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ABSTRACT: The photoelectrochemistry (PEC) performance of TiO, is e M

somewhat limited by its wide band gap and low quantum efficiency, and i g\[ \/%

the innovation of its composite materials provides a promising solution for " T c"m ﬁﬂ
an improved performance. Herein, a composite of a Au nanorod@TiO, zvora > o ;é/u o

core—shell nanostructure (AuNR@TiO,) and a melanin-like L-DOPA PD

polymer (PD) is designed and prepared, where the outer layer PD tethered | Glucuse~ 01

by TiO,-hydroxyl complexation and the AuNR core can intensify the long- 2 e ffm
wavelength light harvesting, and the AuNR@TiO, core—shell structure AUNR@TIO; | Glucose sensing T ;

can strengthen the hot-electron transfer to TiO,. The photocurrent of PD/ — 1,0:
AuNR@TiO, is 8.4-fold improved versus that of commercial TiO,, and N e =

the maximum incident photon-to-electron conversion efficiency reaches
65% in the UV—visible—near-infrared region. In addition, the novel PD/
AuNR@TiO, photocatalyst possesses the advantages of good biocompat-
ibility and stability, which can act as a versatile PEC biosensing platform
for providing a biocompatible environment and improving detection sensitivity. Herein, a PEC enzymatic biosensor of glucose
is developed on the basis of the immobilization of dual enzyme [glucose oxidase (GOx) and horseradish peroxidase (HRP)] in
PD and the signaling strategy of biocatalytic precipitation. In phosphate buffer containing glucose and 4-chloro-1-naphthol, the
HRP-catalyzed oxidation of 4-chloro-1-naphthol by GOx-generated H,0, can form a precipitate on the electrode, by which the
decrement of photocurrent intensity is proportional to the common logarithm of glucose concentration. The linear detection
range is from 0.05 yM to 10.0 mM glucose, with a limit of detection of 0.01 uM (S/N = 3). Glucose in some human serum
samples is analyzed with satisfactory results.

KEYWORDS: Au nanorod@TiO, core—shell heterostructure, bioinspired L-DOPA polymer, photoelectrochemistry,
biocatalytic precipitation, enzymatic sensing of glucose

1. INTRODUCTION into two categories: nonenzymatic and enzymatic glucose
sensors. The PEC nonenzymatic glucose sensors are mainly
based on the photocatalytic oxidation of glucose. Glucose
acted as an electron donor to react with the photogenerated
holes or the redox-active molecules on the surface of
photoelectrodes.”” Gopalan et al. designed a nonenzymatic
PEC glucose sensing platform by two-dimensional BiOCl-

The quantitative analysis of human blood glucose plays an
important role in the fields of clinical diagnosis and health care
especially on fighting diabetes mellitus." The electrochemical
biosensing of glucose has gained massive attention since
1960s.> Recently, photoelectrochemistry (PEC) creates a new

era in prompting the development of biosensors.” Using light ) o
as the excitation source and photocurrent as the detection graphene nanohybrid sheets.™ Devadoss et al. reported the

signal, PEC sensing features the advantages of low background direct PES oxidation of glucose on a robust Cu,0-TiO,
signal, low cost, easy miniaturization, and high sensitivity.”® electrode.”” Other nonenzymatic PEC glucose sensors are also
9 l ] . . . . 12
The performance of PEC biosensors mainly relies on prepar(.ed using a core—shell WO3@T11C3:_C c'omposu'e,
photovoltaic materials, which can act as light harvesting ultrathin g-C3N,/WO5 heterostructures, * a Ni/CdS/TiO,

species to generate the electrical signals and/or as the

recognition elements to biomolecular conjugation. The high Received: November 3, 2018
biocompatibility of the materials is very important in bio- Accepted: February 13, 2019
related PEC fields.” The PEC glucose sensors may be divided Published: February 13, 2019
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Scheme 1. Preparation Procedures and Sensing Principle for the PEC Glucose Biosensor
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nanotube array,"* and an amorphous MoS, /reduced graphene
oxide hybrid film."> The PEC-based enzymatic biosensors
possess the advantages of enzymes’ selectivity and PEC’s
sensitivity.'“'® A variety of photoactive materials are used to
immobilize enzymes for glucose detection, such as ZnS
nanoparticles,'” Ag,S quantum dots,” ZnS—CdS hybrid
quantum dots,”" TiO,/CulnS,/ZnS hybrids,”> ZnO—Au@
CdS microspheres,” and assembled MoS,—TiO, heterostruc-
tures.”* For enzymatic biosensors including PEC-based
biosensors, how to efliciently maintain the enzymatic activity
and prevent the enzyme leakage from the electrode surface is
always an important issue.

As one of the most important photocatalytic materials, the
TiO, })hotocatalyst has attracted much attention in PEC since
1972.°>%° Tang et al. reported a sensitive enzymatic PEC
biosensor for glucose by using TiO, nanowire-functionalized
glucose oxidase (GOx) as the photoanode.”” Li et al. prepared
Ni—Cu nanoparticle-modified TiO, nanotube arrays for
nonenzymatic glucose sensing.”® Cakiroglu et al. constructed
a self-powered glucose biosensor by immobilizing GOx with
the TiO,—carbon nanotubes—Co;0, hybrid semiconductor.”
The photocatalytic efficiency of TiO, mainly depends on its
chemical morphology, structure, size, surface area, and doping
materials.”” The single ingredient TiO, semiconductor often
suffers the drawbacks of wide band gap, low visible-light
absorption ability, and easy recombination of photogenerated
electron—hole (e—h) pairs.”’ The surface plasmon resonance
(SPR) of noble metals (e.g, Au and Ag) can largely improve
the charge separation and transfer of the TiO, semiconductor
by injectin§ “hot” electrons over the interfacial Schottky
barrier.”>™** Many plasmonic PEC biosensors for glucose
detection have been fabricated by metal—semiconductor
systems, such as Au—TiO,-patterned heterostructures,’
hollow nano Ag&Pt—TiOz,36 Pt—TiO,,*’ graphene—WO;—
Au h%ybrid membranes,”® and Au—CuS—TiO, nanocompo-
sites.”” Compared with common metal—semiconductor
systems, core—shell metal@semiconductor materials have
emerged as powerful materials in the study of surface-enhanced
light-harvesting processes with the advantages of improved
physicochemical properties, including versatility, tunability,
stability, and dispersibility.** The Au nanorod (AuNR)
material is a suitable candidate for fabricating the core—shell
metal@semiconductor composite because of its tunable
longitudinal localized SPR band, which can vary from the
visible to near-infrared (NIR) region by tailoring the length-to-
diameter aspect ratio."’ The unique anisotropic character of
AuNRs can make it assembled into numerous super-
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structures.”” Hence, the controllable preparation of AUNR@
TiO, core—shell structures can maximize the charge trans-
portation/separation ability of TiO, and enhance the photo-
catalytic efficiency over almost the entire solar spectrum.*
The artificial synthesis of biomimetic materials has emerged
as a promising tool to provide biocompatible environments of
materials.**** Typically, polydopamine (PDA) is a biomimetic
polymer material inspired from mussel adhesion proteins,
attracting much attention in the study of biocompatible
coating, solar cells, and surface modifications.**”>* Ryu et al.
used PDA to immobilize Nile Blue redox mediators on the
surface of Fe,O,/fluorine-doped tin oxide (FTO) electrodes,
which acted as a versatile PEC enzymatic platform for glucose
sensing.”’ Nam et al. reported a new synthetic PDA dye as an
efficient photosensitizer for TiO,-based solar cells, which can
extend the absorption of TiO, into the visible region.”> PDA
may strongly bind with TiO, through residual —OH groups of
the catechol moiety and form a strong bidentate complex to
promote the transfer of photoexcited electrons of PDA to the
conduction band of TiO,.>” 3-(3,4-Dihydroxyphenyl)-L-
alanine (L-DOPA) is a structurally similar compound of
dopamine (DA), which plays an important role in the process
of tyrosinase catalysis of the oxidation of L-tyrosine to form
melanin.” Learning from melanin, .-DOPA polymer (PD) is
suggested as a special amino acid polymer with additional
pending —COOH groups on its backbone for enzyme
immobilization and amperometric biosensing.”*~>® Thus, PD
can be a good candidate to match PDA as an efficient PEC
photocatalyst, which offers a highly biocompatible matrix for
convenient surface functionalization, biological interactions,
and film-coating applications.”” In general, there are three
approaches to the synthesis of PD: chemical oxidation,
electrochemical oxidation, and enzyme-catalyzed oxida-
tion.”®*” In this regard, PD is a promising biomimetic polymer
that can be further explored in PEC enzymatic biosensors. The
first generation of PEC enzymatic biosensors has been widely
studied, which utilizes cosubstrate O, (or the generated H,0,)
as the electron acceptor (or donor).*~®* It has been reported
that the enzyme-based biocatalytic precipitation (BCP)
strategy can be employed in PEC sensors for lowering the
detection limits and the competitively nonproductive absorp-
tion of enzymes.“’64 Many oxidases (e.g., GOx, lactate oxidase,
and choline oxidase) involve the oxidation of the respective
substrates by O,, generating H,0O, that can stimulate the BCP
process.”” Thus, the assembling of enzyme electrodes with the
BCP strategy to alter the interface electrical features of PEC
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transducers is a competitive signal amplification strategy to
apply in various PEC biosensors.

Herein, a composite is first prepared by coating bioinspired
PD on the core—shell AuNR@TiO, nanostructure (PD/
AuNR@Ti0,), which exhibits a broader absorption from UV—
visible to NIR, enhanced separation of e—h pairs, high
photoelectric conversion efficiency, and good biocompatibility.
Meanwhile, a multiamplified PEC sensor for glucose is
constructed by the novel PD/AuNR@TiO, composite photo-
catalyst combined with a dual enzyme-involved BCP strategy,
with GOx as a H,0,-generating enzyme and horseradish
peroxidase (HRP) as a product-precipitating enzyme. As
shown in Scheme 1, the AuNR@TiO, core—shell hetero-
structure is synthesized by the wet-chemistry method and
calcined to change the structure from the amorphous TiO, to
anatase phase. PD is employed as an ideal polymer for
enzymes immobilization, which can well maintain the
bioactivity of enzymes. GOx and HRP are co-entrapped in
PD that is formed by the oxidation of L-DOPA in the presence
of NaAuCl,, followed by chitosan (CS) coating to stabilize the
HRP—GOx—Au—PD bioconjugate on the FTO surface. The
dual enzyme-involved BCP strategy is realized upon HRP-
catalyzed oxidation of 4-chloro-1-naphthol by GOx-generated
H,0, to yield a precipitate, which inhibits the interfacial
electron transfer of the electron donor (ascorbic acid, AA).
Accordingly, a high-performance PEC enzymatic biosensor is
constructed for glucose analysis by the combination of
multisignal amplifiers (AuNR@TiO, core—shell structure,
bioinspired PD, and HRP—GOx dual-enzyme) with the
favorable BCP quenching process. The glucose analysis in
some human serum samples is achieved by completing the
BCP process out of the detection cell and then by PEC
detection, which can avoid the direct exposure of blood
samples to light illumination. This new PEC sensing platform
exhibits enhanced photovoltaic performance, high detection
sensitivity, low detection limit, and well-maintained enzyme
activity.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. GOx (EC 1.1.3.4, type II from
Aspergillus niger, 150 U mg™"), HRP (EC 1.11.1.7, 300 U mg™"), L-
DOPA, CS from crab shells (90% deacetylated), and 4-chloro-1-
naphthol were purchased from Sigma-Aldrich. TiCl; (15—-20%),
tetrachloroaurate trihydrate (HAuCl,-3H,0), hexadecyltrimethylam-
monium bromide (CTAB), sodium oleate (NaOL), sodium dodecyl
sulfate (SDS), AA, and glucose were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). All other chemicals
were of analytical grade or better quality. The FTO slices (type P003,
sheet resistance <15 Q/cm?) were purchased from Zhuhai Kaivo
Optoelectronic Technology Co., Ltd. (Zhuhai, China). pH 7.0
phosphate buffer solution (PBS, NaH,PO,—Na,HPO,, 30.0 mM) was
used in the glucose detection process; 0.1 M pH 7.4 PBS was used in
the L-DOPA polymerization process; and Milli-Q_ultrapure water
(Millipore, >18 MQ cm) was used throughout. Human blood sera
were kindly donated by Hunan Normal University Hospital.

2.2. Apparatus. PEC experiments were performed on an
electrochemical workstation (ZENNIUM, ZAHNER-elektrik GmbH
& Co. KG, Germany) equipped with a PEC setup (CIMPS, PP211,
ZAHNER-elektrik GmbH & Co. KG, Germany). The light source
(WLCO02, ZAHNER-elektrik GmbH & Co. KG, Germany) was
calibrated to 1 Sun (100 mW cm™2). The incident photon-to-electron
conversion efficiency (IPCE) was measured with a tunable light
source (TLS03) from 365 to 1024 nm at a bias of 0.85 V. FTO
electrodes were used as the working electrode (0.25 cm? area), a KCI-
saturated calomel electrode (SCE) as the reference electrode, and a Pt
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disk electrode as the counter electrode. The electrochemical
experiments were conducted on a CHI660C electrochemical
workstation (CH Instruments Inc., Austin, TX) by using a graphite
rod (4 mm diameter, 1.5 cm length) as the counter electrode and an
SCE as the reference electrode. Characterizations of transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
were performed on a FEI Tecnai G2 F20 transmission electron
microscope, which is equipped with an Oxford energy-dispersive X-
ray spectroscopy (EDX) analysis detector for elemental analysis.
Scanning electron microscopy (SEM) characterizations were
performed on a FEI Helios NanoLab 600i scanning electron
microscope. X-ray diffraction (XRD) patterns were collected on a
Rigaku RAPID IIR diffractometer with Cu Ko radiation operated at
40 kV, 250 mA at a step size of 1°. Dynamic light scattering (DLS,
Malvern Zetasizer Nano ZS) was used to measure the size of AuNR.
UV—vis spectrophotometry was conducted on a UV-2450 ultra-
violet—visible spectrophotometer (Shimadzu, Japan).

2.3. Synthesis of AuNRs. The AuNRs were prepared by a
modified seed-growth method reported by Nikoobakht and El-
Sayed.” First, Au seed solution was prepared by rapidly adding ice-
cooled 0.6 mL of 0.1 M aqueous NaBH, into an aqueous solution
containing 10 mL of 0.1 M CTAB and 0.1 mL of 25 mM HAuCl,.
The mixed solution was stirred for 2 min and left for 30 min at 30 °C
before use.

For AuNR synthesis, 0.8 mL of 25 mM HAuCl, was mixed with 20
mL aqueous solution containing 0.1 M CTAB and 16 mM NaOL by
vortex mixing in a 30 °C water bath for 90 min. After adding 150 uL
of concentrated HCI to adjust the solution pH, 64 uL of 0.1 M AA
and 0.75 mL of 10 mM AgNO; were added sequentially into the
CTAB—NaOL—HAuCl, solution. Immediately, 16 uL of seed
solution was added and stirred for 30 s, followed by being undisturbed
for 12 h in a 30 °C water bath. The final product was centrifuged at
8000 rpm and then 5000 rpm for 20 min, respectively. Finally, the
AuNRs were redispersed in 10 mL of H,O for further use.

2.4. Synthesis of AUNR@TiO, Heterostructures. The cationic
surfactant-encapsulated AuNRs were first exchanged with the SDS
anionic surfactant. AuNRs (0.5 mL) were mixed with 20 mL of 0.1 M
SDS solution for 30 min. Then, AuNRs were collected by centrifuging
at 8000 rpm twice to remove the excess surfactant and redispersed in
10 mL water for TiO, coating.

For the synthesis of AUNR@TiO, core—shell heterostructures, 0.2
mL of TiCl; solution (17.1 wt %, containing 20—30 wt % HCI) was
diluted with 4 mL of H,O. Then, 0.8 mL of 1 M NaHCO; solution
was dropped in TiCl; solution under stirring. Before the solution
turned into dark blue, the SDS-encapsulated AuNRs were added into
the solution immediately, and kept stirring for 30 min at room
temperature. The product was washed twice with ethanol, centrifuged
at 6000 rpm for 10 min, and redispersed in water before use.

2.5. Fabrication of PD/AuNR@TiO,/FTO. Electrochemical
oxidative polymerization of L-DOPA on the AuNR@TiO,/FTO
electrode was prepared by immersing the AuNR@TiO,/FTO
electrode in a stirred PBS (pH 7.4) containing 10 mM -DOPA for
20-cycle potential sweeps from —1.0 to 1.0 V at a scan rate of 50 mV/
s.

2.6. Synthesis of HRP—GOx—Au—PD Bionanocomposite.
The HRP—GOx—Au—PD bionanocomposite was synthesized by
adding 2 mM NaAuCl, in PBS containing 6 mg mL™' HRP, 6 mg
mL™' GOx, and 40 mM L-DOPA for stirred 4 h. After the
polymerization, the solution became dark in color with the precipitate
formed. Then, the HRP—GOx—Au—PD precipitate was centrifuged
and redispersed in PBS before use.

2.7. Electrode Modifications and Biosensing. Prior to
modification, FTO electrodes were cleaned by ultrasonication
successively in acetone, ethanol, and water each for 15 min, and
then dried in oven. 20 uL of AuUNR@TiO, aqueous dispersion was
dropped onto a cleaned FTO electrode and calcined at 450 °C for 3 h
to change the structure from the amorphous TiO, shell to anatase
phase. Subsequently, 10 uL of the resulting HRP—GOx—Au—PD
bionanocomposite was cast on the obtained AuNR@TiO,/FTO
electrode and allowed for solvent evaporation. Finally, 8 uL of 0.2 wt
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Figure 1. TEM images of uncoated AuNRs [(A); inset: DLS spectrum], AuNR@TiO, core—shell composites (B), and their UV—vis spectra (C).
Single AUNR@TiO, core—shell nanostructure’s TEM (D), HRTEM (E), and EDX spectrum (F).
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Figure 2. (A) Photocurrent responses of bare FTO, TiO,/FTO, uncalcined and calcined AuNR@TiO,/FTO, as well as PD/AuNR@TiO,/FTO
electrodes. (B) Voc—t curves of the TiO,-, AuNR@TiO,-, and PD/AuNR@TiO,-modified FTO electrodes. (C) IPCE spectra of the TiO,/FTO,
AuNR@TiO,/FTO, PD/TiO,/FTO, and PD/AuNR@TiO,/FTO films. (D) Photostability of TiO,/FTO, AuNR@TiO,/FTO, and PD/AuNR@

TiO,/FTO.

% CS solution was cast on HRP—GOx—Au—PD/AuNR@TiO,/FTO
and dried naturally.

For glucose sensing, CS/HRP—GOx—Au—PD/AuNR@TiO,/
FTO was incubated in PBS (pH = 7.0) containing 1 mM 4-chloro-
1-naphthol and glucose at a certain concentration for 20 min at 37 °C
to complete the BCP reaction. Then, the PEC measurement was then
carried out in PBS (pH = 7.0) containing 0.1 M AA as the sacrificial
electron donor.

3. RESULTS AND DISCUSSION

3.1. Morphology and Structure of AuUNR and AuNR@
TiO, Core—Shell Nanocomposites. Synthesized AuNR and
AuNR@TiO, were characterized by TEM. The average size of
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the materials is obtained by counting 30 nanorods. As shown
in Figure 1A, the average diameter and length of the AuNR are
18 + 2 and 95 + 7 nm, respectively, with an average aspect
ratio of 5.3. The dominant DLS size of AuNRs is about 60 nm
(inset of Figure 1A), which is acceptably consistent with the
sizes of AuNRs obtained from TEM. Note that because of the
rod shape, the diameter from DLS measurement is not the
actual size of the NRs.”” The core—shell AuUNR@TIO, exhibits
a rodlike structure and good monodispersity, along with few
byproducts, as shown in Figure 1B. The average thickness of
the TiO, shell around the AuNR core is ca. 38 + 8 nm on the
side and ca. 41 = 7 nm on the end. The UV—vis absorption
spectra of AuNR and AuNR@TiO, also confirm the successful

DOI: 10.1021/acsami.8b19284
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synthesis of the AuNR@TiO, core—shell nanostructure, as
shown in Figure 1C. A longitudinal absorption peak of the
AuNR appears at 900 nm, and a transverse absorption peak
appears at S11 nm, indicating the successful synthesis of
rodlike AuNRs as reported previously.’® After coating with
TiO,, the longitudinal and transverse absorption peaks of
core—shell AuNR@TiO, red shift to 977 and 521 nm,
respectively. The results reveal that TiO, is successfully coated
on the AuNR, which can enhance the refractive index of the
surrounding medium.*® A single AuNR@TiO, core—shell
nanostructure was further characterized by TEM (Figure 1D),
HRTEM (Figure 1E), and EDX (Figure 1F). Both TEM and
HRTEM images of single AUNR@TiO, show the distinct
core—shell interface between AuNR and TiO,. From HRTEM,
the AuNR core shows a lattice spacing of 0.24 nm, which
corresponds to the (111) plane of Au. Besides, the TiO, shell
is amorphous because of the wet-chemistry synthesis of
AuNR@TiO, at room temperature. These results are
consistent with the findings of XRD patterns of amorphous
AuNR@TiO, composites and calcined AuNR@TiO,, as
shown in Figure S1. The amorphous AuNR@TiO, only
shows diffraction peaks of the cubic Au phase (JCPDS no. 04-
0784) while the calcined AuNR@TiO, shows both diffraction
peaks of Au and anatase TiO, (JCPDS no. 21-1272). Thus, the
AuNR@TiO, core—shell structure is successfully synthesized,
and the amorphous TiO, shell turns to the anatase phase by
calcination. The EDX spectrum of single AuNR@TiO, further
indicates that Au, Ti, and O elements are distributed on the
single AuNR@TiO, composite (Figure 1F). The atom
percentages of Ti and O are 28.63 and 60.97%, respectively,
indicating the formation of the TiO, shell on AuNRs.

3.2. Photoelectrochemical Studies. We investigated the
photovoltaic performances of TiO,-, AuNR@TiO,-, and PD/
AuNR@TiO,-modified FTO electrodes, as shown in Figure 2.
Figure 2A shows the photocurrent responses of bare FTO,
TiO,/FTO, and uncalcined/calcined AuNR@TiO,/FTO as
well as PD/AuNR@TiO,/FTO. For bare FTO and uncalcined
AuNR@TiO,/FTO electrodes, almost no photocurrent
responses were observed. In contrast, a photocurrent density
of about 70.3 yA cm™2 was obtained at the calcined AuNR@
TiO,/FTO electrode. The dramatically increased photocurrent
is attributed to the structure of the amorphous TiO,-shell
change to the anatase phase by calcination. Meanwhile, the
AuNR@TiO, core—shell structure can efficiently accelerate the
interfacial charge transfer processes by sharing “hot” electrons
at the metal—semiconductor core—shell interface. AuNR-free
TiO,/FTO exhibits a small photocurrent density of 21.6 yA
cm™?, while the photocurrent density of PD/AuNR@TiO,/
FTO is about 182 yA cm™> The photocurrent density of PD/
AuNR@TiO,/FTO is about 8.4-folds that of TiO,/FTO, and
2.6-folds that of AuNR@TiO,/FTO. The improvement of the
photocurrent density of PD/AuNR@TiO,/FTO is attributed
to the PD photosensitizer tethered on the TiO,-shell by Ti—
ligand complexation. The synergistic effect of the AuNR@
TiO, core—shell structure with the TiO,—PD complex can
provide a significant enhancement of TiO, charge separation.
The possible interfacial electron transfer mechanisms of the
PEC transducer upon light excitation is shown in Figure S2.
Under irradiation, PD triggers the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) by its 7—x system, which makes electrons transfer
from the HOMO to LUMO. Then, the electron injection
occurs from the LUMO energy level of PD to the conduction
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band of TiO, as previously reported.”> Meanwhile, AuNR@
TiO, core—shell nanostructures can effectively improve
electron generation and transformation through a metal
plasmon sensitization mechanism. The plasmonic AuNR can
generate “hot” electrons and inject them into the conduction
band of the TiO, semiconductor over a Schottky barrier, which
is formed at the interface between the AuNR-core and TiO,-
shell.°® When the electron donor (AA) exists in the solution,
the photogenerated holes immigrate into the solution in which
they oxidize AA and the e—h recombination can be effectively
avoided.

Figure 2B shows the open circuit voltage—time (Voc—t)
curves of TiO,/FTO, AuNR@TiO,/FTO, and PD/AuNR@
TiO,/FTO electrodes under the turn-off condition after
continuous illumination. The Vg values of TiO,/FTO,
AuNR@TiO,/FTO, and PD/AuNR@TiO,/FTO are 0.288,
0.436, and 0.477 V versus SCE, respectively. The Vi value of
AuNR@TiO,/FTO is larger than that of TiO,/FTO,
indicating that core—shell AuNR@TiO, generates more
electrons by sharing “hot” electrons. The maximal V¢ value
of PD/AuNR@TiO,/FTO further confirms that PD can
inhibit the e—h recombination by transferring its 7 electrons to
the conduction band of TiO,. When the light is switched off,
the transient decay of V5 can be used to evaluate the electron
lifetime in the conduction band of TiO,. According to the
Bisquert equation69

(kBT ]( dVpe J‘l
o e dt
where 7,, kg, T, ¢, and t are the decay electron lifetime,
Boltzmann’s constant, temperature, charge of a single electron,
and time, respectively. The slow decay of the Vyc—t curve
represents the longer electron lifetime and a low proportion of
e—h recombination centers at the sample surface. The
photoinduced electron lifetime follows the order PD/
AuNR@TiO,/FTO > AuNR@TiO,/FTO > TiO,/FTO.
Thus, both PD and AuNR in the PD/AuNR@TiO, photo-
catalyst could help the transfer of TiO, electrons to the
electrode surface and inhibit the recombination of e—h pairs.
The IPCE spectra of TiO,/FTO, AuNR@TiO,/FTO, PD/
TiO,/FTO, and PD/AuNR@TiO,/FTO electrodes are shown
in Figure 2C. The IPCE is approximately 10% for the anatase
TiO, at ca. 365 nm, while AuNR@TiO,/FTO shows good
responses in both UV—visible and NIR ranges, with maximum
values of approximately 32%. The plasmonic effect and
longitudinal localized SPR band of the AuNR-core yield
higher photocurrent responses than that of anatase TiO,.
Compared with PD/TiO,/FTO, the IPCE of PD/AuNR@
TiO,/FTO also exhibits enhanced photocurrent and a
broadened light absorption across the NIR region, where the
maximum IPCE is approximately 65%. These observations
represent that the efficiency of hot electron generation of
AuNR-core by SPR can improve charge carrier transport
through the interface of TiO,. Incorporated with PD, the IPCE
value of PD/TiO,/FTO and PD/AuNR@TiO,/FTO are
further enhanced with a remarkable red shift in UV absorption
due to the formation of conjugated 7-electrons on the surface
of the TiO,-shell. This phenomenon is consistent with the
UV—vis absorption spectra, as shown in Figure S3. The
electropolymerized PD/FTO exhibits broad absorption peaks
at 280 nm. AuNR@TiO,/FTO exhibits the TiO, absorption
peak at 316 nm and two small absorption peaks of AuNR at
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550 and 1024 nm, respectively. The UV peak of PD in PD/
AuNR@TiO,/FTO red shifts to 420 nm with wide absorption
(vs 280 nm), indicating the formation of conjugated z-
electrons between PD and TiO,-shell.

The photostability of the synthesized core—shell AuNR@
TiO, composite and PD/AuNR@TiO,/FTO electrode in
contrast to TiO,/FTO was also studied by continuous light
illumination in 0.1 M AA, as shown in Figure 2D. The
photocurrent was almost unchanged over 15 repeated ON/
OFF switching, revealing the good stability of the prepared
electrodes.

3.3. Photoelectrochemical Biosensing of glucose. The
chemical polymerization of L-DOPA is conducted by using
NaAuCl, as a chemical oxidant in the presence of GOx and
HRP, and characterized by TEM and UV—vis spectroscopy, as
shown in Figure S4. The TEM image of the HRP—GOx—Au—
PD bionanocomposite shows many Au nanoparticles of ca. 6
nm diameter entrapped in the melanin-like polymer. UV—vis
absorption spectra confirm the formation of the HRP—GOx—
Au—PD bionanocomposite. The GOx, HRP, 1-DOPA, and
NaAuCl, solutions show their absorption peaks at ca. 278, 401,
263, and 305 nm, respectively. After adding NaAuCl, in the
GOx + HRP + 1-DOPA solution for 4 h reaction, the black
HRP—GOx—Au—PD precipitate was formed, and the UV—vis
absorption peaking at 280 and 400 nm implies the successful
polymerization of L-DOPA that can immobilize HRP and GOx
enzymes.

The fabrication process of the PEC glucose sensor was also
monitored by SEM, as shown in Figure 3. Bare FTO shows a
scalelike rough surface due to the fluorine-doped SnO, layer
deposited on the glass surface (Figure 3A). Figure 3B depicts
the SEM image of the AuNR@TiO,/FTO electrode after
calcination at 450 °C for 4 h. The rodlike AuNR@TiO,
structures change to massive heterostructures after calcination,
which can compactly incorporate AuUNR@TiO, rods through

Figure 3. SEM images of (A) bare FTO, (B) calcined AuNR@TiO,/
FTO, (C) HRP—GOx—Au—PD/AuNR@TiO,/FTO, and CS/HRP—
GOx—Au—PD/AuNR@TiO,/FTO electrodes (D) before and (E)
after the BCP process with the same magnification.

atom packing. After casting the HRP—GOx—Au—PD polymer
on AuNR@TiO,/FTO, a flakelike rough film is seen (Figure
3C). After CS coating, the CS/HRP—GOx—Au—PD/AuNR@
TiO,/FTO electrode exhibits a glue-applied film (Figure 3D).
Figure 3E shows the CS/HRP—GOx—Au—PD/AuNR@TiO,/
FTO electrode after the BCP process by adding a glucose
analyte. It can be seen that the precipitates are generated on
the electrode surface. The above experimental results suggest
that the PEC glucose sensor has been successfully fabricated
step by step.

Figure 4 shows the electrochemical and PEC character-
izations of modified electrodes. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) responses of
bare FTO, TiO,/FTO, AuNR@TiO,/FTO, HRP—GOx—Au—
PD/AuNR@TiO,/FTO, and CS/HRP—GOx—Au—PD/
AuNR@TiO,/FTO electrodes before and after the BCP
process were obtained by using K,[Fe(CN)¢] as an electro-
active probe (Figure 4A,B). EIS data are fitted to the Randles
equivalent circuit (inset of Figure 4B). Compared with the
redox peaks of bare FTO (0.263/0.124 V), the redox peaks on
TiO,/FTO shift to 0.285/0.096 V, which is consistent with the
relatively poor electron transfer of the TiO, semiconductor
and the findings of EIS. For AuNR@TiO,/FTO, the current
intensity is larger than that of bare FTO and TiO,/FTO,
accompanying with the decreases of peak-to-peak separation
(AEp) and the electron transfer resistance (R,,) obtained from
EIS. These results indicate that the core—shell AuUNR@TIO,
possesses better electron-conductivity than TiO, because
AuNR promotes the electron transfer process. Subsequently,
HRP—GOx—Au—PD and then CS were introduced to the
electrode surface, both leading to increased AE; and R, values
(curves d and e) that imply the more difficult interfacial
electron transfer. The current intensity was increased at HRP—
GOx—Au—PD/AuNR@TiO,/FTO, probably as a result of the
good electron conductivity of Au nanoparticles in the HRP—
GOx—Au—PD bionanocomposite. After the BCP process, AE;
and R, values further increase, indicating the successful
generation of electron-insulating precipitates on the electrode
surface (curve f).

To investigate the detection feasibility of our proposed
glucose enzymatic biosensor, PEC measurements were
conducted in PBS containing 0.1 M AA as the electron
donor, as shown in Figure 4C. After coating the HRP—GOx—
Au—PD bionanocomposite on the AuNR@TiO,/FTO elec-
trode, the photocurrent density reaches to 162 uA cm™2 (curve
a) because of the good light absorption of PD, Au
nanoparticles, and HRP—GOx enzymes. Because of the poor
electron conductivity of CS, the photocurrent density
decreases to 143 yA cm™ at the CS/HRP—GOx—Au—PD/
AuNR@TiO,/FTO electrode (curve b). After incubation with
PBS containing 1 mM 4-chloro-1-naphthol and 0.1 mM
glucose to complete the BCP process, a photocurrent density
of 75.9 A cm™ (curve c) was obtained. Thus, the bienzyme-
involved BCP strategy can realize the sensitive PEC detection
of glucose. Figure S5 shows the good photostability of the CS/
HRP—-GOx—Au—PD/AuNR@TiO,/FTO electrode by con-
tinuous ON/OFF light illumination. No apparent photo-
current changes were observed, suggesting the good stability of
CS/HRP—-GOx—Au—PD/AuNR@TiO,/FTO.

To compare the performance of PD with PDA, a PDA-
capsuled HRP—GOx—Au composite was prepared by the same
procedures of HRP—GOx—Au—PD, except that 20 mM DA
was used instead of 40 mM L-DOPA. The CS/HRP—GOx—
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Figure 4. (A) CV and (B) EIS spectra of bare FTO (a), TiO,/FTO (b), AuNR@TiO,/FTO (c), HRP—GOx—Au—PD/AuNR@TiO,/FTO (d),
and CS/HRP—GOx—Au—PD/AuNR@TiO,/FTO electrodes (e) before and (f) after the BCP process in PBS containing 2.0 mM K, Fe(CN)4 and
0.1 M Na,SO,. Scan rate: 50 mV s™". EIS experiments were conducted after biasing at 0.2 V for 200 s. (C) Photocurrent responses of (a) HRP—
GOx—Au—PD/AuNR@TiO,/FTO and CS/HRP—GOx—Au—PD/AuNR@TiO,/FTO (b) before and (c) after the BCP process; the
photoelectrodes were measured at a bias voltage of 0.1 V (vs SCE) in pH 7.0 PBS containing 0.1 M AA. (D) CV curves of bare FTO (a),
AuNR@TiO,/FTO (b), and CS/HRP—GOx—Au—PD/AuNR@TiO,/FTO in the absence of glucose (c) and in the presence of 5.0 mM glucose

(d) in 30.0 mM pH 7.0 PBS at a scan rate of 50 mV s™".

Au—PDA/AuUNR@TiO,/FTO electrode was used to detect $
mM glucose by comparison, as shown in Figure S6. After BCP,
the photocurrent density of the PDA-based electrode
decreased by ca. 43.2%, while the PD-based electrode
decreased by ca. 62.8%. The initial photocurrent intensity of
the PD-based electrode is larger than that of the PDA-based
electrode. It is reported that PD can be regarded as a special
amino acid polymer (with an additional —COOH group vs
DA), which possesses high biocompatibility and excellent
adhesive ability for enzymes.”* The oxidation polymerization
of L-DOPA and DA is an indole-like polymerization
mechanism. Because of the additional —COOH group on
PD, the intermolecular cyclization process of PD and the cross-
linking processes of the oxidized intermediates of PD can more
easily occur than those of PDA, which can form big 7—n
stacking that enhances the light absorption ability. Hence, PD
can be regarded as a newly arising candidate instead of
traditional DA-based polymers in the applications of photo-
catalysis and many PEC biosensors.

Figure 4D depicts the CV responses of bare FTO (curve a),
AuNR@TiO,/FTO (curve b), and CS/HRP—GOx—Au—PD/
AuNR@TiO,/FTO in the absence and the presence of 5 mM
glucose (curves ¢ and d) in pH 7.0 PBS. For bare FTO and
AuNR@TiO,/FTO, no peaks were observed because of the
absence of redox species on the FTO surface. In contrast, CS/
HRP-GOx—Au—PD/AuNR@TiO,/FTO shows a single
prominent oxidation peak around 0.56 V, which may
correspond to the PD polymer in the HRP—GOx—Au—PD
composite. In the presence of glucose, the characteristic peak
of H,O, at ca. 0.7 V was observed, indicating that GOx
catalytic oxidation of glucose by O, produced H,O,.
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The effects of (A) bias potential, (B) calcination time, and
(C) the concentration of L-DOPA in the synthesis of HRP—
GOx—Au—PD bionanocomposites were investigated to obtain
the optimal performance of the glucose sensor, as shown in
Figure S7. The bias potential is an important factor in
correlation with photocurrent responses. Figure S7A depicts
the photocurrent responses of CS/HRP—GOx—Au—PD/
AuNR@TiO,/FTO at different bias potentials. The maximum
photocurrent was obtained at 0.1 V. Thus, the bias potential of
0.1 V was used in the subsequent experiments. The calcination
time of AuUNR@TiO,/FTO was investigated in Figure S7B.
The photocurrent increased with the increase of calcination
time from 1 to 4 h and decreased at calcination for 5 h.
Therefore, the optimal calcination time for AuNR@TiO,/
FTO is 4 h, which can turn the structure of amorphous TiO,
into the anatase structure. Figure S7C shows the effect of L-
DOPA concentration on the synthesis of the HRP—GOx—
Au—PD bionanocomposite. The maximum photocurrent
density of HRP—GOx—Au—PD/AuNR@TiO,/FTO was
obtained when the concentration of L-DOPA was 40 mM.
Thus, 40 mM L-DOPA was chosen for the synthesis of HRP—
GOx—Au—PD bionanocomposites.

Furthermore, we investigated the effects of the size of
AuNR@TiO, core—shell nanorods on PEC and glucose-
sensing performances, as shown in Figure S8. Figure S8A
shows the UV—vis spectra of the prepared AuNRs with
different longitudinal plasmon bands at (a) 648, (b) 707, (c)
745, (d) 843, and (e) 901 nm. To grow the longer AuNRs, we
fixed the concentrations of gold ions and surfactants and
changed the concentration of silver ions. It was reported that
the length of the AuNRs increases with the increase of AgNO,
concentration in the growth solution less than 0.12 mM.%
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containing 0.1 M AA at 0.1 V.

Then, we prepared AuNR@TiO, core—shell nanorods of
different sizes by using AuNRs of different longitudinal
plasmon bands, varying from 648 to 901 nm (from a to e).
As shown in Figure S8B, the optimal photocurrent density of
AuNR@TiO, is obtained by using the AuNR of the
longitudinal plasmon band at 843 nm (curve d). The longer
AuNRs can incorporate the larger amount of Au in the TiO,
shell, which can improve the charge separation and transfer of
TiO,. However, merely increasing the amount of AuNRs may
passivate the light penetration and thus block the light available
to the interfacial surface of TiO,, resulting in the decrease of
photocurrent.”® Tt should be noted that the controlled
synthesis of AUNR@TiO, can be realized by controlling the
NaHCO; concentration and the pH value during the
hydrolysis of TiCl,.% Figure S8C shows the size effect of
AuNR@TiO, nanorods on the glucose-sensing performance.
As expected, we obtained better detection performance at a
higher photovoltaic efficiency of the PEC photoelectrode.
Thus, we chose the AuNR of the longitudinal plasmon band at
843 nm as the optimal size.

Under optimal conditions, glucose assay was carried out by
time-dependent PEC photocurrent (i—t) measurements of
CS/HRP—GOx—Au—PD/AuNR@TiO,/FTO before and
after BCP with glucose concentrations from 0.05 M to 10.0
mM at 0.1 V in pH 7.0 PBS containing 0.1 M AA (Figure SA).
As the concentration of glucose increases, the photocurrent
intensity decreases accordingly. The percentage of the
photocurrent decrement is proportional to the common
logarithm of glucose concentration in a linear range from
0.05 uM to 10.0 mM with a limit of detection of 0.01 uM (S/
N = 3). The regression equation is AI/I; = 0.122 Ig Calucose
(uM) + 0.202 with a coefficient of 0.993 (Figure SB). The
possible mechanism for the PEC detection of glucose is as
follows. With increasing glucose concentration, more H,0, will
be generated by GOx catalytic oxidation of glucose, which can
catalyze the oxidation of more 4-chloro-1-naphthol in the
presence of HRP to yield more precipitates on the transducer
surface. Thus, the insulating precipitates reduced the photo-
current by obstructing the interfacial electron transfer of the
electron donor (Scheme 1). Table S1 is the comparison of the
present glucose detection method with some reported sensors,
showing that the proposed CS/HRP—GOx—Au—PD/AuNR@
TiO,/FTO is a good platform for glucose detection.

The precision and reproducibility of the sensor were
estimated by five parallel experiments to detect 0.1 mM
glucose, the relative standard deviation is 4.1%, suggesting a
satisfactory precision and reproducibility of this sensor to
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glucose detection. The chronic stability of this PEC enzymatic
sensor was evaluated by storing CS/HRP—GOx—Au—PD/
AuNR@TiO,/FTO in a dark and humid environment at 4 °C
for 25 days, and the photocurrent response was approximately
87.4% of its initial response, proving the good storage stability.

Furthermore, the specificity of the enzymatic sensor toward
glucose was examined by mixing glucose with several possible
interferents, including uric acid, acetaminophen, fructose,
NaCl, and KCl. As shown in Figure S9, the detection signal
in the presence of each of these substances and glucose only
slightly changed in comparison with that of 0.1 mM glucose
alone, indicating the good specificity of the sensor toward
glucose detection.

To illustrate the potential applications of our sensor in
practical analysis, CS/HRP—GOx—Au—PD/AuNR@TiO,/
FTO has been employed to analyze glucose in human blood
serum samples. Before determination, the human blood serum
samples were 50-fold diluted with pH 7.0 PBS to fit the wide
linear detection range of the protocol. As listed in Table S2,
the determined results of blood serum samples are in
accordance with hospital results, and the recovery (between
97.4 and 107%) is acceptable, demonstrating the application
potential of the proposed PEC enzymatic sensor for blood
glucose assay.

4. CONCLUSIONS

A PD/AuNR@TiO, composite has been fabricated for the first
time and characterized by TEM, UV, XRD, EDX, and IPCE.
Owing to the good spectral properties of PD and AuNR, PD/
AuNR@TiO, exhibits broadband light harvesting and high
IPCE value than pristine TiO,. The use of bioinspired PD as
enzymes coating film can simultaneously improve the PEC
performance and biocompatibility of biosensing transducers. A
novel PEC sensor for the sensitive detection of glucose on the
CS/HRP—GOx—Au—PD/AuNR@TiO,/FTO electrode has
been fabricated, which shows a low LOD (0.01 gM) and a
wide linear range (0.05 #M to 10.0 mM) to detect glucose.
The developed high-performance photocatalyst and biosensing
platform may be of some general value for designing other
biosensing platforms and exploiting other PEC applications.
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