Biosensors and Bioelectronics 173 (2021) 112803

ELSEVIER

Contents lists available at ScienceDirect
Biosensors and Bioelectronics

journal homepage: http://www.elsevier.com/locate/bios

Preparation of PbS NPs/RGO/NiO nanosheet arrays heterostructure:
Function-switchable self-powered photoelectrochemical biosensor for H,O»

and glucose monitoring

Qingzhi Han, PhD*">“”, Hanyu Wang*”", Dan Wu, PhD*"", Qin Wei, PhD *"

2 Collaborative Innovation Center for Green Chemical Manufacturing and Accurate Detection, School of Chemistry and Chemical Engineering, University of Jinan, Jinan,

250022, PR China

Y Key Laboratory of Interfacial Reaction & Sensing Analysis in Universities of Shandong, School of Chemistry and Chemical Engineering, University of Jinan, Jinan,

250022, PR China

¢ Key Laboratory of Theoretical and Computational Photochemistry, Ministry of Education, College of Chemistry, Beijing Normal University, Beijing, 100875, China

ARTICLE INFO ABSTRACT

Keywords:
Photoelectrochemical biosensor
H,0, and glucose detection
Self-powered
Function-switchable

PbS NPs/RGO/NiO NSAs

On the basis of synthesized PbS nanoparticles (PbS NPs)/reduced graphene oxide (RGO)/NiO nanosheet arrays
(NiO NSAs) heterostructure, we constructed a function-switchable self-powered PEC sensing platform for the
analysis of H2O5 and glucose. Ordered NiO NSAs have high electron mobility, modifying RGO onto the surfaces
of NiO NSAs can connect the NiO NSAs with the PbS NPs and promoted the electron transfer rate between them,
as well as enhance their photocurrent response. The PbS NPs/RGO/NiO NSAs heterostructure own excellent
catalase-like activity can achieve H»O2 detection, only with one more step, after introducing glucose oxidase
(GOD) onto the surface of PbS NPs/RGO/NiO NSAs heterostructure, we realized the detection conversion be-
tween Hy0; and glucose. Under optimal conditions, the proposed biosensor exhibited superior analytical per-
formance toward H,02 and glucose, a limit of detection (LOD) of 0.018 mM (S/N = 3) and 5.3 x 1078 M (S/N =
3) were obtained, respectively. Moreover, good accuracy was obtained in the real samples analysis of HoO2

disinfectant and human serum samples.

1. Introduction

Self-powered biosensor (Han et al., 2019; Katz et al., 2001; Li et al.,
2019; Luo et al., 2019; Sun et al., 2019; Wu et al., 2019) is a rapidly
developed sensing device. For self-powered sensing devices, they need
not extra power supply and usually accompanied by redox reaction in
the detecting process (Grattieri and Minteer, 2018; Liu et al., 2019;
Majdecka et al., 2018; Ouyang et al., 2019; Petromichelaki et al., 2019;
Wang et al., 2019). Under light illumination and with the present of
analyte, the self-powered photoelectrochemical (PEC) biosensor would
give out electrical signal, and need not external energy supply (e.g.
battery or plug-in). These characteristics are favorable for the minia-
turization and low-cost fabrication of the self-powered PEC biosensor
(Zhang et al., 2020). Various materials have been developed for the
purpose of self-powered sensing devices, such as Au@BiOI/NiO (Han

et al., 2019), PbS/NiO (Dai et al., 2017), CdS/RGO/Zn0O (Zhao et al.,
2016), CdSe/ZnS/TiO, (dos Santos et al., 2018) and RGO/ZnO (Kang
et al., 2015). Although some progresses have been made in the field of
self-powered PEC bioanalysis, the exploration of new materi-
als/structures for self-powered PEC biosensors have never been stopped.

Nickel oxide (NiO) as a typical p-type semiconductor, owing to its
excellent catalytic properties, good stability and unique electrochemical
performance, has been wildly used in the field of electrocatalysis (Gong
etal., 2014; Nardi et al., 2015), photocatalysis (Liu et al., 2018) and PEC
bioanalysis (Dai et al., 2017; Han et al., 2019). What’s more, NiO as a
p-type semiconductor has a wide band-gap of Eg = ~ 3.5 eV (means low
visible light absorption), can be a suitable candidate for surface modi-
fication of lead sulfide nanoparticles (PbS NPs) (Dai et al., 2017; Han
etal., 2019; Liu et al., 2018). PbS NPs possess a narrow band-gap (Eg =
~ 0.4 eV) and a large exciton Bohr radius, which make it has high light
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harvest range, high dielectric constant and strong confinement effects of
charge carriers (Dai et al., 2017; Mukherjee et al., 2019). Hence, PbS
NPs are ideal sensitizer to sensitize p-type NiO NSAs. In order to further
promote the PEC performance of the PbS NPs modified NiO NSAs,
reduced graphene oxide (RGO) was introduced. As a popular
two-dimensional material, RGO coupling with other semiconductors
could be used to construct highly efficient photocatalyst or PEC sensing
platform (Chi et al., 2019; Han et al., 2018; Jeevitha et al., 2019; Liet al.,
2015; Xiang et al., 2015; Zeng et al., 2019). Therefore, RGO as an
electron collector was inserted into the middle of PbS NPs/NiO NSAs to
form the PbS NPs/RGO/NiO NSAs heterostructure.

Glucose is the power source of cell activity as well as metabolic in-
termediate product in human body. Hydrogen peroxide (H20-) existed
in many biological processes, such as cell apoptosis and protein folding,
also is an effective oxidant (Zhang et al., 2015). In the glucose oxidation
process, HyO also is the by-product of the oxidization of glucose (Zhang
et al., 2015). With the presence of glucose oxidase (GOD), glucose can be
oxidized by oxygen via the following reaction: Glucose + Oy + Hy0 —
H0, + gluconic acid (Han et al., 2019; Wilson and Turner., 1992).
Based on this mechanism, the concentration of HoO> could reflect the
concentration of glucose. Chen’s group realized PEC detection of glucose
by using PbS QDs/NiO to compete consuming O, with GOD (Dai et al.,
2017), while in our design, Hy0- as a reactive oxygen species could also
take part in the redox reaction of PEC analysis and affect the output
signal. Hence, developing a sensing platform for the detection of both
H20; and glucose is feasible.

In this work, NiO NSAs, RGO and PbS NPs were chosen for the
construction of self-powered PEC sensing platform. As shown in Scheme
1, firstly, NiO NSAs were modified onto the surface of ITO via hydro-
thermal reaction and annealing process, secondly, RGO was spin-coated
on the surface of NiO NSAs. Following, PbS NPs were in situ formed on
the surface of RGO/NiO NSAs via the technique of successive ionic layer
adsorption and reaction (SILAR) (Khot et al., 2015). Then, the PEC
biosensor for the detection of Hy0, was successfully constructed
(Scheme 1a), because PbS NPs/RGO/NiO NSAs could decompose HyO5
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and produce Oy (Wang et al., 2014; Yu et al., 2015). In order to realize
the quantitative analysis of glucose, GOD as an enzyme model was
further fixed on the surface of PbS NPs/RGO/NiO NSAs electrode
(Scheme 1b). Therefore, based on the PbS NPs/RGO/NiO NSAs hetero-
structure and by controlling the presence or absence of GOD, we con-
structed a function-switchable sensing platform for the self-powered
detection of H,O2 and glucose.

2. Experimental section

Chemicals and apparatus, synthesis of the materials, the detection
process, the simulation parameters of the equivalent circuit components,
and the analytical performance of the proposed sensing platform
compared with various methods for the analysis of HyO, and glucose are
offered in the Supporting Information.

3. Results and discussion

3.1. Characterization of NiO NSAs, RGO/NiO NSAs and PbS NPs/RGO/
NiO NSAs

Fig 1A clearly depicted the scanning electron microscopy (SEM)
image of NiO nanosheet arrays (NSAs), and the NiO nanosheet with a
length about ~3 pm. After RGO were modified on NiO NSAs (Fig. 1B)
the surface became rough. With the further addition of PbS NPs (Fig. 1C)
via SILAR method, the PbS NPs were fixed onto the surface of RGO/NiO
NSAs. Fig. 1D showed the transmission electron microscopy (TEM)
image of PbS NPs, which has a diameter about ~16 nm. The crystal
structures of NiO NSAs, RGO/NiO NSAs and PbS NPs/RGO/NiO NSAs
were investigated by XRD measurement (Fig. 1E). The XRD pattern of
NiO NSAs possessed sharp diffraction peaks at 37° , 43° , 62° , 75° ,
79° corresponding to JCPDS Card No. 47-1049. The XRD pattern of
RGO/NiO NSAs compared with NiO NSAs showed one more little peak
at 22° (*), which could attribute to the small content of RGO in the RGO/
NiO NSAs heterostructure. The XRD pattern of PbS NPs/RGO/NiO NSAs
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Scheme 1. Schematic illustration of the preparation of PbS NPs/RGO/NiO NSAs heterostructure based platform: application for (a) H>O, and (b) glucose detection,

respectively.
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Fig. 1. SEM image of (A) NiO NSAs, (B) RGO/NiO NSAs, and (C) PbS NPs/RGO/NiO NSAs. (D) TEM image of PbS NPs. (E) XRD patterns of PbS NPs/RGO/NiO NSAs,
RGO/NiO NSAs and NiO NSAs, respectively. (F) EDS analysis of PbS NPs/RGO/NiO NSAs.
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Fig. 2. (A) Photocurrent performance of NiO NSAs
(black curve), RGO/NiO NSAs (red curve), and PbS
NPs/RGO/NiO NSAs (blue curve) electrodes in air-
saturated 0.1 M Tris-HCl solution (pH = 7.0) (with
0 V bias voltage vs. SCE and a 420-430 nm LED
lamp-house). (B) The current-potential characteris-
tics of PbS NPs/RGO/NiO NSAs with or without light
in the applied range of —0.2-0.2 V. The photocurrent
responses of (C) NiO NSAs, (D) RGO/NiO NSAs, (E)
PbS NPs/NiO NSAs, (F) PbS NPs/RGO/NiO NSAs
without (a) or with (b) the addition of 0.1 mM H50,
(in 0.1 M Tris-HCI buffer, pH = 7.0). (For interpre-
tation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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showed sharp diffraction peaks at 26°, 30°, 43°, 50° and 53° corre-
sponding to JCPDS Card No. 05-0592, indicating the successful fabri-
cation of PbS NPs/RGO/NiO NSAs heterostructure. The energy
dispersive spectrometer (EDS) image (Fig. 1F) of PbS NPs/RGO/NiO
NSAs showed the existence of Pb, S, C, Ni and O, which in accordance
with its constituents.

X-ray photoelectron spectroscopy (XPS) analysis was also used to
investigate the valence states of the C, Ni, O, Pb and S elements in the
PbS NPs/RGO/NiO NSAs hybrid nanocomponents. Fig. STA (Supporting
Information) was the XPS survey of PbS NPs/RGO/NiO NSAs, which
shows the existence of C 1s, Ni 2p, O 1s, Pb 4f and S 2p. C 1s (284.6 eV)
in Fig. S1B could be attributed to RGO and the absorbed CO; from air.
The high-resolution XPS spectra of Ni 2p (Fig. S1C) shows several peaks
in the range of 851-885 eV. The peaks in ~ 853, ~ 860 and ~872 eV are
assigned to Ni 2ps,» and Ni 2p; /5, respectively, which could attribute to
the NiO compound. O 1s spectrum (Fig. S1D) showed two peaks located
at ~ 529 and 531 eV, respectively, could be assigned to Ni-O bond and
oxygen-containing groups in RGO. Fig. S1E depicted that the Pb 4f; 5
and Pb 4f5,; peaks located at ~137 and 142 eV. While the S 2p signals
(Fig. S1F) consist of S 2p;,» and S 2p3/2 at ~ 160 eV, which could be
attributed to the PbS compound.

3.2. PEC characterization

Photocurrent measurement was carried out in a three-electrode
configuration with a Pt wire as the counter electrode, saturated
calomel electrode (SCE) as the reference electrode and a slide of modi-
fied ITO as the working electrode. To investigate the PEC performance of
different electrode, we tested the photocurrent responses of the NiO
NSAs, RGO/NiO NSAs and PbS NPs/RGO/NiO NSAs electrode, respec-
tively. As shown in Fig. 2A, the PbS NPs/RGO/NiO NSAs electrode
exhibited the maximum current ~ —7 pA, which proved the superiority
of the PbS NPs/RGO/NiO NSAs heterostructure. The linear sweep vol-
tammetry (LSV) was carried out in both dark and irradiation conditions
to investigate the effect of light (Fig. 2B). In the selected range
(—0.2-0.2 V), with or without light irradiation the photocurrent both
increased, which means the PEC response of PbS NPs/RGO/NiO NSAs
enhanced its cathodic photocurrent. The PEC activities of different
combination of materials also were investigated, the photocurrent re-
sponses of NiO NSAs, RGO/NiO NSAs, PbS NPs/NiO NSAs and PbS NPs/
RGO/NiO NSAs without (a) or with (b) the presence of 0.1 mM H50; in
0.1 M Tris-HCl were depicted in Fig. 2C, D, 2E and 2F. It is obvious that
the PbS NPs/RGO/NiO NSAs exhibited the highest photocurrent incre-
ment, which indicating the PbS NPs/RGO/NiO NSAs heterostructure is
favorable for H,O, detection.

The fabrication steps of the GOD modified electrode was certified via
the corresponding photocurrent responses (Fig. 3A) and the EIS Nyquist
plots (Fig. 3B). After the addition of RGO and PbS NPs onto the surface of

Biosensors and Bioelectronics 173 (2021) 112803

NiO NSAs, the photocurrent responses gradually increased (Fig. 3A, blue
curve), which could be attributed to the good electron conductivity of
RGO as well as the expanded light absorption range brought by PbS NPs,
respectively. With the further modification of GOD, the photocurrent
showed a significant decline (Fig. 3A, green curve), which could be
attributed to the nonconducting nature of enzyme. In Fig. 3B, the
semicircle part represents the electron transfer resistance (Ret), which
represented the restricted diffusion of the redox probe through the
different layers. Except the addition of RGO reduced the impedance, the
modification of PbS and GOD all enhanced the impedance, the results
were in accord with Fig. 3A. The inset of Fig. 3B was the analog circuit of
EIS, Rs, Zw, Cdl were the solution resistance, Warburg impedance, and
the double layer capacitance, respectively. The detailed simulated data
(via ZsimpWin software) were shown in Table S1 (Supporting Infor-
mation). As depicted in Fig. 3C, the on-off-on photocurrent circles
within 440 s demonstrated that the fabricated PEC sensing platform
have good signal output stability.

3.3. Optimization of experimental conditions for PEC detection

For the desired sensing PEC performance, some experimental details
need to be optimized. The loading amount of PbS NPs have great impact
on the PEC performance of PbS NPs/RGO/NiO NSAs, so we optimized
the modification amount of PbS NPs by controlling successive ionic layer
adsorption and reaction (SILAR) cycles. As shown in Fig. S2 (Supporting
Information), in the beginning the photocurrent response of PbS NPs/
RGO/NiO NSAs enhanced with the increasing of SILAR cycles, when the
cycles excess 4 the photocurrent response decreased instead, this was
due to the excess PbS NPs though enhanced light harvest but also greatly
increased the electron transfer resistance. Hence, 4 SILAR cycles were
selected for the PbS NPs modification.

3.4. Characterization of the proposed sensing platform for H,0, and
glucose analysis

Under optimized conditions, the analytical performance of the
fabricated PEC biosensor for HyO, and glucose detection were indicated
via the linear regression equation. As depicted in Fig. 4A, it could be
seen from the inset that the photocurrents increased with the increment
of the concentrations of Hy05, and the photocurrents also linearly
increased against the logarithm of HyO2 concentrations in the dynamic
range of 0-100 mM. The limit of detection (LOD) was estimated to be
0.018 mM (S/N = 3). The linear regression equation for HyO, detection
was AI (pA) = —1.465 1g ¢ + 1.35, and with a correlation coefficient :8)
= 0.9820. The photoelectrochemical catalysis of RGO/NiO NSAs to-
wards HyO, can be described as follows: NiO + OH™ - e- — NiOOH;
2NiOOH + Hy045 — 2NiO + 2H50 + O,. Fig. 4B depicted the selectivity
performance of the proposed HyO; biosensor. As shown in the figure,
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Fig. 3. (A) The photocurrent responses of NiO NSAs, RGO/NiO NSAs, PbS NPs/RGO/NiO NSAs and GOD@PbS NPs/RGO/NiO NSAs electrode, respectively. And (B)
its corresponding EIS Nyquist plots (inset is the simulated equivalent circuit of EIS). (C) The PEC responses of the PbS NPs/RGO/NiO NSAs electrode under several

“on-off” irradiation cycles for 440 s (bias voltage is 0 V).
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Fig. 4. (A) The photocurrent response (Al = I-Iy, Iy
and I are the photocurrent of PbS NPs/RGO/NiO
NSAs electrode before and after reaction with HyOo,
respectively.) of the PbS NPs/RGO/NiO NSAs elec-
_I— trode vs. -log cp202. Inset is the corresponding
photocurrent response for different concentrations of
H,0, (a—g: 0.05, 0.25, 0.5, 5, 10, 50, 100 mM). The
bias voltage is 0 V. (B) Effect of added interfering
substances: (a) 0.1 mM Na,SOy, (b) 0.1 mM KCl, (c)
0.1 mM NaCl, (d) 0.1 mM glucose, (¢) 0.1 mM
dopamine, (f) 0.1 mM H0, and (g) 0.1 mM Hy05 +
all other interfering substances. (C) The photocurrent
T increase of (AI = I — Iy, with Iy and I being the
photocurrent responses of GOD@PbS NPs/RGO/NiO
NSAs electrode before and after incubation with

I glucose, respectively.) of the GOD@PbS NPs/RGO/

NiO NSAs electrode vs. -log cgy. Inset is the corre-
sponding photocurrent response for different con-
centrations of glucose (a—g: 0.1, 0.01, 1 x 10731 x
10041 x 107°, 1 x 1075 1 x 1077 M). (D) The
tested substances in turn are (a) 1 mM glucose , (b)
h 1 mM NaCl , (¢) 1 mM ascorbic acid, (d) 1 mM urea,
(e) 1 mM dopamine, (f) 1 mM lysine, (g) 1 mM L-
histidine , (h) 1 mM cysteine and (i) 1 mM glucose +
all other interfering substances. All the error bars
represent the standard deviations of the three
experiments.
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only with the presence of HyO, the PEC signal could have a big
enhancement, which indicated the high selectivity of this biosensor.

Fig 4C presented the fabricated self-powered glucose PEC biosensor
photocurrent responses toward the concentrations of glucose. The
photocurrents linearly increased against the logarithm of glucose con-
centrations in a certain range of 0.1-1 x 1077 M (LOD: 5.3 x 1078 M).
Meanwhile, the linear regression equation of this self-powered PEC
biosensor conforms to the following equations: AI (nA) = —0.154 1g ¢ -
0.77 (R2 = 0.9727). The inset of Fig. 4C (a—g) was the corresponding
photocurrent responses of the logarithm of glucose concentrations.
Fig. 4D depicted the selectivity of the self-powered PEC biosensor for
glucose analysis, as can be seen from the picture, with the presence of
glucose (Fig 4Da and 4Di) the photocurrent were much higher than the
samples without it, indicating the selectivity of this PEC biosensor was
acceptable.

What’s more, the analytical performance of the designed PEC
biosensor for H;0O, and glucose detection were also compared with
many previously works. As depicted in Table S2 (Ho02 detection com-
parison) and Table S3 (glucose detection comparison), the PbS NPs/
RGO/NiO NSAs and GOD@PbS NPs/RGO/NiO NSAs self-powered
sensing platform exhibited a wide detection range as well as a low
LOD, which proved the promising future of the proposed sensing
platform.

Reproducibility is an important indicator to evaluate a sensing
platform. Herein, the reproducibility of the proposed self-powered PEC
sensing platform was evaluated via intra-assay and inter-assay relative
standard deviation (RSD). The intra-assay of PbS NPs/RGO/NiO NSAs
sensing platform was operated via measuring one electrode five times
with 5 mM and 15 mM H30,, for which the obtained RSD value were
4.9% and 4.5%. While for the inter-assay, five of the proposed electrodes
were used to detect 5 mM and 15 mM H302 under exactly the same
conditions, the obtained RSD were 5.1% and 4.7%. In the same way, the
intra-assay and inter-assay of GOD@PbS NPs/RGO/NiO NSAs electrode
for 5 mM and 15 mM glucose were tested. For the intra-assay analysis
the RSD were 3.3% and 4.3%, while for the inter-assay analysis the
obtained RSD were 4.1% and 3.7%, respectively. The obtained results
indicated acceptable reproducibility of the designed sensing platform for

both the Hy0, and glucose monitoring.
3.5. Real samples analysis

In order to prove the practicability of the PbS NPs/RGO/NiO NSAs
and GOD@PbS NPs/RGO/NiO NSAs sensing platform in conventional
analysis, the proposed sensing platforms were used to detect the diluted
H0, disinfectant solutions and real human serum samples (offered by
local hospital, serum was diluted with 0.1 M Tris-HCl), respectively. The
results of the proposed PEC sensing platform for HyOy and glucose
detection were compared with those obtained via commercialized HyO4
assay kit and glucometer, respectively. As shown in Table 1, the diluted
H30, disinfectant samples and diluted serum samples with various
concentrations were measured. The results of RSDs and the recoveries of
both the diluted HyO, disinfectant and human serum have acceptable
precision and accuracy, which indicated the promising potential of the
proposed sensing platform for biological analysis.

4. Conclusions

Inspired by that the H,05 is the by-product of glucose enzymolysis, a
cheap, sensitive and self-powered sensing platform was established for
the in vitro measurement of HoO5 and glucose. NiO NSAs with excellent
photocatalytic properties for HyO2, while the addition of RGO and PbS
NPs can accelerate the electron transfer rate and enhance the light
harvest efficiency. The proposed PbS NPs/RGO/NiO NSAs hetero-
structure is prepared layer by layer, and with one more step (addition of
GOD), the proposed sensing platform can realize the detection conver-
sion between HyO5 and glucose. We believe the design idea of sensitive,
rapid, self-powered and function-switchable sensing platform would
pave a new way for the design of biosensors in routine analysis.
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Comparison of analytical results for diluted H,O, disinfectant and human serum samples via the proposed PEC sensing platform by using H,O, assay kit and glucometer

as the reference method, respectively.
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