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Engineering one-dimensional trough-like Au—Ag,S
nano-hybrids for plasmon-enhanced
photoelectrodetection of human a-thrombin+

Wen-Chao Geng,? De-Lin Li,° Ji-Long Sang,? Liang-Liang Pan,® Ze-Li Jiang,®
Cai Liu*® and Yong-Jun Li{*@

One-dimensional (1D) morphology-unique Au—-Ag,S nano-hybrids are achieved by combining the inter-
facial self-assembly of Ag nanowires, interface-oriented site-specific etching of Ag nanowires with
AuCl,~, and the sulfurization of $*~. The as-formed Au—Ag,S nano-hybrid has a trough-like morphology.
The wall of the Au—Ag,S nanotrough is a Ag,S/Au/Ag:S trilayer wall, but the Ag,S layer is a Ag,S-rich
mixture of Ag,S and Au rather than pure Ag,S because of the diffusion of Au atoms towards Ag,S. The
Au-Ag,S nanotrough shows strong absorption in the visible region (400-800 nm) and exhibits a favor-
able photoelectrochemical (PEC) response, the photocurrent of which is ~8.5 times larger than that of
pure Ag,S. This enhanced PEC response originates from the localized plasmonic resonance effect of Au.
Moreover, the PEC biosensor based on the Au—Ag,S nanotroughs shows high sensitivity and selectivity,
satisfactory reproducibility, and good stability towards human a-thrombin (TB) detection: a sensitive
linear response ranging from 1.00 to 10.00 pmol L~ and a low detection limit of 0.67 pmol L% This
study provides a new model for studying the PEC behavior of plasmonic metal/semiconductor materials,
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1 Introduction

Photoelectrochemical (PEC) sensors show broad prospects for
commercial applications because of their high sensitivity, easy
electronic readout, and feasible miniaturization."”” Semicon-
ductors as traditional PEC active materials have been widely
investigated, such as CdTe,® TiO,,* Bi,S;,> Zn0O,° C;N,4,” and
Ag,S.” Among these semiconductors, TiO, is one of the most
frequently employed materials owing to its high stability, low
cost, nontoxicity, and strong oxidizing power.® However, TiO, is
a typical wide-bandgap semiconductor (~3.2 €V),* which only
responds to high-energy UV light. UV light accounts for only
~3-5% of sunlight energy,’ far less than that of visible light
(~42-45%),® and it is usually harmful to biomolecules.'®*
Thus, developing visible-near-IR photoactive materials may
efficiently increase the utilization of sunlight energy and favor
bio-analytical detection. In terms of this concept, narrow-
bandgap semiconductors (e.g., CdS,"* CdSe,"* Ag,S,” and Pbs™),
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and this Au—Ag,S nanotrough may also be useful in the fields of photocatalysis and photovoltaics.

easily irradiated by visible-near-IR light,'*'> may be superior to
the wide-bandgap ones. Unfortunately, narrow-bandgap semi-
conductors always suffer from the rapid recombination of the
photogenerated electron/hole (e /h"), resulting in a weak PEC
response.'?

Many investigations'®™**> demonstrate that engineering plas-
monic metal/semiconductor hetero-junctions can enhance the
PEC response of narrow-bandgap semiconductors. Under spe-
cific light illumination, the surface-enhanced scattering effect
of plasmonic metals can increase the optical absorption of
semiconductors;'®'” on the other hand, the localized surface
plasmon resonance (LSPR) effect of plasmonic metals can
promote the separation of photogenerated e /h* pairs of the
semiconductor by injecting e~ to the semiconductor'® or
extracting e~ from the semiconductor’ (depending on the
alignment of the energy bands of the semiconductor and Fermi
energy level of the metal®®). Besides, if there is some overlap
between the LSPR spectrum of the metal and the absorption
band of the semiconductor, the plasmonic resonant energy
transfer from metal to semiconductor also benefits the genera-
tion of e /h" pairs in the semiconductor and thus enhances the
PEC response.'®*® For example, the photocurrent of multi-
segmented CdS-Au nanorod arrays is twice that of pure CdS
nanorod arrays,”’ showing excellent photocatalytic perfor-
mance in hydrogen evolution reaction.
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Narrow-bandgap semiconductors involving toxic elements
such as Cd and Pb are unsuitable for practical applications,?*
especially for bio-analytical detection.>® Among various
environment-friendly narrow-bandgap semiconductors, Ag,S
(the bandgap, ~1.0 eV) is a representative and has been widely
used in photocatalysis,>* bioimaging,>® and PEC biosensing,'®
thanks to its chemical stability, high optical absorption coeffi-
cient, and easy preparation.® To improve the PEC performance
of Ag,S, plasmonic metals (e.g., Cu, Ag and Au) have been used
to fabricate hetero-junctions of Cu-Ag,S,”” Ag-Ag,S,***° and
Au-Ag,S,**?" where Au is frequently preferred owing to its wide
absorption in the visible-near-IR region, chemical stability,
and good biocompatibility.'® More importantly, most reported
Au-Ag,S heterostructures exhibit enhanced photosensitive
activity.'®2%*>?3 For example, a Ag,S nanostructured film mod-
ified by Au nanoparticles shows ~2.5 times the photoelectric
conversion efficiency of the pure Ag,S film."®

Besides, the PEC performance of a plasmonic metal/semi-
conductor composite is closely linked to its morphology. The
one-dimensional (1D) hollow nanostructure possesses a large
surface area, capable of providing abundant active sites*?*
and thus producing a strong photocurrent signal. Also, a 1D
geometry can enhance light absorption relative to its 0D
counterpart,®® facilitating the photo-generation of the e /h*
pair and its transport along the 1D nanostructure. Thus,
rationally designing a 1D hollow Au-Ag,S nanostructure may
be an effective way to improve PEC performance. However, to
the best of our knowledge, the existing Au-Ag,S PEC active
materials usually have core-shell,*"*” Janus,*® and bilayer'®
architectures, and these well-defined architectures cannot max-
imize the PEC performance of Au-Ag,S because of their 0D
morphologies and the limited contact area between Au and
Ag25.39’40

Herein, inspired by the finding that Au and Ag,S are
mutually soluble under a certain condition,** we achieve the
formation of a 1D Au/Ag,S core/shell-like heterostructure and
double the contact area of Au and Ag,S by one-step sulfuriza-
tion of the AgAu alloy nanotrough with an ultrathin wall. The
1D Au/Ag,S core/shell-like heterostructure still has a trough-like
morphology, and acting as a PEC material, it shows a larger
photocurrent and a lower charge-transfer resistance than that
of pure Ag,S. Also, this Au-Ag,S PEC biosensor has a sensitive
linear response range (1.00-10.00 pmol L") and a low detec-
tion limit (Z.e., 0.67 pmol L") towards the detection of human
a-thrombin, completely meeting the practical requirements.

2 Experimental

2.1 Reagents

AgNO; (>99.8%), ethylene glycol (>99%), ethanol (>99.7%),
Na,S-9H,0 (>98%), and ascorbic acid (AA, >99%) were pur-
chased from Sinopharm Chemicals Reagent Co. Ltd (China).
Human o-thrombin (TB), bovine serum albumin (BSA), poly-
vinylpyrrolidone (PVP, MW =~ 29000), and HAuCl,-3H,0,
(=49.0% Au basis) were obtained from Sigma-Aldrich. DNA
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(i.e., 5'-NH,-(CH,)-GGT TGG TGT GGT TGG-3') was purchased
from Sangon Biotechnology Co. Ltd (China). Tris-(hydroxy-
methyl) aminomethane (Tris) was purchased from Solarbio
Science & technology Co., Ltd (China). All chemicals were used
as received. Milli-Q water (18.2 MQ cm) was used in all experi-
ments. DNA and TB solutions of different concentrations were
prepared by dissolving DNA and TB, respectively, in 20.0 mmol L™
pH 7.4 Tris-HCI solution containing 140.0 mmol L~ NaCl,
5.0 mmol L™ KCl, 1.0 mmol L' CaCl,, and 1.0 mmol L™" MgCl,.

2.2 Synthesis, interfacial self-assembly, and etching of
Ag nanowires

Silver nanowires were prepared by using a previously reported
polyol process (see ESIT).*"*> The purified Ag nanowires were
redispersed in ethanol (250 mL) for further use. Interfacial self-
assembly and etching of Ag nanowires were performed accord-
ing to our previously developed method*® with minor modifica-
tion. Briefly, a Ag nanowire solution (800 pL) was added into
2 mL of toluene under ultrasonication, into which was rapidly
poured 7 mL of H,O. A toluene/water interface was formed
quickly, and meanwhile, a pale-yellow Ag nanowire monolayer
appeared at the interface. After evaporation of toluene, HAuCl,
aqueous solution (10 pL, 25.4 mmol L") was injected into the
water phase with a syringe, followed by 30 s of gentle stirring
(tip: do not disturb the interfacial monolayer). After the system
was maintained undisturbed for 12 h, interfacial Ag nanowires
were transformed into 1D AgAu nanotroughs. Interfacial 1D
AgAu nanotroughs can be transferred onto solid substrates for
further use by a “touching and loading” method from the water
phase.*>** Additionally, the interfacial 1D AgAu nanotroughs
can be collected, washed with ethanol, and redispersed into
ethanol or water.

2.3 Sulfurization of AgAu nanotroughs

The resulting 1D AgAu nanotroughs (4 mg) were redispersed
into a Na,S aqueous solution (10.0 mmol L™, 10 mL) and kept
for 1 h. A black product (i.e., 1D Au-Ag,S nanotroughs) was
collected by centrifugation, washed with water, and redispersed
into H,O (5 mL) for further use. The pure Ag,S was also synthe-
sized under the same conditions by redispersing Ag nanowires
into a Na,S aqueous solution.

2.4 Fabrication of PEC active electrode

An indium-tin oxide (ITO) glass disk (5.6 mm in diameter), prior
to modification, was cleaned successively with acetone, an ethanol/
water (v/v, 1:1) mixture containing 1.0 mol L' NaOH, and water
under ultrasonication. After the cleaned ITO disk was dried in air,
25 pL of 1D Au-Ag,S nanotrough aqueous solution was applied
onto the ITO disk by a drop-coating method (Scheme 1a) and dried
at room temperature. A Au-Ag,S nanotrough-modified ITO
electrode (ITO/Au-Ag,S) was obtained.

To obtain the PEC active electrode, ITO/Au-Ag,S was covered
with DNA by adding 20 pL of 1.0 pmol L™" DNA stock solution,
and was kept at 4 °C for 12 h (Scheme 1b). The optimized DNA
concentration was determined by assessing the correlation between
the photocurrent of ITO/Au-Ag,S/DNA and the concentration of

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0tb00201a

Published on 02 July 2020. Downloaded by University of Exeter on 7/13/2020 5:26:23 PM.

Journal of Materials Chemistry B

oS ——oom) >
g d >3
A
' :
cid |J;
: e Time
' , 1m0
=\
N i a
v
- <t
b
S AN
Au-Ag,S DNA BX;A %

Scheme 1 |llustration of the fabrication of the ITO/Au—-Ag,S/DNA/BSA
electrode for the detection of TB: (a) modification of Au—-Ag,S on ITO,
(b) modification of DNA on ITO/Au-Ag,S, (c) blocking of nonspecific
binding sites of ITO/Au—Ag,S/DNA with BSA, and (d) TB detection by
assessing the photocurrent change (inset).

DNA (Fig. S1, ESIT). Subsequently, 20 pL of BSA aqueous solution
(1.0 wt%) was added to block nonspecific binding sites
(Scheme 1c). The as-fabricated PEC active electrode was desig-
nated as ITO/Au-Ag,S/DNA/BSA. The successful modification of
DNA and BSA was fully supported by electrochemical impe-
dance spectroscopy (EIS) data (Fig. S2, ESIt).

2.5 Detection of human a-thrombin

TB detection was performed by immobilizing TB on the ITO/
Au-Ag,S/DNA/BSA electrode, that is, 20 pL of TB solution of
different concentrations was added onto ITO/Au-Ag,S/DNA/
BSA, sealed and maintained at room temperature for 60 min
to form the ITO/Au-Ag,S/DNA/BSA/TB electrode (Scheme 1d). The
60 min reaction time was determined by optimization (Fig. S3, ESIt).

2.6 PEC and electrochemical measurements

PEC and electrochemical measurements were performed in a
three-electrode configuration. ITO/Au-Ag,S, ITO/Au-Ag,S/DNA,
ITO/Au-Ag,S/DNA/BSA, or ITO/Au-Ag,S/DNA/BSA/TB was used
as the working electrode. Platinum wire and a saturated calo-
mel electrode (SCE) were used as the auxiliary electrode and the
reference electrode, respectively. All the potentials were referred to
SCE unless otherwise specified. All PEC measurements were
carried out in Tris-HCI (pH 7.4, 0.10 mol L") buffer containing
0.10 mol L ™" ascorbic acid at 0 V.

2.7 Characterization and instrumentation

PEC and electrochemical measurements were carried out using
a CHI 660D Electrochemical Workstation (Chenhua, Shanghai).
A PLS-SXE300 xenon lamp was used as the excitation source
(4 > 420 nm with an ultraviolet cutoff filter). Scanning electron
microscopy (SEM) images were obtained on a JSM-6700F scan-
ning electron microscope at 5 kV. Transmission electron micro-
scopy (TEM) images were obtained on a JEM-3010 transmission
electron microscope at 300 kV. X-ray photoelectron spectro-
scopy (XPS) measurement was conducted using a K-Alpha 1063
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X-ray photoelectron spectrometer (Thermo Fisher Scientific) with
an Al Ko X-ray source. High-resolution transmission electron
microscopy (HRTEM), scanning transmission electron microscopy
(STEM) and energy-dispersive X-ray spectroscopy (EDX) elemental
mapping analysis were performed using a FEI Tecnai G2 F20 field
emission TEM microscope. X-ray diffraction (XRD) patterns were
obtained using a 0-20 X-ray diffraction Siemens D5000 apparatus.
UV-vis spectra were recorded on a UV-1800 spectrophotometer
(Shimadzu). Photoluminescence (PL) spectra were obtained on a
Hitachi F-4600 fluorescence spectrofluorometer (Tokyo, Japan),
and the PL measurements were taken at an excitation wavelength
of 550 nm.

3 Results and discussion

3.1 Characterization of one-dimensional AgAu and Au-Ag,S
nanotroughs

By employing our developed interfacial self-assembly strategy,**
most Ag nanowires in solution can be arrested at a water/toluene
interface. The interfacial Ag nanowires were parallel with each
other, forming a close-packed monolayer (Fig. 1a and Fig. S4a,
ESIY), and each nanowire had a smooth surface (Fig. 1a and c).
After evaporation of toluene and injection of AuCl,  into the water
phase, smooth Ag nanowires were eventually transformed into 1D
AgAu nanotroughs, that is, a deep trench was formed along the
longitudinal axis of each nanowire (Fig. 1b and Fig. S4b, ESIf).
Compared with the original Ag nanowire (Fig. 1c), the 1D AgAu
nanotrough was more transparent (Fig. 1d). The wall of the AgAu
nanotroughs has a sub-10 nm thickness, ~6-8 nm (Fig. 1d).

Ag,S-rich Ag,S/Au layer

Fig. 1 (a) SEM images of interfacial Ag nanowire monolayer obtained via a
two-phase interfacial assembly; (b) SEM image of 1D AgAu nanotrough
monolayer evolved from the interfacial Ag nanowire via interface-oriented
site-specific etching with AuCl,~, where the inset is the cartoon image of a
1D AgAu nanotrough; (c) and (d) TEM images of a Ag nanowire (c) and 1D
AgAu nanotrough (d).
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Additionally, the wall exhibited clear lattice fringes (Fig. S5, ESIt),
and the neighboring lattice interspacing was 0.236 nm, corres-
ponding to either Ag(111) (PDF#65-8428) or Au(111) (PDF#04-
0784), indicative of its AgAu alloy feature (Fig. S6, ESIT), fully
consistent with our previous report.*®

After treatment in the Na,S solution, the 1D AgAu nano-
trough was transformed into a 1D Au-Ag,S hybrid. Although
the as-formed 1D Au-Ag,S hybrid retained a nanotrough-like
structure (Fig. 2a), many island-like particles appeared. The
TEM image (Fig. 2b) shows that the inner and outside wall
surfaces became much rougher than the original AgAu nano-
trough (Fig. 1d) owing to the formation of Ag,S. HRTEM
analysis (Fig. 2b) reveals that the wall of the 1D Au-Ag,S
nanotrough was a Au/Ag,S core/shell-like structure because
Ag,S dominated the inner and outside surfaces of the Au-Ag,S
nanotrough. This result indicates that, during the sulfurization
process, the Ag component was extracted from the AuAg alloy
along different directions and transformed into Ag,S, leaving
Au behind and forming a Au/Ag,S core/shell-like structure.
Because of the loose structure of Ag,S and its lower density
(7.20 g cm™?) than that of Ag (10.51 g cm™?), the apparent wall
thickness of the Au-Ag,S nanotrough (TEM in Fig. 2b) was
obviously larger than that of the AuAg nanotrough (Fig. 1d),
~14 nm. This expansion effect has been observed in the
previously reported sulfurization of Ag nanoprisms®® and Ag
nanocubes.*’

STEM-EDX mapping images (Fig. 2c) show that Au, Ag and S
elements were detectable. The overlays of different element
mapping images show that these three elements were distrib-
uted uniformly throughout the whole Au-Ag,S nanotrough
because of its Au/Ag,S core/shell-like architecture, which was
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Fig. 2 STEM (a), TEM (b), HRTEM (b), and STEM-EDX mapping (c) images
of 1D Au—Ag,S nanotroughs; cartoon image (d) of a 1D Au—-Ag,S nano-
trough and the illustration of its wall.
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further confirmed by the STEM-EDX linear scan element-
distribution profile (Fig. S7, ESIt). Although the island-like
particles show the typical lattice fringes of Ag,S (Fig. 2b), the
Au element was still detectable, as marked with the rectangular
frame in Fig. 2c. The results indicate that some Au atoms pene-
trated the Ag,S phase by diffusion because of the thermodynamic
miscibility of Au and Ag,S.*"*> Combining TEM, HRTEM, and
STEM-EDX elemental mapping analyses, we concluded that the
Ag,S layer in the Au-Ag,S nanotrough wall was not pure Ag,S, but
rather a Ag,S-rich mixture of Ag,S and Au, as illustrated in Fig. 2d.

XRD characterization further confirmed that the AgAu nano-
troughs were transformed into Au-Ag,S nanotroughs (Fig. 3a).
The 1D AgAu nanotrough has a face-centered cubic (fcc)
structure with the diffraction peaks located at ~37.86, 44.12,
64.33 and 77.40°, corresponding to Ag- or Au(111), (200), (220)
and (331) facets (Ag, PDF#65-8428; Au, PDF#04-0784), respec-
tively. Additionally, the diffraction peak at 32.4° can be indexed
to AgCl(200), suggesting the existence of some AgCl, similar to
our previous work.*> After sulfurization, many new diffraction
peaks (Fig. 3a) were perfectly indexed to the monoclinic phase
of Ag,S(PDF#14-0072), and meanwhile, the Au diffraction peaks
still remained, as marked with “V”, which was further con-
firmed by XPS analysis (Fig. 3b-d). Binding energies of Au-Ag,S
nanotroughs centered at ~84.09 and 87.76 eV (Fig. 3b) corre-
sponded to 4fs;, and 4f,, of Au®, respectively.’” The Ag 3ds,
and 3d3), binding energies were ~367.5 and 373.5 eV, respec-
tively (Fig. 3c), corresponding to Ag" of Ag,S.*® Also, each Ag 3d
energy band was symmetric along the band center axis,
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Fig. 3 (a) XRD patterns of 1D AgAu and Au—-Ag,S nanotroughs, together
with the standard patterns of Ag (JCPDS#65-8428), Au (JCPDS#04-0784),
and Ag,S (JCPDS#14-0072). Peaks marked with “*" and "V" in (a) are
ascribed to AgCl and Au, respectively. (b)—(d) XPS spectra of the Au—Ag,S
nanotroughs: Au 4f (b), Ag 3d (c), and S 2p (d). The black solid curve and the
red circle curve are the original and simulated curve, respectively, and the
other symbol curves are the deconvoluted ones.
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indicating that the Ag® of the AgAu nanotrough was converted
to Ag". Furthermore, the 2p;/, and 2p,, binding energies of $*~
were found to be located at ~160.7 and 161.9 eV (Fig. 3d),
respectively,”” confirming the formation of Ag,S.

Besides, according to the XPS spectra, the Ag: S atomic ratio
of the Au-Ag,S nanotrough was calculated to be ~1.5:1,
smaller than the chemically stoichiometric ratio of Ag,S, 2:1,
suggesting that there are more S>~ ions probably adsorbed on
the exterior surface of Au-Ag,S.'> The as-formed Au-Ag,S
nanotrough not only had a unique nanostructure, but also
exhibited strong absorption over a broad wavelength from
400 to 800 nm (Fig. 4a). The original Ag nanowires displayed
two absorbance peaks at ~352 and 394 nm, ascribed to the out-
of-plane quadrupole resonance and the transverse SPR of the
Ag nanowires, respectively.*®*° Compared to the original Ag
nanowires, the 1D AgAu nanotroughs showed a broader absorp-
tion peak, the center of which was slightly red-shifted due to
the intervention of Au,*® similar to the spectrum behavior of the
transformation from Ag nanowire to AgAu nanotube.”" After the
sulfurization, the characteristic absorption of the Ag nanowires
completely disappeared, further indicating that the Ag® com-
ponent had been transformed into Ag,S.>* According to a
previous report,*® pure Ag,S nanowires do not have obvious
absorption in the visible region. Therefore, the absorption of
the 1D Au-Ag,S nanotrough intrinsically originates from Au.
Compared with that of the AgAu nanotrough, the enhanced
absorption of the Au-Ag,S nanotrough in the visible region may
be attributed to the difference of dielectric constants between
Ag,S and Ag.*>"° In addition, it is noted that the Au-Ag,S nano-
hybrid showed decreased PL intensity (Fig. S8, ESIT) compared
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Fig. 4 (a) UV-vis absorption spectra of the Ag nanowire, AgAu, and Au—
Ag,S nanotroughs; (b) photocurrent responses of ITO/Ag,S, ITO/Au-Ag;S,
ITO/Au-Ag,S/DNA/BSA and ITO/Au-Ag,S/DNA/BSA/TB in 0.10 mol L™*
Tris—HCL (pH 7.4) containing 0.10 mol L™ ascorbic acid. ITO/Au-Ag,S/
DNA/BSA/TB was obtained by adding 20 uL of 10.0 pmol L~ human
a-thrombin onto ITO/Au—Ag,S/DNA/BSA. (c) The photocurrent genera-
tion mechanism of the ITO/Au-Ag,S electrode.
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with pure Ag,S, indicating that the introduction of Au can
promote the separation of interfacial carriers.'® This strong
absorption in the visible region and lower PL intensity may
enable the 1D Au-Ag,S nanotroughs to exhibit visible-near-IR
photoelectric activity.

Under light irradiation (4 > 420 nm), the ITO/Au-Ag,S
electrode showed a favorable PEC response (Fig. 4b), the
photocurrent of which (1718.3 nA) was about 8.5-fold higher
than that of the ITO/Ag,S electrode (203.5 nA). Particularly, due
to the consumption of AA, the photocurrent decayed with the
increase of the illumination time.>*>* Moreover, the photocur-
rent was not significantly changed after 15 cycles (Fig. S9, ESIT),
indicating that the 1D Au-Ag,S nanotroughs had good stability
during the tests. According to a previous investigation,'® this
enhanced PEC activity of Au-Ag,S could be reasonably
explained by the LSPR effect of Au (Fig. 4c) and the morpho-
logical feature: (1) the Ag,S shell of Au-Ag,S can be readily excited
by incident light (1 > 420 nm),*® resulting in the transfer of
electrons from the valence band to the conduction band and thus
generating e /h" pairs, and this excitation efficiency can be further
improved by scattering light from Au.>* (2) Meanwhile, the LSPR
effect of Au generates energetic hot electrons on the surface of Au.
These energetic electrons have more negative potential than the
conduction band of Ag,S,>*® and can transfer smoothly from Au
to the conduction band of Ag,S. (3) The enhanced localized electric
field around Au also suppresses the recombination of generated
e /h"."® (4) The trough-like Au-Ag,S nanostructure possesses a
large specific surface area, favoring the enlargement of photo-
current signal. (5) The 1D morphology facilitates rapid and
long-distance electron transfer.>*** (6) The Au/Ag,S core/shell-
like structure produces double hetero-junctions, shortening
electron-transport distance and reducing the probability of
e /h* recombination.*® All the factors mentioned above may
together contribute to a remarkable PEC response of the Au-Ag,S
nanotrough (Fig. 4b).

3.2 Application of Au-Ag,S in a PEC sensor

Although ITO/Au-Ag,S exhibited a satisfactory PEC response,
whether this PEC response is effective enough for practical use
is still a pending question. Therefore, we used ITO/Au-Ag,S to
construct a PEC sensor and assessed its sensing performance
towards TB (Scheme 1). The as-fabricated bio-active PEC elec-
trode (i.e., ITO/Au-Ag,S/DNA/BSA) showed a smaller photocur-
rent than that of ITO/Au-Ag,S (Fig. 4b). When the targeted
molecule, TB, bound with DNA of ITO/Au-Ag,S/DNA/BSA, the
photocurrent further decreased (Fig. 4b) because of the
increase of the electron-transfer resistance (Fig. S10, ESIT).
Additionally, the photocurrent magnitude of ITO/Au-Ag,S/
DNA/BSA/TB closely depends on the TB concentrations. To
establish the correlation between the photocurrent and TB
concentration, we used TB of different concentrations to fabri-
cate ITO/Au-Ag,S/DNA/BSA/TB electrodes (see Experimental
section). Fig. 5a shows the photocurrents of ITO/Au-Ag,S/
DNA/BSA/TB with different concentrations of TB. Obviously,
the higher the TB concentration, the smaller the photocurrent.
The photocurrent versus TB concentration plot had a good
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Fig. 5 (a) Photocurrent responses of the ITO/Au-Ag,S/DNA/BSA elec-
trode to TB of different concentrations (ctg) in 0.10 mol L™ Tris—HCl
(pH 7.4) containing 0.10 mol L™ ascorbic acid; (b) calibration curves of
[ versus ctg. Inset of (b) is the linear correlation plot at the TB concentration
ranging from 1.00 to 10.00 pmol L%

linear relation over the range from 1.00 to 10.00 pmol L'
(Fig. 5b). The detection limit was calculated to be ~0.67 pmol L™"
based on the 3c method, better than those of previous reports
(Table S1, ESIY).

3.3 Selectivity, reproducibility, stability and applicability of
the PEC sensor

Moreover, the as-fabricated bio-active ITO/Au-Ag,S/DNA/BSA
electrode also had excellent selectivity towards TB. Among six
examined proteins, that is, alkaline phosphatase (ALP), lyso-
zyme, glucose oxidase (GOy), pepsin, BSA and TB, TB exhibited
the strongest specific interaction with the ITO/Au-Ag,S/DNA/
BSA electrode and thus dramatically reduced the photocurrent.
The photocurrent variation caused by all the proteins, Al is
shown in Fig. 6a. Although the concentration of the interfering
proteins (100.00 ng mL ') was much higher than that of TB
(3.75 ng mL™"), no substantial photocurrent reduction was
observed after the ITO/Au-Ag,S/DNA/BSA electrode was incu-
bated with each interfering protein. To further verify the
selectivity, we measured the response of the ITO/Au-Ag,S/
DNA/BSA electrode in a mixture of ALP, lysozyme, GO, pepsin,
BSA and TB (Fig. 6a), and the result reveals that the photo-
current response towards the mixture is almost the same as
that towards the TB solution, corroborating the excellent selec-
tivity of ITO/Au-Ag,S/DNA/BSA for TB detection.
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Fig. 6 (a) Photocurrent variations of ITO/Au—Ag,S/DNA/BSA in 0.10 mol L™*
Tris—HCL (pH 7.4) containing 0.10 mol L™* ascorbic acid after the interaction
with each protein (TB, ALP, lysozyme, GO,, pepsin, or BSA) and their mixture.
Except for TB whose concentration was 10.0 pmol L™ (i.e., 3.75 ng mL™?), the
other proteins were fixed at a concentration of 100.00 ng mL™%. (b) Recovery
assay of TB of different concentrations (ctg) in human serum sample diluted
10-fold by 10.0 mmol L™! phosphate buffer saline (PBS) (pH 7.4): sample
1, 2.0 pmol L% sample 2, 5.0 pmol L™%; sample 3, 10.0 pmol L™,
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Additionally, the ITO/Au-Ag,S/DNA/BSA electrode exhibited
good reproducibility and stability. Five electrodes prepared
separately under the same conditions were used to detect TB
(10.0 pmol L™ %), and the relative standard deviation (RSD) was
only ~4.3%. The photocurrent could retain ~94.1% of its
initial value for TB detection after 2 weeks of storage in a
refrigerator at 4 °C. In order to verify the applicability and
reliability of the ITO/Au-Ag,S/DNA/BSA electrode, we further
detected different concentrations of TB in the 10-fold diluted
human blood serum samples (diluted with 10 mmol L™" PBS,
pH 7.4). The TB recoveries were up to 98%, 102%, and 99% for
2, 5, and 10 pmol L™ TB, respectively (Fig. 6b), indicating that
ITO/Au-Ag,S/DNA/BSA can be used for TB detection of real
samples.

4 Conclusions

We obtained 1D Au-Ag,S nanotroughs by using Ag nanowires
as raw materials involving interfacial self-assembly of Ag nano-
wires, site-specific etching of interfacial Ag nanowires with
AuCl,~, and sulfurization by $>. The wall of the 1D Au-Ag,S
nanotrough had a Au/Ag,S core/shell-like architecture. The
Au-Ag,S nanotrough showed enhanced absorption in the
visible-near-infrared region and exhibited excellent photoactive
performance because of the LSPR effect of Au and its 1D
morphological feature. The PEC biosensor based on the 1D
Au-Ag,S nanotroughs showed excellent analytical performance
for TB with a sensitive linear response ranging from 1.00 to
10.00 pmol L™ " and a low detection limit of 0.67 pmol L. Also,
the PEC biosensor possessed high selectivity, satisfactory repro-
ducibility and good stability. This study provides some insight
into the enhancement of plasmonic metals towards PEC activity,
and also the Au-Ag,S nanotrough may have other promising
applications in areas such as photocatalysis and photovoltaics.
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