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A TiO,-nanowire/Au-nanoparticle hybrid layer, possessing nanocavities
and a plasmonic metasurface, can accomplish an entire visible region
absorbance, inducing remarkable photocurrent-extraction efficiency.
A blood-glucose strip-like testing protocol assembled using this layer
allows nondestructive quantitative alpha-fetoprotein detection in
human serum under homemade visible LED illumination, indicating its
potential in commercial point-of-care testing applications.

Portable light-emitting diode-driven (LED-driven) plasmoelectric
biosensors, owing to their inherent plasmonic advantages such as
real-time monitoring, label-free detection, high reusability, and short
response time,'” have received much attention for healthcare
monitoring with the arrival of smart watches and other wearable
devices."” However, it is necessary to develop a stable and efficient
plasmonic photoanode that possesses a broadband visible spec-
trum, large absorption cross sections, superior long-term stability,
and facile scale-up fabrication, emerging as strong competition to
conventional blood immunosensors.®® One of the issues in these
developments is the efficient use of plasmon-derived charge carriers,
which will be specific to the plasmonic nano-structural geometry
and the nature of metal-interface hybridization. Until now,
plasmonic-metal/semiconductor hybrid systems have been consi-
dered as the most promising plasmonic materials due to the strong
coupling interactions that can drive plasmon-mediated interface-
electronic functions for facilitating efficient charge-extraction at
visible wavelengths.”'® For example, the gap-plasmon nanostruc-
tural geometries based on the AuNP/TiO,/Au-film configuration
have been proposed to improve plasmon-derived charge transfer
and plasmoelectric conversion.'™'* These metal-semiconductor-
metal architectures provide a first step toward future superior
photoelectrodes with the plasmoelectric energy entirely harvested
in the visible frequency. However, the usage of this kind of
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plasmoelectric biosensor in point-of-care testing (POCT) devices
for the early detection of viral diseases still remains nascent, owing
to the lack of nanopore spatial confinement for the self-assembly of
biomolecules."*™® For this reason, we propose that semiconductor
nanopores combined with light-trigger systems could be extreme
auxiliaries for enhancing light-matter interactions in hybrid plas-
monic systems."”'® To the best of our knowledge, hybrid layers -
semiconductor nanopore membranes integrated into surface
plasmon-based substrates — are few and far between for plasmonic
materials. In this work, we report an ultrasensitive hybrid layer thin
film that is made of a TiO,-nanowire/Au-nanoparticle-plasmonic
metasurface with dual functionalities of hybrid broadband absorp-
tion property and a nanoporous framework. As a photoanode
substrate, we exploit its inherent advantages for boosting efficient
charge-extraction behaviors for non-destructive protein detection
under homemade visible LED illumination, achieved without the
need for a strong laser spot or concentrated solar-light irradiation. It
is worth noting that the fabrication involves only simple processes,
such as sputtering, alkaline thermal treatment, and annealing,
making it easy to fabricate scalable samples at low cost.

Our hybrid photoanode is constructed by a layer-by-layer configu-
ration on glass substrates with a top-layer of highly porous TiO,
nanowires, a mid-layer of TiO,-nanowire antennas, and a bottom-
layer of densely packed random AuNP-based plasmonic metasurface
(HP-TWN/TWA/AuNP-PM), as shown in Fig. 1A. Our previous work
has proven that the hot-spot effect of plasmonic substrates is critical
and essential to achieve highly efficient plasmon-derived charge-
extractions from the arrayed metasurface.”*° Therefore, we firstly
devoted a lot of efforts to optimizing the synthetic parameters to
control the AuNP plasmonic film formation. As shown in the SEM
image of Fig. 1B, a large-scale AuNP plasmonic metasurface layer
(AuNP-PM), composed by densely randomly packed Au nano-
particles with different Au particle sizes and ultrasmall gap sizes,
was formed through the sputtering deposition followed by micro-
wave plasmon heat-treatment (the detailed fabrication process is
shown in the ESIt). The corresponding AFM image is shown in
Fig. 1C. One can see that the height of the AuNPs ranges from
several nanometers to an ~ 99 nm final-level with ultrasmall particle
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Fig. 1 (A) Schematic configuration of HP-TWN/TWA/AuNP-PM on a glass

substrate. (B) SEM image and (C) AFM image of the bottom-layer of the
AuNP-PM metasurface film. Inset of (C): the corresponding topographic
profile measured along the line in (C). (D) UV-vis spectra of the samples.

gap sizes. During repetition of the deposition/annealing process for
Au growth, the Au was deposited several times onto the existing
isolated gold nanoparticles produced during the previous thermal
annealing treatment. As a result, a unique hierarchical Au multilevel
random architecture with different particle thicknesses was
fabricated (Fig. 1C). Such an AuNP-multilevel film reveals electro-
plasmon characteristics with broad visible wavelength light-
harvesting, as illustrated in Fig. 1D. Afterward, an alkaline thermal
treatment was applied to fabricate TiO, nanowires on the AuUNP-PM
film. Eventually, after an annealing process, the HP-TWN/TWA/
AuNP-PM configuration is accomplished on the glass surface. Its
absorption spectrum shows an enhanced absorbance wavelength
range and the absorption increases, which is due to the enhanced
electric field at the Au-TiO, interface.

Cross-sectional structure analysis of the photoanodes is illu-
strated in Fig. 2. The top-layer HP-TWN layer is indicative of a
highly porous and free-standing TiO, nanowire structure that is
crosswise integrated with the TWA layer. The nest-like cavities in the
HP-TWN layer with superior hydrophilicity (red circles in Fig. 2A)
can provide a useful biomolecule-loading site for use as an immo-
bilization matrix to facilitate nanoscale biomolecular self-assembly,
beneficial for enhancing the biosensors’ performance. Another
intriguing feature of the HP-TWN/TWA/AuNP-PM film is the TWA
mid-layer, that is the TiO, nanowire antennas which are uniformly
covered on the surface of the AuNPs (cyan dot-curve in Fig. 2A) and
can offer intrinsic plasmonic nanoantennas. As confirmed by EDS
mapping results (Fig. 2B), the TWA mid-layer shows much higher
density distributions of titanium and oxygen elements occupied
closely around the surface of the AuNPs, which can provide strong
hybrid coupling between the plasmonic metal and semiconductor
interface, beneficial for improving plasmon-derived charge transfer
and plasmoelectric conversion. The bottom-layer is a AuNP-based
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Fig. 2 TEM image (A) and EDS elemental mappings (B) of a cross-section
of HP-TWN/TWA/AuNP-HP on a glass substrate.

plasmonic metasurface with two different Au particle sizes of
~93 nm and ~12 nm in height, which provides an effective hot-
spot effect with the TWA film and offers strong adhesive binding
capability with substrates (Fig. S1, ESIt). Hence, the HP-TWN/TWA/
AuNP-PM film exhibits a remarkable broadband absorption in the
visible wavelength range with an enhanced absorption coefficient
(Fig. 1D), useful for practical applications in photoelectric detection.
In addition, a red shift was observed in the Au peak position, which
should not only depend on the dielectric effect. A strong electronic
hybridization at the TWA interface should be the dominant effect,
which enables plasmon decay from a metal array to a strongly
coupled acceptor of semiconductors.**

To verify the photoelectric performance of our plasmoelectric
film, a test strip designed with three electrodes, which is the same
as a commercial blood glucose strip, is used (Fig. S2, ESIt). For
digitalizing portable sensor applications, an accurate and precise
measurement of the LED-induced photocurrent based on this
plasmoelectric biochip was firstly carried out in 1x phosphate-
buffered saline (PBS) solution at an applied potential of 0.0 V
(Fig. 3A). Because the energy of the LED light is lower than the
bandgap of TiO,, the photoresponse induced in HP-TWN/TWA/
AuNP-PM shown in Fig. 3A is believed to be ascribed to the
plasmon-participating photoresponse.”> The mechanism of
photocurrent generation is illustrated in Fig. S3 (ESIf). The
present on/off ratio of the HP-TWN/TWA/AuNP-PM electrode is
about 35, whereas the AuNP-PM one is relatively low, clearly
indicating its high sensitivity for optoelectric detection. Impress-
ively, remarkable 14-fold enhancement in the photocurrent den-
sity is observed in the HP-TWN/TWA/AUNP-PM (2.29 pA cm™?), as
compared to the one without TiO, nanopores (0.16 pA cm™?), due
to its better incident-photon-to-current-carrier efficiency resulting
from the enhanced separation of plasmonically generated hot
electrons at the gold/TiO, interface.”® Such superior photosensi-
tivity illustrates that the use of a LED light source is sufficient to
drive the plasmon-electron carriers across a broad range of photo
energy, beneficial for portable device usage.

Also, we recorded the dependence of photocurrent generation at
different bias voltages, as reported in Fig. 3B. Since plasmon
electrons can obtain sufficient energy and momentum to overcome
the limitations of the Schottky barrier at the TiO,/Au interface on
increasing the applied voltage, it can enable more efficient photo-
current extraction. It is observed that as the photocurrent generation
increases from 0.2 V to 0.6 V, the photocurrent response would
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Fig. 3 (A) Photocurrent response collected at 0 V vs. Ag/AgCl in PBS

solution. (B) Photocurrent response of the device at different bias voltages.
(C) Photocurrent response under LED light illumination with different
powers at 0.4 V. (D) Relationship between photocurrent and LED light
power measured at 0.4 V.

rapidly increase at higher bias voltage; however, it would be limited
at bias voltages over 0.5 V due to the surface reaction and oxygen
evolution, which may break the film structure and inactivate the
biomolecule (Fig. $4, ESIt). Thus, for maintaining the duration of
these HP-TWN/TWA/AuNP-PM biochips, an appropriate bias voltage
of 0.4 V was chosen. Fig. 3C shows the photo-response of the
plasmoelectric detector to light with a LED-power of 0.4 V, where
the on-off interval of the light is 5 s. Our device clearly displays a
rapid response to the pulsed light. Furthermore, the photocurrent of
the device demonstrates a linear-like relationship with the incident
LED-light power. The positive slope of the photo-responsivity can be
explained in terms of strong symmetry-adapted electronic interac-
tions at the interface, enabling surface trap state passivation during
plasmon decay. Besides, all the measurements are reproducible and
repeatable, presenting potential in practical applications.

To get an insight into the self-improving performance of
protein bilayer formation on the designed HP-TWN/TWA/
AuNP-PM biochip, non-destructive infrared (IR) plasmonic reso-
nance studies were performed.'”**® The corresponding sche-
matic model of the as-fabricated hybrid layer photoanode to
monitor the proteins adsorbing under IR-driven surface plasmon
resonance is presented in Fig. 4A, which describes the following
key factors for efficient use in protein characterizations. First, the
intrinsic TiO,/Au dipole-antennal array with hot-spot benefits
will enhance the light interaction with protein molecules, and
subsequently yield very strong electromagnetic fields that can be
capable of absorbing all-incident photons across the IR-spectrum.
Second, the hydrophilic TiO, nestlike nanocavities (blue bowl)
could act as spatial confinement to increase the strength of the
plasmonic light concentration and an extremely powerful auxili-
ary to facilitate the nanoscale biomolecular self-assembly due to
the radical-induced dipole interaction upon protein immobiliza-
tion. Accordingly, plasmoelectric immunosensors are facilely
constructed by a one-step process involving the incubation of
AFP-antibody protein (1 ppm) on the surface of the biochips for
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Fig. 4 (A) A conceptual view of the mid-infrared (IR) plasmonic spectrum
for protein layer formation. (B) Mid-IR spectra of the plasmonic biochips
before (black) and after (red) antigen-antibody recognition.

10 min at ambient temperature without the need for integrating
bio-linkers in advance for protein engineering. The corresponding
mid-IR spectrum is shown in Fig. 4B. The detection of the protein
bilayer is monitored by detecting the plasmon resonance change
of the two main vibrational fingerprints of protein molecules, the
vibrational fingerprints of amide I and II, in which the absorption
peak at 1689 cm ™" is attributed to the C—O stretching vibration
mode of amide I bonds, and the peak located at 1508 cm ™ *
corresponds to the N-H bending modes of amide II bonds,
respectively. It is evident from the data that a red shift of the
plasmon resonance is observed in both amide vibrations after
antigen-antibody recognition. There is a 68 cm ™" redshift for
amide I bonds and a 64 cm™" redshift for amide II bonds when
the antigen is complexed with the antibody, which is ascribed to a
consequence of the change in the refractive index at the sensor
surface. The results unambiguously show that mid-IR plasmonic
spectra provide an alternative to monitor the presence of a protein
bilayer in a non-destructive, label-free, and chemically specific
manner by exploiting dipole-induced plasmonic antennas.
Further sophisticated IR-mapping measurements for exploring
the quantitative detection of protein molecules at low concen-
tration (<1 ppm) are undertaken.

We believe that this HP-TWN/TWA/AuNP-PM biochip with
unique intrinsic plasmonic characteristics and hydrophilic
nanopore functionalities can open the way for exploiting a
LED-driven immunosensor towards portable detection of pro-
teins for POCT applications; hence the chemically specific
label-free quantitative detection of alpha-fetoprotein (AFP)
in human serum is executed. Detection for the quantitative
analysis of AFP protein was directly examined by monitoring
the photocurrent change at an applied potential of 0.4 V under
visible LED-light illumination (Fig. S5, ESIt) after the incuba-
tion of the biochip in 1000 ppb anti-AFP for 10 min and then in
AFP antigen for 30 min (Fig. S6, ESIt). The developed immu-
nosensor was applied to detect different concentrations of AFP
in human serum with the photocurrent change under the
optimized conditions. The photocurrent intensity change was
proportional to the logarithm of the AFP concentration in the
wide range from 0.01 ppb to 400 ppb with the regression
equation AID (pA cm ?) = 0.422 logC (ppb) + 1.601 and
correlation coefficient of 0.995 (Fig. 5A). A short analysis time
<35 min and a low detection limit of 0.01 ppb were achieved.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (A) Photocurrent responses of the immunosensor treated with

various AFP concentrations. (B) Selectivity test. Error bars indicate the
standard deviation from three samples. (C) Stability evaluation of the
immunosensor, Carp = 400 ppb. (D) Photocurrent change for the immuno-
sensors before and after hybridization with unknown concentrations of AFP in
human serum without a wash step. The unknown sample contains about
1.0 ppb AFP antigen in human serum.

To evaluate the specificity of the proposed immunosensor, the
response of 1000 ppb IgG and 1000 ppb HBV protein on this
sensor was compared to that of the AFP antigen at 0.01 ppb, as
illustrated in Fig. 5B. No distinct change in photocurrent was
obtained for HBV and IgG in comparison with the result
observed in the presence of AFP, which illustrated good selec-
tivity and specificity of the immunosensor for AFP. The stability
of the photocurrent response of the fabricated immunosensor
is shown in Fig. 5C. After 10 on/off irradiation cycles, the
photocurrent response still maintained ~94% of its initial
value, indicative of its acceptable stability. Direct detection of
the photocurrent change for the immunosensors before and
after hybridization with an unknown concentration of AFP
antigen in human serum with 30 min incubation time accom-
panied by no washing step was also performed. The unknown
sample data point given by the intercept divided by the slope in
(A), which was indicated with a star, demonstrated the good fit
for the standard curve. Thus, this hybrid bilayer-based immuno-
sensor represents a straightforward sensing platform for the
sensitive and selective detection of target molecules, providing
practical applications for AFP detection in clinical diagnosis.

In summary, our work illustrates a hybrid layer photoanode
composed of TiO,-nanowires integrated into an Au-nanoparticle
plasmonic metasurface possessing nanopore-functionalities and
hybrid-plasmonics characteristics, which has the capability of
reaching the goal of direct label-free detection of protein mole-
cules in real time under visible LED illumination. It opens a
straightforward sensing route to sensitively and selectively detect
target molecules and paves a new avenue for biochip design with

This journal is © The Royal Society of Chemistry 2022
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minimal integration, beneficial for building a simple POCT
module for healthcare monitoring.
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