102%, 106%, and 101%, respectively. The
above results demonstrate that the developed PEC biosensor has
good applicability for Pb>* assay in real samples.

4. Conclusions

In summary, based on the Cu;0-CuO-TiO; heterojunction, the
label-free PEC biosensing platform with ultra-low-background
noise is prepared for the detection of Pb?*. The proposed PEC
biosensor exhibits a wide detection range (10 fM-1 uM) and low
detection limit (6.8 fM) due to the good PEC performance of the
Cuy0-CuO-TiO, heterojunction originating from its large specific
surface area and the formation of heterojunction. Moreover, this
PEC biosensor possesses satisfactory reproducibility, good selec-
tivity, acceptable stability, and good analytical applicability. The
synthesized Cu,0-CuO-TiO, heterojunction and the prepared PEC
biosensor may have potential applications for the determination of
Pb%* in environmental water samples and organisms.
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