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Recently, photoelectrochemical (PEC) biosensing has received considerable attention with wide applica-
tions in biotechnology and biomedicine. Here we report a novel PEC biosensing platform constructed via
the combined strategy of both PEC analysis and bioetching. Urchin-like ZnO-Au@CdS microspheres were
obtained by depositing Au nanoparticles (NPs) and CdS NPs on the surface of urchin-like ZnO micro-
spheres. The introduction of intermediate electrotransfer of Au NPs to isolated ZnO and CdS systems
significantly enhances the PEC property. CdS NPs can be irreversibly bioetched by an enzymatic reaction

Keyw_ordg . catalyzed by horseradish peroxidase (HRP) and H,0,. As a result, H,O, detection is realized based on the
Urchin-like ZnO microsphere . . . . ; . .

ZnO-Au@CdS decrease of the intensity of the PEC signal. This mediator-free and interference-free sensing platform has
Photoelectrochemical a linear range from 0.15 to 100 M with a detection limit of 0.04 .M H,0, at S/N =3. Furthermore, glu-
Bioetching cose oxidase (GOD) was successfully immobilized on ZnO-Au@CdS microspheres to construct a glucose

biosensor with a detection limit of 0.18 M at S/N = 3. The PEC biosensor shows good sensing performance
with low detection limit, mediator-free and accuracy, strong anti-interference, promising its application

H,0, detection
Glucose biosensor

in PEC biosensing.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Photoelectrochemical (PEC) biosensor for rapid and high
throughput bioanalysis has attracted considerable research inter-
est in the detection of various biological and biochemical targets
such as antigens, nucleic acids, enzymes, enzyme substrates, and
chemicals [1-3]. PEC biosensing is a highly sensitive analytical
method, because it invovles the use of different forms of energy
for excitation (light) and detection (current), which can eliminate
undesired background signals [4-6]. An additional benefit of PEC in
comparison with other optical detection methods is its simplicity
in instrument requirement and low cost inherence for electronic
detection (Chen et al., 2010).

The PEC biosensors based on photoactive semiconducting nano-
materials have shown superior performance. In particular, the
photoactivity of the semiconductors plays an important role
to determine the analytical performance of the PEC biosensors
[7,8]. Recently, ZnO has been regarded as a promising photocat-
alyst owing to its nontoxic and inexpensive characteristics, high
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thermal and chemical stability, and good electrical and optical
properties [9-13]. However, the efficiency of photocurrent con-
version of pristine ZnO is still limited because of the relatively
optical band gap (ca. 3.37eV) and high recombination rate of
photogenerated electron-hole pairs [4,14]. To solve these prob-
lems, ZnO-based semiconductor composites, including TiO,/ZnO,
CuO/ZnO and CdSe/ZnO, have been constructed to improve the
photocatalytic activity of ZnO photocatalysts [15-17]. For exam-
ple, CdS nanoparticles (NPs), with a narrow band gap, have been
intensively studied as popular visible light-active materials for PEC
biosensor [18,19]. The problem of high recombination rate of pho-
togenerated electrons and holes of pure CdS NPs can be overcome
by coupling CdS with ZnO [20]. It is possible to make the charge and
hole of ZnO@CdS effectively separated and transferred by a strong
interfacial electric field owing to the well-matched overlapping
band-structures [21,22]. However, such p-type semiconductors,
with cavity as the carrier, have less electrical conductivity than
conductive metal. Therefore, rejoining the conductive metal (Au,
Pt, Cu et al.) to promote the conductivity property of ZnO@CdS
microspheres is necessary [23].

Todate, scientific thrustin biosensoris often directed toward the
accuracy, stability and sensitivity for constructing mediator-free
and interference-free biosensor to achieve practical application.
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The immobilization of redox proteins on a biocompatible elec-
trode surface for biosensing could generally provide a foundation
for fabricating the mediator-free biosensor which simplifies the
fabrication processes of the sensor and avoids the leaching of
the mediator. In addition to the predominance of excellent PEC
properties, ZnO-based semiconductor nanostructures have been
proved to be a potential electrode material because of their
good biocompatibility and relative conductivity, which offers a
microenvironment for increasing the quantity and bioactivity of
immobilized proteins. On the other hand, the bioetching method is
anewly developed and promising analytical method for developing
interference-free biosensor. Bioetching is biological manufacturing
process, which could occur between redox proteins and material
surface. For instance, “3D tissue-etching” technique was devel-
oped by successively removing material from a monolithic solid
through subtractive manufacturing. Liu et al. reported on the
bioetching-based micro-gear used as 3D microstructure system
[24,25]. Recently, it was reported that CdS NPs could be catalyti-
cally bioetched by an enzyme, horseradish peroxidase (HRP), in the
presence of H,0, [24,25]. These successful demonstrations not only
have shown the vast allure of this strategy, but also contributed to
the constructing interference-free biosensor based on the specif-
ically enzymatic reaction. It would be of great importance and
value to develop mediator-free and interference-free biosensing
platform using the combination of PEC analysis based on ZnO-CdS
semiconductor nanostructures and bioetching strategies.

In recent years, the trace monitoring of small molecules is par-
ticularly important, such as the glucose detection in serum for
diabetes patients and hydrogen peroxide detection in water sam-
ples. Here we report a novel PEC biosensing platform constructed
via the combined strategy of both PEC analysis and bioetching
method. In particular, ternary urchin-like ZnO-Au@CdS micro-
spheres were obtained by depositing Au NPs and CdS NPs on the
surface of ZnO microspheres, where ZnO and CdS served as two iso-
lated PEC parts and Au NPs worked as the electro-transfer part. The
introduction of Au NPs between the surface of porous urchin-like
ZnO and CdS enhanced the electrical conductivity and PEC property
significantly. CdS NPs could be irreversibly bioetched by an enzy-
matic reaction catalyzed by HRP and H,0,, leading to a decrease
of the intensity of the PEC property. The use of light as excitation
energy and current as detection signal eliminated the undesired
background signals, which made the ultra sensitive H, O, detection
realized based on the decrease of the intensity of the PEC signal.

A glucose biosensor was constructed by immobilizing glucose
oxidase (GOD) on the ZnO-Au@CdS microspheres. The urchin-like
Zn0-Au@CdS microspheres had good biocompatibility and big spe-
cific surface, which were good electrode material for sufficient
and stable immobilization of GOD. The special enzyme-catalyzed
bioetching reaction and the use of different forms of energy
for excitation and detection contributed to the mediator-free,
interference-free and sensitive detection of glucose. The developed
glucose biosensor had a linear range of 0.50-400 .M with a detec-
tion limit of 0.18 M at S/N = 3. To the best of our knowledge, it was
the first time that the combined strategy of both PEC analysis and
bioetching method was proposed and verified in biosensing, which
facilitated the detection of H,O, and glucose realized under mild
physiological conditions.

2. Experimental section
2.1. Materials and reagents
Zinc acetate dihydrate (Zn(CH3COO),-2H,0), hexamethylenete-

tramine (HMT, CgHi32N4), sodium citrate (Na3zCA), chloroauric
acid tetrahydrate (HAuCly-4H,0), copper(Il) perchlorate hexahy-

drate (Cd(ClO4),-6H,0), ascorbic acid (AA), glucose, and HRP
(5.0 mg/mL) were purchased from Sinopharm Chemical Reagent
Co. LTD. (Shanghai, China). GOD (5.0mg/mL) was obtained
from Sigma-Aldrich Co. LLC. (St. Louis, USA). Sulphur (S8),
N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS) and mercaptopropionic acid
(MPA) were purchased from Aladdin Industrial Inc. (Shanghai,
China). Graphene oxide (GO) was obtained from Leadernano Tech.
L.L.C. (Jining, China). All other reagents were used as received with-
out further purification. All aqueous solutions were prepared with
ultrapure water (resistivity >18 M2 cm) produced using a Millipore
system. The glass substrates (ITO) were ultrasonically cleaned with
ethanol, acetone and deionized water before use.

2.2. Apparatus

The morphology and structure of the obtained products were
characterized by a field emission scanning electron microscopy
(SEM) JSM-6700F microscope and a high-resolution transmission
electron microscopy (HRTEM) JEM-2100 microscope, respectively.
The crystallinity and phase of the products were determined by
an X-ray diffraction (XRD) MiniFlex600 (Rjgaku Co. Japan) diffrac-
tometer. X-ray photoelectron spectroscopy (XPS) analysis was
conducted on an ESCALAB 250Xi spectrometer (Thermo Fisher,
USA). After pretreatment, nitrogen adsorption and desorption
isotherma were measured at 77 K on a Quantachrome Instrument
NOVA. PEC measurements were performed with an assembled
PEC system. A 300W Xe lamp was used as the irradiation source
with a light intensity of 300 wWW cm~2 estimated by a radiometer
(Ceaulight Corporation, China). Photocurrent was measured on a
CHI760D electrochemical workstation (Shanghai Chenhua Appara-
tus Corporation, China) with a three-electrode system. A modified
ITO electrode with a geometrical area of 1.04+0.1cm? was the
working electrode, a Pt wire was the counter electrode, and a sat-
urated Ag/AgCl electrode was the reference electrode.

2.3. Synthesis of urchin-like ZnO and ZnO-Au

The urchin-like ZnO microsphere was synthesized according to
the method reported in the literature with necessary modifications
[26]. In a typical procedure, 0.1 M of Zn(CH3COO0);,-2H,0, 0.1 M of
HMT and 0.01 M of sodium citrate were contained in 10 mL of dis-
tilled water. The mixed solution was heated at 90°C for 4 h. After
the reaction, a white product was obtained and would be washed
with ultrapure water for several times. Finally, the product was
annealed at 400 °C for 30 min and cooled down naturally.

20 mg of the as-prepared urchin-like ZnO microspheres was
dispersed in 100 mL of ultrapure water and mixed with 0.544 mL
of HAuCl4-4H,0 (1 wt%) solution under stirring. The mixed solu-
tion was heated at 110°C after stirring for 15 min. 3 mL of Na3CA
(0.04 M) solution was added into the reaction solution to reduce
HAuCl, and form metallic Au NPs. After stirring for approximately
40min, a pink precipitate was obtained, followed by centrifuga-
tion. The color change from white to pink suggested the successful
formation and decoration of Au NPs on the ZnO microspheres.

2.4. Synthesis of ZnO-Au@CdS

20 mg of the as-prepared ZnO-Au was introduced to an ethanol
suspension with a volume of 50 mL containing 2.0 mM of S8 and
4.0mM of Cd(ClO4),-6H,0. The suspension was irradiated under
a Xe lamp (500 W) for 7 h. After centrifugation and washing with
ethanol for several times, the resulting ZnO-Au@CdS microspheres
were dried in an oven at 80 °C for 6 h.
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2.5. Preparation of the ITO/GO/ZnO-Au@CdsS electrode

The ITO electrodes were washed by acetone, ethanol/NaOH
mixed solution (v/v, 1:1) and water respectively, followed by drying
at 60°C for 2 h. The ITO electrode was modified with GO (ITO/GO)
by drop-coating 30 wL of GO solution (1.0 mg/mL). The ultrathin
transparent GO nanosheet was used to immobilize ZnO-Au@CdS
for the fabrication of the biosensor, which exhibited high benefit
in accelerating the electron transfer. Before the GO dried, 30 p.L of
ZnO-Au@CdS (0.8 mg/mL) solution was dropped onto the electrode
surface to construct the ITO/GO/ZnO-Au@CdS electrode. In the
same way, the ITO/GO/ZnO, ITO/GO/Zn0O-Au and ITO/GO/ZnO@CdS
electrode were constructed for the control experiments.

2.6. Preparation of the ITO/GO/ZnO-Au@CdS glucose biosensor

The ITO/GO/ZnO-Au@CdS electrode was immersed into 0.1 M
of PBS buffer (pH 7.4, containing 3 mM MPA) for 5h at 4°C. After
that, the electrode was immersed into a solution containing 0.1 M
of EDC and NHS for 2 h at 4°C and was washed with PBS buffer for
several times to remove unreacted molecules. Under humid condi-
tions, 30 L of PBS buffer containing 5.0 mg/mL of HRP was added
onto the modified electrode to construct ZnO-Au@CdS based H,0,
biosensor. After incubation at 4 °C for 2 h, the electrode was rinsed
with PBS buffer and stored at 4 °C for further use. In the same way,
5.0 mg/mL GOD was further co-immobilized on the ITO/GO/ZnO-
Au@CdS electrode to construct glucose biosensor.

2.7. PEC measurements

PBS buffer solution containing various concentrations of H,O5,
5mM of NaBr and 0.1 M of AA with a final volume of 20 mL was
used as test solution. AA was served as a sacrificial electron donor
during the photocurrent measurement. The modified electrode was
immersed into the test solution for 5 min for the bioetching of CdS,
and the PEC detection was carried out at room temperature. The Xe
lamp with a spectral range of 200-2500 nm was utilized to produce
white light as an excitation light, which was switched on and off
every 20 s with the applied potential of —0.2 V.

3. Results and discussions

3.1. Principle of PEC-bioetching assay based on urchin-like
zn0-Au@CdS microspheres

The electron mediators of electrode surface-modified could
control the electrochemical reaction rate at the electrode surface
to achieve selective electrocatalytic effects. As an excellent elec-
trode modification material, GO has excellent structural properties
and electrocatalytic performance. In this experimental system,
GO is not only one of the materials for the construction of the
ITO/GO/ZnO-Au@CdS electrode to immobilize ZnO-Au@CdS, but
also accelerates the efficiency of electron transfer.

Both Au NPs and CdS NPs were selectively deposited on the
polar surfaces of ZnO crystals to construct urchin-like ZnO-Au@CdS
microspheres with good electrical conductivity and PEC property.
The modification of Au NPs could significantly enhance the light
absorption and facilitate the separation and transport of photo-
generated carriers through the effect of localized surface plasmon
resonance (LSPR) [27]. The schematic of the photocatalyst mecha-
nism of the composites was given in Scheme 1A. The position of CdS
and ZnO bands had type-II alignment where the conduction band
edge of ZnO was located between the conduction band and the
valence band of CdS. In this configuration, when the electron-hole
pairs were generated by visible-light excitation in CdS NPs (shell),
the photoelectrons could be transferred to the conduction band of

A

Scheme1. Schematic of the charge-carrier transfer process in (A) the ZnO-Au@CdS
microsphere and (B) ZnO-Au microsphere.

ZnO, which facilitated the process of charge separation process of
the electron-hole pairs before they recombined. In addition, the
Au NPs induced LSPR and surface potential at ZnO@CdS interface
together facilitated rapid carrier separation and transport. Thus, the
photocorrosion induced by oxidation could be effectively damp-
ened by the rapid reaction rate. According to previous report,
a facial, fast and straightforward bioetching process of CdS NPs
could be enzymatically catalyzed by HRP in the presence of H,05.
After the bioetching of CdS NPs, a slight photocurrent conversion
efficiency could be produced (Scheme 1B) because the ZnO-Au
microspheres could only harvest ultraviolet light.

The enzymatic etching process of CdS NPs by HRP in the pres-
ence of H,O, was shown in Scheme 2A. HRP could catalyze the
oxidation of $2~ jons in CdS NPs in the presence of H,0,, resulting
in the formation of sulfate anions and Cd?* cations [28]. The driv-
ing force of the bioetching process was biocatalytic oxidation of $2~
yielding SO42~ ions according to Egs. (1) and (2):

CdS — Cd%*+ +S2- (1)
$%~ 4+ Hy0, — S04%~ +H,0[29] (2)

As illustrated in Scheme 2B, an ultrasensitive PEC sensing plat-
form for H,O, and glucose detection was developed based on
bioetching process. A cascade reaction occurred in the presence of
dissolved oxygen. The first reaction was the conversion of glucose
by GOD into gluconic acid and H,0,. The bioetching of semicon-
ductor of CdS NPs by H, 0, in the presence of HRP and NaBr led to a
decrease of the photocurrent intensity. As a comparison, there was
no significant change of the photocurrent in the absence of HRP or
H,0,. The detailed reaction mechanism was presented below:

Glucose + GOD(apy — gluconicacid + GOD(raphy) 3)
GOD(raph2) + 02 = GOD(ap) +H202 (4)
HRP(red) + H0, — HRP(0x) + H,0 (5)
HRP(0x) + S?~ — HRP(red) + SO4%~ (6)
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Scheme 2. Schematic illustration of (A) enzymatic bioetching of CdS NPs and (B)
enzymatic bioetching process of the ZnO-Au@CdS biosensor.

3.2. Morphology and spectroscopic characterizations

The morphology of the as-prepared ZnO and ZnO-Au was
observed by SEM measurements. The low-magnification SEM
image showed that uniform urchin-like ZnO microspheres with a
diameter of 3-4 um were successfully synthesized (Fig. 1A). The
self-assembled nanoplates of the ZnO microspheres had a thickness
of tens of nanometers and the separation between two adjacent
nanoplates was approximately several hundreds nanometers. The
N, adsorption/desorption isotherms of the sample was shown in
Fig. S1 and the Brunauer-Emmett-Teller (BET) surface areas were
measured to be 40.86 m2/g, which was better than that of many
other ZnO based nanostructures and was promising for biosensors
and hydrogenation catalysts [30]. Fig. 1B displayed a SEM image
of ZnO microspheres decorated with Au NPs, which were several
tens nanometers and uniformly distributed on the surface of ZnO
microspheres. The HRTEM image and selected area electron diffrac-
tion (SAED) pattern of ZnO-Au@CdS microspheres were given in
Fig. 1C. Uniform CdS NPs with a size of 4nm were deposited on
the surface of ZnO-Au microsphere. The measured spacing of the
crystallographic plane was 0.335 nm, which could be indexed to
the {111} lattice plane of a hexagonal CdS crystal [31]. No buffer
layers, crystalline or amorphous part were observed in the inter-
face regions. The EDX spectrum taken from the surface of a ZnO-Au
and ZnO-Au@CdS microspheres were presented in Fig. 1D, which
confirmed the elemental presence of Zn, O, Cd, and S in the prod-
uct. The peaks of C and Cu were originated from the Cu grid during
TEM measurements. The peaks of Zn, O and Au were recorded for
ZnO-Au and the rest of peaks of Cd and S were attributed to ZnO-
Au@CdS. The atomic percentage of Au in ZnO-Au and ZnO-Au@CdS
was 10.35% and 4.52%, respectively. The morphologies of ZnO-Au
were unchanged after etching from the SEM analysis (Fig. S2A),
while the atomic percentage of Cd decreased from 11.29% to 0.40%
after CdS NPs were bioetched (Fig. S2B).

The urchin-like ZnO microspheres, ZnO-Au, ZnO-Au@CdS
microspheres and ZnO-Au after bioetching were identified by XRD
(Fig. 2A). For the ZnO microspheres, the main reflection peaks
matched with the standard data of the wurtzite structure of ZnO

(JCPD card no. 36-1451)[32]. And, there was no extra peak detected
by XRD, which confirmed the superior purity of the ZnO micro-
spheres. For the ZnO-Au microspheres, an extra weak peak at 38.1°
could be indexed to {111} lattice plane of Au. For the ZnO-Au@CdS
microspheres, new diffraction peaks were indexed to the wurtzite
CdS phase (JCPDS Card no. 65-3414). After the bioetching proce-
dure, crystal CdS were expended gradually, no specific diffraction
peaks of CdS could be found.

The full range XPS spectra further confirmed the surface com-
positions and elemental analysis of ZnO-Au@CdS (Fig. 2B). The
peaks located at 1044.94, 531.69, 87.39,411.79 and 162.24 eV were
attributed to Zn, O, Au, Cd and S in the ZnO-Au@CdS microspheres,
respectively. In the expanded XPS spectra, Fig. 2C presented the XPS
spectrum of Zn 2p. The peak position of Zn 2p1/2 and Zn 2p3/2 was
located at 1044.94 and 1021.84 eV, respectively. The high resolu-
tion O 1s and O-Zn group spectra of Fig. 2D showed specific peaks
centered at 531.69 and 530.34 eV, respectively. The high resolution
XPS spectra of Au4fand Zn 3p were shown in Fig. 2E. Two significant
binding energy peaks at 87.39 and 83.58 eV were corresponded to
the electronic states of Au 4f5/2 and Au 4f7/2, respectively. These
results suggested that Au was present in the zero-valent state,
indicating the formation of Au NPs on the ZnO microsphere. Two
interference peaks (91.19and 88.24 eV) attributed toZn 3p also pre-
sented along with Au 4f peaks as shown in Fig. 2E. The spectrum of
Cd 3d in Fig. 2F was subdivided into two separated peaks that cor-
respond to Cd 3d3/2 (411.79eV) and Cd 3d3/2(405.09 eV) valence
states. The spectrum of S 2p at 162.24 eV showed that the CdS NPs
were well synthesized (Fig. 2G). Therefore, XPS analysis confirmed
the presence of Au, CdS, and ZnO in the resultant product, which
was in accordance with the results of XRD analysis.

3.3. PEC property of ZnO-Au@CdsS electrode

As shown in Fig. 3A, the photocurrent response of as-prepared
bioassay was tested. As ZnO could only harvest ultraviolet light and
lead to low efficiency of photocurrent conversion, the ITO/GO/ZnO
electrode exhibited a small intensity of photocurrent (curve a,
[=8.3 pA). The ITO/GO/ZnO-Au electrode had a litter higher cur-
rent intensity (curve b, [=8.9 wA) because Au NPs could enhance
the electron transfer. After ZnO-Au@CdS was deposited on the elec-
trode, the photocurrent intensity (curve ¢, [=105.3 wA) increased
to 12.7 times higher than that of ITO-GO-ZnO electrode. This was
attributed to the large surface area of GO and the extension of the
absorb range to middle-wavelength light (500 nm to 600 nm). Fur-
thermore, the doped Au NPs significantly inhibited the electro-hole
recombination. After the bioetching process, the intensity of pho-
tocurrent decreased (curve d, I=78.6 pA) as CdS amount decreased.

As shown in Fig. 3B, ITO/GO/ZnO-Au@CdS electrode was easier
to achieve a smooth current value compared with ITO/GO/ZnO@CdS
electrode. A transition time was needed in ITO/GO/ZnO@CdS elec-
trode because the electronics between semiconductors could not
fully transmitted. The effect of the bioetching time on the response
of the PEC biosensor was presented in Fig. 3C. The photocurrent
leveled off after 3 min and reached equilibrium after 5 min. Conse-
quently, 5 min was selected as the optimized detection time for the
PEC biosensor.

3.4. Optimization for the fabrication of the H,0, and glucose
assay

The detection conditions were optimized for PEC determination.
The photocurrent increased as the volume of GO (Vo) increased
from 0 to 30 p.L (Fig. S3A). A maximum photocurrent was observed
with a volume of 30 pL and then decreased with additional GO.
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Fig. 1. SEM images of (A)ZnO, (B) ZnO-Au and the magnified ZnO-Au (inset), (C) HRTEM image of ZnO-Au@CdS and the corresponding SAED image (inset), and (D) EDS spectra

of ZnO-Au and ZnO-Au@CdS and the corresponding elements contents.

The excessive GO on the electrode might inhibit electron and pro-
ton transport. Therefore, 30 L of GO solution was selected as the
optimal volume for the deposition.

CdS NPs could be bioetched to Cd2* by HRP in the presence of
H,0,, and glucose could be oxidized to gluconic acid and H,0, by
GOD in the dissolved oxygen solution. Since HRP and GOD played
different roles, the ratio of two enzymes determined the perfor-
mance of the biosensor. The volume ratio (from 0:1 to 1:0 with
a total volume of 30 pL) of bienzyme (HRP/GOD) was examined
under Xe lamp irradiation when the concentration of glucose was
set at 100 wM (Fig. S3B). With the increased amount of GOD, the
cascade reaction was triggered and the catalytic activity steadily
increased. Lower catalytic activity was observed with excessive
GOD and the possible reason was local overproduction of H,O0, by
GOD rapidly saturated and inhibited the enzymatic activity of HRP.
The volume ratio of 2:1 for HRP/GOD yielded the highest catalytic
ability and was used in the further experiments.

Furthermore, the contents of enzymes (HRP and GOD) were
investigated to obtain an optimal PEC response for the system (Fig.
S3C). The photocurrent decreased with the increasing volume of
enzymes. The PEC response achieved a terrace in the presence of
30 L of total volume of enzyme and fluctuated slightly thereafter,
which could attribute to the balance of the steric hindrance and the
electron transfer of enzymes [33,34].

3.5. Analytical performance of the PEC biosensor

After optimization for the fabrication of the H,0, assay,
the detection of H,0, with high sensitivity based on the ZnO-
Au@CdS microspheres was achieved. As the concentration of H,0,
increased, the photocurrent intensity decreased resulted from the
bioetching of CdS NPs (Fig. 4A). Good correlation between the con-
centration of H,0, and the current intensity was observed with a
wide dynamic range from 0.15 to 100 wM (Fig. 4A, inset). The linear
regression equation was A=—1.03C+103.00 (R2=0.996), where A
(A)was the photocurrent response and C (M) was the concentra-
tion of H,0,. 3x standard deviation of the blank signal/sensitivity
was chosen as the limit of detection (LOD), while the blank ana-
lyte still produced signal response, and the LOD concentration was
0.04 M at S/N=3.

The ZnO-Au@CdS was used to develop glucose biosensor
due to the high sensitivity detection of H,0,. As indicated in
Fig. 4B, the ITO/GO/ZnO-Au@CdS electrode exhibited linearity for
the concentration of glucose with a linear regression equation
of A=—0.25C+100.31 (R2=0.992), and a LOD concentration of
0.18 wM at S/N=3 was achieved. In the meantime, there existed
a signal draft for the recorded glucose/H,0, photocurrent. Not
all of the H,0, participated the cascade reaction between H,0,
and glucose, as part of them participated the oxidation of S~ ions
in the formation of sulfate anions, leading the various detection
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Fig. 2. (A) XRD of ZnO, ZnO-Au, ZnO-Au@CdS and ZnO-Au@CdS after bioetching. (B) Survey XPS spectrum of ZnO-Au@Cds, and (C-G) the high-resolution element spectrum.
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range of glucose and H,0,. Compared to a smooth photocurrent
change for the detection of H,0,, the lines had larger fluctua-
tions for the detection of glucose. This might be attributed to the

addition of GOD increased the steric hindrance, which resulted
in the electronic accumulation and the electron flow was inhib-
ited during the cascade enzymatic reaction. The good performance
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of the developed ITO/GO/ZnO-Au@CdS photo-electrochemical glu-
cose biosensor was compared with the reported literatures in Table
S$1-1 and similar modification methods in Tables S1 and S2.

3.6. Selectivity and reproducibility of the biosensor

The determination of glucose was of great importance for the
food and pharmaceutical industry as well as for clinical testing
[35,36]. Good specificity for glucose was necessary for a new
designed sensing system with potential applications in real sam-
ples [37,38]. To evaluate the specificity of the developed signal
amplified bioassay for glucose, several potential interfering com-
pounds were studied under the same conditions. The glucose
solution (400 M) containing 4 mM interferences including carbo-
hydrates, cancer biomarkers and ions were measured using the
developed bioassay. As shown in Fig. S4, the mixed compound
caused a dramatic decrease of photocurrent while these potential
interferences triggered negligible signal. The interferences could
be negligible since GOD was highly specific for glucose, indicating
that the selectivity of the bioassay was quite acceptable and the
interferences of a common component could be neglectable for the
detection of glucose.

In probable theory and statistics, the coefficient of variation is
a standardized measure of dispersion of a probability distribution
or frequency distribution. The coefficients of variation were deter-
mined by measuring samples with the same concentrations using
five electrodes prepared independently under identical experi-
mental conditions. The coefficients of variation for intra-assay
runs of Hy0, (50 wM) and glucose (100 wM) were 3.7% and 6.2%,

respectively, whereas the inter-assay coefficients of variation were
6.9% and 9.4%, respectively. These results suggested that the PEC
biosensor exhibited excellent reproducibility in both precision and
fabrication.

3.7. Analysis of real samples

Vigorous treatment of foods with hydrogen peroxide may cause
some destruction of ascorbic ooooacid, methionine, and cystine
[39]. Insufficient data are available to ensure a lack of hazard
with water or when more rigorous treatments are employed, using
higher concentrations, prolonged exposure, or elevated tempera-
tures. So it is particularly important to make sure the water have no
or only trace amounts of hydrogen peroxide. ZnO-Au@CdS micro-
spheres were applied for the analysis of real tap water samples for
the recovery response of this system. The real tap water samples
were collected in Qufu, China and spiked with different concentra-
tions of H,0,. The recovery of this system (Table S2) was close to
100%, indicating that the enzymatic bioetching was suitable for the
detection of H,0, in real samples.

In order to evaluate the potential application of the bioassay in
complex biological samples, the glucose detection was also con-
ducted in human serum samples. Because blood sugar levels were
located in millimole level, three diluted human serum samples
(0.1%) were performed for the detection of glucose using the stan-
dard addition method. As shown in Table S3, 10 wM, 50 wM, and
100 wM of glucose were added into the diluted serum samples,
respectively. The recovery percentage of glucose ranged from 94.5%
to 116.8%, and the relative standard deviation (RSD) ranged from
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0.9% to 6.1%. These results revealed that the proposed bioassay
could be applicable for the practical detection of glucose in real
biological samples with other potential interferences.

4. Conclusion

In summary, a novel biosening platform was constructed using
both PEC biosensing and bioetching strategy, which was based on
the fact that CdS NPs could be irreversibly bioetched by an enzy-
matic reaction catalyzed by HRP and H;0,. The morphology and
composition of the synthesized ZnO-Au@CdS were well character-
ized by SEM, HRTEM, XRD and XPS and the as-prepared biosening
platform had excellent performances such as remarkably stability,
high sensitivity, mediator free and interference free properties. The
sensing platform was successfully applied for the sensitive detec-
tion of H,0, and glucose in tap water samples and human serum
samples with satisfactory results. The strategy of combined PEC
analysis and bioetching opened up a new path for the sensitive
detection of H,O, and glucose, which had potential application in
the field of biotechnology, biomedical and environmental chem-
istry.
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