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sensitivity†
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Based on the localized surface plasmon resonance (LSPR) technology, a novel plasmonic nanosensor with

high sensitivity and high selectivity was prepared for the detection of trace sulfide ions on an individual

Au@Ag nanoparticle. Furthermore, it could be used to monitor the sulfurization on an individual Au@Ag

nanoparticle surface observed under dark-field microscopy (DFM).
Introduction

Hydrogen sulde (H2S), known for its toxicity, is a colorless acidic
gas with a “rotten egg” smell. Recently, it was found that hydrogen
sulde is the third gaseous mediator in mammals and has an
impact on human physiology and pathology, including neuro-
transmission,1,2 vasorelaxation,3,4 inhibition of insulin
signaling,5,6 and anti-inammation.7 Many diseases are also
associated with the abnormal concentrations of H2S, such as
Alzheimer's disease,8 ischaemia,9 and Down's syndrome.10,11 As
a new gasotransmitter similar to nitric oxide (NO) and carbon
monoxide (CO), H2S is gradually attracting more and more
attention of researchers for its understanding and exploration.
According to the reported results, sulde ions could be detected
now by various methods, such as the color analysis,12–14 electro-
chemical analysis,15 and gas chromatography analysis.16 For
example, some uorescent H2S probes have been designed by
utilizing several chemical characteristics of H2S, such as the
reduction of azide groups,11,12,17 nucleophilic addition,18 the S–Cu
bonding,19,20 and nucleophilic substitution.13,21 Although the limit
of detection (LOD) of these methods usually only reaches mM
range (which is suggested as the average endogenous H2S level in
most publications), the sulde ion concentrations in the cellular
anabolic and catabolic reactions can be as low as nM to sub-mM.22

Therefore, it is important to develop a novel nanosensor to map
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the distributions of sulde ions and to monitor the dynamics of
sulde ion generations and eliminations inside the cell. A sensi-
tive method with a large dynamic range means that it will be
capable of following the gaseous transmitter for in-depth studies.

During the past decade, noble metal nanoparticles (NPs) have
received extensive attentions for a wide variety of applications in
biological sensing and imaging,23–25 catalysis,26 photothermal
therapy,27 and surface-enhanced Raman scattering (SERS),28,29

because of their unique LSPR effect. When excited by a particular
frequency of incident radiation, the free electrons in the
conduction band of metal nanoparticles undergo coherent
oscillations, which results in their unique scattering and
absorption optical phenomenon.25 LSPR characters strongly
depend on the shape, size and compositions of nanoparticles and
the surrounding dielectric environment.30,31 Compared to those
used in uorescent sensing, plasmonic nanomaterials used in
LSPR biosensing are more sensitive, non-toxic, and do not suffer
from background suppression. The LSPR scattering spectroscopy
of a single plasmonic nanoparticle (PNP) could be easily per-
formed by dark-eld microscopy and a microspectral analyzer,
and the notable spectral shis indicate the refractive index of the
microenvironment surrounding an individual nanoparticle.32,33

NaHS is a weak acid salt and has a dynamic equilibrium with
two forms (HS� and S2�) in aqueous solutions. The presence of
S2� ions and Ag crystals could produce a chemical reaction to
form an Ag2S precipitate. Several Au–Ag core–shell NPs based on
LSPR sensing, have been developed to detect H2S based on this
principle.22,34 He et al. have synthesized Au–Ag core–shell
nanospheres34 and used them as colorimetric probes for the
recognition of H2S through color RGB (red/green/blue) analysis
of the color of PNPs. According to our group's previous results,
when target miRNA-21 hybridized with probe ssDNA is immo-
bilized on Ag nanocube surface, the cubic Ag nanoparticles
exhibit more sensitivity to the tiny changes in the refractive
index around the nanoparticle.35,36 Therefore, the Au@Ag core–
shell nanocubes (NCs) exhibit a sufficient signal shi in LSPR
This journal is © The Royal Society of Chemistry 2018
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peak and notable color change, which could be used as an
optical plasmonic nanosensor. In this paper, a single Au@Ag
NC as the sensor was prepared for the detection of trace sulde
ions by LSPR technology. We successfully monitored the
process of Ag2S formation by LSPR spectra in real time at single
particle level. In the presence of different concentrations of
NaHS, the peak positions in LSPR scattering spectra of indi-
vidual Au@Ag sensors red shi to longer wavelengths. More-
over, there is a linear relationship between the Dlmax and the
sulde ion concentrations over a large range from nM to mM,
with a lower LOD up to 0.04 nM. The high sensitivity of this
probe will achieve success in broad applications in detection
and real-time monitoring of trace sulde ions in real samples.
Results and discussion

The Au@Ag NCs had better dispersions in aqueous suspensions
than Ag cubes.35,37 More importantly, they had a “silver cubic
sensitivity” which means that tiny changes in the surrounding
environment of the nanoparticle surface will lead to more shis
in the signals of LSPR scattering spectra. As shown in Scheme 1,
in the presence of sulde ions, the activated Ag atoms on
nanoparticle surface reacted with S2� to generate Ag2S. There
was a great difference between the refractive index of Ag (�0.06)
Scheme 1 (a) The scheme of sulfide ions induced color change on a sin
different concentrations of NaHS.

Fig. 1 (a) Measured and calculated (red lines) time-dependent spectral s
to 10 mMNaHS. (b) Calculated Dlmax values at various time points as a fun
particles after the reaction.

This journal is © The Royal Society of Chemistry 2018
and Ag2S (�3.08) at 509 nm,38,39 which resulted in a notable red-
shi of the Au@Ag NC nanoparticle's scattering to a longer
wavelength and a color change from cyan to dark red. On the
basis of these results, Au@Ag NCs can be used as a new nano-
sensor to detect H2S.

Au@Ag NCs were prepared by the seed growth method (see
ESI† for more details). Fig. S1a and S1b† are the TEM images of
the Au nanospheres and Au@Ag NCs, respectively. The average
size of the prepared Au@Ag NCs containing a 30 nm Au nano-
sphere core was 50.2 � 1.8 nm (see Fig. S1a, S1b and S2†). The
extinction spectra of 30 nm Au nanospheres, Au@Ag NCs, and
Au@Ag@Ag2S NCs solutions are shown in Fig. S1c.† Aer being
coated by the Ag cube, there was a blue-shi in the extinction
spectrum, which exhibited the unique optical property of Ag
NCs.40 Then, the extinction spectra red-shied to longer wave-
lengths upon the formation of Ag2S on the nanocube surface in
sulde ion solution with a certain concentration. Fig. S1d†
illustrates the SEM image of the Au@Ag@Ag2S NCs which were
mixed with 1 mMNaHS for a certain time; sulfurization occurred
at the sharp vertices and edges of NCs, which agrees with the
reported results by Wang41 et al.

With the help of DFM system, the single Au@Ag NC could be
employed to monitor the sulfurization process in the presence
of NaHS in real time. As shown in Fig. 1a, four random Au@Ag
gle Au@Ag NC. (b) The color changes of Au@Ag NC after reacting with

hifts of single Au@Ag nanoparticles exposed to concentrations of 1 nM
ction of applied NaHS concentration. The illustration is the color of the

RSC Adv., 2018, 8, 5792–5796 | 5793
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nanosensors were selected to monitor the sulfurization process.
Because of the high activity edges of NC, the peak positions of
scattering spectrum red-shied rapidly at the preliminary stage,
and there was a remarkable slowdown of the reaction speed
aer 10 minutes. Meanwhile, the scattering peak red-shied to
a different wavelength (Dlmax), which was related to the
concentration of NaHS at different times (Fig. 1b). There was
a good linear dependence between the peak shi and the sulde
ions concentration, which indicated that the Au@Ag NC could
Fig. 2 XRD spectra of the Au@Ag NCs (red), Au@Ag@Ag2S (black), and
Ag2S (blue).

Fig. 3 Dark-field images of Au@Ag nanosensors before (a) and after (b) th
Au@Ag nanosensor LSPR peak redshift with the addition of 0.1 nM (black
mM (orange) NaHS. Over 60 particles were counted in each case. The r
values. (d) The line fitting curve of the average of the Dlmax versus NaHS

5794 | RSC Adv., 2018, 8, 5792–5796
be used as a plasmonic nanosensor for the detection of sulde
ions.

Fig. 2 shows the XRD spectra of the different samples. The
sharp peaks at 38–65� can be assigned to (111), (200) and (220),
which correspond to cubic Ag (JCPDS 89-3722). The distinctive
peaks at 30–35� can be assigned to (�112), (�121) and (022)
reections of monoclinic Ag2S (JCPDS no. 14-0072), and they
also appear in the XRD spectrum of Au@Ag@Ag2S NCs. These
results indicate that the sulfurization process on Au@Ag NCs
surface induced the peak shi of LSPR scattering spectra and
color change.

To investigate the stability of the Au@Ag NCs nanosensors for
detection of sulde ions at single particle level, a large quantity of
LSPR scattering experiments were repeated at the same concen-
tration of S2� for statistical analyses. Au@Ag NCs were immo-
bilized on an ITO glass substrate with different concentrations of
NaHS solutions for 25 min, and their spectra and color images
were obtained. Fig. 3a and b show the color change of Au@Ag
NCs before and aer the treatment with 1 mM NaHS. During the
sulfurization process, the NCs' color changed from cyan to dark
red under dark-eld microscopy. At the same concentration of
NaHS, several LSPR nanosensors were randomly selected to
observe the changes in their LSPR scattering spectra (Fig. 3c).
The Dlmax values were apparently linear within a large range of
NaHS concentrations from 0.1 nM to 1 mM (Fig. 3d). The limit of
detection was calculated to be 0.04 nM when the ratio of S/N was
3. Meanwhile, the probes appeared in different colors, as shown
e treatment with 1 mMNaHS. The scale bar is 10 mM. (c) Distributions of
); 1 nM (red); 10 nM (blue); 100 nM (magenta); 1000 nM (green); and 10
ed lines are Gaussian distributions of maximum peak (Dlmax) red-shift
concentration.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Selectivity tests for sulfide ions and other anions. Legend: NaHS
(5 mM); L-cysteine (50 mM); NaNO3 (50 mM); Na2CO3 (50 mM); and NaCl
(50 mM).
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in Scheme 1b, in the corresponding concentrations of NaHS;
thus, it could be used for colorimetric detection.

To verify the selectivity of Au@Ag nanosensor for detection
of sulde ions, different interfering ions (Fig. 4) were selected to
perform the same experiment at the same condition. Fig. 4
shows the selectivity test results of LSPR scattering spectra shi
in the presence of NaCl, Na2CO3, NaNO3, L-cysteine and NaHS,
respectively. There was no remarkable color change with pres-
ents of Cl�, CO3

2� and NO3
�, which indicated that the nano-

sensors could be used for trace sulde ion detection with high
selectivity. LSPR scattering spectra peak position exhibited
a slight blue shi. This result might be attributed to the slight
RI change around the nanosensors, caused by the damage of
the bilayer of CTAB on Au@Ag NC surface by charged ions.
Moreover, there was only 5–8 nm red-shi in the presence of
a 10-fold concentration of HS� because of the L-cysteine
absorption on the Au@Ag NC plasmonic nanosensor surface.
The results indicated that this LSPR nanosensor can be used for
the detection of sulde ions with high selectivity.

Conclusions

This study introduces a newmethod for real-time monitoring of
the sulfurization process, occurring on an individual Au@Ag NC
surface, and the LSPR scattering spectra red-shis to longer
wavelengths in the presence of different concentrations of
sulde ions. In addition, this process can be easily observed by
the color change from the DFM images. These results can be
used to design novel plasmonic nanosensors for detection of
trace sulde ions. There is a linear dependence between the
LSPR scattering spectra red-shi and different concentrations
of sulde ions ranging from 0.1 nM to 1 mM. Moreover, this
plasmonic method demonstrates more sensitivity (LOD: 0.04
nM) and selectivity. With the developments in LSPR, nano-
sensors at nano scale can be expected to detect other molecules
for chemical and biological applications.
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