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In this study, lead(II) sulfide (PbS) nanocrystals were modified on nickel(II)oxide nanosheets (NiO NSs) via the
chemical bath method. Afterwards, Au nanoparticles (NPs) were also modified successfully. A photo-
electrochemical (PEC) self-powered platform for detecting sarcosine with high PEC activity was constructed. The
capacity of NiO NSs to be loaded with other sensitizing materials was mainly attributed to its porous structure
and large specific surface area. Under optimum conditions, the constructed PEC self-powered cathodic sensor for
detecting sarcosine exhibited a linear range in 5.0 x 1078-5.0 x 1072 mol/L with a detection limit (LOD) of 1.7
x 1078 mol/L. The biosensor demonstrated good reproducibility, acceptable stability and high specificity, thus

confirming its potential application in the detection of other similar substances.

1. Introduction

Sarcosine is formed by the methylation of glycine and it exists in the
human body in trace amounts. Sarcosinemia and other diseases,
including prostate cancer can be caused by an extremely high concen-
tration of sarcosine in the plasma or urine. It has been reported that
sarcosine, which is also known as N-methylglycine can effectively reflect
the severity of prostate cancer and reveal the growth behaviors (slowly
growing or highly invasive) of cancer cells (Sreekumar et al., 2009).
Further, urinary creatine detection is a more accurate method of diag-
nosing prostate cancer compared with the detection of blood
prostate-specific antigen that is commonly adopted in the clinic (Khan
et al.,, 2018; Wang et al., 2019). Thus, it is particularly valuable to
achieve the rapid and sensitive detection of sarcosine.

In recent years, much effort has been invested into developing sen-
sors, such as self-powered biosensors (Dong et al., 2020; Yao et al., 2020;
Tong et al., 2021; Zhong et al., 2021; Zhu et al., 2021; Peng et al., 2014).
Li et al. integrated an enzymatic biofuel cell (EBFC) with the deoxy-
ribonucleic acid (DNA) amplification strategy to design a self-powered
biosensor for detecting SNPs (Gu et al., 2019). Generally, a typical
self-powered biosensing platform does not require an external power
and bias (Tang et al., 2019; Chen et al., 2019; Gai et al., 2017, 2018;

Peng et al., 2021; Zhao et al., 2017). Its power can be directly supplied
by the sensor to act on the sensing device, thus affording the sensor with
a good prospect in immunoassay (Huang et al., 2020; Ouyang et al.,
2020; Guan et al., 2019; Zeng et al., 2018; Chen et al., 2017). Further-
more, the PEC self-powered biosensor exhibited advantages, such as
economic efficiency, facile operation, portability and miniaturization.
Thus, it exhibited good application prospects in the fields of no-battery
devices (Yang et al., 2019; Zhu et al., 2020; Peng et al., 2018).
Semiconductor materials are generally divided into n-type and p-
type semiconductors. Compared with n-type semiconductors, the p-type
ones exhibit stronger anti-interference and anti-reduction abilities
(Zhang et al., 2018; Zhu et al., 2019; Han et al., 2021), which is mainly
because of their stronger resistance to oxidation (Gao et al.,, 2014;
Chuang et al.,, 2014). Moreover, the reducing substances, such as
ascorbic acid and glutathione, in electrolytes may greatly impact the
n-type semiconductors. Therefore, many p-type semiconductors were
utilized in recent years to construct sensors, as well as for biological
analyses. NiO, an inexpensive p-type semiconductor with a large band
gap (3.5 eV), is widely utilized in the field of PEC sensing and catalysis
(Huang et al., 2017; Cao et al., 2020; Hu et al., 2020). Owing to the
limitation of the weak PEC signal of pure NiO, it is generally necessary to
combine it with other representative semiconductors to enhance its PEC
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signal (Jasim et al., 2020; Xu et al., 2015; Oluwalana and Ajibade, 2020;
Wu et al., 2018; Park et al., 2014). The introduction of a narrow band
gap semiconductor, PbS (0.41 eV), can enhance the absorption and
utilization of light energy by pure NiO, thereby improving its photo-
electric conversion efficiency (Yang et al., 2018; Garcia-Valenzuela
et al., 2013; Park et al., 2015; Hou et al., 2020). Moreover, PbS exhibits
excellent photoconductivity and demonstrates strong confinement of
charge carriers (Khot et al., 2015; Wang et al., 2019).

In this work, a PEC self-powered sensor, which was designed with a
narrow band gap semiconductor, NiO NSs, as the base material, was
constructed via layer-by-layer modification. In detail, nickel(Il)hy-
droxide (Ni(OH),) was calcined at a specific temperature to convert it
into NiO, which adheres tightly to the working electrode. Following the
successive modifications of the PbS nanocrystals, as well as Au NPs, the
NiO/PbS/Au composite nanomaterial with improved PEC response was
formed. This combination strategy can adequately utilize light energy
and efficiently promote charge separation, thus improving the photo-
current conversion efficiency. As shown in Scheme 1, a good detection of
sarcosine was achieved after sarcosine oxidase (SOx) was immobilized
on the electrode. Furthermore, the constructed sensor exhibited a signal-
suppression mechanism, which depended on O,. Compared with the
biosensors in similar studies, the PEC biosensor in this study exhibited
good performance owing to the unique nanostructure of NiO/PbS/Au
NPs, as well as the good electrical conductivity and surface plasmon
resonance (SPR) effect of Au NPs (Lv et al., 2020). Therefore, the unique
combination of materials, as well as an appropriate structural design,
greatly improved the performance of the PEC biosensors.

2. Experimental part
2.1. Materials and instruments

Nickel(IDnitrate hexahydrate (Ni(NO3)2-6H20) was obtained from
Guangcheng Chemical Reagent Factory. Potassium persulfate (K2S20g)
and gold chloride tetrahydrate (HAuCl4-4H20) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Aqueous
ammonia (25-28%) was obtained from Tianjin Fuyu Fine Chemical Co.,
Ltd (Tianjin, China). Lead(Il)nitrate (Pb(NOs3);) was purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China). Ethylene glycol was
obtained from Tianjin Damao Chemical Reagent Factory. Polydiallyl
dimethylammonium chloride (PDDA) was purchased from Aladdin In-
dustrial Corporation (Shanghai, China). The indium-tin oxide (ITO) was
purchased from China Southern Glass Holding Co., Ltd (Shenzhen,
China). All the reactants were analytically pure and were utilized, as
received.

The electrochemical impedance spectroscopy (EIS) was measured on
a Zahner Zennium electrochemical workstation (PP211, Germany). X-
ray powder diffraction (XRD) analysis was performed on a D8 Advance
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Scheme 1. Fabrication of the PEC self-powered photocathodic biosensor for
detecting sarcosine.
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X-ray diffractometer (Bruker AXS, Germany) in the range of 10-80° (26).
Scanning electron microscopy (SEM) and element mapping were per-
formed on a field-emission scanning electron microscope (Zeiss Gemini
SEM 300, GER). High-resolution transmission electron microscopy
(HRTEM) was performed with a JEM-2100 electron microscope (JEOL,
Japan). The ultraviolet-visible (UV-Vis) diffuse reflectance light spectra
were measured on a UV-Vis spectrophotometer (TU-1901, Beijing Pur-
kinje General Instrument Co Ltd.,). The PEC measurement was con-
ducted on an electrochemical workstation (IVIUM Vertex One,
Netherlands).

2.2. Synthesis of ITO/NiO/PbS

To ensure the progress of the experiment, the ITO conductive glass
substrate was pretreated before utilization. The ITO conductive glass
substrate was cut into 1 x 2 cm? and placed in a solution of washing
powder, 1 mol/L NaOH, ethanol and ultrapure water every 20 min. The
treated ITO conductive substrate was blown dry with nitrogen to pre-
pare it for the subsequent step. A facile method was employed to grow Ni
(OH), NSs. Further, 1.23 g of Ni(NO3)2-6H20 was dissolved in 35 mL of
ultrapure water, after which 0.2 g of K3S20g was added and stirred.
Thereafter, 5 mL of concentrated aqueous ammonia (25-28%) was
added to prepare the precursor solution. The mixture solution was
transferred into a Teflon-lined steel autoclave (50 mL) after 10 min of
stirring. A piece of the ITO glass substrate was placed with the
conductive surface facing downwards and maintained for 10h at
150 °C. This approach facilitated the growth of a green Ni(OH), array
film on the ITO. The film was calcined for 2 h at 400 °C to form a dark-
yellow NiO NSs.

Furthermore, ITO/NiO/PbS was synthesized employing ITO/NiO via
the chemical bath method. Briefly, ITO/NiO was immersed in a 0.1 mol/
L Pb(NO3), methanol solution to ensure that sufficient Pb%* ions were
absorbed on the surface of the substrate. Afterwards, they were rinsed
with an anhydrous methanol solution for 1 min to remove the unsteadily
bound excess Pb%". Thereafter, ITO/NiO was dipped into a 0.1 mol/L
Naj,S methanol solution in which the adsorbed Pb?* reacted with S2~ for
30 s to form a thin layer of PbS. Afterwards, the electrode was rinsed
with an anhydrous methanol solution for 1 min

2.3. Fabrication of the PEC self-powered biosensor

The proposed sensor was constructed according to previous reports
but with minor modifications (Shi et al., 2018). In the first step, the 2%
PDDA solution was prepared and ITO/NiO/PbS/Au electrode was dip-
ped in the aforementioned solution containing 0.5 mol/L NaCl. Sec-
ondly, it was allowed to stand for 2 h at room temperature to generate
adhesion (Song et al., 2018). Next, 10 pL of 0.5 mg/mL SOx was drop-
ped on the above proposed electrode to initiate a connection with PDDA
and achieve a specific recognition with sarcosine. Subsequently, it was
incubated in the refrigerator for 2 h at 4 °C.

2.4. PEC measurement of sarcosine

The PEC analysis of the proposed biosensor was performed in a
0.1 mol/L Tris-HCl solution (pH = 7.0). The photocurrent was measured
via the chronoamperometry (i-t) method. The light source was a flexible
wavelength scope of 420-430 nm, and the bias voltage was 0 V. The
three-electrode pattern was adopted for the PEC measurement. A slide of
the modified ITO electrode was utilized as the working electrode, and a
Pt wire and saturated calomel electrode were employed as the counter
and reference electrodes, respectively.
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3. Results and discussion
3.1. Characterization of the materials

NiO was produced by calcining Ni(OH), for 2 h at 450 °C. Fig. 1A
and 1B showed the TEM and SEM images of NiO, respectively. The
lamella structure of NiO was observed from the TEM image, thereby
confirming the existence of NiO. Fig. 1B and the inset showed the
different magnifications of the SEM images of NiO. The thickness was
~200 nm. It could be observed that NiO exhibited an ordered nanoarray
structure, which benefitted the loading of other substances. Further, the
TEM and SEM images confirmed that NiO exhibited a nanosheet array
structure. Furthermore, XRD, which is a valuable method of analyzing
substances, is generally employed to define certain substances. The XRD
patterns of the NiO (black line) and NiO/PbS composites (red line) were
obtained, as shown in Fig. 1C. NiO NSs exhibited sharp diffraction peaks
at 37°, 43°, 62°, 75° and 79°, which corresponded to the (111), (200),
(220), (311) and (222) crystal forms, respectively. This result revealed
the formation of NiO (JCPDS PDF#47-1049) and the absence of other
Ni-related impurities in the sample. Regarding NiO/PbS, in addition to
the peak position of NiO, strong diffraction peaks, which corresponded
to (111), (200), (220), (311), (222) and (400), appeared at 26°, 30°, 43°,
50°, 53° and 63°, thereby confirming the successful loading of PbS
(JCPDS PDF#05-0592) on NiO (Zhu et al., 2019; Suganya and Balu,
2017). Fig. 1D showed the SEM image of the NiO/PbS composite. It can
be seen that PbS exhibited a small nanocrystalline shape and was tightly
coupled to the NiO NSs array, thereby availing additional sites for
loading SOx. Further, Fig. 1E showed the element mapping of the
NiO/PbS composite. It revealed that elements O and Ni, as well as S and
Pb, were approximately in the same distribution position, further veri-
fying the modification of PbS on the porous NiO NSs. Fig. 1F showed the
spherical AuNPs on NiO/PbS. After forming Au-S bonds between Au
with PbS, the material exhibited a loose and porous shape, which proved
the recombination of AuNPs.

3.2. Characterization of the modified electrode

Fig. 2(A) showed the HRTEM image of AuNPs with a diameter of
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14-16 nm (Fig. 2(A) inset). The UV-Vis absorption diffuse reflectance
spectra of NiO (black), NiO/PbS (red) and NiO/PbS/Au (blue) were also
measured. Fig. 2B showed that the bare NiO electrode barely absorbed
visible light mainly because of the relatively broad excitation of its band
gap. Significant absorption of NiO/PbS was observed above 400 nm.
Regarding the NiO/PbS/Au composites, the absorption rate further
increased in the same wavelength range. Under visible light irradiation,
the continuous increase in the absorption rate further indicated that the
prepared NiO/PbS/Au electrode was suitable to be utilized as a photo-
sensitive electrode. Additionally, the appearance of the NiO/PbS/Au
peak at 560 nm might be due to the SPR effect of AuNPs.

Incidentally, the characteristic linear sweep voltammetry curve of
the ITO/NiO/PbS/Au electrode was also measured under illumination
and dark conditions, and the result was shown in the supplementary
material (Fig. S1, supplementary material).

To verify the success of the layer-by-layer modification process of the
biosensor, the PEC response was conducted, as well as electrochemical
impedance spectroscopy (EIS). Fig. 3A showed that the value of the PEC
signal of a single NiO NSs was only approximately —100 nA (curve a)
under visible light irradiation (420-430 nm). Thereafter, a very signif-
icant enhancement was observed in the signal after the modification of
PbS (curve b) probably because the modification had sensitized the band
gap of NiO and increased its absorbance. The value of the photocurrent
was continuously increased as AuNPs were further coated on the elec-
trode. AuNPs materials generally exhibited good electrical conductivity.
Additionally, they exert unique SPR effects. These unique characteristics
accounted for the increase in the photocurrent value to —6 pA. After
loading SOx (curve d), the photocurrent became lower than that of NiO/
PbS/Au probably because SOx prevented the material from absorbing
visible light. Fig. 3B showed the EIS result of the constructed PEC self-
powered biosensor, and the curve in the figure corresponded to that in
Fig. 3A. The EIS semicircle represented Ret. The plot revealed that Re¢ of
bare ITO was smaller than that of ITO/NiO, thus indicating that NiO NSs
were loaded. Compared with the red curve, R of the blue curve was
much higher than that of the former. This might be due to the modifi-
cation of p-type PbS, which increased the electron-transfer resistance.
Following the modification of AuNPs (green curve), R of that dimin-
ished and this could be attributed to the outstanding electrical
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Fig. 1. (A) TEM image of NiO NSs, (B) SEM image of NiO with a 5 um scale (the inset is the SEM image of NiO NSs with the scale of 2 um), (C) XRD patterns of the as-
synthesized NiO NSs and NiO/PbS compounds, (D) SEM image and (E) element mappings of the NiO/PbS compounds, and (F) SEM image of NiO/PbS/Au.
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Fig. 2. (A) HRTEM of AuNPs (inset: AuNPs size distribution), (B) UV-Vis absorption diffuse reflectance spectra of the as-synthesized NiO, NiO/PbS and NiO/PbS/Au.
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respectively) of the prepared electrode. The inset in (B) shows the EIS equivalent circuit.

conductivity. When SOx was fixed on the surface of the ITO/NiO/PbS/
Au electrode (pink curve), it further increased Re; probably because of
the hindrance of the protein.

3.3. Possible electron-transfer mechanism of the constructed biosensor

As shown in Scheme 2, the photo-generated electrons of the photo-
cathode reacted with O in the electrolyte to form O3 under visible light
irradiation. Further, AuNPs exerted a unique SPR effect and simulta-
neously availed electrons to the conduction bands of PbS and NiO,
further improving the PEC performance of the NiO/PbS electrode.
Moreover, the good electrical conductivity of AuNPs contributed to the
acceleration of the electron transmission. What is more, the SOx
decomposition of sarcosine consumed O; to form HyO4 and other sub-
stances. After modifying SOx, the cathodic PEC performance of the self-
powered sensor diminished mainly because of the competition between

Sarcosine
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NiO PbS

Scheme 2. Electron-transfer mechanism of the proposed biosensor.

SOx and NiO/PbS/Au to consume Os.

3.4. Selection of the best experimental conditions

The experimental conditions were explored to obtain the maximum
photocurrent value from the PEC measurement. The specific experi-
mental conditions were shown in Fig. S2.

3.5. PEC analysis of the constructed self-powered sensor

In order to explore the performance of the NiO/PbS/Au photo-
cathode in dissolving oxygen, comparative tests were conducted in
different environments (Fig. 4A). Oy can be consumed by SOx via the
oxidation of sarcosine to yield HoO5, formaldehyde and glycine. Next,
1 mmol/L HyO, was added to the buffer solution with saturated Ny, as
shown by the red curve. Compared with the PEC response of the Nj-
saturated buffer solution without Hy02 (black curve), no significant
change was observed. The electrode achieved the highest photocurrent
in the air-saturated buffer solution (blue curve). These results were
consistent with those of previous studies and indicated that the effect of
the dissolved O on the cathodic photocurrent was greater than that of
H30, on the proposed PEC enzyme biosensing system. Under the
selected test conditions, Fig. 4B described that the photocurrent
diminished regularly as the concentration of sarcosine increased. As the
concentration of sarcosine increased, the competition between the
photocathode and SOx was also intensified. Put differently, as the con-
centration of sarcosine increased, the dissolved oxygen, as an electron
acceptor, was readily consumed by SOx. Fig. 4C showed that in the
range of 5.0 x 1078-5.0 x 1072 mol/L, the photocurrent response
exhibited a linear decrease as the logarithm of the concentration of
sarcosine increased. Compared with the other reports on the detection of
sarcosine, which were many, the constructed biosensor exhibited a
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Fig. 4. (A) PEC performance of air-saturated ITO/NiO/PbS/Au (blue curve) and deoxygenation by N, before (black curve) and after (red curve) the addition of
1 mmol/L H205 (0.1 mol/L Tris-HCI solution prepared with 0 V voltage), (B) PEC responses of the SOx modified electrode corresponding to different sarcosine
concentrations (from curves a to g (5.0 x 1078-5.0 x 1072 mol/L)), (C) Photocurrent values of SOx modified with different sarcosine concentrations vs log c, (D) PEC
responses of the ITO/NiO/PbS/Au electrode after several ‘light on-light off-light on’ cycles for 400 s with an applied voltage of 0 V. (E) Specificity of the proposed
biosensor. I and I, are the photocurrent responses before and after the addition of the interfering substance, respectively. (F) Storage stability of the proposed
biosensor. For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.

wider detection range and a lower LOD (Table S1, supplementary ma-
terial). The resulting calibration equation was I = 0.18 log ¢ - 0.13, and
the correlation coefficient (R) was 0.992.

3.6. Stability, specificity and reproducibility of the prepared self-powered
sensor

Stability is one of the significant conditions to consider when
measuring the performance of a sensor. As shown in Fig. 4D, the PEC
self-powered sensor did not exhibit any significant change in the
photocurrent after multiple on/off irradiation cycles for 400 s, and this
demonstrated its satisfactory stability.

Further, specificity is another valuable indicator for evaluating the
performance of a sensor. Thus, sarcosine (10~ mol/L), glucose
(1 mmol/L), NaCl (1 mmol/L), KCl (1 mmol/L), urea (1 mmol/L),
glutathione (1 mmol/L) and a mixture containing all of them were
selected for the test (Fig. 4E). The results indicated that there was no
significant change in the photocurrent before and after the additions of
glucose, NaCl, KCl, urea and glutathione, thereby confirming that the
biosensor exhibited excellent specificity for sarcosine. Furthermore,
storage stability is another valuable indicator for measuring the per-
formance of a sensor. Thus, we tested the storage stability of the pre-
pared sensor (Fig. 4F). The PEC performances of the prepared electrode
were tested on the first and third days, as well as on the first and second
weeks. The test results revealed that the detected photocurrent response
was —6 pA on the first day. The photocurrent response after two weeks
was —5.5 pA, which is 91.7% that of the first day, further indicating
good storage stability. Intra-assays and inter-assays were employed to
test the repeatability of this PEC self-powered biosensor. The prepared
ITO/NiO/PbS/Au electrode was measured five times in a 5.0 x 107/
mol/L solution for the intra-assay test, and the RSD of 4.9% was ob-
tained. Under the same conditions, five ITO/NiO/PbS/Au electrodes
were measured in the 5.0 x 10”7 mol/L solution for the inter-assay

measurement, and the RSD value of 4.3% was obtained. The results
indicated that the PEC self-powered sensor exhibited good
reproducibility.

3.7. Actual sample analysis

To further explore the practicability of the designed biosensor, the
standard addition method was employed (Park et al., 2014). Different
concentrations of sarcosine (5.0 x 10’7, 5.0 x 10> and 5.0 x 1073
mol/L) were added to a real sample. Table S2 revealed that RSD was
from 1.2% to 3.8% and that the recovery rate was from 98.2% to 106%.
The RSD and recovery results confirmed that the constructed biosensor
exhibited good accuracy and precision.

4. Conclusion

Briefly, a unique PEC self-powered biosensing platform was estab-
lished employing NiO/PbS/Au NPs as the photocathodic material. The
characterization of the nanocomposites, as well as the construction of
the sensors, were described. The experimental results indicated that
AuNPs, PbS nanocrystals and NiO NSs were ideally coupled. Owing to
the sensitization of PbS and the SPR effect and good electrical conduc-
tivity of AuNPs, the constructed PEC self-powered sensor exhibited
excellent sensitivity to O, and good PEC performance. More signifi-
cantly, these advantages confirmed that the self-powered biosensors
could be employed to detect sarcosine in human serum samples. It is
hoped that these new sensor platforms would be further integrated with
advanced materials and microfabrication technologies in the future to
diagnose diseases and perform clinical analyses.
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