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Abstract

The design and development of a 3D hierarchical CdS/NiO heterojunction and its application in a self-powered cathodic
photoelectrochemical (PEC) bioanalysis is introduced. Specifically, NiO nanoflakes (NFs) were in situ formed on carbon fibers
via a facile liquid-phase deposition method followed by an annealing step and subsequent integration with CdS quantum dots
(QDs). The glucose oxidase (GOx) was then coated on the photocathode to allow the determination of glucose. Under 5 W
410 nm LED light and at a working voltage of 0.0 V (vs. Ag/AgCl), this method can assay glucose concentrations down to
1.77x10"° M. The linear range was 5%1077 M to 1x10> M, and the relative standard deviation (RSD) was below 5%. The
photocathodic biosensor achieved target detection with high sensitivity and selectivity. This work is expected to stimulate more
passion in the development of innovative hierarchical heterostructures for advanced self-powered photocathodic bioanalysis.

Keywords Photoelectrochemical biosensor - Glucose determination - Self-powered photocathode - CdS - NiO - Hierarchical
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Introduction

Photoelectrochemical (PEC) bioanalysis is a novel technology
for addressing biomolecules based on the integration between
photoactive materials and biometric events. Due to its satis-
factory features such as high sensitivity, low background, and
easy miniaturization, PEC bioassay has developed more
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vigorously in recent years [1-4]. The self-powered biosensors
without the external power sources have attracted extensive
research interest because of the difficulty in replacing batteries
in devices, for example, implanted biomedical monitoring or
treatment systems [5-9]. Using semiconductors to in situ con-
vert the light into electricity, self-powered PEC bioanalytical
platforms have received large amounts of attention [10-13].
Especially, the photocathodes possessed better anti-
interference capacity compared to the photoanodes [14—18].
Hence, the self-powered photocathodic biosensor becomes a
more desirable choice.

One of the important keys to construct such a sensor is the
development of high-performance photocathode [19-21]. The
hinge to enhance the photoelectric activity of photocathode is
to design a more suitable photoelectric active material.
Heterojunctions are hierarchical structures composed of two
or more building blocks such as crystals, nanowires, nano-
rods, and nanosheets [22-25]. Compared to single-
component materials, hierarchical heterojunctions have many
unique merits, such as specific electronic responses due to
their abundant active sites, larger specific surface area, and
efficient electronic transmission path [26—28]. Benefiting
from these advantages, proper design and construction of hi-
erarchical heterojunction-based photocathode represent a new
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research direction for advanced PEC bioanalysis. Recently,
the potential of hierarchical heterojunctions in PEC
bioanalysis has been revealed [29-32].

Glucose is one of the most essential compounds for vital
movement. Not only participate in the energy supply of life
activities, but also an important marker of various diseases
such as diabetes and glucose metabolism disorders [33]. Up
to now, various of glucose detection methods have been re-
ported, including high-performance liquid chromatography
(HPLC), gas chromatography (GC), copper iodometry, and
capillary zone electrophoresis (CZE) [34-37]. These methods
often rely on expensive equipment, require delicate manual
manipulation, and showed universality. Thus, it attracted
many researchers to developing convenient, low-cost, and
high specificity glucose detection methods.

In this study, to develop a more efficient and accurate
method for the detection of glucose, we presented a self-
powered photocathodic biosensor on the basis of a 3D hierar-
chical CdS/NiO heterojunction. Among various p-type semi-
conductor materials, NiO stands out by virtue of its low fab-
rication cost and high accessibility via simple methods. To
overcome its issue of wide band gap (ca. 3.64.0 eV), an n-
type thioglycolic acid (TGA)—capped CdS quantum dots
(QDs) with a narrow band gap (ca. 2.42 eV) was selected to
sensitize the NiO. As illustrated in Scheme 1, NiO nanoflakes
(NFs) were in situ formed on a carbon fiber network (CFN)
via a facile liquid-phase deposition method and an annealing
step. Next, a stable coordination compound of CdS QDs/NiO
NFs was formed by integrating the COOH groups on CdS
QDs surface with Ni atom. Finally, glucose oxidase (GOx)
was immobilized on the surface of CdS QDs/NiO NFs/CFN
to obtain a GOx/CdS QDs/NiO NFs/CFN biosensor. (More
details are given in supplementary data.) Exemplified by such
a GOx/CdS QDs/NiO NFs system, the self-powered
photocathodic biosensor was successfully applied for glucose

Scheme 1 Schematic diagram of
CdS QDs/NiO NFs/CFN
electrode assembly process and
electron transfer under light
irradiation

GO load
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detection with high sensitivity and selectivity. This work fea-
tures the development of 3D hierarchical CdS/NiO
heterojunction and its application for a high-performance
self-powered photocathodic biosensor towards enzymatic de-
tection of glucose as a model target. We envision it could
inspire more passion in the innovation of novel hierarchical
heterostructures and its application in self-powered
photocathodic bioanalysis.

Experimental section
Synthesis of the TGA-stabilized CdS QDs

The utilized TGA-CdS QDs were synthesized and refer to the
former report with a slight variation [38]. First, 100 mL
0.01 M CdCl, and 500 pL. TGA were added into a 200 mL
three-necked flask, and then adjusted the mixed solution to the
expected pH 11 by 1 M NaOH, heated to 110°C and stirred
continuously for 30 min. Next, added 10 mL 0.1 M Na,S into
the three-necked flask and refluxed for 4 h. All the experi-
ments were conducted under the N, bubbled throughout the
solution.

Preparation of 3D CdS QDs/NiO NFs/CFN electrode

First, cut the CFN into 0.7 cm*3.3 c¢m slices and then plasma
for 5 min to enhance surface hydrophilicity. Next, the CFNs
were dipped into a beaker containing liquid precursors com-
posed of 14 mL 0.03 M NiCl,-6H,0, 14 mL 0.09 M HF, and
300 uL 13 M NH5'H,0, and reaction at 60 °C for 2.5 h. Then,
the CFNs were washed with ultrapure water and dried at room
temperature and annealed under 400 °C for 2 h, obtained NiO
NFs/CFN. Next, the prepared NiO NFs/CFN electrode was
dipped into TGA-CdS QDs solution for 2 h, followed with

/j»{,
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sufficient washing to remove non-bonded CdS QDs on the
surface.

Cathodic photoelectric biosensor development

To incorporate with the GOx, the CdS QDs/NiO NFs/CFN
was immersed in the mixture solution consisting of 20 mg
mL ' EDC and 10 mg mL ! NHS (volume ratio 1:1) at room
temperature for 1 h, then washed by washing buffer slightly
and dried. Next, 25 pL 1112.5 U mL™' GOx was dropped
onto the electrode surface and reacted at 4 °C overnight.
Finally, rinsed with washing buffer to remove the nonspecific
adsorbed enzyme. For the photoelectrochemical test, the ob-
tained GOx/CdS QDs/NiO NFs/CFN electrode was immersed
into 7mL 0.1 M Tris-HCl bufter (pH 7.0) with 10 pL different
concentration glucose or complex sample, and recorded the
photocurrent after incubated at 37 °C for 10 min.

Results and discussion
Characterization

The gradual change process of electrode surface structure
morphology was recorded by scanning electron microscopy
(SEM). From Fig. 1, we can see that the microstructure of
CFN had changed significantly with the sequential assemble
of NiO NFs and CdS QDs. According to Fig. 1a and inset,
pristine CFN appeared an interlaced 3D meshwork structure
and the corresponding magnified part had coarse textures on
the surface. These textures were conductive to the subsequent
formation of NiO NFs. The single CF modified with NiO NFs
and corresponding local magnification images are shown in
Fig. 1b. As you can see from the pictures, uniform and density
3D NiO NFs lamella were successfully grown on CFN, and
such a structure with high specific surface area is benefit for
following decoration. Figure 1c and insert present CdS QDs/
NiO NFs/CFN. After compounding with CdS QDs, the rough-
ness of the NiO NFs was increased which demonstrated that
the CdS QDs were successfully bound to NiO NFs via coor-
dination. The corresponding CdS QDs were characterized by

Fig. 1 Locally amplified SEM
images of bare CFN (a), NiO
NFs/CFN (b), and CdS QDs/NiO
NFs/CEN (¢). Inset: the corre-
sponding images of single carbon
fiber

transmission electron microscopy (TEM), and the result is
given in Fig. S1; the synthesized CdS QDs distributed dis-
persedly and uniformly with diameter of particles size at ca.
5 nm. In general, the fabricated 3D hierarchical CdS/NiO
heterojunction possesses large specific surface area, and that
means it has more reactive sites to attach the enzymes or other
biomolecules. Moreover, the hierarchical CdS/NiO
heterojunction provides a shorter electron transport path
which significantly enhances the photocurrent responses and
is suitable for the self-powered photocathodic biosensor. To
further proof the successful preparation of the CdS QDs/NiO
NFs/CFEN, the electrode was characterized by energy-
dispersive X-ray (EDX) spectroscopy and the result is shown
in Fig. S2. It showed that the Cd, Ni, O, and S elements had an
even distribution on the obtained CdS QDs/NiO NFs/CFN in
line with our expectations.

For exploring the distribution of elements on the CdS QDs/
NiO NFs/CFN electrode at a deeper level, the X-ray photo-
electron spectrum (XPS) spectra and the high-resolution XPS
spectra of each element are given in Fig. 2. The three curves in
Fig. 2a represent the full spectrum of bare CFN (curve black),
NiO NFs/CEN (curve blue), and CdS QDs/NiO NFs/CFN
(curve red), respectively. Compared to the bare CFN, NiO
NFs/CFN showed the characteristic peaks of Ni 2p and O
Is, and then CdS QDs/NiO NFs/CFN had more characteristic
peaks of Cd (including Cd 3d, Cd 3p, and Cd 4d) and S 2p
than NiO NFs/CFN. In detail, Fig. 2b to Fig. 2f record the
high-resolution XPS spectra of C 1s, O 1s, S 2p, Cd 3d, and Ni
2p. Figure 2b records the peak for C Is at above 284 eV,
which could be corresponded to the carbon in CFN. The spec-
trum of O s shown in Fig. 2¢ consists of two peaks at ca.
529 eV and 532 eV, which represent the lattice oxygen of the
NiO crystals and the bulk O of something attached to the
surface of electrode such as OH. Figure 2d presents the bind-
ing energy of S 2p located at ca. 161 eV and 162 eV which
were deemed as S 2p;, and S 2p, . Figure 2e reveals two
strong peaks at ca.404 eV and 411 eV which belonged to Cd
3ds/, and Cd 3ds,. Figure 2f shows several peaks in the range
from 852 to 882 eV belonging to Ni 2p, respectively. The
peaks at ca.853 eV, 855 eV, and 861 eV pertained to Ni
2ps/, and the peaks at ca. 873 eV and 880 eV corresponded
to Ni 2p; . These indicated the successfully fabricated of the
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Fig. 2 XPS spectra of pristine a
CFN (curve black), NiO NFs/

CFN (curve bule), and CdS QDs/

NiO NFs/CFN (curve red) (a) and

the high-resolution XPS spectra

of C 1s (b), O 1s (c), S 2p (d), Cd

3d (e), and Ni 2p (f) correspond-

ing to curve red in a
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3D CdS QDs/NiO NFs/CFN electrode. To further confirmed
the optical properties of the electrode, UV-vis characterization
was performed and is illustrated in Fig. S3. As can be seen, the
absorption of NiO in the visible light range is significantly
lower than the CdS/NiO heterojunction. Therefore, after for-
mation of CdS/NiO heterojunction, the photocurrent intensity
in the visible light region is also enhanced as shown in Fig. 3a.

Bioanalysis application

To study the PEC property, a series of electrochemical tests on
the electrode is illustrated in Fig. 3. All the experiments were
conducted in 0.1 M Tris-HCI solution (pH 7.0) and 5 W
410 nm LED light without impressed voltage. The change of
the photocurrent response along with the fabricated of elec-
trode and the corresponding response to the target is demon-
strated in Fig. 3a. In the beginning, pristine CFN shown barely

responsive to the 410 nm excitation light (I). After deposited
with NiO NFs, the photocurrent response had a slight en-
hancement (IT). It could be attributed to that NiO was a large
band gap p-type semiconductor and had weak absorption in
the region of visible light. To optimize the absorption of NiO
NFs/CFN electrode in visible light range, CdS QDs were cho-
sen to combine with it because CdS has a just right narrow
band gap. Then, the obtained CdS QDs/NiO NFs
heterojunction will enhance the absorption notably, and in-
crease the photocurrent intensity a lot. Furthermore, the CdS
QDs/NiO NFs/CFN was conjugated with the GOx through the
EDC-NHS reaction, followed by treated with 1x10~" M glu-
cose, the photocurrent signal shown significant reduction
(IV). Because the process of GOx oxidized glucose would
consume the dissolved oxygen in the solution which resulted
in lessened of the electron acceptors and reduced the photo-
current response. The degree to which electron receptors are
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Fig. 3 Photocurrent responses of pristine CFN (I), NiO NFs/CFN (1),
CdS QDs/NiO NFs/CFN (III), and GOx/CdS QDs/NiO NFs/CEN (IV)
corresponding to 1x10~7 M glucose (a). The operational stability during
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Fig. 4 Photocurrent variation corresponding to different concentration of
glucose (a to j: 5x1078 M, 1x1077 M, 5x1077 M, 1x107° M, 5x107° M,
1x107° M, 5x107° M, 1x107* M, 5x107* M, 1x10> M) (a) and its

consumed in the solution depends on the glucose concentra-
tion, the dissolved oxygen in the solution is gradually con-
sumed as the concentration of glucose increases, and there
are fewer electron receptors in the solution, resulting in a
lower photocurrent.

CsH 206 + 0,—C6H ;9O (GDL) + H,0,

Figure 3b and Fig. 3c exhibit the work stability of the
obtained CdS QDs/NiO NFs/CFN electrode by recording the
photocurrent signal through chronoamperometric i-t curves
under repetitive on/off illumination cycles and continuous il-
lumination, respectively. Both of these pictures shown high
and stable photocurrent responses under 300 s on-going de-
tection, which proved that the CdS QDs/NiO NFs/CFN elec-
trode was suitable for the self-powered photocathodic
biosensor.

In order to verify the biosensor performance of the protocol
we designed, different concentrations of glucose were detect-
ed by the GOx/CdS QDs/NiO NFs/CFEN electrode. As shown
in Fig. 4a, the photocurrent intensity was suppressed gradually
while the glucose concentration increased. Figure 4b further
demonstrates that the photocurrent response showed good lin-
ear variation corresponding to the target concentration range
from 5x1077 M to 1x10° M, the provided equation is
y=0.15165x + 1.33206 (R? = 0.9937). The limit of detection
was obtained at ca. 1.77x10"° M through experiment which
was comparable with previous reports given in Table 1.

Table 1 Comparison of proposed method with other reported assays
Method Linear region (M) LOD (M) Refs

PEC 1x107-5x107°  3.5x10°%  [39]

PEC 5x10°%-1x10%  1.6x10°°  [40]
Photoluminescence 2x107°-2x10 2 6.9x10°° [41]
Electrochemiluminescence  5x10°—8x10 > 5x10°8 [42]
Electrochemistry 1x107°-1.5x102  3.9x10°  [43]

PEC 5x1078-1x107  1.77x107° This work

log (C/mol-L™")

corresponding calibration plots (b). Selectivity of the fabricated CdS
QDs/NiO NFs/CFN for different substance (1x107> M): blank, AA,
DA, urea, His, Cys, Lys, Glut, Arg, glucose, and mixture of these (¢)

The superior analysis performance can be interpreted from
the following perspectives. Firstly, to overcome the shortcom-
ing of weak adsorption in visible light range of NiO, CdS QDs
were chosen as sensitizing element. After being combined
with CdS QDs, the formed hierarchical CdS/NiO
heterojunction performed higher and wider adsorption in vis-
ible light range and significantly enhanced electron transfer
efficiency. Secondly, upon irradiation, quick excitation, sepa-
ration, and transfer of light-generated electron would occur in
this system. To be specific, the photo-induced electrons could
rapidly transfer from the CB of CdS QDs to the dissolved
oxygen in the electrolyte which act as an electron acceptor.
Meanwhile, the photo-induced holes transfer from the VB of
the CdS QDs to the VB of NiO after that captured by CNF
electrode to produce cathodic photocurrent responses. Finally,
GOx was further combined onto the electrode. When the glu-
cose is present, the dissolved oxygen in electrolyte would be
rapidly consumed by the enzymatic catalysis and then lead to
decreasing of photocurrent intensity.

To discuss the selectivity, ascorbic acid (AA), dopamine
(DA), urea, histidine (His), cysteine (Cys), lysine (Lys),
glutamic acid (Glut), and arginine (Arg) were selected as the
interference. As shown in Fig. 4c, all the interferences were
used in high concentrations and when the interferences existed
apart the photocurrent variations almost no change, while the
target glucose and mixture of these shown good inhibitory
effect. The phenomena demonstrated that the protocol has
great potential for developing sensitive self-powered PEC en-
zymatic biosensors.

The feasibility of the designed protocol for practical appli-
cation was confirmed by a recovery experiment conducted in
the fetal calf serum of glucose additions. The sample was
diluted to one-twenty by 0.1 M Tris-HCI1 (pH 7.0). Then,
added 10 uL FBS into 7 mL 0.1 M Tris-HCI buffer (pH 7.0)
and measured the base value. Subsequently, added 10 uL
different concentration glucose and tested the total value.
The recoveries of 1x107°> M, 1x10™* M, and 1x10 > M glu-
cose are shown in Table S1, and the relative standard devia-
tion (RSD) were no larger than 4.9%, which proved the
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feasibility of this protocol for glucose detection in complex
environment.

Conclusion

This work presented a new 3D hierarchical CdS/NiO
heterojunction for high-performance self-powered
photocathodic bioanalysis. The CdS QDs and NiO NFs were
successfully coupled by a series of characterization and dem-
onstrated satisfactory properties. The hierarchical CdS/NiO
heterojunction was used as a glucose detection model by com-
bined with GOx, which performed excellent analytical perfor-
mances including ultra-sensitivity, high selectivity, superior
stability, and application in complex sample detection. We
expect the high-performance hierarchical CdS QDs/NiO NFs
heterojunction could stimulate more interest in exploring nov-
el heterostructures and spur the prosperous of self-powered
photoelectrochemical biosensor. Regrettably, this method also
has some limitations, for example, the preparation cycle of the
electrode is time-consuming and enzyme-based sensor is
prone to deactivation of enzymes.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04882-2.
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