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In this work, the photosensitive needle-like Eu: Co304 was synthesized on conductive nickel foam (Ni foam) in
situ via hydrothermal and subsequent heat treatment, and as the basic material to construct an antifouling
photoelectrochemical (PEC) DNA sensor for BRCA1 (breast cancer marker) detection. Ni foam has a great frame
structure, which could well control the morphology and size of materials. Then CuS nanoparticles could easily
grow on the surface of Eu: Co304/Ni foam through a sequential ionic layer adsorption reaction to further enhance
the PEC response. For BRCA1 sensitivity analyzing, the excellent antifouling property was realized rely on the

conjugation of amino-terminal poly(ethylene glycol) (PEG-NHgz). The developed PEC sensor displayed an
outstanding stability and great sensitivity under the dissolved oxygen environment, and Ni foam PEC electrode
provided potential application for other photosensitive materials-controlled preparation.

1. Introduction

Cancer has always been the number one killer threatening human
health, and breast cancer is one of the most common cancers among
women. Even with the continuous improvement of diagnostic technol-
ogy in recent years, and with the continuous development of anticancer
drugs, it is still difficult to carry out early breast cancer detection,
achieving early-stage detection of breast cancer has an important sig-
nificance [1]. Cancer-related biomarkers covering RNA, DNA, proteins,
lipids, etc., are measurable indicators of specific cancer states. Their
monitoring is of great significance for identifying patients with different
clinical stages, and formulating adaptive treatment strategies. As we all
know, DNA plays a crucial part in storing and transmitting genetic in-
formation [2-5], thus BRCA1 as one of the susceptibility genes for breast
cancer was detected in this work for breast cancer analysis [6]. Previ-
ously, many methods have been achieved for DNA detection, such as
fluorescence [7,8], colorimetry [9,10], electrocatalysis [11], imaging
mass spectrometry [12], and electrochemical [13,14]. Among these
methodologies, photoelectrochemical (PEC) as a branch of

electrochemistry was used to detect BRCA1 because of the unique signal
transition way, which has low background signal and provides great
sensitivity [15,16].

One of the key points for PEC immunoassay is to construct the
foundation photoelectrode. There are two kinds of photoelectrode,
photoanode and photocathode. Photocathodes consist of p-type semi-
conductor that have disparate photoelectric properties from the photo-
anode based on n-type semiconductors. But for real biological samples
analysis, photocathode has more accurate detection results than the
photoanode [17]. That is because most real biological samples contain
various reducing molecules, the absorption of the reducing molecule on
the photoanode would inevitably influence the oxidation reaction of
immanent holes at the interface between the photoanode and electro-
lyte, thus inaccurate response is liable to be produced. In addition, the
reduction reaction of semiconductors is more resistant to interference
than oxidation reaction, which makes the p-type semiconductors more
stable than the n-type semiconductors.

As is known to all, cobalt oxide (Co304) is a representative and eco-
friendly p-type metal oxide that has been used as a photocathode in PEC
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field [18,19]. The good conductivity, great stability, and the proper
energy band gap (~2.07 eV) could effectively absorb visible light [20,
21]. However, the biggest limitation for pure Co304 in PEC field is the
rapid combination of photogenerated electrons and holes [22]. Fortu-
nately, it is reported that the photosensitive performance can be per-
fected dramatically by enlarging the surface area through morphology
controlling, owing to the unique geometric structure, the large surface
area may provide a direct transfer path for photogenerated electrons,
which is conducive to the effective separation of photogenerated elec-
trons and holes in the photoactive process [23]. Nickel foam (Ni foam) is
a less expensive commercial material with high electronic conductivity,
three-dimensional, high surface area, and open-pore structure [24,25].
Various morphologies of species, such as nanowires [26,27],
nano-needles [28,29], nanosheets [30,31], and core-shell
nano-structures [32,33] have been prepared on the surface of Ni foam.
Therefore, Co304 was considered to in situ synthesize on Ni foam to
obtain a needle-like structure which owns a larger specific surface area.
At the same time, during the synthesized process of Co304/Ni foam
electrode via hydrothermal reaction, Eu element was doped to improve
the band gap defects of Co304. Trivalent lanthanide (Ln3")-doped
nanomaterials are currently attracting considerable interest for their
application potential in the fields of biosensing owing to their long-lived
luminescence, low bio-toxicity high signal-to-noise ratio, and detection
sensitivity [34,35]. After Eudt doping, a defect level was formed in
Co304, which further hindered the recombination of photogenerated
electrons and holes, and increased the PEC signal. In the meantime, to
further acquire a higher and more stable basic PEC response, the great
photosensitizer CuS [36-39] was absorbed on Eu: Co304/Ni foam
electrode via sequential ionic layer adsorption reaction (SILAR), which
is an ionic reaction mechanism to grow into an average layer, and
cannot destroy the original morphology. This fabricated route with low
cost, and without high temperatures or pressures. Nanoneedle-like Eu:
Co304 own great specific surface area offered number of active sites for
CuS nanoparticles attachment. Thanks to the matched band energy level
between CuS and Eu: Co304, the photogenerated electrons could be
transferred toward the electrolyte solution faster. What’s more, the
electron acceptors such as dissolved O in the electrolyte solution will
accelerate the transfer rate of photogenerated electrons, resulting in a
higher cathodic photocurrent [40,41].

Antifouling interface could effectively hinder the nonspecific
adsorption during the construction of biosensors [42,43], polyethylene
glycol (PEG) with biocompatible, hydrophilic, and nonionic properties
has become a prevalent and feasible molecule in the manufacture of
antifouling biosensing interfaces [44,45]. In this work, PEG-NH, was
used to coated on the Ni foam/Eu: Co304/CuS electrode to fabricate an
antifouling interface for sensitivity BRCA1 detection. The proposed DNA
sensor was designed by immersing, and adsorbing molecules on the
prepared photocathode via layer-by-layer processes, and the smart
design of using Ni foam as the photoelectrode simplified the biosensor
construction steps, realizing the optimization of the photosensitive
material, and improving the sensitivity of target detection.

2. Experimental section
2.1. Preparation of Eu:Co304/Ni foam electrode

The preparation of Eu: Co304/Ni foam was synthesized according to
a previous reported way with some modifications [46]. Firstly, 0.5821 g
of Co(NO3)2-6H20, 0.2962 g of NH4F, and 0.6006 g of urea was
co-dissolved to 50 mL of ultrapure water. After mixed equably, 0.0669 g
of Eu(NO3)3-6H20 was added to the above mixture, and allowed stirring
for another 30 min under room temperature. Secondly, Ni foam was
ultraphonic treated with HCl (3 M.) solution for 10 min. Then, the
cleaned Ni foam was tilt placed in a Teflon-lined autoclave, and the
above mixture was poured into it. The autoclave was transferred in an
oven and kept at 120 °C for 9 h. After finished reaction, the Ni foam
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electrode was rinsed by ultrapure water then dried at 60 °C. Finally, the
Ni foam was calcined at 250 °C for 3 h with a 1 °C/min heating rate, and
the Eu: Co304/Ni foam was obtained.

2.2. Preparation of CuS/Eu: Co304/Ni foam electrode

CuS nanoparticles were grown directly on the prepared Eu: Co304/Ni
foam electrode by means of SILAR method, the simple steps were as
follows: 0.0604 g of Cu(NO3)3-3H20 was dispersed into 50 mL ultrapure
water as solution A. 0.0600 g of NayS-9H,0 was dispersed in another 50
mL ultrapure water as solution B. Then, the as obtained Eu: Co304/Ni
foam electrode was dipped into solution A for 1 min, and washed with
ultrapure water subsequently, following the electrode was immersed in
solution B for another 1 min, and washed completely with ultrapure
water. These two soaking processes were as a cycle, and CuS growth was
carried out for 5 cycles. Finally, the CuS/ Eu: Co304/Ni foam electrode
was achieved after drying the electrode in an oven at 60 °C. Other details
of reagents and apparatus are shown in Supplementary Materials file
(SM).

2.3. The assembly of DNA sensor

The proposed PEC sensor relies on Ni foam photocathode is shown in
Scheme 1. The as prepared CuS/Eu: Co304/Ni foam electrode (cut to 2 x
0.8 cmz) was first soaked in amino-functionalized PEG solution (1 mg/
mL) for 30 min, and washed with Tris—HCI buffer solution to get an
antifouling interface. Then, the electrode was immersed in the carboxyl-
functionalized capture DNA solution (1.0 uM, prepared by 0.1 M PBS,
pH 7.4) including EDC (5 mg/mL) and NHS (1 mg/mL) for 40 min. In
this process, through the formation of amide bonds, the captured DNA
was covalent attached to the PEG-NH,. The obtained electrode was
washed with PBS, and then dipped into various concentrations of target
DNA (prepared by 0.1 M. PBS solution, pH 7.4) for 40 min. Eventually,
the DNA sensor was cleaned with PBS solution and stored at 4 °C when
not in use.

2.4. PEC measurements

The finished DNA sensor as work electrode with saturated calomel
electrode (SCE, for reference), and platinum electrode (for auxiliary)
was performed on a photoelectrochemical workstation for target anal-
ysis. PBS buffer solution (pH 7.4) was used as the measurement elec-
trolyte solution, and performed oxygen bubbling 30 min to provide
dissolve oxygen. Using LED light (400—700 nm) as excitation light and
switch it on and off every 10 s at 0 V potential (vs. SCE).

3. Experiment results and discussion
3.1. Material characterization

The prepared nanomaterials were performed quantitative and qual-
itative analysis. First, X-ray diffraction (XRD) pattern was used to
characterize Co304 and Eu: Co304 (Fig. 1A), the materials were obtained
by collecting the precipitate at the bottom of the reactor. It can be seen
that the sharp peaks of these two materials fit well with the standard
card of Co304 (PDF #: 43-1003). Meanwhile, after the doped of Eu
element, the crystal plane peaks of (220) and (311) became stronger,
while the crystal plane peaks of (222) weakened or even disappeared.
And the peak position of Eu: Co3O4 was shifted slightly, which is a
normal phenomenon of doping effect. The results prove that the mate-
rials are prepared successfully. The structure and morphology of the
prepared Ni foam supported electrodes were characterized by means of
scanning electron microscopy (SEM). Fig. 1B shows the frame structure
of cleaned Ni foam. After the hydrothermal reaction and heat treatment,
Eu: Co304 was in suit grown on Ni foam electrode, and a needle-like
structure (Fig. 1C) was obtained, the diameter was about 40 nm and
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Fig. 1. The XRD image of Co304 and Eu:Co304 (A). The SEM image of cleaned Ni foam (B), the Eu:Co304/Ni foam (C), the CuS/Eu:Co304/Ni foam (D). The mapping

image of the Eu:Co304 (E), O element (F), Co element (G), and Eu element (H).

the length were about 500 nm, which provides a relatively large surface
area for photosensitizer attachment, and the excellent shape may pro-
vide a good path for electrons quickly transfer. Fig. 1E displays the
mapping image of the prepared Eu: Co304/Ni foam. It can be seen that
the Eu element was successfully doped (Fig. 1H), and no other impurity
elements existed (Fig. 1F, G). The energy dispersive X-ray spectroscopy
(EDS) image (Fig. S1) also proves it, and the distribution of each element
in the Eu: Co304/Ni foam electrode is shown in Table S1. Meanwhile,
CuS nanoparticles as great visible light absorber were fixed on Eu:
Co304/Ni foam electrode by means of SILRA, it can be distinctly viewed
from Fig. 1D that small nanoparticles were successfully loaded on the
Eu: Co304/Ni foam electrode in a large amount, and XRD image in
Fig. S2 of CuS/Eu: Co304/Ni foam further proved that these small
nanoparticles were CuS nanoparticle The obtained CuS/Eu: Co304/Ni
foam offers a desired basic PEC response for the later target detection.

3.2. Mechanism study of the PEC platform

The electron transfer mechanism is displayed in Fig. 2A. The p-type
semiconductor CozO4 as an outstanding photoactive material could

effectively absorb visible light, but the narrow band gap limits its
application in the PEC field due to the quickly recombination of pho-
togenerated electrons and holes. The doping of Eu®" could restrain the
photogenerated charges recombination because of the defect levels
generation. The material was directly grown on Ni foam, and obtained a
needle-like structure. This wonderful structure may provide a direct
transfer path for photogenerated electrons, and also provide a large
active surface area for CuS nanoparticles absorption. As an excellent
photosensitizer, CuS has the matched energy level with Eu: Co3Os4,
which offered a higher basic PEC response for target detection (the
photocurrent of different electrode is shown in Fig. 2B). In the mean-
time, dissolved oxygen as the hole scavenger was bubbled in the mea-
surement PBS solution, further enhanced the photocurrent (Fig. 2C), and
improved the stability as well as the sensitivity of DNA sensor.

3.3. Sensor performance characterization

Before target detection, it is necessary to discuss whether the pro-
posed sensor is constructed resoundingly. In this item, photosensitive
materials were grown directly on the Ni foam electrode, and the
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Fig. 2. (A)The electron transfer mechanism of the sensor. (B) The photocurrent of different electrode, (a’) Co304/Ni foam, (b’) Eu:Co304/Ni foam, (¢’) CuS/Eu:
Co304/Ni foam. (C) The detection photocurrent of CuS/Eu:Co304/Ni foam electrode without (a’) and with (b’) Oa.

biomolecules were modified via soaking method. Fig. 3A shows the PEC
response after layer-by-layer decoration, cleaned Ni foam has almost no
photocurrent (curve a) response, after Eu: Co3O4 grown in situ, an
obvious photocathode current was obtained (curve b), illustrating the
material was successfully grown on Ni foam. After CuS nanoparticles
absorption, a higher photocurrent was obtained (curve c), proving that
the photosensitizer was also successful loading. Then, the photocathode
electrode was dipped into PEG-NH; solution for antifouling interface
formation, the PEC response was decreased (curve d) because of the
inhibition effect on electron transport. After that, carboxyl functional
capture DNA was modified thanks to the formation of amido bond, and
the photocurrent continued to decrease (curve e). Finally, various con-
centrations of target DNA were captured onto the Ni foam electrode, the
following decreased photocurrent (curve f) testifying the successful
construction of the DNA sensor.

Another available way for characterizing the PEC sensor is electro-
chemical impedance spectroscopy (EIS). Fig. 3B shows that Ni foam with
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good conductivity exhibited a small impedance (curve a), after the
semiconductor Eu: Co304 grew on, an enhanced resistance value (curve
b) was obtained. When the CuS nanoparticles were absorbed, the
matched energy level structure with Eu: Co304 accelerated electron
transfer, and the impedance was reduced (curve c). Subsequently, non-
conductive biomolecules of PEG-NH, (curve d), carboxyl functional
capture DNA (curve e), and target DNA (curve f) were modified on
photocathode via layer-by-layer processes, the increasing impedance
value once again proved that the sensor construction triumphantly.

In order to test whether the antifouling interface was successfully
obtained, EIS and photocurrent measurement of Ni foam/Eu: Co304/
CuS/PEG-NH; electrode was performed before and after soaked in BSA
solution. The testing results are shown in Fig. S3, the almost no change
of the results proving the excellent antifouling ability of the sensor.
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Fig. 3. (A) Photocurrent responses and (B) Nyquist diagrams of (a)Ni foam, (b)Ni foam/Eu:Co304,(c) Ni foam/Eu:Co304/CuS, (d) Ni foam/Eu:Co304/ CuS/PEG-NHa,,
(e) Ni foam/Eu:Co30,4/CuS/PEG-NH,/Capture DNA, (f) Ni foam/Eu:Co30,4/CuS/PEG-NH,/Capture DNA/Target DNA. (Ctarget pna = 0.001 nM).
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3.4. Analytical performance of BRCA1

After characterizing the proposed DNA sensor, the sensor was used to
analyze various concentrations of BRCAL. Fig. 4A displays the photo-
current of different concentrations of target, as the concentration in-
creases, the photocurrent gradually decreased, and a great liner
relationship was acquired. As shown in Fig. 4B, the photocathode cur-
rent existed a liner current response in the range of 1 x 107°-50 nM, the
liner equation is I = —0.8652 + 0.2699logc (nM) (R2 =0.9958), and the
detection limit is as low as 0.38 fM (S/N = 3). Comparation of the
develop DNA sensor with other methodology for target DNA detection
was shown in Table S2.

To ensure the accuracy of testing results, stability, reproducibility
and specificity of the developed PEC sensor also need to be considered to
representation. The satisfactory stability results were acquired via
continuous testing of the electrode for 15 cycles (Fig. 4C). And the
storage lifetime also tested to characterize the storage stability of the
sensor. As can be seen from the Fig. S4, the proposed DNA sensor can
still maintain more than 92 % performance after testing the PEC signal
after two weeks, which illustrated the good storage stability of the
sensor. For analyzing the reproducibility, five uniform electrodes are
measured the photocurrent which was decorated under the same con-
ditions. The relative standard deviation (RSD) is 3.8 %, proving that the
proposed sensor has great reproducibility. To assess the specificity of the
designed DNA sensor, photocurrent was measured in different solutions
containing BSA, immune globulin (IgG), one-base mismatch (M;) se-
quences and three-base mismatch (My) sequences. The results show the
great specificity of the developed DNA sensor (Fig. S5 in SM file).

3.5. Real samples analysis

The intention of DNA sensor construction lies in its accuracy for
actual samples detection. The possible actual value of the proposed DNA
sensor was assessed through adding different concentrations of standard
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BRCAL in real human serum samples then detecting the PEC signal. The
detecting results are displayed in Table S3 (SM file), and the recovery is
97.7-101 % with the RSD ranging from 3.0 to 4.38 %. The detection
results of the DNA sensor in real serum samples are receivable, indi-
cating that the PEC biosensor with antifouling properties supported by
Ni foam has the potential application for BRCA1 detection in actual
samples.

4. Conclusion

In summary, a novel DNA sensor for BRCA1 detection based on Ni
foam supported photocathode antifouling interface is successfully
fabricated. The needle-like Eu: Co304 provided a large active surface
area for CuS nanoparticles absorption, after doping Eu®" and the
sensitization of CuS, a higher photocurrent is achieved. Using PEG-NH,
to construct an antifouling interface could effectively hinder the inter-
ference of other interfering substances, and improve the selectivity of
the sensor. The dissolved oxygen in measurement solution also ensured
the stability and sensitivity of the developed DNA sensor for accurately
BRCA1 analysis. The developed photosensitive materials-controlled
synthesis on Ni foam provides a new way for photoelectrode designed,
and the proposed sensor can also provide reference way for other target
detection.

CRediT authorship contribution statement

Rui Xu: Conceptualization, Data curation, Writing - original draft.
Yu Du: Methodology, Data curation. Xiaoqing Wang: Data curation.
Huan Wang: Methodology, Writing - review & editing. Dawei Fan:
Methodology, Writing - review & editing. Dan Wu: Methodology, Data
curation. Xiaojun Sun: Writing - review & editing. Qin Wei: Supervi-
sion, Funding acquisition, Formal analysis. Huangxian Ju: Formal
analysis. Rongde Wu: Formal analysis.

0.0
B
< 0.6+
s
] ]
5 g-l.z
: S
3 -1.81
= I=-0.8652+0.2699l0gc
. 249 R'=0.9958
7-6-5-432-101 2
loge (nM)
< C 2.041D
200l 2ddaaanaaaaaaanl 1 < B
> =. 1¢I + I I
= = -1.51
= 1.5 5
S ot 1
= b
o ;—1.0-
S -2.0- 1359 |
) S
= = _0.54
0 50 100 150 200 250 300 ~~ goll AL AP AF JI
Time/ s 1 2 3 4 5

Fig. 4. The analytic performance of the target BRCA1. (A) PEC calibration curve of different concentrations and (B) linear relationship of the sensor: (a-i) 1 x 10751
x 10,5 x 104, 1 x 10®, 0.05, 0.1, 1, 10, 50 nM. (C) Stability analysis and (D) reproducibility analysis. (Ctarget pna = 0.001 nM). Error bars = SD (n = 5).

5



R Xu et al.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This item was subsidized by the National Key Scientific Instrument
and Equipment Development Project of China (No. 21627809), National
Natural Science Foundation of China (No. 21777056), Special Founda-
tion for Taishan Scholar Professorship of Shandong Province, Jinan
Scientific Research Leader Workshop Project (2018GXRC024,
2018GXRC021), and the Innovation Team Project of Colleges and Uni-
versities in Jinan (N0.2019GXRC027).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.snb.2021.129593.

References

[1] A. Shimomura, S. Shiino, J. Kawauchi, S. Takizawa, H. Sakamoto, J. Matsuzaki, et
al., Novel combination of serum microRNA for detecting breast cancer in the early
stage, Cancer Sci. 107 (2016) 326-334.

[2] P. Das, M. Reches, Single-stranded DNA detection by solvent-induced assemblies of
a metallo-peptide-based complex, Nanoscale 8 (2016) 9527-9536.

[3] A.R. Chandrasekaran, J.A. Punnoose, L.F. Zhou, P. Dey, B.K. Dey, K. Halvorsen,
DNA nanotechnology approaches for microRNA detection and diagnosis, Nucleic
Acids Res. 47 (2019) 10489-10505.

[4] N. Liu, F. Huang, X. Lou, F. Xia, DNA hybridization chain reaction and DNA
supersandwich self-assembly for ultrasensitive detection, Sci. China Chem. 60
(2016) 311-318.

[5] R.R. Huang, N.Y. He, Z.Y. Li, Recent progresses in DNA nanostructure-based
biosensors for detection of tumor markers, Biosens. Bioelectron. 109 (2018) 27-34.

[6] F. Revillion, A. Verdiere, J. Fournier, L. Hornez, J.-P. Peyrat, Multiplex single-
nucleotide primer extension analysis to simultaneously detect eleven BRCA1
mutations in breast cancer families, Clin. Chem. 50 (2004) 203-206.

[7] A.H. Loo, Z. Sofer, D. Bousa, P. Ulbrich, A. Bonanni, M. Pumera, Carboxylic carbon
quantum dots as a fluorescent sensing platform for DNA detection, ACS Appl.
Mater. Interfaces 8 (2016) 1951-1957.

[8] J.Q. Tian, Q. Liu, J.L. Shi, J.M. Hu, A.M. Asiri, X.P. Sun, et al., Rapid, sensitive, and
selective fluorescent DNA detection using iron-based metal-organic framework
nanorods: synergies of the metal center and organic linker, Biosens. Bioelectron. 71
(2015) 1-6.

[9] S. Liu, Z. Zhang, M. Han, Gram-scale synthesis and biofunctionalization of silica-
coated silver nanoparticles for fast colorimetric DNA detection, Anal. Chem. 77
(2005) 2595-2600.

[10] W. Yun, J.L. Jiang, D.Z. Cai, P.X. Zhao, J.S. Liao, G. Sang, Ultrasensitive visual
detection of DNA with tunable dynamic range by using unmodified gold
nanoparticles and target catalyzed hairpin assembly amplification, Biosens.
Bioelectron. 77 (2016) 421-427.

[11] R. Gasparac, B.J. Taft, M.A. Lapierre-Devlin, A.D. Lazareck, J.M. Xu, S.O. Kelley,
Ultrasensitive electrocatalytic DNA detection at two- and three-dimensional
nanoelectrodes, J. Am. Chem. Soc. 126 (2004) 12270-12271.

[12] A. Gunnarsson, P. Sjovall, F. Hook, Liposome-based chemical barcodes for single
molecule DNA detection using imaging mass spectrometry, Nano Lett. 10 (2010)
732-737.

[13] Y. Wan, P.J. Wang, Y. Su, L.H. Wang, D. Pan, A. Aldalbahi, et al., Nanoprobe-
initiated enzymatic polymerization for highly sensitive electrochemical DNA
detection, ACS Appl. Mater. Interfaces 7 (2015) 25618-25623.

[14] L. Yuan, W.W. Tu, J.C. Bao, Z.H. Dai, Versatile biosensing platform for DNA
detection based on a DNAzyme and restriction-endonuclease-assisted recycling,
Anal. Chem. 87 (2015) 686-692.

[15] R. Xu, Y. Du, D. Leng, L. Liu, Y. Li, X. Ren, et al., Antigen down format
photoelectrochemical analysis supported by fullerene functionalized Sn304, Chem.
Commun. 56 (2020) 7455-7458.

[16] P.P. Li, Y. Cao, C.J. Mao, B.K. Jin, J.J. Zhu, TiO/g-C3N4/CdS Nanocomposite-
based photoelectrochemical biosensor for ultrasensitive evaluation of T4
polynucleotide kinase activity, Anal. Chem. 91 (2019) 1563-1570.

[17] Y.-T. Xu, S.-Y. Yu, Y.-C. Zhu, G.-C. Fan, D.-M. Han, P. Qu, et al., Cathodic
photoelectrochemical bioanalysis, TrAC, Trends Anal. Chem. 114 (2019) 81-88.

[18] T. Hong, Z. Liu, X. Zheng, J. Zhang, L. Yan, Efficient photoelectrochemical water
splitting over Co304 and Co304/Ag composite structure, Appl.Catal. B 202 (2017)
454-459.

[19] Y. Yang, W. Cheng, Y.F. Cheng, Preparation of Co304@ZnO core-shell
nanocomposites with intrinsic p-n junction as high-performance photoelectrodes

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Sensors and Actuators: B. Chemical 333 (2021) 129593

for photoelectrochemical cathodic protection under visible light, Appl. Surf. Sci.
476 (2019) 815-821.

R. Yang, K. Zou, Y. Li, L. Meng, X. Zhang, J. Chen, Co304-Au polyhedra: a
multifunctional signal amplifier for sensitive photoelectrochemical assay, Anal.
Chem. 90 (2018) 9480-9486.

G. Dong, Y. Zhang, Y. Bi, The synergistic effect of BiWO¢ nanoplates and Coz04
cocatalysts for enhanced photoelectrochemical properties, J. Mater. Chem. A 5
(2017) 20594-20597.

Y. Chen, Y. Wang, P. Yan, Q. Ouyang, J. Dong, J. Qian, et al., Co304 nanoparticles/
graphitic carbon nitride heterojunction for photoelectrochemical aptasensor of
oxytetracycline, Anal. Chim. Acta 1125 (2020) 299-307.

Y. Liu, W. Shu, K. Chen, Z. Peng, W. Chen, Enhanced photothermocatalytic
synergetic activity toward gaseous benzene for Mo+C-codoped titanate nanobelts,
ACS Catal. 2 (2012) 2557-2565.

Y. Ding, H. Li, Y. Hou, Robust polyoxometalate-loaded nickel foam for
electrocatalytic oxygen evolution reaction, Mater. Lett. 221 (2018) 264-266.
X.-L. Wei, N. Li, J.-F. An, C.-F. Huo, H. Liu, R. Yang, et al., Synthesis of
superhydrophobic flower-like ZnO on nickel foam, CrystEngComm 22 (2020)
205-212.

X. Duan, K. Liu, Y. Xu, M. Yuan, T. Gao, J. Wang, Nonenzymatic electrochemical
glucose biosensor constructed by NiCo,04@Ppy nanowires on nickel foam
substrate, Sens. Actuators, B-Chem. 292 (2019) 121-128.

Q. Guo, W. Zeng, Y. Li, Highly sensitive non-enzymatic glucose sensor based on
porous NiCo204 nanowires grown on nickel foam, Mater. Lett. 256 (2019),
126603.

Y.Q. Gong, Z.F. Xu, H.L. Pan, Y. Lin, Z. Yang, X.Q. Du, Hierarchical Ni3Sy
nanosheets coated on Co304 nanoneedle arrays on 3D nickel foam as an efficient
electrocatalyst for the oxygen evolution reaction, J. Mater. Chem A 6 (2018)
5098-5106.

J. Bao, W.J. Liu, J.F. Xie, L. Xu, M.L. Guan, F.C. Lei, et al., NiyCo3 xO4 nanoneedle
arrays grown on Ni foam as an efficient bifunctional electrocatalyst for full water
splitting, Chem-Asian J. 14 (2019) 480-485.

P. Guo, Y.X. Wu, W.M. Lau, H. Liu, L.M. Liu, CoS nanosheet arrays grown on nickel
foam as an excellent OER catalyst, J. Alloys. Compd. 723 (2017) 772-778.

J.J. Duan, S. Chen, C. Zhao, Strained nickel phosphide nanosheet array, ACS Appl.
Mater. Interfaces 10 (2018) 30029-30034.

L. Wang, H. Wang, C. Qing, G. Qu, W.H. Ma, Y.W. Tang, Controllable shell
thickness of Co/CoO core-shell structure on 3D nickel foam with high performance
supercapacitors, J. Alloys. Compd. 726 (2017) 139-147.

X. Li, G.Q. Han, Y.R. Liu, B. Dong, W.H. Hu, X. Shang, et al., NiSe@NiOOH core-
shell hyacinth-like nanostructures on nickel foam synthesized by in situ
electrochemical oxidation as an efficient electrocatalyst for the oxygen evolution
reaction, ACS Appl. Mater. Interfaces 8 (2016) 20057-20066.

X. Chen, W. Xu, Y. Jiang, G. Pan, D. Zhou, J. Zhu, et al., A novel upconversion
luminescence derived photoelectrochemical immunoassay: ultrasensitive detection
to alpha-fetoprotein, Nanoscale 9 (2017) 16357-16364.

Z. Qiu, J. Shu, J. Liu, D. Tang, Dual-channel photoelectrochemical ratiometric
aptasensor with up-converting nanocrystals using spatial-resolved technique on
homemade 3D printed device, Anal. Chem. 91 (2019) 1260-1268.

X. Chen, R. Chen, X. Zhu, Q. Liao, Y. Zhang, D. Ye, et al., A solar responsive cubic
nanosized CuS/Cu0/Cu photocathode with enhanced photoelectrochemical
activity, J. Catal. 372 (2019) 182-192.

Z. Wang, S. Rafai, C. Qiao, J. Jia, Y. Zhu, X. Ma, et al., Microwave-assisted synthesis
of CuS hierarchical nanosheets as the cathode material for high-capacity
rechargeable magnesium batteries, ACS Appl. Mater. Interfaces 11 (2019)
7046-7054.

J. Liu, Y. Liu, W. Wang, J. Li, X. Yu, Q. Zhu, et al., Component reconstitution-driven
photoelectrochemical sensor for sensitive detection of Cu?" based on advanced
CuS/CdS p-n junction, Sci. China Chem. 62 (2019) 1725-1731.

G.C. Fan, H. Zhu, D. Du, J.R. Zhang, J.J. Zhu, Y. Lin, Enhanced
photoelectrochemical immunosensing platform based on CdSeTe@CdS:Mn core-
shell quantum dots-sensitized TiO, amplified by CuS nanocrystals conjugated
signal antibodies, Anal. Chem. 88 (2016) 3392-3399.

L. Yang, Y. Jia, D. Wu, Y. Zhang, H. Ju, Y. Du, et al., Synthesis and application of
Ce0O2/SnS; heterostructures as a highly efficient coreaction accelerator in the
luminol-dissolved O system for ultrasensitive biomarkers immunoassay, Anal.
Chem. 91 (2019) 14066-14073.

W.X. Dai, L. Zhang, W.W. Zhao, X.D. Yu, J.J. Xu, H.Y. Chen, Hybrid PbS quantum
dot/nanoporous NiO film nanostructure: preparation, characterization, and
application for a self-powered cathodic photoelectrochemical biosensor, Anal.
Chem. 89 (2017) 8070-8078.

J.G. Wu, J.H. Chen, K.T. Liu, S.C. Luo, Engineering antifouling conducting
polymers for modern biomedical applications, ACS Appl. Mater. Interfaces 11
(2019) 21294-21307.

Y. Xia, V. Adibnia, C. Shan, R. Huang, W. Qi, Z. He, et al., Synergy between
zwitterionic polymers and hyaluronic acid enhances antifouling performance,
Langmuir 35 (2019) 15535-15542.

J.Y. Ryu, L.T. Song, K.H. Lau, P.B. Messersmith, T.Y. Yoon, H. Lee, New antifouling
platform characterized by single-molecule imaging, ACS Appl. Mater. Interfaces 6
(2014) 3553-3558.

H. Ma, Q. Fan, B. Fan, Y. Zhang, D. Fan, D. Wu, et al., Formation of homogeneous
epinephrine-melanin solutions to fabricate electrodes for enhanced
photoelectrochemical biosensing, Langmuir 34 (2018) 7744-7750.

P. Tan, B. Chen, H. Xu, W. Cai, W. He, M. Ni, In-situ growth of Co304 nanowire-
assembled clusters on nickel foam for aqueous rechargeable Zn-Co304 and Zn-air
batteries, Appl. Catal. B 241 (2019) 104-112.


https://doi.org/10.1016/j.snb.2021.129593
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0005
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0005
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0005
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0010
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0010
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0015
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0015
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0015
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0020
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0020
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0020
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0025
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0025
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0030
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0030
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0030
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0035
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0035
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0035
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0040
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0040
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0040
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0040
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0045
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0045
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0045
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0050
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0050
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0050
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0050
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0055
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0055
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0055
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0060
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0060
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0060
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0065
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0065
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0065
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0070
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0070
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0070
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0075
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0075
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0075
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0080
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0080
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0080
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0085
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0085
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0090
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0090
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0090
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0095
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0095
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0095
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0095
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0100
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0100
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0100
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0105
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0105
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0105
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0110
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0110
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0110
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0115
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0115
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0115
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0120
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0120
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0125
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0125
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0125
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0130
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0130
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0130
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0135
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0135
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0135
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0140
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0140
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0140
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0140
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0145
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0145
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0145
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0150
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0150
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0155
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0155
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0160
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0160
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0160
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0165
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0165
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0165
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0165
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0170
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0170
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0170
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0175
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0175
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0175
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0180
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0180
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0180
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0185
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0185
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0185
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0185
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0190
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0190
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0190
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0195
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0195
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0195
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0195
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0200
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0200
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0200
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0200
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0205
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0205
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0205
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0205
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0210
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0210
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0210
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0215
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0215
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0215
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0220
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0220
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0220
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0225
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0225
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0225
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0230
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0230
http://refhub.elsevier.com/S0925-4005(21)00161-1/sbref0230

R. Xu et al.

Rui Xu is a doctoral candidate in school of chemistry and chemical engineering, University
of Jinan. Her current researches are photoelectrochemical sensor and nanomaterials.

Yu Du works and studies in School of Chemistry and Chemical Engineering, University of
Jinan as a teacher. Her main research interests are the determination of chemical
immunosensor.

Xiaoqing Wang is a doctoral candidate in Shandong Provincial Hospital Affiliated to
Shandong University. Now she is major in diagnosis and treatment of pediatric surgical
diseases.

Huan Wang received Ph.D. degree from China university of Geosciences (Beijing). Now,
he is an associate professor at University of Jinan. His main research interests are the
determination of electrochemical immunosensor.

Dawei Fan received her Ph. D degree from Lanzhou institute of chemical physics, Chinese
academy of sciences. Now, she is an associate professor at University of Jinan. Her main
research interests are electrochemical sensors and photoelectrochemical sensors. She has
published over 50 articles on analysis, immunosensor and applied successfully for many
research projects, such as Angewandte Chemie International Edition, Biosensors & Bio-
electronics, Journal of Physical Chemistry C, and ACS Applied Materials & Interfaces.

Dan Wu a professor and received the D.S. degree from Shandong University in 2005. She
dedicates to the surfactant and biological macromolecules interaction. And now she also
studies the role of surfactant in electrochemical immunosensor.

Sensors and Actuators: B. Chemical 333 (2021) 129593

Xiaojun Sun received the D.S. degree from Shandong University. Now, she is teacher at
University of Jinan. Her main research interests are the determination of structural
identification of biological macromolecules and electrochemical biosensor.

Qin Wei, a professor and DSc, has devoted herself to analytical teaching and scientific
research. Her main research interests are the determination of protein and nucleic acid by
photometry and the electrochemical immunosensor preparation. She has published over
200 articles on analysis, immunosensor and applied successfully for many research pro-
jects, such as Analytical Chemistry, Advanced Functional Materials, Chemical Communi-
cation, Biosensors & Bioelectronics, Journal of Materials Chemistry A, and ACS Applied
Materials & Interfaces.

Huangxian Ju received his BS, MS and PhD degrees from Nanjing University during
1982-1992. He was a postdoc in Montreal University (Canada) in 1996-1997 and a guest
professor in three universities of Germany and Ireland in 1999-2000. He became an
associate and full professor of Nanjing University in 1993 and 1999. He is currently the
director of State Key Laboratory of Analytical Chemistry for Life Science. His research
interests focus on analytical biochemistry, biosensing and molecular diagnosis. He has
published 635 papers in different journals with h-index of 85 (Google Scholar h-index 95
with about 31,634 citations).

Rongde Wu a professor and DSc, works in Shandong University. His main research in-
terest is diagnosis and treatment of pediatric surgical diseases.



	Ni foam supported photocathode platform for DNA detection based on antifouling interface
	1 Introduction
	2 Experimental section
	2.1 Preparation of Eu:Co3O4/Ni foam electrode
	2.2 Preparation of CuS/Eu: Co3O4/Ni foam electrode
	2.3 The assembly of DNA sensor
	2.4 PEC measurements

	3 Experiment results and discussion
	3.1 Material characterization
	3.2 Mechanism study of the PEC platform
	3.3 Sensor performance characterization
	3.4 Analytical performance of BRCA1
	3.5 Real samples analysis

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


