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Low-level arsenic contamination of drinking water in Ban-
gladesh, India, and parts of China presents an international
public health crisis, with over 300000 deaths attributed to
chronic poisoning in Bangladesh alone. In 1993, the World
Health Organization set a provisional guideline of 10 ppb
(0.01 mgL�1) for maximum arsenic content in groundwater.[1]

However, exposure to arsenic at these concentrations still
results in increased rates of skin, lung, urinary bladder, and
kidney cancer.[1] New technologies allowing reliable detection
of arsenic below 10 ppb should instigate a stricter standard.
Current technologies for laboratory analysis (e.g. inductively
coupled plasma (ICP) MS, atomic fluorescence spectroscopy
(AFS), HPLC-MS) allow detection at these levels, but they
are neither readily available in developing countries nor
capable of on-site field detection.[2,3] The current state of
field-compatible technologies has been reviewed, and there
remains significant room for improvement.[3,4] Even if current
chemical field tests are improved to meet these standards,
there are no examples of chemical indicators that can
distinguish the oxidation state of the arsenic species. For
exposure studies, this knowledge is necessary for toxicology,
remediation, and monitoring of the effects within the local
populations. By developing a highly active substrate for
surface-enhanced Raman spectroscopy (SERS) that can be
used in conjunction with portable Raman technology,[5] many
of these challenges can be surmounted.

Since the discovery of SERS in the late 1970s there has
been a continual push to maximize the Raman signal for
molecules near nanostructured surfaces. SERS enhancement
results from an intense local amplification of the electric field

near a metal surface when collective oscillations of conduc-
tion electrons resonate in phase with the incident light. The
size, shape, and proximity of nanostructures all affect the
frequency and magnitude of the localized surface plasmons
(LSPs),[6,7] thus directly influencing the degree of Raman
enhancement exhibited. LSPs have been directly observed
using experimental techniques such as scanning near field[8]

and TEM-correlated dark field[9] microscopy. These experi-
ments, along with more conventional light-scattering techni-
ques, demonstrate the dramatic effects that size and shape
have on the LSPs.[7] Recent studies on electromagnetic
coupling between nanostructures that are nearly touching
indicate that such collective effects can excite LSPs that lead
to even higher electromagnetic enhancement.[10–13] Although
it is widely known that silver shows the strongest plasmonic
response,[7] gold is often used for sensing applications because
of its chemical stability and compatibility with many laser
excitation wavelengths.[14] For our SERS sensor, we have
introduced two key features that lead to better analytical
capability under typical sensing conditions. First, dense arrays
of silver nanocrystals are fabricated using Langmuir–Blodgett
(LB) assembly. These close-packed monolayers exhibit
broadband scattering profiles, making them compatible with
many different excitation wavelengths.[13] The second key
feature is the surface passivation of the silver particles with
adsorbed polymer. Surface-adsorbed poly(vinyl pyrrolidone)
(PVP) serves dual purposes: it functions as the passivating
ligand during nanocrystal synthesis, and it stabilizes the silver
particles to oxidation while still facilitating interaction
between silver and arsenate during sensing experiments.
The PVP coating makes these silver nanostructures air- and
water-stable over much longer periods then other passivating
ligands.

The synthesis of the polyhedral silver nanoparticles
proceeds by the polyol process, in which the metal-salt
precursors and a polymer capping agent (PVP) are alternately
added to a solution of pentanediol heated near reflux.[15] In
this way the pentanediol acts as both the solvent and the
reductant for the reaction, while PVP imparts shape control
as the particles grow.[16,17] The final shape of the particles is
dictated by the length of the reaction; the particles are
progressively capped by more [111] faces (see Figure 1). This
growth results in an increase of the particle size as the
reaction progresses, starting with cubes which are 80–100 nm
on an edge, then cuboctahedra with diameters of 150–200 nm,
and finally octahedra with edge lengths of 250–300 nm.
Typically these nanocrystals can be isolated as nearly mono-
disperse suspensions, and final purification is achieved by
filtration through 0.45-mm Durapore filters. Homogeneity of
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size and shape are essential to obtain well-ordered close-
packed monolayers using the LB technique.

For a typical nanoparticle assembly, PVP-coated nano-
particles are dispersed on the water surface of a LB trough
with subsequent compression of a mobile barrier.[18] The
surface pressure of the film is monitored, and it is transferred
to a silicon wafer at a surface pressure of 14 mNcm�2

(Figure 1). Once transferred to the silicon wafer, the PVP-
coated silver nanoparticles are stable for many days. The PVP
on the surface of these monolayers can be exchanged by
incubation in a solution of alkanethiols, allowing for a variety
of functionalities to be displayed on the silver surface. This
procedure was used for the displacement of adsorbed PVP by
benzenethiol (BT), which readily forms a monolayer on metal
surfaces, thus allowing for the quantitative analysis of the
SERS enhancement factor.

The SERS enhancement factor (EF) is a quantitative
measure of the Raman signal amplification of an analyte. We
determined this value using the reported protocol[19] for
similar sensing schemes: EF= (Isurface)/(Isolution) BNsurface/
Nsolution, whereNsolution andNsurface are the number of molecules
probed in a standard solution and on the substrate, respec-
tively, and Isolution and Isurface correspond to the normal and
SERS signal intensities, respectively. The number of mole-
cules probed at the surface was estimated by dividing the total
surface area of each of the nanocrystals by the van der Waals
dimensions (2.3 CB2.3 C) of the thiol head group, assuming
benzenethiol forms a close-packed monolayer. This estima-
tion represents one of the major sources of error in our EF
calculation. To determine the EF for each of the close-packed
arrays of particles, we examined Raman intensities for five
different excitation wavelengths. Experiments were per-
formed in a backscattering geometry, and multiple spectra
taken over a 1-cm2 substrate were averaged. The close-packed
monolayers show consistent spectral responses across the
entire sample, as shown in Figure 2. In general, our octahedra
monolayers exhibit the largest EF (107–108 depending on
wavelength). In contrast to several other SERS substrates,
which show highly wavelength-dependant spectral
responses,[20] intensities from a given sensor array vary by
less than an order of magnitude as a function of wavelength.
This behavior is attributed to interparticle interactions taking
place in the close-packed arrays of nanoparticles. Previous
work in our lab[13] and by others[21,22] has shown that as
interparticle spacing decreases, plasmon coupling increases.
The broad optical scattering profile of these substrates makes

them more compatible with current hand-held Raman
technology using readily available excitation sources.

Importantly, the variation in enhancement factors
between close-packed arrays of these nanoparticle shapes
also manifests itself in increased signal intensity for arsenate.
As seen in Figure 3a, the variation in signal intensity for the

arsenate solutions correlates to nanoparticle shape in the
same fashion as the enhancement factor. For sensing experi-
ments, the nanocrystal substrates are simply placed in contact
with a droplet of the analyte solution within a 1-mm-thick
plastic spacer and then covered by a glass cover slip. Figure 3a
shows a typical SERS spectrum obtained for 18 ppb arsenate
dissolved in water near each of the nanoparticle arrays coated
with PVP. The intense peak at 800 cm�1 corresponds to the u1

(A1) symmetric As�O stretch. The broad minor peak
centered at 425 cm�1 is a superposition of u2 (A1) and u5 (E)
stretching modes of the arsenate molecule. The peak at
660 cm�1 in the SERS spectrum is associated with the C�C
ring stretch of PVP (see the Supporting Information for PVP
spectrum).

Figure 1. Scanning electron microscopy (SEM) images showing close-
packed films of the three nanocrystal shapes: a) cubes, b) cuboctahe-
dra, and c) octahedra; scale bars are 1 mm.

Figure 2. SERS spectra showing the response of benzenethiol-coated
silver nanocrystal monolayers. Spectra are shifted vertically for clarity.

Figure 3. SERS spectra demonstrating the effect of shape and surface
coating on arsenate signal intensity. a) SERS spectra collected on
Langmuir–Blodgett films of each of the nanocrystal shapes coated
with PVP and exposed to 1I10�6m arsenate solution. Peaks at 800
and 425 cm�1 can be assigned to Na2HAsO4; all assignments are
based on the literature.[23,24] b) SERS response of octahedra LB arrays
coated with various organic species. BT: benzenethiol, HDT: hexadeca-
nethiol, MDA: mercaptodecanoic acid.
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Because the distance between the silver surface and the
analyte has been shown to play an important role in the
sensitivity of SERS substrates,[25] a number of small-molecule
capping agents were investigated in addition to PVP (Fig-
ure 3b). These capping ligands included benzenethiol, mer-
captodeconoic acid, hexadecane thiol, and aminopropane
thiol. In each case the PVP on the surface of the particle
monolayers was exchanged by thiols in dilute ethanolic
solution at room temperature. This exchange is not always
complete, hence the minor peak at 660 cm�1 (residual PVP)
persists. When compared with other surface coatings, PVP-
coated particles give orders of magnitude stronger signal
response from arsenate and greater stability to oxidation than
the more commonly used citrate-coated silver nanoparti-
cles[23] or sputtered silver films.[19] For each of the thiols tested,
the Raman spectra showed very strong signal enhancement
for the thiol coating, but little or no signal from the arsenic
analyte in solution. In each of the thiol examples, it should be
possible for the arsenate to come into close proximity of the
nanoparticle surface, but even for thiols that can interact with
arsenate through hydrogen bonds or electrostatics, no strong
arsenate Raman signal can be collected. PVP seems to be an
ideal coating for allowing arsenate ions close to the surface of
the silver nanoparticles while still stabilizing the particles to
oxidation.

For these substrates to be useful in the field detection of
arsenic in groundwater, they must show good sensitivity for
arsenate (the most abundant arsenic contaminant) at con-
centrations of 10 ppb or less. Although other SERS sub-
strates, including sputtered silver films and silver colloidal
solutions[23] can improve detection of the arsenate ion at high
concentrations, our close-packed arrays of nanocrystals are
the first to demonstrate SERS sensitivity significantly below
10 ppb (Figure 4a). The octahedral particles gave both the

highest enhancement factor and best sensitivity for 1 ppb
arsenate. For increasing concentrations between 1 and
180 ppb (Figure 4b), these substrates exhibit a linear dose
response. This simple dependence allows for quantitative
determination of arsenate concentration at levels that are an
order of magnitude below current WHO guidelines. We note
that recently a differential surface plasmon resonance sensing
scheme based on an evaporated gold thin film was also
reported with sensitivity for less than 1 ppb arsenic.[26]

Our sensing platform also provides a chemical fingerprint
for the analytes, distinguishing between the two most
common oxidation states of arsenic: arsenate (AsV) and
arsenite (AsIII). For an aqueous mixture of both arsenate and
arsenite, both molecules can be detected simultaneously. A
peak at 750 cm�1 corresponds to the u1 (A1) symmetric As�O
stretching mode for arsenite,[27] whereas the same stretching
mode of arsenate appears at 800 cm�1 (Figure 5a). This

chemical selectivity extends to other commonly found oxy-
anions in groundwater. Low arsenate concentrations (18 ppb)
can be also detected even in the presence of high concen-
trations of sulfates (10 mm) and phosphates (1 mm).

The crucial verification of this sensitivity is further
demonstrated by the ability to sense arsenic at low levels
over a wide range of concentrations in real groundwater
samples (Table 1). The SERS results were independently
corroborated by AFS. To determine the arsenic concentration

Figure 4. Characterization of the detection limit for arsenate on differ-
ent substrates. a) Detection limit for arsenate sensing of each of the
nanocrystal shapes along with a sputtered silver film and two types of
silver colloidal solution-derived films for comparison. These values
represent the lowest concentration at which arsenate peaks were
distinguishable from the background. All shapes were assembled into
LB arrays and were coated with PVP. The silver sols were prepared
according to literature procedures and assembled by repeated drop
casting. Error bars represent deviations between samples, which are
much larger for the silver sols owing to sample variation and aging
effects. b) A calibration curve for arsenate in water, which follows a
linear trend between 1.0 and 180 ppb, indicating that this sensor is
quantitative over a large concentration range.

Figure 5. Chemical sensitivity of PVP-coated nanocrystal arrays. Speci-
ation information obtained from SERS using an array of PVP-coated
silver octahedral nanocrystals. The spectra were obtained for 18 ppb
arsenate and arsenite solutions.

Table 1: Detecting arsenic at low levels in real groundwater samples. A
comparison of SERS sensing using the standard addition method to
atomic fluorescence spectroscopy (AFS), demonstrating a very good
agreement between these two methods of total arsenic detection.

SERS [ppb] AFS [ppb]

116 (�15) 129
62 (�10) 51
38 (�6) 43
34 (�8) 31
21 (�4) 22
18 (�6) 12
6 (�3) 5
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in the groundwater samples, a standard addition method was
used to correct for matrix effects between samples. All of the
SERS results fall within the one standard deviation of the
AFS results, thus confirming the powerful ability of our SERS
substrates to be used to sense arsenic quantitatively at very
low levels.

In summary, the Langmuir–Blodgett assemblies of poly-
hedral Ag nanocrystals are highly active SERS substrates that
can perform low-level arsenate and arsenite sensing in
aqueous solutions. We achieve arsenate detection at 1 ppb—
an order of magnitude below the current standard set by the
WHO. Our SERS chip is robust, reproducible, highly
portable, and could be easily implemented in field detection.

Experimental Section
All reagents and solvents were used as received from Aldrich, VWR,
or Alpha Asear. Nanopure (R> 18.0 MW) water was purified with a
Barnstead B-Pure system. Raman spectra were obtained using a
Renishaw micro-Raman system microscope with a green diode-
pumped solid-state laser at 532 nm as the excitation source. Also used
was a multiple-wavelength Renishaw micro-Raman system with an
Ar ion laser providing 488- and 514-nm lines, a 633-nm diode laser,
and a 785 nm diode laser all operating with a power of approximately
2 mWat the sample. UV/Vis spectra were measured using an Agilent
8453 spectrophotometer. Scanning electron micrographs were
obtained using a field emission scanning electron microscope
(FESEM, JEOL6430) at the National Center for Electron Micro-
scopy (NCEM). Images were obtained with an operating voltage of
3 KV.

Nanocrystal synthesis:[15] Silver nitrate (0.40 g) and copper(II)
chloride (0.86 mg) were dissolved in 1,5-pentanediol (10 mL) in a
glass vial. In a separate vial, PVP (MW= 55000 amu, 0.20 g) was
dissolved in 1,5-pentanediol (10 mL). Using a temperature-controlled
silicone oil bath, 1,5-pentanediol (20 mL) was heated for 10 min at
193 8C. The two precursor solutions were then injected into the hot
reaction flask at different rates: 500 mL silver nitrate solution every
minute and 250 mL PVP solution every 30 s. For nanocubes, this
addition was stopped once the solution turned opaque (ca. 6 min). For
cuboctahedra and octahedra, the addition of precursor solutions was
continued for a longer period of time (30–45 min for cuboctahedra
and 60–75 min for octahedra). Citrate-coated silver sols were made
according to the method used by Greaves and Griffith.[23] PVP-coated
silver sols were made using a modified literature procedure,[28]

wherein cold (T= 4 8C) 2 mm NaBH4 in DI water (60 mL) was
added to a cold stirring solution of 1 mm AgNO3 (20 mL). This
solution was allowed to warm to room temperature, at which time a
1 mgmL�1 solution of PVP (MW= 55000 amu, 20 mL) was added.
After 10 min of stirring, this solution was centrifuged (14000 rpm for
10 min) and washed with EtOH three times to concentrate and
remove excess PVP.

Nanoparticle purification: Average reactions yield product shape
distributions in which the dominant shape represents 80–95% of the
sample, while many of the impurity shapes are larger polycrystals or
wires. These larger impurities can be removed by vacuum filtration
using progressively smaller Durapore filters (5.0, 0.65, 0.45, 0.22 mm)
supported by a glass frit. To filter the particles, they are first
transferred into a 0.02 wt% solution of PVP in water, where the final
volume of this filtrate solution is ten times the volume of the original
reaction solution. After filtration, the purified nanoparticle solutions
are stored as suspensions in ethanol.

Nanoparticle assembly: Nanoparticle assembly was carried out
using a Nima Technology LB trough. The nanocrystals were first
transferred from ethanol to chloroform by centrifuging the ethanolic
solution for 20 min at 3000 rpm and removing all but a few drops of

the supernatant. The particles were then sonicated to bring them back
into suspension, and chloroform was added dropwise to a volume of
approximately 5 mL. The suspension of particles in chloroform was
dispersed on the surface of the water dropwise, and the chloroform
was allowed to evaporate for at least 0.5 h. The film was then
compressed at 15 cm2min�1 until the surface pressure was
13.5 mNcm�2 (for dilute samples, lower surface pressure was used).
This close-packed film was transferred to silicon substrates by a
mechanical dipper moving at 2 mmmin�1.

Raman Spectroscopy: Benzenethiol-coated samples were pre-
pared by first exchanging the PVP with BT in a 16 mm ethanolic
solution that was stirred for 24 h at room temperature under a stream
of N2 to minimize oxidation. The samples were then thoroughly rinsed
and dried under nitrogen before they were transferred to the
microscope stage for immediate data collection. All sample collec-
tions were carried out with a 20B objective lens and were taken using
ten-second scans between 400 and 1800 cm�1.

Arsenic determination in groundwater: Samples of arsenic-
contaminated groundwater were obtained from Professor Allen
Smith (School of Public Health, UC Berkeley) and were used as
received. Each unknown sample was analyzed using the standard
addition method, wherein the unknown sample was doped with
known amounts of arsenate while holding the volume constant. Then
linear regression was performed on the resulting peak intensities to
obtain the concentration in the unknown sample. For each ground-
water sample, five samples were prepared, each of which contained
100 mL of the unknown sample. To this was added 0, 200, 400, 600, or
800 mL 1B10�5m sodium arsenate in 18 MW deionized water. Finally,
the volume of all five samples was normalized to 1 mL with 18 MW

deionized water. Arsenate sensing was accomplished using a 1-mm
plastic spacer on the LB substrates; a drop of liquid was put on the
sample and covered with a cover slip. Spectra were then collected by
averaging five ten-second scans obtained between 200 and 1000 cm�1

with a 532-nm diode laser operating with a power of approximately
20 mW at the substrate. Controls were performed to insure that the
higher laser power was not degrading the PVP film in solution. At
least five spectra were obtained for each sample, which were then
analyzed using Microcal Origin software to run background sub-
traction and peak fitting routines. The peak intensity was plotted
against the final added concentration of arsenate in the sample, and
then the Origin linear regression routine (weighted for the standard
deviation of each of the intensities) was used to obtain the equation of
the line. The equation of the line was used to calculate the absolute
value of the x-intercept, which is equal to the unknown concen-
tration.[29] The error reported in the arsenic concentration represents
the standard deviation in the x-intercept and was determined using
the method described by Harris.[29]
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