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ARTICLE INFO ABSTRACT

A label- and amplification-free photoelectric immunosensor based on well-defined layer-by-layer sandwich-
structured AuNP/TNW/AuNP composite is proposed for direct and ultrasensitive detection of a-fetoprotein
(AFP). The AuNP/TNW/AuNP composite is produced by assembling an Au nanoparticle underlayer and anatase
TiO, nanowires (TNW) onto the FTO substrate, followed by decorating Au nanoparticles onto the TNW surface,
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f:/ ;i.(lzz.]a or through a simple sputtering and hydrothermal process. The resulting AuNP/TNW/AuNP electrode exhibits a 14-
Sai dwi(}:h Y fold and 2-fold enhancement in photocurrent density under simulated sunlight compared with that of bare TNW

and AuNP/TNW, respectively, which benefits from the SPR-induced photoabsorption increment and charge
separation improvement in Au nanoparticle and interfacial charge transfer promotion at the TiO,/substrate
interface in the Au underlayer. As a proof of concept, the AFP antigen can be quantitatively detected by the
proposed AuNP/TNW/AuNP coupled with anti-AFP through the analysis of the photocurrent change. This novel
AFP photoelectric immunosensor exhibited sensitive detection of AFP with an ultrahigh sensitivity of
0.001 ngmL ™! and good specific selectivity. Moreover, the practical determination of AFP in human serum is
also investigated, demonstrating its applicability and potential attraction for clinical tests and disease diagnosis.

1. Introduction

Early-stage diagnosis for cancers and other diseases relies largely on
the detection of biomarkers with a quick, sensitive, and accurate ana-
lysis. In recent decades, many efforts have been devoted to the ex-
ploration of more effective approaches, simpler detection processes,
and enhanced detection sensitivity. A simple label-free biosensing
platform of plasmonic optical-immunosensors based on glass-based Au-
LSPR biochips assembled by mono-layered Au nanoparticles and em-
bedded on transparent glass substrates has been developed previously
in our lab (Hsu et al., 2011). However, the detection limit was only at
the microgram level for the target molecules directly captured by Au
nanoparticles. To further enhance sensitivity, a gold cluster (less than
50 nm in size) as an amplification reagent was introduced into the glass-
based Au-LSPR biochips by a drop-by-drop process after the glass-based
Au-LSPR biochips were coupled with antibody and target antigen,
where the gold cluster would attach onto the surface of the target an-
tigen (unpublished work, see Fig. S1). With the plasmonic coupling
from the gold cluster, the detection limits can yield a 1000-fold increase
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in sensitivity compared to the one without gold cluster. The glass-based
Au-LSPR biochips with Au-cluster amplification reagent has been re-
cently launched commercially for use in cTnl detection, improving the
detection limit down to 80 pgmL ™" (unpublished work, see Fig. S1).
However, the complex amplification strategy, time-consuming detec-
tion process (30 min to accomplish the detection), extra reagent cost,
and assay time can hinder its further development. Therefore, the de-
velopment of a label- and amplification-free biosensor for highly sen-
sitive detection is desirable.

Photoelectric biosensing, through the usage of light and electrical
energy on photoactive electrodes for sensor excitation and determina-
tion, has been demonstrated to minimize the background noise and
increase sensitivity compared with the optical LSPR-based biosensors. It
has been widely used in biological analyses owing to its desirable ad-
vantages of remarkable sensitivity, time-saving experimental process,
low-cost, ease of integration, and simple instrumentation (Chen et al.,
2018a; Haddour et al., 2006). The basic photoelectric process refers to
photon-electricity conversion, in which the photocurrent signal would
generate as the photon and electron transfer between the electrode,
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photoactive materials, and electrolyte (Devadoss et al., 2015; Li et al.,
2016). Therefore, the development of photoactive electrodes with high
photoelectric effect, which can efficiently convert the photoirradiation
into an electrical signal in order to enhance analytical performances of
the photoelectric biosensors, has great significance in meeting sensing
demands. The anatase TiO,, emerged as an exceptional photoactive
material, has been intensively studied in biosensing applications be-
cause of its non-toxicity, environmental safety, hydrophilicity, low cost,
bio-compatibility, and stability against photocorrosion (Bai and Zhou,
2014; Gao et al., 2015; Guo et al., 2017b; Yang et al., 2015a). In par-
ticular for photoelectric biosensors, there has been increased focus on
the development of TiO,-based photoactive materials for label- and
amplification-free photoelectric detection, which require simpler in-
struments and are easier to miniaturize than conventional label-free
optical methods. For example, Ochratoxin A detection based on CdSe
nanoparticles sensitized anatase TiO,-functionalized electrodes (Yang
et al., 2015a). Sensitive detection of OTA has been accomplished using
TiO5/S-BiVO4@Ag->S nanocomposites (Feng et al., 2018). Carcinoem-
bryonic antigen detection based on 2D TiO, nanosheets and carboxy-
lated graphitic carbon has also been reported (Wang et al., 2016).
Furthermore, glutathione detection by IrO,-Hemin-TiO, nanowire
(IrO,-Hemin-TNW) arrays (Tang et al., 2013) and DNA sensor based on
TiO, electrodes (Lu et al., 2006) has been demonstrated. Finally, mer-
cury(II) ions can be detected in human serum through Au@Ag nanorods
modified with TiO5 nanosheets (Zhang et al., 2016), and Hg2+ can be
detected through the quenching of photogenerated electrons based on
N-doped TiO, (Han et al.,, 2015). However, these abovementioned
sensing methods always required complicated and time-consuming
processes, which hindered their wide and actual applications. There-
fore, the development of a simple method to fabricate TiO,-based
photoactive electrodes for constructing a label- and amplification-free
photoelectric sensor is necessary.

We previously achieved an antireflective property-based photo-
electrode assembled by anatase TNWs with a high-porosity cross-linked
geometry through a one-step alkaline hydrothermal process (Chen
et al., 2012), which could potentially reduce the reflection of incident
light as well as increase the device performances for photoelectric de-
tection. Nevertheless, its drawbacks including a narrow visible light
response range (~ 3.2 eV), low separation efficiency of photoinduced
electron-hole pairs, and high interfacial charge-transfer resistance at
the interface between electrode, electrolyte, and selected substrate
limited its application as an efficient photoactive electrode of photo-
electric biosensors (Chen et al., 2013; Wang et al., 2018; Yang et al.,
2015b). Integration of Au nanoparticles with TiO, brings drastic in-
terest for improving the photoelectric effect, owing to the localized
surface plasmon resonance (LSPR) effect of introduced Au nanoparticles
giving rise to enhanced light harvesting and reduced photo-excited
electron-hole recombination (Bora et al., 2016; Chen et al., 2018b; Liu
et al., 2018; Pu et al., 2013; Wang et al., 2013; Yen et al., 2017; Zhang
et al., 2013). Based on the plasmonic energy-transfer enhancement, the
conjugation of immunoassay with Au/TiO, photoactive electrode for
detecting the antibody-antigen binding seems to be a promising tech-
nique for bioanalysis. Among the few examples of photoelectrochemical
immunosensors based on Au-TiO, composites available in the literature
(Guo et al., 2017a; Liu et al., 2018), the most important one is related to
the Au-doped TiO, nanotube arrays on Ti foils, where enhanced pho-
tocurrent sensitivity for the detection of a-synuclein at the applied
potential of 0.6 V was achieved by introducing the {Ab,-Au-GOx} bio-
conjugates as the signal amplifier, which contained a secondary anti-
body (Ab,) and glucose oxidase (GO,) label linked to Au nanoparticles
(An et al., 2010). However, this method involved a complicated pro-
cedure, expensive labels, and signal amplifiers, thereby hindering its
applications. Thus, the design of a label-free immunosensor employing
a Au/TiO, nanocomposite as a photoactive-sensor electrode without
using any amplification reagent for the determination of proteins in
photoelectric bioanalysis still remains a challenge.
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In this study, a novel label- and amplification-free photoelectric
protocol based on well-defined layer-by layer sandwich-type AuNP/
TNW/AuNP ultra-thin film was successfully fabricated on FTO sub-
strates for sensitive detection of cancer biomarker a-fetoprotein (AFP).
The AuNP/TNW/AuNP composite on FTO was synthesized by firstly
growing the antireflective one-dimensional anatase-type TNW on Au/
FTO substrate, which was pre-sputtered with an Au nanoparticle un-
derlayer (called the Au underlayer) onto the FTO surface, by an alkaline
hydrothermal process, followed by sputtering of Au nanoparticles with
an average size of 9.3 + 2.59 nm onto the TNW surface. A prominent
enhancement in photocurrent of the AuNP/TNW/AuNP composite
compared to AuNP/TNW and TNW electrodes was attained, which
could be ascribed to the injection of enhanced photo-absorption and
photo-excited electrons from the Au nanoparticle induced by the SPR
enhancement as well as the increased vectorial transfer of the photo-
generated charge carrier at the TiO,/substrate interface induced by Au
underlayer. The fabricated photoelectric immunosensor of sandwich-
type AuNP/TNW/AuNP electrode for AFP detection exhibited a high
sensitivity and good selectivity. Moreover, good performance in real
human serum was also achieved, indicating its great potential in the
practical determination of AFP for clinical tests and disease diagnosis.

2. Experimental section
2.1. Materials

FTO glass with a thickness of 2.2mm (1.5cm X 3cm, TEC-7;
Hartford, CT, USA) was used as the substrate for the growth of AuNP/
TNW/AuNP. Sodium hydroxide (NaOH) (> 98%), nitric acid (HNO3)
(65%), and potassium chloride (KCl) were obtained from Merck.
Human alpha-fetoprotein (AFP) (native protein, human cord serum,
MBS537909) and anti-AFP antibody (monoclonal, MBS530361) were
purchased from MyBioSource. Human serum was purchased from
Merck Millipore (S1-100mL). Phosphate buffered saline (10 x
Solution, UR-PBS001), potassium hexacyanoferrate(Il) (K4[Fe
(CN)6]-3H,0) (98%), and potassium hexacyanoferrate(Ill) (K4[Fe
{CN}¢]) (98%) were from UniRegion Bio-Tech, Taiwan, VETEC, and
JANSSEN, respectively. All of the chemicals were used as received
without any purification. Milli-Q water (18 MQ resistivity; Millipore
System) was used for all experiments.

2.2. Apparatus

Scanning electron microscopy (SEM) was performed with a Zeiss
Ultra-Plus field emission scanning electron microscope (FESEM) with
an accelerating voltage of 3kV. The morphology, crystallinity, and
element mapping of the products were also characterized by a JEM
2010 high-resolution transmission electron microscope (HRTEM) and a
spherical aberration corrected scanning transmission electron micro-
scope (Cs-corrected STEM), operating at accelerating voltages of
200 kV. The samples for TEM investigation were prepared by both a
conventional method and FIB milling. The optical absorption properties
were studied by recording the UV-visible absorption spectra with a UV/
vis/NIR spectrometer (Lambda 900, Perkin-Elmer). The Raman analysis
was performed via the Raman microspectroscopy system of Nanofinder
30 (Tokyo Instruments, Inc.) with a He-Ne laser (Aex = 632.8 nm) and
a semiconductor laser (Aex = 488 nm) as the excitation sources. All of
the photoeletrochemical measurements and the electrochemical im-
pedance spectroscopy (EIS) measurements were carried out on a
PARSTAT 2263 advanced electrochemical system under illumination by
Newport solar simulator with AM 1.5G (100 mW/cm?).

2.3. Synthesis of AuNP/TNW/AuNP composites

The AuNP/TNW/AuNP composites were prepared by following the
synthetic procedure we previously reported with a slight modification
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(Yen et al., 2015). Briefly, the anatase TNW was first grown via an
alkaline hydrothermal treatment on a FTO with pre-sputtered Au film of
1 nm in thickness as the Au underlayer and subsequent Ti film of 50 nm
in thickness with 5 M NaOH aqueous solution at 80 °C for 1.5h. The Ti
film was sputtered through a magnetic sputter instrument (TVC-
MB8C8TV, Transvac co. Ltd.) equipped with a Ti target at a sputter rate
of 4nm/s with an Ar gas flow rate of 300 sccm and a sputtering pres-
sure of 1.2 X 10~ Torr, in which the distance between the sputtering
target and substrate was 90 cm. Subsequently, the Au layer with a
thickness of 0.8 nm was deposited onto the TNW surface by using the
sputtering method for the growth of Au nanoparticle, where the TNW
was used as the skeleton for the Au-sputtered coating (Fig. S2), similar
to the results presented in our previous work (Yen et al., 2015). The
gold films were sputtered under Ar gas at a sputter rate of 90 mm/s with
0.35kW for the growth of the Au underlayer, and 0.30 kW for the
growth of Au nanoparticle. Finally, the film was annealed at 500 °C for
1 h to obtain the AuNP/TNW/AuNP composites on FTO.

2.4. Construction of the photoelectric immunosensor

The anti-AFP antibody was firstly diluted to 2 ppm with PBS and
stored at — 20 °C. Next, the prepared AuNP/TNW/AuNP electrode was
immersed in the anti-AFP antibody PBS (30 pL) for 1.5 h to allow for the
formation of non-covalent conjugations between the anti-AFP antibody
and AuNP surface via hydrophobic and ionic interactions (Jazayeri
et al., 2016). Then, the electrode was rinsed with PBS solution and
Milli-Q water, followed by drying at room temperature under a stream
of N, gas. Finally, the electrode was immersed in AFP (in PBS) at dif-
ferent concentrations for 1.5 h at room temperature. After washing with
PBS and drying in a N stream, the electrode was used as the photo-
electric immunosensor for AFP detection.

2.5. Analysis of AFP

The analysis was performed in a three-electrode system, with an Ag/
AgCl (saturated with KCl) as the reference electrode, Pt wire as the
counter electrode, and the prepared electrode as the working electrode
in PBS (pH 7.4) under simulated sunlight coupled with an AM 1.5G
filter and the illumination direction of the solar simulator is perpendi-
cular to the electrode surface. The scheme of processes for the fabri-
cation construction of photoelectric AFP immunosensor was shown in
Fig. S3.

2.6. Detection of AFP in human serum

The human serum was diluted 100 times with 10 mM PBS (pH 7.4)
and stored at —20 °C for AFP detection. The practical application ex-
periment was performed by spiking of human serum with target AFP of
0.05, 0.1, 0.5, or 1 ng/mL and analyzed by the proposed sandwich-
structured AuNP/TNW/AuNP photoelectric immunosensor. For each
sample, three independent tests were undertaken and the corre-
sponding concentration were calculated according to the calibration
curve in Fig. 6(a).

3. Results and discussions
3.1. Synthesis and characterization of AuNP/TNW/AuNP

Structural characterization was performed by SEM in cross-sections
and top-views to study surface and lateral morphologies of the prepared
AuNP/TNW/AuNP composites, as shown in Fig. 1(a) and (b). It could
be observed that exclusively homogenous and large amounts of AuNP/
TNW as well as a highly porous framework were deposited onto the
surface of FTO with pre-deposited Au nanoparticles as the underlayer
(Au/FTO) to achieve layer-by-layer sandwich-structured AuNP/TNW/
AuNP composite films with a thickness of ~254.5nm on the FTO
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substrate. The TNWs, formed from the Ti wet corrosion reaction in al-
kaline solution, were found to grow vertically on the Au/FTO substrate
and bent on top. The TNWs kept a nearly vertical growth oriented from
the substrate could be ascribed to the downward growth of titanate
nanowires as the Ti corrosion region grew downward (Dong et al.,
2007). It showed that the near-spherical Au nanoparticles with an
average size of 9.3 * 2.59nm were uniformly deposited along the
surface of TNW with an average diameter of 11.4 * 2.40nm. Ac-
cording to our previous study (Chen et al., 2012), the highly porous
TNW structure could provide light trapping benefits because of its
outstanding antireflection property. The EDX data shown in Fig. 1(c)
indicated the detection of Ti, O, and Au signals from the AuNP/TNW/
AuNP thin film, suggesting that the composite was comprised of TiO,
and Au. Fig. 1(d) shows the Raman spectra of prepared TNW and
AuNP/TNW/AuNP samples. The observed Raman bands were ap-
proximately at 141.9, 395.7, 514.2, and 636.3 em™ ', and can be as-
signed to the Eg, B4, A1g, and Eg mode of the anatase TiO,, respectively,
which were consistent with the result obtained from the HRTEM data.
Importantly, the crystalline of the characteristic E, peak at 141.9 cm ™"
shifts to a higher wavenumber by ~4.6 cm™ 1 (inset of Fig. 1d) after the
decoration of Au nanoparticles with TNW, demonstrating the increased
crystalline defects within the TiO, and the interaction between Au and
TiO5 (Zhao et al., 2016).

To further investigate the structures of the synthesized composite,
the AuNP/TNW/AuNP sample was subjected to TEM and elemental
mappings, as shown in Fig. 2. Fig. 2(a) shows a cross-sectional TEM
image of the AuNP/TNW/AuNP composites, where the corresponding
TEM sample was prepared by site-specific FIB milling. A sandwich-like
architecture composed of a nanoparticle-nanowire-nanoparticle struc-
ture was obtained, in which numerous TNWs interweaved into a porous
morphology and decorated with spherical-like Au nanoparticles were
found to deposit onto the surface of the Au nanoparticle-coated FTO
substrate. The elemental mapping result shown in Fig. 2(b) further
demonstrated the formation of AUNP/TNW/AuNP composites onto the
FTO, in which a trace of elemental Au was introduced to the surface of
the FTO and TNW with a homogeneous distribution of elemental Ti and
O. The HRTEM image captured from the AuNP/TNW/AuNP sample
clearly exhibited the single-crystalline nature of both TiO; NWs and Au
nanoparticles (Fig. 2c). Two completely different lattice fringes were
revealed, in which the interplanar spacing of 0.352 nm was assigned to
the (101) plane in anatase TiO,, and another lattice spacing of
0.235nm corresponds to the (111) plane of Au nanoparticles, respec-
tively, revealing that the Au nanoparticles were attached on the ana-
tase-TNW surface (Yu et al., 2017; Zhang et al., 2015).

The interaction between Au nanoparticles and TNW was further
demonstrated with UV-visible absorption spectroscopy. As shown in
Fig. 3(a), the AuNP/TNW/AuNP composite exhibited an absorbance
band at approximately 565.8 nm, which was ascribed to the typical
characteristic of the LSPR band of Au nanoparticles. It was noted that
the LSPR band was observed to red shift by ~46 nm compared to that of
the citrate-stabilized Au nanoparticles with similar particle size dip-
coated onto ITO substrates (~520 nm). The observed remarkable red
shift could be attributed to the change in refractive index of the sur-
rounding environment of Au nanoparticles resulting from the parti-
cle-oxide interfacial interactions, according to the equation Ay, = 2mc
(eome[e. +kn,21/Ne*)'/?, where « is the nanoparticle geometry-de-
pendent factor (e.g., k = 2 for a sphere), N is the electron density of the
metal, ¢ is the permittivity of free space, ¢.. is the high-frequency
contribution to the dielectric function, n, is the medium refractive
index (RI), and m, is the effective electron mass (Atwater and Polman,
2010; Yen et al., 2015). This result demonstrates the strong interaction
between Au nanoparticles and the TNW, where coupling between Au
nanoparticles and TiO, has been shown to improve plasmon-induced
charge transportation, enabling the SPR-enhanced photocurrent prop-
erty. The onset of the absorbance edge for the TNW sample was clearly
under 400 nm because of the wide band gap of around 3.2eV. The



W.-Y. Ko et al.

Ti
(o]
Au

23.0
74.6
24

40.0
43.2
16.8

Biosensors and Bioelectronics 126 (2019) 455-462

£ 1oo'_m

A 'A‘ = P
Elements | Atomic % | Weight %_

Intensity (a.u.)

==
- IT. T
3 |1
s |1
8 | ! i
> |! 10 120 130 140 150 160 170 180
- 1 : Raman shift (cm™)
= |y
g |
S
c
- 1 Alg Blg Eg
-\ T —
T T T T T 1
100 200 300 400 500 600 700

Raman shift (cm™)

Fig. 1. Scanning electron microscopy images of (a) top-view and (b) cross-section of the prepared AuNP/TNW/AuNP composites on FTO substrate. Size distribution
of the Au nanoparticles along the surface of the TiO, nanowires (TNWs) is shown in the inset of Figure (a). (c) The corresponding EDX measurement. (d) Raman
spectra of the TNW sample (black curve) and AuNP/TNW/AuNP composites (red curve). (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article).

characteristic LSPR band in the range of 400-700 nm after the dec-
oration of Au nanoparticles shifted the absorption edge to the visible
light region, resulting in enhanced light harvesting. The enhanced light
absorption can therefore enhance the photocurrent production in
photoactive materials for photoelectric devices, which is beneficial for
photoelectric biosensing.

High photoelectric activity is a significant factor for the construction
of a sensitive photoelectric biosensor; therefore, the corresponding
photocurrent response of the AuNP/TNW/AuNP composite was ex-
amined first at an applied potential of 0 V in PBS (pH 7.4) with AM 1.5G
simulated sunlight (Fig. 3b). All of the samples exhibited an increase in
the photocurrent under illumination; however, no significant photo-
current changes were observed during the on—off cycles for the TNW
sample because the TiO, was primarily stimulated by ultraviolet ra-
diation, leading to low photocurrent generation. Compared to the
pristine TNW sample, the photoanode after decorating with Au nano-
particles presents substantially higher photoactivity because of the
enhanced photoabsorption and improved interfacial charge transfer
induced from Au nanoparticles. A remarkable 14-fold enhancement in
the photocurrent density was observed in the AuNP/TNW/AuNP
(14.30 uA/cm?) as compared with that of the pristine TNW (0.98 uA/
cm?). Noticeably, the AUNP/TNW/AuNP exhibited a 2-fold increase in
photocurrent density compared to that of AuNP/TNW, which was
without the aid of an Au underlayer (7.75 |.lA/cm2). This result in-
dicated the importance of the pre-deposited Au underlayers, which can
act as a sink for charge carriers in influencing the photoelectric effect
for the AuNP/TNW/AuNP composites where the photocurrent en-
hancement mainly arose from the promotion of interfacial charge-
transfer induced by electron accumulation and Fermi level shift in Au
underlayers because of the ability of Au to store and shuttle electrons
(Abdulla-Al-Mamun et al., 2011; Chen et al., 2010). The mechanism of

charge transfer for AUNP/TNW/AuNP composites on FTO is illustrated
in Fig. 4. As the irradiation was absorbed by Au nanoparticles decorated
on the TiO, surface, the effective SPR-induced electrons would transfer
from the Au nanoparticles to the conduction band minimum of TiO,,
and subsequently transferred to Au underlayers, leading to accumula-
tion of electrons in the Au underlayers. Such electron accumulation in
the Au underlayer can boost the Fermi level of Au to more negative
potentials closer to that of the FTO substrate, enabling an effective
electron shuttle to the FTO, and finally promoting the efficiency of
interfacial charge-transfer processes for the AuNP/TNW/AuNP com-
posites. The above results demonstrated that the AuNP/TNW/AuNP
composite had superior photoelectric activity for highly efficient pho-
toelectric immune biosensing.

3.2. Analytical performances of the immunosensor for AFP detection

As a useful means to investigate the interfacial properties of the
electrodes, electrochemical impedance spectra (EIS) for the AuNP/
TNW/AuNP, Anti-AFP/AuNP/TNW/AuNP, and AFP/Anti-AFP/AuNP/
TNW/AuNP electrodes were carried out in the 0.5mM [Fe(CN)g]>"*
solution containing 0.1 M KCl, as shown in Fig. 5(a). A semicircle
portion in high/medium frequency was observed in all Nyquist plots,
which stands for the charge transfer resistance at the electrode inter-
faces and the electrode/electrolyte interfaces. As shown in Fig. 5(a) and
Fig. S4, the AuNP/TNW/AuNP electrode has the smallest diameter in
the high frequency area compared to TNW and AuNP/TNW electrodes,
which suggests that it has the best electrical conductivity and highest
charge transfer efficiency among all of the electrodes, illustrating that
the decoration of Au nanoparticles and Au underlayer can greatly
promote electron and charge transmission. These results were in
agreement with the tendency of change in the photocurrent. After
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Fig. 2. Transmission electron microscopy (TEM) images of AuNP/TNW/AuNP composites. (a) Typical TEM image, (b) high-resolution TEM image, and (c) scanning
transmission electron microscopy (STEM) image and corresponding elemental mappings of titanium, oxygen, and gold.

immobilization of the anti-AFP antibody on the AuNP/TNW/AuNP
electrode (Anti-AFP/AuNP/TNW/AuNP), the diameter of the semi-
circular curve was increased, which was due to the non-conductive
effect from the anti-AFP antibody for obstructing the transfer of the
electrons to the electrode, resulting in an increase in charge transfer
resistance and also confirming the successful linkage of anti-AFP on the
Au nanoparticle surface. After further binding of AFP, the resistance is
further increased. The reason for the increase of the charge transfer
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resistance was the formation of an antibody-antigen immune complex,
which gave rise to an additional barrier towards the [Fe(CN)g]>”*
redox probe and lead to an inhibition in charge transfer. The increased
resistance would lead to change in the photocurrent. Their corre-
sponding photocurrent response change is shown in Fig. 5(b), which
characterizes the construction of the AuNP/TNW/AuNP electrical im-
munosensor for AFP. It was found that the photocurrent value for the
AuNP/TNW/AuNP electrode would decrease after immobilizing the
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Fig. 3. (a) UV-vis absorption spectra of the TNW sample and sandwich-structured AuNP/TNW/AuNP composite. (b) Photocurrent response of TNW, AuNP/TNW
(without the aid of an Au underlayer onto the surface of the FTO), and sandwich-structured AuNP/TNW/AuNP samples collected at OV versus Ag/AgCl in PBS

solution at pH 7.4 with on-off cycles under AM 1.5G simulated sunlight.
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Fig. 4. The charge-transfer mechanism of the AuNP/TNW/AuNP composites on FTO. Ecg, conduction band; Eyg, valance band; E;, Fermi energy level.

anti-AFP antibody, and then the photocurrent density was further re-
duced because of the specific recognition of AFP. The decrease of the
photocurrent density could be ascribed to the immobilization of in-
sulating biomolecules that would restrain the photoelectron transfer
and reduce the photocurrent. The change of photocurrent intensity
resulted from immobilization biomolecule could be applied for the
quantitative analysis of AFP.

Given the change of the photocurrent response in the AuNP/TNW/
AuNP immobilized electrodes as prospective market candidates for
clinical practice, the label-free detection for the quantitative analysis of
AFP protein was examined by monitoring the photocurrent change at
an applied potential of 0 V under AM 1.5 G simulated sunlight. Fig. 6(a)
depicts the calibration curve of the photocurrent change of AuNP/
TNW/AuNP immunosensor after incubation with the AFP antigen at
different concentrations in a PBS solution at pH 7.4. The concentration
of AFP antigen has an important influence on the photocurrent re-
sponses, where the photocurrent decreased accordingly as the con-
centration of AFP increased. The variation of the photocurrent density
has a linear relationship with the logarithm of the AFP concentration in
a range from 0.001 to 10 ppb with a R-square of 0.99309 and a de-
tection limit of 0.001 ppb (ng mL ') and S/N ratio of 3. It is noteworthy
that the detection limit of the label-free sandwich-structured AuNP/
TNW/AuNP photoelectric immunosensor for AFP detection without the
use of any additional signal amplification treatment was comparable to
the previously reported values of other AFP antigen sensing systems,

such as 0.02ngmL ™" for CdS-modified mesoporous TiO, film (Yang
et al., 2015b), 40 pg mL ™! for the TiO,/CdS hybrid (Wang et al., 2009),
0.2 pgmL ™" for the g-C3N4 modified electrodes with CA as the electron
donor (Yuan et al., 2016), 8 pg mL™! for Ag,S nanoparticles modified
with a macroporous ZnO inverse opals structure (Jiang et al., 2016),
0.13 pgmL~" for TiO, coupled with AFP-CdTe-GOx bioconjugates (Li
et al., 2012), 0.01 ngmL ™~ for ZnO inverse opal electrodes with signal
amplification of CdS-QDs (Xu et al., 2015), and 0.56 pgmL~" for Au-
ZnO flower-rod heterostructures (Han et al., 2017). The enhanced de-
tection ability of the AuNP/TNW/AuNP photoelectric immunosensor
suggests that the introduction of Au nanoparticles and the building of
the porous frameworks can efficiently improve the photoelectric effect
of the electrode because of the improved light harvesting and enhanced
charge separation from Au particles as well as the reduced incident light
reflection from the porous frameworks. Therefore, the abovementioned
results demonstrated that the proposed AuNP/TNW/AuNP photo-
electric immunosensor has been fabricated successfully and can be used
to effectively detect AFP.

In addition to the established sensitivity, selectivity is also an im-
portant factor for successfully developing biosensor chips for clinical
diagnosis. To demonstrate that the enhanced AFP detection was spe-
cific, the response of 10 ppm IgG and 10 ppm HBV protein on this
sensor was compared to that of the AFP antigen at 0.001 ppb, as illu-
strated in Fig. 6(b). No significant change in photocurrent response was
observed to the additions of IgG and HBV protein to the immunosensor,
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towards a different analyst.

while a remarkable photocurrent enhancement in the presence of the
AFP antigen in the same experimental conditions can be obtained ac-
cording to specific antigen—-antibody binding. Hence, these results in-
dicated that the specificity of the prepared label- and amplification-free
AuNP/TNW/AuNP photoelectric immunosensor was satisfactory.

3.3. Practical determination of AFP in human serum

In order to evaluate the practicability of the prepared sandwich-
structured AuNP/TNW/AuNP photoelectric immunosensors for prac-
tical clinical analysis, the detection of AFP in human serum by using the
proposed photoelectric sensors and the commercialized available ELISA
method were conducted. As shown in Table S1, the recoveries were
between ~98% and ~116% and the relative standard deviation (RSD)
were from ~2% and ~4%, as measured by proposed photoelectric
sensors. In addition, it should be noted that the calculated concentra-
tions revealed a good agreement with the values obtained from the
commercial ELISA method with the relative errors in the range from
~— 9% to ~4%. These results demonstrated that the designed AuNP/
TNW/AuNP photoelectric immunosensors could meet the demand for
clinical detection of AFP in practical serum samples.

4. Conclusion

In summary, we have developed a label- and amplification-free and
ultrasensitive SPR-enhanced photoelectric sensor based on a unique
layer-by-layer sandwich-structured AuNP/TNW/AuNP composite on
FTO for the detection of biomarker AFP. The Au nanoparticle can
provide a strong LSPR effect and effective interfacial charge transfer as
well as improved light harvesting, resulting in a high increment of
photocurrent density, which was beneficial for biomolecular sensitive
detection. The proposed immunosensor of AuNP/TNW/AuNP coupled
with anti-AFP showed high sensitivity and good specificity to its an-
tigen of AFP, with an excellent detection limit of 0.001 ppb (ng mL ™ 1),
which is the lowest detection limit for the AFP antigen that has been
reported. Furthermore, detection of AFP in human serum samples was
performed. These results indicated that proposed photoelectric im-
munosensor exhibited high sensitivity and specificity, offering a pro-
mising opportunity for AFP detection in clinical diagnostics. Moreover,
this strategy could provide a promising sensing strategy designed for
the detection of other biomolecules in clinical diagnosis with satisfac-
tory results through a simple equipment and convenient operation.
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