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ABSTRACT: A highly sensitive surface-enhanced Raman scat-
tering (SERS) platform for the selective trace analysis of As** ions
was reported based on glutathione (GSH)/4-mercaptopyridine
(4-MPY)-modified silver nanoparticles (AgNPs). Here, GSH
conjugated on the surface of AgNPs for specifical binding with
As®" ions in aqueous solution through As O linkage and 4-MPY
was used as a Raman reporter. When As>" ions were added to the
system, the binding of As®* with GSH resulted in the aggregation
of AgNPs, and excellent Raman signal of 4-MPY reporters was
obtained which can reflect the concentration of As®" indirectly.
Under optimal assay conditions, the limit of detection (LOD)
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was estimated to be as low as 0.76 ppb, which is lower than the WHO defined limit (10 ppb), and P excellent linear range of

4—300 ppb was obtained. The practical application had been carried out for determination of As™*

in real water samples.

KEYWORDS: arsenic ion, surface-enhanced Raman scattering, silver nanoparticles, glutathione, 4-mercaptopyridine

B INTRODUCTION

Arsenic is a toxic substance with acute as well as chronic
effects, and long-term exposure to arsenic can cause various
cancers and other serious diseases." The concentration of arsenic
in the environment may be elevated because of certain anthro-
pogenic activities and natural processes."” Arsenic contamma—
tion of drinking water has been prevalent around the world,® and
as many as 140 million people worldwide may have been exposed
to drinking water with arsenic contamination levels higher than
the World Health Organization’s (WHO) guideline of 10 ppb.* It
is well-known that the major arsenic species found in environ-
ment samples are inorganic arsenite (As3 ) and arsenate (Ass+)
salts, organic forms of arsenic, for example, dithioarsenate
(DTA), drmethéylarsemc acid (DMA) and monomethylarsenic
acid (MMA) Inorganic arsenic is more tox1c than organic
arsenic, and arsenite more toxic than arsenate. 7 Over the years,
various analytical techniques for the detection of arsenic at the
trace level have been developed, including atomic fluorescence
spectrometry (AFS) 8710 atomic absorptlon spectrometry
(AAS),"""? inductively coupled plasma spectrometry (ICP)
with optical emission detection'* " and high-performance liquid
chromatography (HPLC) with optical spectrometry detection.'®'”
Although these methods can accurately measure arsenic in an
environmental sample to microgram arsenic per liter concentra-
tions, there is still a necessity for development of simple and rapid
methods for field assays.'®

Surface-enhanced Raman scattering (SERS) technique, which
can be used in conjunction with commercially available portable
Raman systems, has emerged as a potentially promising solution
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due to its incomparable advantages. Since its discovery in the late
1970s,"~*" SERS has been applied to a wide variety of biomedical
and environmental analytical applications at the level of molecules,
pathogens, cells and even whole living animals.”*~>* The two well-
known mechanisms to account for the origin of SERS are the
electromagnetic (EM) and chemical or charge transfer (CT)
mechanisms.”**” SERS are extremely sensitive analytical techni-
ques mainly based on the giant electromagnetic (EM) enhance-
ment induced by nanostructured noble metal surfaces and
associated to their localized plasmon resonance (LPR).>**® Apart
from its high sensitivity, SERS possesses other intrinsic benefits,
such as operation over a wide range of excitation wavelengths,
reduced photobleaching and highly resolved spectroscopic bands.
In recent years, several groups proposed SERS analysis methods
based on metal nanoparticles. For example, Tsukruk and co-
workers have introduced nanocanal arrays decorated with metal
nanopartlcles as efficient SERS substrates for trace-level detection
of DNT;*® Zamarion reported the SERS detection of hazardous
metal ions (Hg and Cd? ) based on trimercaptotriazine-
modified gold nanoparticles;*° Dasary detected TNT using gold
nanoparticles modified with cysteine for label-free SERS probe

In the previous work, SERS have been used for detection of Hg*

ions in nanoliter droplets and melamine in milk powder solution
based on gold nanoparticles.>>*> Moreover, several other recent
studies report trace analysis of glucose, gene diagnostics, and
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Figure 1. (A) Representation of AgNPs-based As’" detection. a) GSH-modified AgNPs. b) 4-MPY-modified AgNPs. (B) Schematic diagram of the
indirect SERS method for measuring As>* using GSH/4-MPY-modified AgNPs. When As®" ions were added to the system, the binding of As>" with
GSH caused the aggregation of AgNPs. The following is visual color changes and SEM images (scale bar, 100 nm) corresponding to (a) nonaggregated
unmodified AgNPs, (b) nonaggregated GSH/4-MPY-modified AgNPs, and (c) aggregated GSH/4-MPY-modified AgNPs after addition of

200 ppb As**.

viruses.”* In this paper, we demonstrated a highly sensitive SERS
platform for the selective sensing of As>" ions in aqueous media
which is based on the use of GSH/4-MPY-modified silver nano-
particles (AgNPs). When the most moderate amount of GSH
and 4-MPY were added to the silver colloid, the AgNPs were still
monodispersed. Upon formation of As—O linkage, the distances
among the AgNPs were shortened.>® As a result, aggregation of
AgNPs occurred, and the SERS signal increased significantly after
the addition of As>* ions. Crucially, the assay was both rapid and
simple to implement and yielded the limit of detection (LOD)
approximately 0.76 ppb. To the best of our knowledge, this is the
first report on the SERS-based trace analysis of As’* ions using
GSH/4-MPY-modified AgNPs.
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B EXPERIMENTAL SECTION

Chemicals and Materials. All chemicals used were of analytical
grade or of the highest purity available. Silver nitrate (AgNO3, 99.8%)
and sodium hydroxide (NaOH, 96%) were obtained from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China), hydroxylamine hy-
drochloride (NH,OH-HCI) was purchased from Tianjin Kermel
Chemical Reagent Co. Ltd. (Tianjin, China) and used as received.
Glutathione (GSH, 99%), 4-mercaptopyridine (4-MPY, 95%) were
obtained from Sigma-Aldrich (USA). The concentration of As**
stock solution purchased from SCP SCIENCE Co. Ltd. (Beijing,
China) was 1000 ppm. The other metal salts were purchased from
Beijing Chemical Reagent Company (Beijing, China). All glassware
was thoroughly cleaned with Mill-Q (18MQ cm ! resistance) water
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prior to use. Mill-Q water was used to prepare all the solutions in
this study.

Methods. The morphology and size of the AgNPs, GSH/4-MPY-
modified AgNPs were characterized by scanning electron microscopy
(SEM) using a Hitachi-4800 scanning electron microscope operated at
an accelerating voltage of 5 kV. SERS spectra were recorded using a
Thermo Scientific Raman system RFS 100 equipped with a microscope
and a 632.8 nm diode pumped He:Ne laser source and a power of SmW.

Preparation of AgNPs. AgNPs were prepared by reducing silver
nitrate using hydroxylamine hydrochloride at room temperature.*® The
advantages of the hydroxylamine hydrochloride-reduction are in its
speed at room temperature and the fact that produced particles can be
used for SERS measurements without further processing. First, 1 mL of
3 x 107" M NaOH was added to 9 mL of 1.67 x 10~ >M NH,OH-HCl
to maintain an alkaline pH. Next, the solution was added rapid to 90 mL
of 1.11 X 10> M AgNOj solution with continuous stirring. The solu-
tion was continuously stirred for an additional one hour. The prepared silver
colloid was stored at room temperature. UV/vis spectroscopy (not shown)
and SEM were used to characterize the particle size of the produced colloids,
and the average particle size was estimated to be 65 £ 5 nm in diameter.

Functionalization of AgNPs with GSH and 4-MPY. The
AgNP surfaces were modified by addition of GSH (100 M, 10 uL)
and 4-MPY (500 M, 10 uL) to a solution of AgNPs (0.5 nM, 2 mL)
with stirring for 2 h. The mixture was subsequently left for overnight
without disturbance at room temperature.

SERS Detection of As®*. The As>* stock solution was used for the
As** sensitivity studies. Various concentrations of As>* were prepared
using serial dilution of the stock solution to test the sensitivity limits of
the GSH/4-MPY-modified AgNPs. Using the stock solution, we prepared
0.1—7 ppm of As®" solutions. The SERS detection of aqueous As>* was
performed at ambient temperature. Briefly, 10 4L of As®* standard solution
with different concentrations was added to 90 uL of GSH/4-MPY-modified
AgNP colloid. After incubating for 2 min, about S #L of the above solution
in the capillary tube was detected by laser Raman spectrometer.

B RESULTS AND DISCUSSION

Mechanism for the Sensing System. As displayed in Figure 1A(a),
GSH can bind to AgNPs through Ag—S bonds.*”** It is reported
that As®* has a yery high affinity for GSH hgand (The stability
constant for As>* ions and GSH is log K = 32.0.***°) and each
As** jon can blnd with three GSH-modified AgNPs through
As—O linkage.*' gure 1B illustrated the schematic diagram of
mechanism for As”" detection using GSH/4-MPY-modified
AgNPs. Unmodified AgNPs were well dispersed after synthesis
because they were stabilized by negatively charged hydroxyla-
mine chloride ions coating on their surface. During the process of
SERS probe synthesis, Raman reporters 4-MPY could contact
with AgNPs with Ag—S or Ag—N bond as Figure 1A(b).** By
adjusting the adding amount of GSH and 4-MPY, the color of
colloid was still yellow, which indicated that the GSH/ 4 MPY-
modified AgNPs were well stabilized in the absence of As>*. After
addition of As®*, the formation of As—O linkage led to dramatic
aggregation of AgNPs which could be seen from the visible color
change from yellow to brown. Meanwhile, the aggregated AgNPs
could produce lots of hot spots, therefore the Raman scattering signal
of 4-MPY increased s1gn1ﬁcant1y The SEM images of the mono-
dispersed AgNPs in As®" free solution and the aggregated AgNPs
obtained after addition of As>* were shown in FigurelB(a—c).

The key idea to the current sensing method is the fact that
aggregation of nanoparticles induces excellent enhancement of
Raman signal from the 4-MPY reporters. This great enhancement
is caused by the large electromagnetic field produced by hot spots,
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Figure 2. SERS spectra correspondlng to (a) nonaggregated unmodi-
fied AgNPs without As**, (b) nonaggregated GSH-modified AgNPs
without As*, (¢) nonaggregated 4-MPY-modified AgNPs w1thout As™
(d) aggregated GSH-modified AgNPs after addition of 100 ppb As*, (e)
nonaggregated GSH/4-MPY-modified AgNPs without As™ and £
aggregated GSH/4-MPY-modified AgNPs after addition of 100 ppb As*.
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Figure 3. Effect of the concentration of 4-MPY (from 0.05 uM to
S uM) of the sensing system on the Raman signal intensity in the pre-
sence of 500 nM GSH and 500 ppb As*. The incubation time was 2 min.

which resides in the nanoscale junctions in metal nanostructures.
According to recent SERS data reported by Kneipp et al., the SERS
enhancement factor for silver nanoclusters was found to be 7
orders of magmtude higher than the enhancement factor for isolated
AgNPs.** Accordingly, the recovered SERS signal of Raman repor-
ters (4-MPY) was significantl y i increased as the aggregation of
AgNPs after the addition of As”" ions.

Effect of the Concentration of 4-MPY and GSH. Raman
reporter played an important role in SERS based assay. In order to
acquire satisfactory detection sensitivity for As*" ions, 4-MPY as the
Raman reporter was chosen in this study. Meanwhile unmodified
AgNPs and GSH-modified AgNPs were also tested for control experi-
ments. Although GSH-modified AgNPs could aggregate after addi-
tion of As®* ions, there was no apparent SERS signal (Figure 2),
which illustrated that the indirect SERS sensing method using 4-MPY
as Raman reporter was much sensitive than the direct sensing way.

The effect of the concentration of the reporter on SERS sig-
nal intensity was investigated. Five different concentrations of
4-MPY ranging from 0.05 uM to 0.5 uM were tested, and the
corresponding Raman spectra were shown in Figure 3. It was
found that the largest signal was achieved with 2.5 uM 4-MPY.
When the concentration of 4-MPY was increased further, there
was no obvious enhancement of the signal. Moreover, a higher
concentration of 4-MPY would also induce AgNPs aggregation.
Thus, a concentration of 2.5 uM was selected for 4-MPY
throughout the study.
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Figure 4. Effect of the concentration of GSH (from 0.05 to 500 nM) of

the sensing system on the Raman signal intensity in the presence of
2.5 uM 4-MPY and 300 ppb As>*. The incubation time was 2 min.

We further studied the effect of the GSH concentration (from
0.05 nM to 500 nM) on SERS signal intensity, and the cor-
responding Raman spectra were performed in Figure 4. It could
be seen that the SERS signal became larger and larger with the
concentration of GSH increasing. Moreover, when higher con-
centration of GSH (>500 nM) was added to the AgNPs solution,
the colloid solution became brown immediately. It indicated that
higher concentration of GSH would induce AgNPs aggregation
because more GSH would replace the negatively charged hydro-
xylamine chloride ions coating on their surface and affect the
stability of AgNPs. Thus, a concentration of 500 nM of GSH was
used throughout the rest of the study.

Sensitivity of the Sensor. SERS spectra of GSH/4-MPY-
modified AgNPs with different As®" ion concentrations were
shown in Figure 5A and Figure SB. There are many spectra
features that are characteristic of 4-MPY which can be used for
indirect quantitative determination of As>* ions, such as those at
712, 1018, 1067, 1100, 1280, 1589, and 1614 cm ™ *. The strongly
enhanced band at 1100 cm ™' corresponding to the ring-breath/
C—S stretching mode indicates that 4-MPY is adsorbed onto the
surfaces of the AgNPs through the sulfur atom.**** This is also
supported by the C—S stretching mode at 712 cm ™, which dis-
plays an increase in intensity. The band at 1589 and 1614 cm ™'
correspond to the C—C stretching mode, and C—H mode bands
at 1067 and 1280 cm ™" are also observed. The band at 1018 cm ™"
is related to ring-breathing vibrations. It can be seen that aver-
age SERS intensities for all peaks increase as a function of As**
ion concentration. According to the spectra, the peak around
1018 cm™ " was the most prominent one, and its intensity was
very sensitive to the concentration of As AgNPs3Jr ions. There-
fore, it was selected as an instructive peak for the quantitative
analysis of As>* ions. This relationship is expounded in Figure 5C
where the variation in the intensity of the 1018 cm™ ' 4-MPY
peak is plotted as a function of As®" ion concentration. It can be
seen that good linearity is observed for As®* ion concentration up
to 300 ppb (R = 0.9977) (inset of Figure SC). Additionally, the
LOD (based on a minimum signal-to-noise ratio of 3) was
calculated to be 0.76 ppb. This confirms the exquisite sensitivity
of the assay, and more importantly yields a limit of detection
below the WHO defined limit of 10 ppb in drinking water.

Selectivity of the Sensor. Under optimized conditions, we in-
vestigated the selectivity of our approach toward 100 ppb As>*
ions (1.34 uM) against other metal ions (Cd**, Cu*", Cr**, Zn*", Ni**,
Fe®*, As™* at a concentration of 1.34 UM, and K, Hg2+, Mg2+, Pb*,
Ca®*, Mn>" at a concentration of 13.4 «M). As shown in Figure 6,
only the addition of As>* ions could induce the aggregation
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Figure S. (A) SERS spectra changes of GSH/4-MPY-modified AgNPs
with different As** ion concentrations, (B) SERS spectra changes of
GSH/4-MPY-modified AgNPs at lower concentrations of As> ion and
(C) plots of corresponding intensity of the Raman band centered at
1011 cm ™' as a function of As** concentration. Inset shows a linear
relationship in the lower concentration range from 4 to 300 ppb (R =
0.9977). The error bars represent standard deviations based on three
independent measurements. The incubation time was 2 min.

of AgNPs through the coordination of GSH and As** ions,
resulting in a significant increase of the SERS signals. This
indicated that our system could respond toward As>" ions with
high selectivity.

Practical Application. To test the practicality of the devel-
oped sensing platform, we prepared a series of samples by spiking
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Figure 6. Metal ion-induced SERS intensity changes of proposed As**
SERS sensor. Inset shows the SERS spectra changes upon kinds of metal
ions. The concentration of As>*, Cd**, Cu®*, Cr**, Zn>*, Ni**, Fe>*, and As™
were 1.34 uM, that is 100 ppb As3+. And other metal ions concentrations
were 13.4 uM. The incubation time was 2 min.

Table 1. Determination of As>* in Drinking Water by Standard
Addtioin Method

sample mean &+ SD added (ppb) found (ppb) recovery (%)

15.0 14.8 +0.50 98.4
2 25.0 24.5£0.86 98.1
3 90.0 93.7£2.30 104.1

standard As** solution to drinking water to mimic the As*" jons
contaminated water. The drinking wate, KunYu mountain drinking
mineral water, was directly analyzed without treatment, which is
reported to contain Sr2+ (0 2—0.6mg/L), K" (0 1-0.8 mg/L), Na"

(322—429mg/L),Mg™* (3.5—~7.0mg/L),SO,” (5.0—17.8 mg/L),
Cl” (31.5—433 mg/L) and so on. So, it suggested that trace
detection of As®® from mixed ion water solutions were per-
formed. Excellent recoveries were obtained, including 98.4, 98.1,

and 104.1% for the sgnked drinking mineral water samples with
15,25, and 90 ppb As™* standard solution, respectively (Table 1).
It indicated this method could serve as a ractlcal and convenient
method for the primary screening of As”* jons pollution.

B CONCLUSIONS

In the present work, we have successfully demonstrated a highly
sensitive and selective method for the detection of As®* ions in
aqueous media via SERS technique. The experimental results
showed that As®* could be detected quickly and accurately against
other metal ions. A high sensitivity (LOD 0.76 ppb) and wide linear
range (4—300 ppb) was obtained. We validated its practicality
through analysis of drinking water sample and obtained satisfying
results. This simple, rapid, cost-effective, sensitive, and selective
sensing system holds great potential for practical application.
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