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A new photoelectrochemical (PEC) sensing platform comprising TiO, nanotube arrays (TIONTAs),
polyaniline (PANI), and gold nanoparticles (AuNPs) was successfully fabricated. After loading the enzyme,
this Au—PANI-TIONTA electrode showed excellent response to glucose at a linear range of 2-36 mM
with a 0.02 mM detection limit. Good PEC performance was obtained due to the following advantages
of the material: high visible-light harvesting ability for excellent light trapping capacity of PANI and
AuNPs, good separation of the photo-induced charges related to the specific Au—PANI-TIONTA
heterostructure, efficient electrode surface reaction kinetics derived from the large specific surface area
of TIONTAs and improved electrode catalytic activity. This work proposed a new and general PEC
enzymatic format and can be extended to prepare different PEC biosensors for biomolecules such as
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1. Introduction

Photoelectrochemical (PEC) analysis as a burgeoning analytical
tool offers a potent way of biochemical analysis, environmental
monitoring, and clinical diagnosis." Because of the different
kinds of excitation and detection signals, PEC sensors possess
inherent high sensitivity and low detection limit.> Fundamen-
tally, PEC detection contains three processes: the absorption of
luminous energy by the modified nanomaterial to generate
electrons and holes, the separation of photon-generated
carriers, and the migration of these carriers to the surface of
the material to participate in the surface catalytic reaction.
These processes correspond to the light-harvesting capability,
charge separation efficiency, and surface reaction kinetics of the
electrode material, respectively.® Therefore, the composition
and structural design of materials is crucial.

One-dimensional TiO, nanotubes are marvelous candidates
for PEC biosensors due to their surface effects, small size
effects, macro quantum tunnel effects, specific surface area as
well as electronic properties.* These effects do not only facilitate
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the surface reactions of TiO, nanotubes by making the system
kinetics more efficient but also can induce entirely new ther-
modynamic reaction pathways.” Furthermore, the form of an
array can endow the 1D TiO, nanotubes with high mechanical
strength, significant signal collection ability, and easy minia-
turization.®” Hence, this work synthesized a self-organized TiO,
nanotube array (TiONTA) via typical anodic oxidation as
a substrate to build the PEC biosensor platform.

The application of TiO, materials in PEC sensors is generally
restricted by their limited response to ultraviolet light and fast
recombination of carriers.® Coupling TiO, with organic polymer
materials containing the conjugative 7 structure is an effective
solution to this problem.” The electrochromic properties of
PANI can promote the visible-light absorption of the electrode.*
The conjugate quinone structure of PANI can trap abundant
photoexcited carriers to retard the recombination of electrons
and holes.” Thus, PANI has been introduced into photo-
electrochemical sensing for lactose detection,'” which confirms
that PANI can be used as an active ingredient for the photo-
electrochemical analysis. Moreover, AuNPs have been
frequently utilized in PEC biosensors because of their excellent
biocompatibility and affinity with biological macromolecules
and photoelectric properties.” Free electrons in AuNPs can
substantially absorb light to stimulate the PEC process.

Therefore, integrating AuNPs with wide-bandgap semi-
conductors, such as ZnO, or TiO,, can improve the performance
of photoelectric sensing.™ In addition, the local surface plas-
mon resonance effect of gold particles under light'® has also
made AuNPs favorable for photoelectrochemical sensing.'® The
gold particles in the system can generate “hot” electrons under
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light conditions. The Fermi level of these electrons is higher
than the TiO, substrate conduction band, which facilitates the
plasmonic “hot” electron transfer to the TiO, electrode and
leaves “holes” on the Au surface. The free “holes” help in the
absorption of OH™ in the PBS solution and provide more AuOH
active sites, which is critical for glucose oxidation."”

Herein, a novel photoelectrode for PEC biosensing, which is
composed of TiIONTAs, PANI, and AuNPs, was successfully built.
The good PEC performance was obtained because of the high
visible-light absorption, efficient photoelectric conversion effi-
ciency, and catalytic activity. A one-dimensional TiO, nanotube
array with a high specific surface area was exploited to accom-
modate a substantial load of PANI and AuNPs, which could
retain the catalytic activity of the enzyme. Moreover, the intro-
duction of PANI would minimize the bandgap of TiO, to avoid
possible damage of enzymes by UV light. These biosensors
showed excellent performance for the direct detection of blood
glucose without any pretreatment, indicating promising appli-
cation in POCT (point-of-care testing).

2. Experimental section

2.1. Materials and reagents

Ti foils (99.5%) were acquired from Alfa Aesar Company. An
aniline monomer (99.5%) was purchased from J&K Scientific,
Ltd., Beijing, China. Glucose oxidase (GOx) was obtained from
Shanghai Bioengineering Co. Ltd. HAuCl, - 3H,0 was purchased
from Sigma-Aldrich, USA. Diethylene glycol (DEG), HCl, CH3-
CH,OH, CgH;,0 and other reagents were purchased from
Guangzhou Chemical Reagent Factory. All materials were used
without further purification.

2.2. Apparatus

The XRD characterization was performed using a D8 Tool XRD
powder diffractometer. The PEC electrodes were observed
through a SU8010 field emission scanning electron microscope
(SEM, Hitachi, Japan) and JEM-2100 transmission electron
microscope (TEM, JEOL Ltd., Japan). XPS data were characterized
by Thermo Scientific ESCALAB250 using an Al target. The light
absorption capacity of the material was surveyed via a UV-vis
absorption spectrophotometer (JASCO, UV-550). Fourier trans-
form infrared (FTIR) spectrometry was performed with KBr in the
range of 4000-400 cm ' (Thermo Fisher Scientific, Waltham,
MA, USA). The Raman spectra of the samples were recorded at
514 nm via a reflex laser Raman spectrograph (Renishaw
Corporation). The PEC tests were performed in the PBS buffer
(pH 7.0) on an electrochemical workstation (CHI Instruments,
Chenhua, Shanghai, China). The light source was a 500 W Xenon
lamp equipped with a UV-cutoff filter (>380 nm). The PEC tests
were performed with a classic three-electrode system using
a GOx@Au-PANI-TiONTA modified Ti foil, Ag/AgCl, and Pt foil as
the working, reference, and counter electrodes, respectively.

2.3. Preparation of TIONTA and PANI-TiONTA electrodes

TiONTA were prepared via anodization following a previously
described method.”® After surface treatment by acetone,
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ethanol, and deionized (DI) water, the foils were dried with pure
N, gas. The titanium substrate was anodized by a voltage-
stabilized source (MS-1002D) with a titanium gauze counter
electrode. Anodization was performed at 20 V for 1 h in an
ethylene glycol solution containing 0.1 M HN,F and 1 M water.
Thereafter, the TIONTA electrode was washed with water, dried
in N,, and aged at 400 °C in air for 3 h at a heating rate of 2 °C
per minute. Before electrodeposition, the TIONTA electrode was
allowed to stand for 1 h in a solution containing 0.1 M aniline.
Electrodeposition was carried out in a three-electrode system in
a solution containing 0.05 M aniline and 0.5 M H,SO, at 1 V.
The electrode was washed with acetone and water and dried at
60 °C.

2.4. Fabrication of the GOX@Au-PANI-TiONTA composite
electrode

The GOx@Au-PANI-TiONTA electrodes were prepared by
immersing the PANI-TiONTA composite in 50 mL of HAuCl,
(0.01 mg mL™") in a quartz beaker. The mixture was deoxidized
with N, gas for 30 min and illuminated by UV lamps (20 W)
a few times. Then, the Au-PANI-TiONTA electrode was rinsed
with water and purged with N,. The electrodeposition and
photodeposition times were optimized before the tests (Fig. S1
and S21). GOx was loaded onto the electrode by transferring
20 mL of 1.0 mg mL~" GOx on the one side of the Au-PANI-
TiONTA electrode and dried in air at 4 °C.

3. Results and discussion

3.1. Design strategy of the GOx@Au-PANI-TiONTA
biosensor

The PEC system was fabricated, as illustrated in Scheme 1A.
TiONTA was prepared via the anodic oxidation treatment. PANI
was then grown on TiONTA via electrochemical polymerization.
PANI in this system could attract AuCl,  on its protonated
secondary amines for AuNP deposition. Thereafter, AuNPs were
successfully attached to TiONTA with polyaniline through
photodeposition for the loading of GOx.

3.2. Characterization of TIONTA, PANI-TiONTA, and Au-
PANI-TiONTA composites

The crystal phases of TIONTA, PANI-TiONTA and Au-PANI-
TiONTA were first analyzed via XRD patterns (Fig. 1A). The
diffraction peaks of TIONTA located at 38.4°, 40.2°, 62.9°, 70.9°,
76.6° and 53.0° corresponded well with the Ti diffraction peaks
in JCPDS no. 44-1294. The diffraction peak at 25.4° could
confirm the presence of the anatase phase in TIONTA (JCPDS
no. 73-1764). Moreover, the new diffraction peak located at
14.5° proved the presence of PANI (JCPDS no. 49-2499)." The
weak and broad peaks indicated the presence of leucoemer-
aldine structures (C¢H;sN),,. An evident peak at 38.2° occurred in
the XRD pattern of Au-PANI-TiONTA, which coincided with Au
(111) according to JCPDS no. 04-0784. Thus, a ternary composite
composed of TiONTA, PANI, and AuNPs was successfully
confirmed.

This journal is © The Royal Society of Chemistry 2020
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The morphology and structure of TiONTA, PANI-TiONTA,
and Au-PANI-TiONTA composites were observed via SEM and
TEM. As shown in Fig. 1B, a highly ordered TiONTA was ob-
tained after anodization. The morphology of TiIONTA presented
in the TEM image is consistent with that shown in the SEM
image (inset in Fig. 1B). The interior diameter of tubiform
nanostructures was approximately 80 nm with a definite
marginal structure. After PANI was deposited, the top of the
TiO, nanotube array was covered by a PANI layer, and the
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(A) Preparation of GOx@Au—PANI-TiIONTA and (B) detection of glucose at the GOx@Au—-PANI-TIONTA Ti foil electrode.

interior diameter of tubiform nanostructures became smaller
(Fig. 1C). The TEM image shows that the inner wall of the TiO,
nanotubes was filled with PANI (inset in Fig. 1C). The combi-
nation of gold nanoparticles and the PANI-TIONTA composite
structure was revealed by the TEM image of the Au-PANI-
TiONTA composite (Fig. 1D). Numerous dark nanoparticles
were observed on the inner TiO, nanotube wall, suggesting that
AuNPs were successfully deposited onto the TiONTA-PANI
composite. The TEM image also demonstrated that the average

(A) XRD patterns of TIONTA, PANI-TIONTA, and Au—PANI-TiONTA electrode, (B) SEM image and (B inset) TEM image of TIONTA, (C) SEM

image of PANI-TIONTA (C inset) TEM image of PANI-TIONTA (D) enlarged TEM images of the Au—PANI-TiONTA electrode and (D inset) AuNPs.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 XPS analysis of the Au—PANI-TIONTA electrode and the high-resolution XPS spectra of (A) Ti 2p, (B) O 1s, (C) N 1s, (D) Au 4f and (E) FTIR
spectrum of TIONTAs, PANI, PANI-TIONTA, and Au—-PANI-TIONTA, (F) Raman spectrum of TIONTAs, PANI-TIONTA, and Au—PANI-TiONTA.

particle size of AuNPs was approximately 5 nm (inset in Fig. 1D).  hierarchical heterogeneous structure provided a high-speed

AuNPs were tightly bound to the TiO, tube via PANI. The large channel for electron transfer and substance diffusion.

surface area provided a place for surface reactions, and the The XPS spectrum of Au-PANI-TiONTA showed that the
electrode was composed of Ti, O, C, N, and Au elements

43988 | RSC Adv, 2020, 10, 43985-43993 This journal is © The Royal Society of Chemistry 2020
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(Fig. S31). The high-resolution XPS spectrum of Ti 2p revealed
two peak components at the binding energies of 458.8 and
464.4 eV (Fig. 2A), corresponding to Ti 2ps,, and Ti 2p4,,.2° The
spectrum of O 1s showed two peaks located at 531.5 and
529.9 eV (Fig. 2B), which were assigned to the Ti-OH species
and the lattice oxygen [Ti-Og] species, respectively. The peaks of
titanium and oxygen revealed the characteristics of typical
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titanium dioxide compounds. The N 1s spectrum indicated that
the PANI characteristic peak was composed of an amine peak at
399.7 eV and two high-energy tail peaks at 400.9 and 402.2 eV
(Fig. 2C),** which was due to the positively charged N atoms
with a continuous distribution of binding energy or positively
charged N atoms in different surroundings arising from inter-
and intra-chain charge distributions.”” The N 1s peak at
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(A) UV-diffuse reflectance spectrum of the Au—PANI-TIONTA electrode. (B) Photocurrent-time curves, (C) EIS Nyquist plots, (D) Mott—

Schottky plots (E) open-circuit potential plots and (F) electronic lifetime of TIONTA, PANI-TiO,, Au—PANI-TiO, electrode in 0.1 M PBS (pH 7.0).
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400.9 eV suggested a highly conductive state of PANI. The Au 4f;,
, and Au 4fs, spin-orbital splitting photoelectron peaks are
located at 83.8 and 87.6 eV (Fig. 2D), respectively, corresponding
well to the standard binding energy of Au.”* These results of the
elemental analysis were consistent with the results obtained
from XRD measurements.

The structural information of TIONTAs, PANI, PANI-TiONTA
and Au-PANI-TiONTA composites were further investigated
through FTIR spectrometry (Fig. 2E). The FTIR spectrum of
TiONTA showed its broadband at ~3400 cm™', which is
attributed to the O-H stretching vibration of the surface
hydroxyl group. The broad absorption at 400-800 cm ™" was due
to the Ti-O-Ti bridging vibration and Ti-O stretching.'® PANI
displayed three characteristic peaks at 1144, 1307, and
1503 cm ', which is attributed to the C-H in-plane bending
vibration of the substituted benzene, C=C stretching vibration
of quinoid and benzenoid rings, and N=P=N (P represented
the quinoid ring) stretching, respectively.>® The spectrum of
PANI-TiO, exhibited the characteristic peaks of PANI and TiO,.
Furthermore, the characteristic FTIR bands for PANI at 1144,
1037, and 1503 cm ™" showed a redshift in different degrees. In
particular, the characteristic band at 1144 cm ™" of C-H in-plane
bending vibration of the substituted benzene shifted to
1154 cm™ " because the strong N-O bonding between PANI and
TiO, nanotubes confined the chain vibration of PANI.*
However, Au nanoparticles, which deposited onto PANI-TiO,,
did not produce any typical FTIR absorption but caused a tiny
positive shift. To further confirm the interaction between pol-
yaniline and titanium dioxide, Raman tests were also per-
formed. After PANI was deposited on TiO,, a new band was
found at 584 cm™" and the peak at 393 cm ™" redshifted (Fig. 2F).
In addition, the deposition of AuNPs did not cause a significant
shift in the Raman characteristic peaks.

3.3. Photoelectrochemical analysis of TIONTA, PANI-
TiONTA, and Au-PANI-TiONTA composites

The light absorption of TIONTA, PANI-TiONTA and Au-PANI-
TiONTA composites was analyzed via UV-vis diffuse reflectance
spectroscopy. The TiONTA samples showed a strong UV
absorption with an absorption edge at 380 nm (Fig. 3A), which
could be attributed to the electron transition of anatase from
the valence band to the conduction band. A strong absorption
between 380 and 450 nm could be observed when PANI was
deposited on the TIONTAs. This absorption was probably due to
the HOMO and LUMO orbit transitions of PANIL.®* When AuNPs
were deposited onto the PANI-TiO, composite, the absorption
in the visible-light region was promoted. The poor absorption in
the visible region of intrinsic titanium dioxide was mitigated in
the presence of AuNPs and PANI.

The photocurrents of TiONTA-, PANI-TiONTA-, and Au-
PANI-TiONTA-modified electrodes were recorded to evaluate
the photoelectric conversion efficiency (Fig. 3B). These elec-
trodes displayed a negligible current in the absence of illumi-
nance and a sudden increase in photocurrent after they were
illuminated by intermittent visible incident light. The photo-
current of PANI-TiONTA was ~6% higher than that of TIONTA

43990 | RSC Adv, 2020, 10, 43985-43993
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because of the heterostructure of PANI-TiONTA. PANI might
prevent electron-hole recombination, thereby facilitating elec-
tron migration from TiONTA to the substrate. The Au-PANI-
TiONTA electrodes presented a photoresponse ~10% higher
than that of the TiONTA electrode because of the ability of
AuNPs to enhance the visible-light absorption and improve
electrode conductivity. The results of light absorption and light
response corroborated the advantage of the Au-PANI-TiONTA
composite in photoelectric conversion efficiency and signal
collection.

To understand the reason for enhanced PEC performance,
the intrinsic electron properties of these electrodes were
studied. The high electron transfer property of the Au-PANI-
TiO, electrode was further explored by electrochemical imped-
ance measurements, as shown in Fig. 3C. A typical frequency
from 100 kHz to 0.1 Hz and a 5 mV alternating current distur-
bance was chosen for the EIS test. The high-frequency intercept
of the curve on the real axis verified the solution resistance
(Rso1), which was close for TiONTA, PANI-TiONTA, and Au-
PANI-TiONTA electrodes because the electrolyte was the same.
The radius of the small semicircle in the high-frequency range
could reflect the charge-transfer resistance in the depletion
layer.*> The charge-transfer resistance of the Au-PANI-TiO,
electrode was much smaller than that of TIONTA and PANI-
TiO, composites, indicating that the presence of polyaniline
and Au particles accelerated the electron transfer on the elec-
trode surface.*

The carrier density (Np) of the electrodes was calculated via
the capacitance measurement following eqn (1),

1 2 kg T
— = — _ B 1
C?  Npegye (Us = Urp) e | (1)

where C is the space charge capacitance, e is the element charge
value, ¢, and ¢ are the vacuum permittivity and relative
permittivity, respectively, Us and Ugg are the applied potential
and Femi energy in the semiconductor, kg is the Boltzmann's
constant, and T is the temperature. N, was calculated based on
eqn (2) as follows:*

2\ [d(1/c)\
Np = (2} (UL )
€EeE( d(Us)
where e = 1.6 x 10'°, vacuum permittivity ¢, = 8.86 x 10™ > F
m~ ', the relative permittivity in anatase ¢ = 48 and the

temperature is 298.15 K. The calculated Ny, for TIONTA, PANI-
TiONTA, and Au-PANI-TiONTA electrodes were 5.86 x 10'°,
1.32 x 10%°, and 1.63 x 10%°, respectively (Fig. 3D). The
remarkably increased Np of PANI-TiONTA and Au-PANI-
TiONTA electrodes confirmed that the presence of PANI and
AuNPs facilitated the charge separation.”

The lifetime of the photogenerated carriers was studied via
an open circuit potential (OCP) method. When the electrode
was illuminated by light, the photogenerated electron-hole pair
accumulated on the cathode and anode to generate photo-
voltage. The OCP of TiONTA, PANI-TiO,, and Au-PANI-TiO,
electrodes were ~135, ~240, and ~310 mV, respectively. When
the illumination disappeared, the OCP decayed because of the

This journal is © The Royal Society of Chemistry 2020
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recombination of the photogenerated electron-hole pair
(Fig. 3E). The Au-PANI-TiO, electrode exhibited a slower OCP
decrement than that of TIONTA and PANI-TiO, electrodes. The
precise electron lifetime was calculated by eqn (3):

-1

=0T ®

e dt

where 7 is the electron lifetime and V.. (V) is the open-circuit
voltage at time ¢ (s). kg, €, and T are the Boltzmann's constant,
absolute temperature and charge of a single electron, respec-
tively. The Au-PANI-TiO, electrode displayed a longer carrier
lifetime than those of TiONTA and PANI-TiO, electrodes

(Fig. 3F), which reflects the advantages of the Au-PANI-TiO,
composite structure in electron-hole separation.

3.4. Analytical performance of the GOx@Au-PANI-TiO,-
based biosensor for glucose

According to previous reports, 0.2 V was selected as the test
voltage. As shown in Fig. 4A, the photocurrent increased grad-
ually when 2 to 36 mM glucose was added. The plot of
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photocurrent versus the glucose concentration showed good
linearity with a slope (sensitivity) of 0.83 pA mM ™" and a corre-
lation coefficient of 0.992 (Fig. 4B). The detection limit calcu-
lated with 3S/N was 0.02 mM. The distinct detection
mechanism is shown in Scheme 1B. GOx immobilized on the
Au-PANI-TiONTA electrode could oxidize glucose into gluconic
acid and reduce O, to H,0,. When the Au-PANI-TiONTA elec-
trode was irradiated under visible light, the free electrons in
AuNPs were excited to form “hot” electrons and move to the
LUMO orbit of PANI. These electrons, together with electrons
excited from the HOMO orbit of PANI, jumped to the conduc-
tion band of anatase, and the holes generated in the valence
band of TiO, migrated to the HOMO orbit of PANI to produce
the photocurrent upon the cyclic oxidation of H,0, to O,. The
catalytic process of GOx and the photocurrent response can be
described as follows.>®

GOx(FAD) + glucose — GOx(FADH,) + glucose acid  (4)

GOx(FADH,) — GOx(FAD) + H,0, (5)

o~

v=0.8269x+154.1321
R’=0.9964

-

Concentration (mM)

Photocurrent (nA)

0.96

0.80 4

0.64 4

0.48

0.32 1

0.16 4

Responsecurrent (nA) &

0.00 -

\ > < & N
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(A) Photocurrent response and (B) calibration curve for glucose detection in the concentration range of 2—36 mM, (C) repeatability test at

2 mM glucose, and (D) photocurrent change (Al) for anti-interference tests in the solution containing 2 mM glucose and 0.2 mM of different

interfering components.
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Table 1 Analytical performance of some glucose PEC biosensors

Detection limit

GOx PEC biosensors Linear range (mM) References
TiO,/CdSe@CdS/GOx 1-10 N/A 27
GOx/n-TiO,/PANI/GCE  0.02-6.0 0.018 28
GOx/Ag,S/Sn0, 0.1-12.2 0.032 29
GOx/CdTe 0.1-11 0.04 30
Graphene-CdS 0.1-4.0 0.007 31
GOx/g-C3N,-TiO, 0.05-16 0.01 26
GOx@Au-PANI-TiO, 2-36 0.02 This work
. hv . _ +
T102 — T102 + eCB =+ hVB (6)

2hyp + Hy0, — O, + 2H + (anode)
2eép + 2H' + H,0, — 2H,0 (cathode)

The repeatability of the GOx@Au-PANI-TiO,-based
biosensor for glucose was examined at 2 mM glucose by 10
intervals of intermittent visible light. As shown in Fig. 4C, the
relative standard deviation (RSD) for the photocurrent response
was 1.53%. The results verified that the signal of the GOx@Au-
PANI-TiO,-modified electrode was stable. The possible inter-
ference on glucose detection was also evaluated with several
kinds of interfering components coexisting in blood samples,
such as ascorbic acid, NaCl, dopamine, uric acid, fructose, Lac,
sucrose, and mannose. The photocurrent of the GOx@Au-
PANI-TiO,-based biosensor was tested at 2 mM glucose and its
mixture with 0.2 mM of interfering components. As shown in
Fig. 4D, the current variation upon the presence of interfering
components was less than 5%, suggesting the satisfactory anti-
interference property of the PEC biosensor.

Different from the performances of those previously re-
ported glucose biosensors (Table 1), the proposed biosensor
showed a detectable concentration range from 2 to 36 mM,
which was just the range of glucose in practical clinic blood
samples. To confirm the practicability of the proposed
biosensor, the recovery tests were performed by adding glucose
in real human serum samples. The results indicated an
acceptable recovery (Table S27). Thus, this PEC biosensor was
superior to those biosensors and could be used directly for
POCT of blood glucose without any pretreatment.

4. Conclusion

A ternary PEC biosensor was developed by the deposition of
PANI and AuNPs on TiONTA and affinity immobilization of
GOx. The composition and structure of the composites were
characterized by SEM, TEM, XRD, XPS, FTIR, UV-vis and Raman
spectroscopic techniques. In the presence of PANI and AuNPs,
the TIONTA showed an enhanced photoelectric response, which
has been explained through electrochemical characterization
from the perspective of electron transfer impedance, carrier

43992 | RSC Adv, 2020, 10, 43985-43993
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density, and carrier lifetime. The GOx@Au-PANI-TiO,-based
biosensor exhibited satisfactory performance at a low bias
voltage under visible light in a range of blood glucose concen-
tration, indicating its potential application in clinical diagnosis.
Furthermore, when GOx was substituted by other oxidases or
the oxidases were labeled to DNA or antibody, the proposed PEC
platform could be extended for the preparation of different PEC
biosensors for the substrates of oxidases, nucleic acids and
proteins.
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