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erformance of
photoelectrochemical glucose sensor via the
electron cloud bridge of Au in SrTiO3/PDA
electrodes†

Yadong Wang,a Jinxin Ma,a Nan Zhang,a Delun Chen,a Jinchun Tu, a Yang Cao,ac

Qiang Wu, *b Xiaolin Zhang*c and Wanjun Hao*a

Developing photoelectrochemical biosensors via efficient photogenerated-charge separation remains

a challenging task in biomolecular detection. In this study, we utilised a simple approach for constructing

an efficient photoactive organic–inorganic heterojunction interface composed of SrTiO3 with high

photocatalytic activity and polydopamine (PDA) with high biocompatibility and electrical conductivity.

Gold nanoparticles with dense electron cloud properties were introduced as a bridge between SrTiO3

and PDA (SrTiO3/Au/PDA). The Au bridge allowed the PDA to uniformly and tightly attach on the surface

of SrTiO3 electrodes and also provided a separate transmission channel for electrons from PDA to

SrTiO3. The rapidly transmitted electrons were captured by a signal-acquisition system, thereby

improving the photocurrent signal output. The 3D hollowed out SrTiO3/Au/PDA biosensor manufactured

herein was used for glucose detection. The biosensor achieved ultrahigh sensitivities reaching 23.7 mA

mM�1 cm�2, an extended linear range (1–20 mM), and a low detection limit (0.012 mM). The excellent

results of glucose analysis in serum samples further confirmed the feasibility of the biosensor in clinical

applications. In summary, the proposed strategy allowed for the use of an electronic cloud bridge in the

construction of glucose biosensors with satisfactory performances, which is promising for the future

fabrication of high-performance biosensors.
1. Introduction

The use of photoelectrochemistry (PEC) has received increased
attention in biosensor development because of its low back-
ground noise, low cost, small size, and high sensitivity.1,2

However, most photoanodes are restricted by material factor
limitations, such as narrow light absorption range, low charge
separation, and low transfer efficiency. Therefore, the photo-
generated electron mobility and biocompatibility of materials
are important in constructing PEC electrodes.3 Photogenerated
electrons and holes produced in wide band gap semi-
conductors, such as TiO2 and ZnO, were unstable and
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recombine rapidly, which results in low PEC performance.4

Therefore, a rapid photoelectron transfer path must be
designed and the Fermi energy level of photoelectrodes should
be optimized to effectively improve the photoelectrochemical
performance of sensors.5

SrTiO3 with a perovskite structure has a higher conduction
band position than TiO2, indicating that SrTiO3 has a smaller
energy band shi and promotes the transfer of photogenerated
electrons better. Thus, SrTiO3 (5–8 cm2 V�1 s�1) has a higher
electron mobility than TiO2 (0.1–4.0 cm2 V�1 s�1).6 Therefore,
SrTiO3 is more suitable to photocatalysis than TiO2.7 However,
SrTiO3, as a single semiconductor, easily recombines with
photogenetic carriers. In addition, the biocompatibility of
biosensors is unsatisfactory.8–10 Thus, improving the biocom-
patibility of biosensors is a direction worthy of research.11 Pol-
ydopamine (PDA) is a synthetic biomimetic material that has
excellent biocompatibility and a stable semiconducting poly-
mer.12 In PEC sensors, PDA plays an important role in immo-
bilizing enzymes and transferring photoelectrons.13 Therefore,
the low biocompatibility and inefficient charge separation of
SrTiO3 can be effectively resolved by combining it with PDA.14

However, the complex inorganic–organic interface is not
conducive to the transmission of photogenerated electrons. For
© 2021 The Author(s). Published by the Royal Society of Chemistry
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example, a high interface barrier will cause the photogenerated
electrons to recombine.15 Thus, the electronic architectural
problem between SrTiO3 and PDA must be resolved.

A low-impedance interface constructed between SrTiO3 and
PDA can remarkably improve the transmission efficiency of
novel inorganic–organic interfaces. Similarly, Colin Tyznik
et al.16 improved the charge separation efficiency by construct-
ing a heterojunction between metal–halide perovskite and
organic semiconductor. Constructing a conductive channel
between platinum nanoparticles and graphitic carbon can
improve the charge-separation ability of the material.17 This
report inspired us to build an electronic cloud bridge to adjust
the electronic structure of inorganic–organic interfaces. Noble
metal nanoparticles, such as Au and Ag, with high-density
electron cloud characteristics can realize effective routes for
interface electron transfer.18 A promising strategy is to directly
inject electrons through the strong coupling between nanogold
and the unsaturated bond on semiconductor surface.19 Another
approach is the traditional two-step electron transfer in which
free electrons are generated by light excitation and then injected
into the semiconductor.20 Therefore, noble metal nanoparticles
are more suitable candidates for creating a single electron
transmission channel between interfaces by establishing elec-
tronic cloud bridges. This approach is expected to address the
problem of electron transport and separation between inor-
ganic and organic semiconductors.

In this work, we designed a 3D hollowed out SrTiO3/Au/PDA
photoelectrode via hydrothermal in situ growth, microwave-
assisted synthesis, and photopolymerization methods. This
photoelectrode efficiently separated photogenerated charges.
The assembly strategy provided an independent electron
transport channel for a complex inorganic–organic interface via
Au nanoparticles and effectively achieved charge separation.
This biosensor was applied in glucose detection.
2. Experimental section
2.1. Materials

A Ti wire mesh (60 mesh, 0.14 mm wire diameter, and 0.28 mm
mesh width) was acquired from Kangwei Metal Wire Mesh
Products Co., Ltd (Hebei China). The reagents including
strontium hydroxide octahydrate (Sr(OH)2$8H2O, 99.5%),
chloroauric acid (HAuCl4), ethylene glycol (EG), ammonia
uoride (NH4F), dopamine hydrochloride (DA) were purchased
from Shanghai Macklin Biochemical Co., Ltd, and 1, 2-pro-
panediol were purchased from Beijing Chemical Reagent
Factory, and were analytical grade and were used as received
without further purication. Tetrabutylammonium hydroxide
(TBAH, 25 wt%) were purchased from Aladdin Industrial Co.,
Ltd. Glucose oxidase (GOx) (EC 1.1.3.4, 5 kU mg�1 from Asper-
gillus niger) was purchased from Sangon Biotech. Phosphate
buffer saline (PBS) was prepared by mixing NaH2PO4 and
Na2HPO4 to adjust the pH. All aqueous solutions were prepared
using deionized water (DI) with a resistivity of 18.2 MU cm.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.2. Synthesis of 3D hollowed out TiO2

The titanium dioxide precursor adopted herein was prepared
following a previously describedmethod.21 At rst, a small piece
of titanium mesh (20 mm � 10 mm) was treated in a washing
solution (volume ratio HF : HNO3 : H2O¼ 1 : 4 : 5) for 10 s. The
titanium mesh was separated via ultrasonic treatment in iso-
propanol, acetone, and deionized water for 20 min. At room
temperature, the titanium mesh was used as the working elec-
trode, whereas the titanium foil was utilized as the counter
electrode for anodizing. The mesh and foil were treated at the
constant voltage of 20 V for 90 min. The system reaction solu-
tion consisted of 0.3 g of NH4F, 2 mL of water, and 88 mL of
ethylene glycol. The sample was annealed in muffle furnace
with a heating rate of 2 �C per minute, and stayed 400 �C for 3 h.
2.3. Synthesis of 3D hollowed out SrTiO3

The as-synthesized 3D hollowed out TiO2 was used as the
template for synthesizing 3D hollowed out SrTiO3 via the
hydrothermal in situ growth method. During the typical
synthesis, the 3D hollowed out TiO2 was immersed in a Teon-
sealed stainless steel autoclave loaded with solutions of
Sr(OH)2$8H2O (1 mmol) in 17 mL of deionized water, 2 mL of
1,2-propanediol, and 2 mL of tetrabutylammonium hydroxide
solution (TBAH, 25 wt%) and then heated at 180 �C for 12 h. The
obtained samples were washed three times with 0.1 M HCl
solution and deionized water and then dried at 50 �C for 30min.
2.4. Synthesis of 3D hollowed out SrTiO3/PDA

The PDA on the SrTiO3 electrode surface was UV photo-
polymerized by immersing the electrode in a stirred PBS (pH ¼
6.0) containing 10 mM DA for 4 h. These steps were repeated on
the other electrode side. Finally, the electrode was rinsed with
deionized water and then dried at 50 �C for 30 min.
2.5. Synthesis of 3D hollowed out SrTiO3/Au/PDA

SrTiO3/Au electrodes were prepared via microwave-assisted
polyol heating. First, a mixed solution was prepared in an
Erlenmeyer ask containing 30 mL of ethylene glycol, 3 mL of
deionized water, and 2 mL of HAuCl4 (0.5 mg mL�1). The
mixture was stirred well for 10 min. The strontium titanate
substrate was then microwave-digested in this mixed solution
for 1 min and nally rinsed with ethanol and H2O. SrTiO3/Au/
PDA electrodes were prepared by loading the PDA with the
SrTiO3/Au electrodes following the method outlined above.
2.6. Immobilization of glucose oxidase

The 3D hollowed out SrTiO3/Au/PDA electrodes were placed in
a 4 �C environment for 30 min in advance. Subsequently, 5 mL of
GOx solution (PBS pH ¼ 7.4) was evenly dispersed on the elec-
trode surface, and then the electrodes were dried at 4 �C for
24 h. These steps were repeated for the other electrode side.
RSC Adv., 2021, 11, 13624–13634 | 13625
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2.7. PEC measurements

The electrochemical investigations and biosignal conversions
were performed using an electrochemical workstation (CHI
Instruments, Chenhua CHI 660E, Shanghai, China) with
a 500W xenon lamp (Beijing Zhongjiao Jinyuan Technology Co.,
Ltd, China). The test system was used with a three-electrode
system (a Pt sheet was used as the counter electrode and satu-
rated Ag/AgCl was used as the reference electrode, bias of 0.4 V,
PBS pH ¼ 7.4). During the measurement, the electrode was
subjected to an optical density of 100 mW cm�2.
2.8. Characterization

Powder X-ray diffraction (XRD) patterns were recorded on
a Panaltical X'Pert-pro MPD X-ray power diffractometer using
Cu Ka radiation (l ¼ 1.54056 �A). Field-emission scanning
electron microscopy (FEI Nano SEM 430) was used to acquire
SEM images. Transmission electron microscope (TEM) was
performed on JEOL JEM-2100F electron microscope operated at
200 kV. X-ray photoelectron spectroscopy (XPS) spectra were
recorded using an ESCALAB 250 Xi XPS system of Thermo
Scientic, where the base pressure in analysis chamber was 1.5
� 10�9 mbar and the X-ray spot was 500 mm. UV-Vis diffuse
reection absorption spectra of the samples were obtained by
a Varian Cary 5000 UV-Vis spectrometer equipped with an
integrating sphere accessory and BaSO4 as a reference material.
3. Results and discussion
3.1. Design guidelines and microstructure of the electrodes

The typical procedure for synthesizing the PEC sensor is pre-
sented in Scheme 1. The 3D hollowed out TiO2 nanowire clus-
ters were rst obtained via Ti mesh anodization because the 3D
hollow Ti mesh structure has a low steric hindrance for bio-
logical reactions.21,22 Scanning electron microscopy (SEM)
revealed a highly ordered array of nanowire clusters in the
synthesized TiO2 (Fig. 1(a)). Moreover, a single unit presented
a bird's nest-like nanowire cluster structure. This particular
structure provided convenient conditions for complete SrTiO3

conversion (Fig. 1(a)). The synthesized TiO2 nanowire cluster
array was hydrothermally converted to a SrTiO3 nanostructure.
As shown in Fig. 1(c), the synthesized SrTiO3 had highly ordered
nanoarrays similar to the morphology of the TiO2 precursor. At
high magnications, SrTiO3 cubes were observed to have piled
up into hills. In alkaline environments, Sr2+ can chemically
react with TiO2 to generate SrTiO3 via dissolution–precipitation.
In this process, the nanowire TiO2 was rst dissolved around
the titanium mesh to form a liquid phase (Ti(OH)n

(n�4)�) and
then participated in the nucleation and ion-mediated growth of
SrTiO3. At this point, in situ SrTiO3 growth had been completed.
The growth mechanism can be expressed by the following
reactions (eqn (1) and (2)):23

TiO2(s) + (n � 4)OH�(aq) + 2H2O(l) / Ti(OH)n
(n�4)�(aq) (n ¼

4–6), (1)
13626 | RSC Adv., 2021, 11, 13624–13634
Ti(OH)n
(n�4)�(aq) + Sr2+(aq) + (6�n)OH�(aq) / SrTiO3(s) +

3H2O(l). (2)

Subsequently, PDA with high biocompatibility was loaded
onto the surface of the synthesized SrTiO3 via photo-
polymerization. According to the literature, photo-
polymerization is the effective method for preparation of PDA.
Firstly, the photopolymerization method can functionalize
many at, curved, and even irregular substrates.24 Secondly, no
catalyst is needed in the polymerization process.25 Thirdly,
robust and well-dened polymer brushes can be directly
transplanted onto various surfaces.26,27 As shown in Fig. 1(d),
PDA was randomly distributed on the surface of SrTiO3 nano-
arrays, and its adhesion on the surface was evidently poor. PDA
was anchored on the surface of SrTiO3 nanoarrays aer being
loaded with gold via microwave-assisted polyol heating
(Fig. 1(b)). The distribution of PDA aer adding gold was more
uniform than that in samples without gold. This uniform
distribution makes better contact between the PDA and the
substrate, which is conducive to enhancing the transmission of
photogenerated electrons.28 Hence, the problem of uneven PDA
distribution was resolved by adding gold. As shown in the
enlarged schematic of nanoarray monomers in Scheme 1, PDA
was tightly arranged on the surface when gold was added. By
contrast, the arrangement was loose when gold was not added.
This is due to the extremely high surface energy of gold
promoted the close integration of PDA and SrTiO3.29,30 In
addition, the high-density electron cloud on the gold surface
provided a high-speed bridge for photogenerated electrons to
quickly transfer to the electrode.

Transmission electron microscopy (TEM) revealed that the
SrTiO3/Au/PDA composite had uniformly sized approximately
20 nm in size (Fig. 1(f)). The composition of the composite was
characterized via HRTEM (Fig. 1(e)), EDX (Fig. S1 in ESI†), and
mapping (Fig. 1(g)). As shown in Fig. 1(g), the SrTiO3/Au/PDA
had a uniform distribution of Ti, Sr, O, N, and Au, thereby
conrming the formation of SrTiO3, Au, and PDA. Moreover, Ti
(17.23%), Sr (12.71%), O (57.79%), N (11.52%), and Au (0.72%)
elements were found in the SrTiO3/Au/PDA composite (Fig. S1
in ESI†), indicating that the SrTiO3 substrate formed and Au
and PDA were uniformly loaded onto its surface. The SrTiO3/Au/
PDA composite material had some clear lattice fringes
(Fig. 1(e)), including lattice fringes of 0.273, 0.39, and 0.233 nm,
corresponding to the SrTiO3(110), SrTiO3(100), and Au(111)
planes, respectively. Amorphous regions were clearly observed
around these lattice fringes, corresponding to PDA. According
to HRTEM images (Fig. S2 in ESI†), the SrTiO3/Au/PDA
composite had a richer amorphous region than the SrTiO3/
PDA composite. This result also demonstrated that Aumade the
PDA to uniformly distribute in SrTiO3 nanoarrays.
3.2. Characterization of the electrodes

The composition of the material was further analyzed via X-ray
diffraction (XRD). First, the diffraction peaks of titanium
dioxide were characterized (Fig. S3 in ESI†). All diffraction peaks
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Process of preparing the 3D hollowed out SrTiO3/Au/PDA PEC sensor and schematic of its microscopic appearance.
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detected were matched to typical TiO2 in the anatase phase
(JCPDS: 21-1272)31 and pure Ti phase (JCPDS: 44-1294),32 indi-
cating that the synthesized precursor was pure anatase TiO2.
Subsequently, the prepared strontium titanate material and its
composite with gold and PDA were tested (Fig. 2(a)). The
diffraction peaks of the prepared strontium titanate perfectly
matched the pure phases of SrTiO3 phase (JCPDS: 035-0743)6

and Ti phase. No other diffraction peaks were found, especially
the diffraction peak of TiO2. The XRD of the composite material
loaded with amorphous PDA was not different from that of
SrTiO3, suggesting that the crystal structure of SrTiO3 was not
affected by PDA. Finally, the diffraction peaks of Au (JCPDS: 04-
0784)18 could not be clearly analyzed via XRD because their
peaks were weak and close to those of Ti. The elemental states
of all prepared materials were tracked via X-ray photoelectron
spectroscopy (XPS). As shown in Fig. 2(b), SrTiO3 only contained
Sr, Ti, and O elements, SrTiO3/PDA only contained Sr, Ti, O,
and N elements, and SrTiO3/Au/PDA only contained Sr, Ti, O, N,
and Au elements. This result also proved that the SrTiO3/Au/
PDA composite was successfully and accurately prepared. The
binding energy for Sr 3d peaks (Fig. 2(c)) distributed at 132.9
and 134.5 eV were matched to Sr 3d5/2 and Sr 3d3/2, respectively,
corresponding to Sr2+.4 The peaks located at 485.15 and
463.95 eV attributed to Ti 2p3/2 and 2p1/2, respectively, matched
the binding energy of Ti4+ (Fig. 2(d)).33 In addition, the prepared
SrTiO3/PDA and SrTiO3/Au/PDA material had slight shis in the
peaks of Sr 3d and Ti 2p. These shis were attributed to the
inuence of Au and PDA on the electronic state of SrTiO3. The N
1s spectra (Fig. 2(e)) could be separated into four peaks at 398.7
(¼]N–), 399.9 (–NH–), 400.7 (–NH2), and 401.8 eV (–NH3

+).34

The high-resolution spectra of C 1s is shown in Fig. S4 (ESI†).
The peaks centered at 284.8� 0.1 eV, 286.1� 0.3 eV and 288.9�
0.1 eV could be assigned to the benzene, C–O or C–N and O–C]
O, respectively.35,36 From their percentages in the samples
(Table S1 in ESI†), it can be seen that, in comparison with
© 2021 The Author(s). Published by the Royal Society of Chemistry
SrTiO3/Au (28.57%), the relative contents of C–O or C–N in
SrTiO3/Au/PDA (62.60%) obviously increased. This result also
conrmed that the PDA was successfully xed to the electrode.
The detection of these amine functional groups indicated that
the PDA layer was successfully loaded onto the surface of the 3D
hollowed out SrTiO3. The peaks of Au 4f were concentrated at
the binding energies of 83.9 and 87.6 eV, corresponding to Au
4f7/2 and 4f5/2, respectively (Fig. 2(f)). In addition, the peak of Au
4f7/2 slightly shied from the standard value of Au element. This
shi was attributed to the interaction of Au with SrTiO3 and
PDA. These results conrmed that the 3D hollowed out SrTiO3/
Au/PDA composite was successfully synthesized.
3.3. Electrochemical measurement of the electrodes

The successful implementation of the gold electronic cloud
bridge design was conrmed in a series of analyses (Fig. 3). UV-
vis diffuse reectance spectra are important and powerful
indicators of the optical characteristics of materials. The light-
absorption capacity of the prepared SrTiO3, SrTiO3/PDA, and
SrTiO3/Au/PDA materials was investigated via UV-vis diffuse
reectance spectra (Fig. 3(a)). SrTiO3/Au/PDA had the strongest
light absorption in both ultraviolet and visible light regions.
SrTiO3/PDA had the second strongest light absorption. This
result indicated that SrTiO3/Au/PDA had the best photodynamic
performance. This excellent performance was attributed to the
enhancement of PDA load on the surface of SrTiO3 upon the
addition of gold nanoparticles and the successful construction
of the gold electronic cloud bridge. Changes in the band gap of
the samples were calculated via the Tauc plot method by using
the following equation:

(ahn)1/2 ¼ A(hn � Eg), (3)

where a is absorbance index, h is Planck constant, n is
frequency, A is a constant, and Eg is semiconductor band gap. In
RSC Adv., 2021, 11, 13624–13634 | 13627
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Fig. 1 SEM images of (a) TiO2, (b) SrTiO3/Au/PDA, (c) SrTiO3, and (d) SrTiO3/PDA. (e) HRTEM image of SrTiO3/Au/PDA. (f) TEM image of SrTiO3/
Au/PDA. (g) Mapping of SrTiO3/Au/PDA (from left to right: Sr, Ti, O, N, and Au).
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this study, absorbance was used as a parameter to replace a.
The relationship between (ahn)1/2 and hn is depicted in Fig. 3(b).
The band gap evidently decreased from SrTiO3 (3.245 eV) and
SrTiO3/PDA (3.240 eV) to SrTiO3/Au/PDA (3.220 eV) possibly
because of the coupling of semiconductor energy levels. In
general, this decrease in band gap is helpful in improving the
performance of PEC sensors.

The efficiency of surface charge transfer was evaluated via
the EIS test method. As shown in Fig. 3(c), in this model, Rs

represent the solution resistance, and Rct represent the charge
transfer resistance at the semiconductor/electrolyte interface.
Notably, compared with pristine SrTiO3 (12 705 U) and SrTiO3/
PDA (10 439 U), the value of Rct (5917 U) for SrTiO3/Au/PDA is
dramatically decreased, which means the charge transfer
resistance inside the SrTiO3/Au/PDA electrode is much smaller
than that of SrTiO3 and SrTiO3/PDA. The above results
demonstrate that the coating of Au can accelerate the interfacial
transfer and separation of charge carriers of SrTiO3/Au/PDA.
The ability of SrTiO3/Au/PDA to efficiently transfer
13628 | RSC Adv., 2021, 11, 13624–13634
photogenerated electrons proved the existence of the gold
electronic cloud bridge. The PEC performance of the prepared
materials was evaluated by observing time-dependent current
under on and off light switching. In Fig. 3(d), SrTiO3/Au/PDA
had the highest light-absorption performance and the highest
charge-separation efficiency, resulting in the highest photo-
current value. Moreover, the photocurrent value of SrTiO3/Au/
PDA further increased because of the contribution of Au
(Fig. S5 in ESI†). This result also conrmed that the gold elec-
tronic cloud bridge was successfully constructed between
SrTiO3 and PDA.

The electronic lifetime and carrier density (ND) of the
materials were characterized via open-circuit potential (OCP)
and Mott–Schottky plots, respectively, to understand further
how the performance and electronic properties of PEC were
improved. According to the results of OCP tests, electronic
lifetime was calculated using eqn (4):37
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD of SrTiO3, SrTiO3/PDA, and SrTiO3/Au/PDA. (b) Full-range XPS spectra of SrTiO3, SrTiO3/PDA, and SrTiO3/Au/PDA. (c–f) Ampli-
fication local XPS of Sr, Ti, N, and Au.
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s ¼ KT

e

�
dVOC

dt

��1
; (4)

where s is the potential dependent photoelectron lifetime, k is
Boltzmann's constant, T is temperature, e is the charge of
a single electron, and Voc is the open-circuit voltage at time t.
SrTiO3/Au/PDA evidently had the longest electron lifetime that
greatly contributed to its photoelectric performance (Fig. 3(e)).
Fig. 3 SrTiO3, SrTiO3/PDA, and SrTiO3/Au/PDA PEC sensors. (a) UV-vis
0.4 V vs. Ag/AgCl under light radiation in 0.1 M PBS (pH¼ 7.4). (d) Photocu

© 2021 The Author(s). Published by the Royal Society of Chemistry
The Mott–Schottky equation (eqn (5)) supported the carrier
density (ND) calculated by the Mott–Schottky plots:37

1

C2
¼ 2

NDe30

�
ðUS �UFÞ � KT

e

�
; (5)

where C is the space charge capacitance in the semiconductor,
ND is the electron carrier density, e is the elemental charge
value, 30 is the permittivity of the vacuum, 3 is the relative
permittivity of the semiconductor, US is the applied potential, T
absorption spectra. (b) Plots of (ahn)1/2 and hn. (c) EIS Nyquist plots at
rrent response. (e) Open-circuit potential plots. (f) Mott–Schottky plots.
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Fig. 4 3D hollowed out SrTiO3/Au/PDA/GOx PEC sensor. (a) Photocurrent responses at different glucose concentrations (0–20 mM) in 0.1 M
PBS (pH ¼ 7.4). (b) Calibration curve of glucose concentration and photocurrent density. (c) Stability detection curve in 0.1 M PBS (pH ¼ 7.4) at
20 mM of glucose. (d) Histogram of the results of anti-interference analysis (3 mM Glu and 0.3 mM each of AA, NaCl, DA, Suc, and UA).
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is temperature, and k is the Boltzmann constant. Among all
samples, SrTiO3/Au/PDA had the largest carrier density
(Fig. 3(f)). The increase in electrical conductivity during the
material recombination process was conrmed by the
substantial enhancement in carrier density that accelerated the
transfer of photogenerated electrons. In general, SrTiO3/Au/PDA
exhibited extremely high charge separation efficiency that
directly benetted from the successful construction of the gold
electronic cloud bridge.
3.4. Sensing measurements of the biosensors

Owing to the excellent performance of PEC under light radia-
tion, the 3D hollowed out SrTiO3/Au/PDA material was selected
as the primary photoelectrode material for PEC sensing
Table 1 Comparison of the biosensors constructed in previous works a
mance indicators

PEC sensors
Linear range
(mM)

TiO2 NTs/PDA/N–GQDs 0–11
R/A-TiO2@GOx 1–20
ITO/TiO2–MoS2–GOx 0.1–10
FTO/Fe2O3–NB–PDA–GDH 0–2
GOx/CdTe 0.1–11
a-MoSx/RGO/ITO 0.15–16
3D hollowed out SrTiO3/PDA 0–20
3D hollowed out SrTiO3/Au/PDA 0–20

13630 | RSC Adv., 2021, 11, 13624–13634
detection. The performance of the biosensor in PEC detection
was evaluated. GOx was selected as the representative enzyme
for detecting glucose concentration. Sensitivity, linear range,
and limit of detection (LOD) are important indicators of sensor
performance. The ability of the SrTiO3/Au/PDA photoelectrode
to detect different glucose concentrations was examined (Fig. 4).
Results showed that photocurrent gradually increased as
glucose concentration increased (Fig. 4(a)). This trend arose
because of the strong reducing FADH2 (Flavine adenine dinu-
cleotide, reduced), which was produced during glucose oxida-
tion. Moreover, FADH2 consumed the photogenerated holes in
the photoelectrode and assisted in enhancing the photocurrent.
The calibration curve of photocurrent and glucose concentra-
tion was analyzed (Fig. 4(b)). Results conrmed the excellent
nd the biosensors developed in this study in terms of several perfor-

LOD (mM)
Sensitivity (mA
mM�1 cm�2) Ref.

0.016 13.6 33
0.019 5.71 41
0.015 0.81 42
0.025 7.36 43
0.04 — 44
0.098 — 45
0.017 8.9 This work
0.012 23.7 This work

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 (a) Modification of GOx on the 3D hollowed out SrTiO3/Au/PDA. (b) Mechanism by which gold accelerates photogenerated electron
transfer.
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biosensing performance of the 3D hollowed out SrTiO3/Au/PDA
(Fig. 4). The biosensor had wide linear range of 1–20mM, a high
sensitivity of 23.7 mA mM�1 cm�2, and a low LOD of 0.012 mM
(S/N ¼ 3).

The base material (3D hollowed out SrTiO3/PDA) was used
for glucose detection to conrm its excellent PEC performance
objectively. All test methods and conditions for the 3D hollowed
out SrTiO3/PDA PEC sensor were exactly the same as those for
the 3D hollowed out SrTiO3/Au/PDA PEC sensor. The results of
the comparison of these sensors, including photoelectric
performance curves and calibration curves, are exhibited in
Fig. S6 (ESI†). Although the 3D hollowed out SrTiO3/PDA PEC
sensor had the same linear detection range as the 3D hollowed
out SrTiO3/Au/PDA PEC sensor, its sensitivity was only 37.55%
of that of the 3D hollowed out SrTiO3/Au/PDA PEC sensor. The
excellent PEC performance of the 3D hollowed out SrTiO3/Au/
PDA PEC sensor was attributed to the contribution of Au to
electron transfer. In addition, the inuence of PDA on the
performance of PEC sensors is also explored. As shown in
Fig. S7 (ESI†), the thickness of PDA of SrTiO3/Au/PDA is about
3 nm, while the thickness of PDA of SrTiO3/Au/PDA (excessive
PDA) is 8–10 nm, and the distribution is uneven. Subsequently,
SrTiO3/Au/GOx and SrTiO3/Au/PDA (excess PDA)/GOx PEC
sensors were used for glucose detection. The performance of
PEC sensors SrTiO3/Au/GOx and SrTiO3/Au/PDA (excess PDA)/
GOx for glucose detection was evaluated (Fig. S8 in ESI†). The
results show that the sensitivity of SrTiO3/Au/GOx and SrTiO3/
Au/PDA (excess PDA)/GOx to glucose detection is 43.04% and
33.80% of the sensitivity of SrTiO3/Au/PDA/GOx, respectively.
Therefore, it can be concluded that PDA greatly improves the
glucose detection performance of the sensor, which is attrib-
uted to the fact that PDA provided an excellent biocompatible
environment for enzymes. Furthermore, the promotion of
charge separation and transfer had a very positive effect on
sensitivity. Therefore, the gold electron cloud bridge played an
extremely important role in sensitivity improvement.

The stability of the 3D hollowed out SrTiO3/Au/PDA as a PEC
biosensor was tested in nine cycles of intermittent light radia-
tion in a solution with 20 mM of glucose. Aer nine cycles, the
photocurrent of the 3D hollowed out SrTiO3/Au/PDA/GOx
biosensor had 99.85% of its initial value, which shows
remarkable stability in a short time. To monitor the long-term
© 2021 The Author(s). Published by the Royal Society of Chemistry
stability of the biosensor, we performed 20 mM glucose
measurement every 1 day (stored at 4 �C for the rest of the time).
As shown in Fig. S9 (ESI†), the photocurrent of the 3D hollowed
out SrTiO3/Au/PDA/GOx biosensor had an initial value of
99.44% aer 10 days. Results showed that the PEC biosensor
had excellent stability (Fig. 4(c)), conrming that PDA provided
a good biocompatible environment for the enzyme that greatly
enhanced the enzyme catalytic activity. The specicity of elec-
trodes in biological testing is critical to detection results.
Hence, several interfering substances, such as ascorbic acid
(AA), sodium chloride (NaCl), dopamine (DA), sucrose (Suc),
and uric acid (UA), were individually added aer glucose (Glu).
The PEC biosensor exhibited excellent anti-interference ability
(Fig. 4(d)). In addition, the sensing mechanism of glucose is
described in the ESI.† Compared with the biosensor developed
in a previous work (Table 1), the PEC biosensor developed
herein had better and satisfactory results in terms of sensitivity
and linear range.

The detection ability of the 3D hollowed out SrTiO3/Au/PDA/
GOx sensor was tested by analyzing glucose concentration in
human serum samples. Five human serum samples with known
blood glucose concentrations were obtained at The First Affili-
ated Hospital of Hainan Medical University. Subsequently, the
human serum samples were diluted 50 times with 0.1 M PBS.
The glucose concentration of these samples was measured
using the 3D hollowed out SrTiO3/Au/PDA/GOx PEC sensor.
Results showed that the concentration detected by the sensor
was consistent with the known glucose concentration (Table S2
in ESI†). Moreover, the serum detection recovery rate ranged
from 98.487% and 100.831%, which was within the acceptable
range (Table S2 in ESI†). This result supported the claim that
the 3D hollowed out SrTiO3/Au/PDA PEC sensor constructed
herein can be used in detecting glucose concentrations in actual
human blood samples.

3.5. Sensing mechanism of the 3D hollowed out SrTiO3/Au/
PDA/GOx biosensor

As shown in Scheme 2, the path of the 3D hollowed out SrTiO3/
Au/PDA PEC sensor modied by GOx and the gold electron
cloud bridge accelerated the transfer mechanism of photo-
generated electrons. In Scheme 2(a), GOx was tightly wrapped in
the PDA layer of the PEC sensor. Therefore, the highly
RSC Adv., 2021, 11, 13624–13634 | 13631
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biologically active PDA created an efficient catalytic environ-
ment for GOx. In Scheme 2(b), when light radiation reached
a certain intensity, the PDA molecule changed from the ground
state to the excited state because a transition behavior of p–p*.
Aerward, the electrons at the excited state transitioned from
the highest occupied molecular orbital of PDA to the lowest
unoccupied molecular orbital (LUMO) with a high energy level.
The excited electrons enriched in LUMO thermodynamically
transferred to the conduction band (CB) of SrTiO3 because the
LUMO of PDA was about �1.468 eV (vs. NHE)38 and the CB of
SrTiO3 was approximately �0.8 eV (ns. NHE).39 The transfer of
photogenerated electrons induced the photogenerated holes to
transfer in the opposite direction and nally annihilated by
glucose oxidation.40 In this process, sensitivity can be effectively
improved by accelerating the transfer of photogenerated elec-
trons. Therefore, elemental gold with extremely dense electron
clouds has an indispensable role in the rapid transfer of pho-
togenerated electrons. As an electronic bridge, gold provides
a fast channel for the transfer of photogenerated electrons and
promotes the separation and transfer of photogenerated
charges, thereby substantially improving the photo-
electrochemical performance of the 3D hollowed out SrTiO3/Au/
PDA.
4. Conclusion

A 3D hollowed out SrTiO3/Au/PDA composite material was
successfully manufactured in this study. This material was
characterized via SEM, XPS, XRD, TEM, EDX, mapping, UV-vis
spectroscopy. The construction of the gold electronic cloud
bridge at the SrTiO3–PDA interface endowed the 3D hollowed
out SrTiO3/Au/PDA with excellent photoelectrochemical
performance and efficient charge separation ability. As a novel
type of PEC biosensor, the performance of the 3D hollowed out
SrTiO3/Au/PDA/GOx electrode in glucose detection was tested.
This electrode had a low LOD of 0.012 mM and an ultrahigh
sensitivity of 23.7 mA mM�1 cm�2 within a wide linear range of
1–20 mM. In short, the biosensor exhibited extremely high
sensitivity. The results provide a novel idea for designing effi-
cient photocatalytic devices.
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