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R
apid, sensitive and accurate quantitative
detection of inorganic atomic ions is
central in environmental, analytical and

bioanalytical sciences. Many analytical techni-
ques such as ion chromatography,1 atomic
absorption (or emission) spectroscopy,2 or
ion-sensitive electrodes3 offer quantitative
detection down to the ppm�ppb (μM�nM)
regimes. Notwithstanding, these techniques
require extensive sample preparation, may
be destructive (in the case of chromatography
oratomicabsorptionoremissionspectroscopy)
and, in the case of electrochemical meth-
ods, since the transduction element is bulky,
it does not allow for the interrogation of
microsystems such us cells. Further, while
sodium and potassium membrane electro-
des express good linearity over a wide
physiological concentration range, chloride
membrane electrodes show non-Nerstian
response4 and suffer from a number of
electrolyte interferences.5 In contrast, sur-
face-enhanced Raman scattering (SERS)
spectroscopy6�8 is a nondestructive ultra-
sensitive technique that allows for the un-
equivocal identification of analytes in a
wide variety of matrices, with no (or very
little) need for processing prior to the anal-
ysis. Additionally, the transduction element,
that is, nanostructured gold or silver, can be
of nanometer dimensions and can be used
with biological samples.9 SERS has therefore
been extensively investigated as a conveni-
ent tool for diagnosis, biodetection, and envi-
ronmental monitoring.10,11 However, as a
molecular spectroscopy technique, SERS
cannot be used to detect/recognize atomic
species directly. Thus, within the 30 years
since the discovery of the SERS effect, little
research has been carried out toward the
analysis of inorganic species in general and
inorganic atomic ions in particular. However,
several reports have been recently published

using indirect methods based on monitoring
a capping agent with a high SERS cross-
section, which is directly adsorbed onto the
plasmonic surface. This agent is required to
undergo a recognizable change, usually geo-
metrical or electronic, upon exposure to the
desired analyte. In fact, this strategy has been
successfully employed in biosensors, using
antibodies12,13 or nucleic acid aptamers14

as the active interlayer for the indirect de-
tection of proteins and other analytes. Re-
garding atomic ions, the first report in the
literature described the use of gold nano-
shells for the measurement of protons (pH)
upon ionization/deionization of the carboxylic
group of 4-mercaptobenzoic acid (MBA) when
exposed to solutions with different pH.15 In
fact, similar sensors based on MBA-capped
nanoparticles had beenwidely used for inter-
nal pH monitoring in living cells.16,17 Other
reports were subsequently published, de-
scribing the use of different organic ligands
for the indirect SERS determination of atomic
cations, such as Zn(II) with (40-(N-piperazinyl)
terpyridine-dithiocarbamate18 or Hg(II) and
Pb(II) with MBA.19
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ABSTRACT Surface-enhanced Raman scattering (SERS) spectroscopy can be used for the

determination and quantification of biologically representative atomic ions. In this work, the

detection and quantification of chloride is demonstrated by monitoring the vibrational changes

occurring at a specific interface (a Cl-sensitive dye) supported on a silver-coated silica microbead. The

engineered particles play a key role in the detection, as they offer a stable substrate to support the

dye, with a dense collection of SERS hot spots. These results open a new avenue toward the

generation of microsensors for fast ultradetection and quantification of relevant ions inside living

organisms such as cells. Additionally, the use of discrete particles rather than rough films, or other

conventional SERS supports, will also enable a safe remote interrogation of highly toxic sources in

environmental problems or biological fluids.
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One of the drawbacks of such an indirect SERS
approach relies on the fact that rather nonpolar or-
ganic ligands need to be self-assembled on the me-
tallic surfaces of colloidal nanoparticles. Colloidal
stability can thus be reduced in the case of several
ligands (e.g., hydrophobic ones), which in turn would
promote aggregation. Most of the above-mentioned
reports were demonstrated on nanostructured thin films,
which are adequate for monitoring environmental pro-
cesses but not for the fabrication ofminiaturized sensors.
A suitable alternative comprises the fabrication of

plasmonic surfaces on submicrometer or micromaterials
used as supports, thus generating a stable platform
containing a dense collection of hot spots.20

We demonstrate here the use of surface-enhanced
Raman scattering (SERS) spectroscopy for the indirect,
quantitative detection of atomic anions. We developed
a sensor based on the vibrational changes induced by
the interaction of chloridewith a Cl-sensitivemolecular
probe that has a high SERS cross-section. A plasmonic
platform consisting of silver-coated, micrometer-sized
silica beads was developed, which can overcome

Figure 1. (A) Schematic drawing for the fabrication of micrometer-sized plasmonic hybrid materials. Scanning electron
microscopy (SEM) images of the starting silica beads (B), after coatingwith gold nanoparticles (C), and after silver overgrowth
on the gold nanoparticles (D).

Figure 2. Survey and HR-XPS spectra of SiO2, SiO2@Au, and SiO2@Au@Ag.
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undesired effects as colloidal aggregation upon self-
assembly of the Cl-sensitive probe, while providing a
dense collection of hot spots. Minute amounts of
chloride down to the pM regime were quantitatively
detected through the direct comparison of the SERS
spectra of the ligand before and after interaction with
chloride in aqueous solution.

RESULTS AND DISCUSSION

The fabrication of the composite colloidal particles is
schematically shown in Figure 1A. Briefly, the nega-
tively charged surface of the selected support, in this
case homogeneous silica beads with 1 μm diameter
(Figure 1B), was sequentially coated with polyelectro-
lytes of opposite charge, namely polyethyleneimine

(PEI, positive), polystyrene sulfonate (PSS, negative),
and again PEI, using the well-known layer-by-layer
assembly protocol (step 1).21 The outer PEI layer gen-
erates a highly positively charged surface that is appro-
priate for the adsorption of negatively charged gold
nanoparticles (step 2, Figure 1C). Upon extensive
cleaning to ensure that all nonadsorbed gold nano-
particles were removed, those which remained ad-
sorbed were epitaxially overgrown with silver by the
reduction of Agþ, using salicylic acid in a glycine buffer
(pH 9.5), at room temperature (step 3, Figure 1D). It is
interesting to note that we found that gold seeds are
preferred over silver for subsequent silver growth. This
can be explained in terms of crystallography and
chemical reactivity. While both metallic gold and silver

Figure 3. (A) UV�vis spectra of SiO2, SiO2@Au, and SiO2@Au@Ag beads. (B) SERS spectra of BT on SiO2@Au@Ag upon
excitation with different laser lines, from the green to the NIR. (C) White light and SERS (band at 999 cm�1) images of two
single SiO2@Au@Ag beads.

Figure 4. (A) Chemical structure of (amino-MQAE). (B) Electronic absorption and emission spectra of amino-MQAE. (C)
Emission spectra of amino-MQAE as a function of chloride concentration. (D) Representative plot of the change of emission
intensity vs p[Cl�].
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crystallize with the same crystallographic structure
(face-centered cubic, fcc) and display very similar
lattice parameters, the higher reactivity of silver, which
tends to oxidize and form a thin oxide layer in water,
makes the epitaxial growth difficult, resulting in ex-
tensive nucleation away from the adsorbed seeds.22

The amount of added Agþ was varied from 0.6 to 2.3
μmol per mg of silica. Finally, an Agþ concentration of
1.5 μmol/(mg of silica) was selected as optimal, since
lower concentrations did not result in good interparti-
cle plasmon coupling while higher concentrations
yielded interconnected particles with the subsequent
localized surface plasmon resonance (LSPR) radiative
damping.23 As a final product, this preparation process
resulted in micrometer-sized hybrid plasmonic parti-
cles with a homogeneous coating of interacting silver
particles24 of around 50 nm in size (Figure 1D).
The bimetallic nature of the nanoparticles was de-

monstrated throughX-ray photoelectron spectroscopy
(XPS, Figure 2). As expected, the Ag 3d bands at 374.2
and 368.3 eV, characteristic of metallic silver, are only
registered in the final SiO2@Au@Ag sample, with 7.9
atom% in silver. However, the metallic gold character-
istic 4f bands, at 88.0 and 84.3 eV, are clearly observed
in the SiO2@Au sample and their intensity was notably
decreased (from 1.5 to 0.1 atom %) after silver growth,
suggesting the nature of the particles as segregated
(core�shell) nanoalloys rather than solid solutions.
UV�vis spectroscopy, carried out on colloidal dis-

persions of the particles in the three different stages
(Figure 3A) showed that, whereas no LSPR band can be
ascribed to the bare silica beads, a modest but clear
band, centered at 535 nm, appears upon gold coating.
This band notably increases in intensity and broadens
due to the interparticle plasmon coupling,24 while the
maximum is blue-shifted after silver growth, which is
consistent with the higher energy plasmon resonances

in silver nanoparticles. The optical enhancing proper-
ties of the materials were tested through SERS mea-
surements, using benzenethiol (BT) as a model
molecular probe.25 Briefly, a small amount (10 μL) of
diluted BT solution (10�4 M) was added per milliliter of
SiO2@Au@Ag colloidal dispersion. After waiting for
thermodynamic equilibrium to be reached, the mate-
rial comprising a self-asembled monolayer of BT was
studied by SERS.26,27 Contrary to nanostructured gold,
which can be only excited with high wavelength laser
radiation (from the red onward) due to strong damping
when excited with green or more energetic lasers be-
cause of the characteristic gold interband transitions,28

silver particles lead to strong SERS signals of the BT in a
broad excitation window from the green (532 nm) to the
NIR (830 nm) (Figure 3B). Notably and consistentwith the
literature, the SERS spectra are dominated by the vibra-
tional modes of BT, corresponding to the ring breathings
(999 and 1073 cm�1,) and the CH in-plane bending
(1023cm�1), indicatingaquasi-perpendicular orientation
of its molecular plane with respect to the gold or silver
surface.29,30 Additionally, SERS mapping of single beads
demonstrates that a single bead may be sufficient to
obtain a high quality spectrum (Figure 3C).
As discussed in the introduction, the second key

element of our sensing device comprises an ion-sensi-
tive, in this case chloride sensitive, organic probe
MQAE.31 Here we used an amino-modified version of
MQAE, 2-(2-(6-methoxyquinoliniumchloride)ethoxy)-
ethanamine-hydrochloride (amino-MQAE), an organic
fluorophore with a side chain containing a terminal
amino group (Figure 4A), which is necessary for the
covalent bonding of the molecule to the metallic sur-
face. Amino-MQAE is characterized by an electronic
absorption band with maxima centered at 315 and
341 nm. Upon excitation with the appropriate light
(350 nm) amino-MQAE yields a strong emission band

Figure 5. Left: Schematic representation of the detection process. Right: Raman and SERS spectra of amino-MQAE and SERS
spectrumof amino-MQAE in the presence of an equimolar concentration of chloride (10�6M). Optimizedmolecular geometry
of amino-MQAE (at the M052X; 6-31þG* theory level) in the presence (blue) and absence (red) of Cl�. Samples were excited
with a 532 nm laser line.
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with a maximum located at 440 nm (Figure 4B). No-
tably, this fluorescence gets quenched in the presence
of chloride ions. Figure 4C shows the decrease in the
emission band as a function of the increase of chloride
concentration in solution. This quenching effect has
been exploited to investigate the Cl� concentration
near colloidal surfaces.32 However, when the fluores-
cence quenching is plotted as a function of chloride
concentration (Figure 4D), it is clear that that the
detection limit which can be achieved using this
method is rather modest, around the micromolar
regime.32

In this situation, SERS arises a as a useful technique for
the remote, ultrasentive determination of Cl�. Figure 5
shows the Raman and SERS spectra of amino-MQAE, as
well as the SERS spectrum of amino-MQAE in the pre-
sence of an equimolar concentration of chloride. Con-
sidering the aromatic condensed rings as the molecular
plane, the observed Raman bands correspond mainly to
the in-plane vibrational modes, specifically ring stretch-
ings (1483, 1444, and 1397 cm�1), and bendings (1370
and 1232 cm�1), while the out-of-plane modes carry a
low vibrational Raman intensity, including CH waggings
(830, 717 cm�1), ring deformations (578 cm�1), and ring
waggings (438 cm�1). Notably the band at 1086 cm�1

can be ascribed to CO stretching.
As in the case of benzenethiol, samples for SERS

were prepared by adding minute amounts (10 μL) of
the probe molecule at low concentrations (10�6 M in
this case) to the SiO2@Au@Ag dispersion. Notably,
Raman and SERS vibrational spectra were found to retain
a close agreement, but specific changeswereobserved in
the relative intensities between peaks. Changes in rela-
tive intensity are due to the surface selection rules33 and
can be used to discern the orientation of themolecule at
the metallic surface.34 First, with the use of the 532 nm
laser line excitation at the red of the bulk plasma
resonance, the main component of the field at the

surface is the normal to the surface. Considering the high
affinity of N-containing groups for silver,26,27 the ad-
sorbedmolecule couldbe eitherflat on themetal surface,
interacting by its N-heteroring, or with the molecular
plane almost perpendicular to the metal surface if inter-
acting through the terminal amino group. In keeping
with the vibrational assignment, the observed SERS
bands can be safely assigned to ring deformations in
the plane of the molecule. In fact, the SERS spectra
contain all of the in-plane vibrational frequencies (ring
stretching and C�H bending in the 1000�1650 cm�1

region) with remarkably strong relative intensity, as
compared to those corresponding to out-of-plane
modes. These latter observations discard the flat-on
orientation and indicate that the ligand is bonded
through the amino groupwith its aromatic chromophore
perpendicular to the silver surface,35 consistent with the
higher reactivity toward silver or gold of the primary
amines as compared with ternary amines.26,27 Similarly,
the same results were obtained for amino-MQAE in the
presence of chloride. Notwithstanding, consistent with
density functional theory (DFT) calculations, the chloride
atom interacts with the ring promoting a series of
geometrical and electronic changes in the chromophore.
Such changes canbe clearly observed in the SERS spectra
and are concentrated as well in the vibrational modes of
the in-plane region of the spectra (from 1200 cm�1

upward) andespecially at thosewitha strongcomponent
of the C�N bond (1479 and 1497 cm�1).
Taking all of this information into consideration, we

studied the detection limits of the amino-MQAE dye
(Figure 6). While the SERS spectrum of amino-MQAE
(acquired upon excitation with the green line) can be
fully recognizable at concentrations down to 10�11 M,

Figure 7. SERS spectra of amino-MQAE (ligand L) 10�10 M
with increasing concentrations of chloride (from 10�11 to
10�10 M).

Figure 6. SERS spectra of amino-MQAE as a function of its
own concentration in solution.
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the spectrum is still noisy and thus a concentration of
10�10Mwas selected for the quantitative identification
of chloride.
Finally, the SiO2@Au@Ag beads were capped with a

submonolayer film of amino-MQAE and decreasing con-
centrations of Cl� (from 10�10 to 10�12 M) were added.
Figure 7 shows that the intensity of the n-related ring
stretchings (at 1479 and 1497 cm�1) decreases as the
chloride concentration increases. In fact, this trend can be
clearly observedwith certainty down to concentrations of
2� 10�11M, which is equivalent to the picogram regime.
This indirect detection can also be exploited to

obtain quantitative information regarding the concen-
tration of chloride in the sample by simply comparing
the ratio between the bands that change. To do so, the
areas under the bands at 1479 and 1497 cm�1 were
deconvoluted assuming a Lorentzian shape, where the
band position and the full widths at half maxima are
fixed (Figure 8A).36 Applying this process to all the
spectra and plotting the band area ratio between 1479
and 1497 against concentration, the result is a linear
correlation, with an impressive r2 value of 0.9745

(Figure 8B), which demonstrates the quantitative nat-
ure of this method of analysis.

CONCLUSIONS

In summary, we have designed and fabricated a
stable hybrid material comprising a micrometer-sized
silica platform which is uniformly coated with nano-
structured silver. This platform provides a remarkable
SERS intensity due to the optimization of the plasmon
coupling between silver nanoparticles, which results in
a dense collection of hot spots. Furthermore, the
vibrational response of a chloride sensitive dye was
studied and exploited to devise a remote, indirect SERS
sensor with the ability of selectively recognizing37 and
quantifying minute amounts of chloride, down to the
picomolar regime. Since among the five halogens only
three, chloride, bromide, and iodide, can readily be
sensed by fluorescence quenching methods and only
chloride is present in the cytosol of cells,38 we antici-
pate this kind of sensor to be of key importance in the
study of molecular and metabolic processes in living
biological systems.

EXPERIMENTAL MATERIALS AND METHODS

Chemicals. Silica microparticles, with 1.16 μmdiameter, were
purchased from microParticles GmbH. All other chemicals were
purchased from Aldrich and used without further purification.
Water was purified using a Milli-Q system (Millipore).

Silica Bead Functionalization and Synthesis and Adsorption of Gold
Seeds (SiO2@Au). Gold sols were prepared according to the

standard sodium citrate reduction method,39 by adding 2 mL
of 1 wt % sodium citrate solution to a 100 mL boiling solution

of HAuCl4 (5� 10�4 M) under stirring and additional boiling for

Figure 8. (A) SERS spectra of amino-MQAE (10�10M)with andwithout chloride (10�10M). Bandswhere thedeconvolutionwas
carried out are highlighted (brown and blue, experimental spectra; green, resulting spectra of coadding peak 1, red, and 2,
yellow). (B) Linear plot of the 1497 and 1472 cm�1 area ratio as a function of chloride concentration. Error bars represent the
standard deviations within five replicated experiments.
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15 min This method produces a deep-red dispersion of gold

nanoparticles with an average diameter of around 15 nm.
Polyelectrolyte-coated SiO2 particles were prepared by

adding 1 mL of polyethyleneimine (PEI) (Mw = 25000, 1
mg mL�1 in NaNO3 0.5 M) under weak sonication to 1 mL of
the silica particles in water (1.6 g L�1). PEI adsorption was
allowed for 1 h and then excess PEI was removed by three
repeated centrifugation cycles (10 min, 3500 rpm). Polystyrene
sulfonate (PSS) (MW= 1000000, 1mgmL�1 in NaNO3 0.5M) was
then deposited onto the PEI-coated silica particles under the
same conditions, followed by deposition of an additional layer
of PEI which forms the outermost layer.

Adsorption of the gold seeds was carried out by adding 5 mL
of AuNPs colloid solution (5 � 10�4 M) to 5 mL of functionalized
SiO2 particles (1.16 μm, 1.6 g L�1). The mixture was sonicated for
15 min. After 1 h the sample was washed by centrifugation
(4 � 3500 rpm, 30 min) to remove gold nanoparticles that did
not adsorb on the silica surface and redispersed in 5mLofwater to
obtain a final SiO2@Au concentration of 1.6 g L�1.

Silver Growth on the Gold Seeds (SiO2@Au@Ag). Epitaxial growth of
silver on the preformed gold seeds was carried out as follows:
SiO2@Au (1mL, 1.6 g L�1) was added to 2.75mL of glycine (0.4 M)
buffer solution at pH 9.5. Then, 281.3 μL of ascorbic acid 0.1 M and
a variable concentration of Ag2SO4 (15.2 mM) was added under
weak sonication to reach final silver concentrations ranging from
9.3 � 10�4 to 3.7 � 10�3 M. After 30 min the reduction was
finished and the sample was washed by centrifugation (4 �
3500 rpm, 30 min) and redispersed in 1 mL of water to obtain a
final concentration in particles of 1.6 g L�1.

Synthesis of 2-(2-(6-Methoxyquinoliniumchloride)ethoxy)-ethanamine-
hydrochloride (Amino-MQAE). 2-Aminoethoxyethanolwas protected at
the amino function by reactionwith phthalic anhydride in toluene
under reflux overnight to yield the corresponding phthalimide.
Subsequently, the alcohol group was brominated in a one-pot
reaction by adding phosphorus tribromide under cooling at
0 �C. After being stirred at room temperature (RT), the mixture
was poured into water, extracted with toluene, and recrystal-
lized to yield 2-[2-(20-bromoethoxy)ethyl]isoindoline-1,3-dione. The
phthalimide-protected amino-MQAE was synthesized by heating
6-methoxychinoline with 2-[2-(20-bromoethoxy)ethyl] isoindoline-
1,3-dione at 110 �C for 3 h. The alkylation product was recrystallized
from acetone. Deprotection of the phthalimide was achieved by
heating in hydrochloric acid overnight; the formedphthalic acidwas
separatedby filtration.After recrystallization frommethanol/acetone,
the amino-MQAE was obtained as light yellow crystals.

Characterization. UV�vis�NIR spectra were recorded using
an Agilent 8453 diode array spectrophotometer. XPS analysis of
the samples was performed using a VG Escalab 250 iXL ESCA
instrument (VG Scientific), equipped with aluminum KR 1.2
monochromatic radiation at 1486.92 eV X-ray source. Binding
energies (BEs) were referenced to the C1s on unsputtered
surfaces. The atomic concentrations were determined from
the XPS peak areas using the Shirley background subtraction
technique and the Scofield sensitivity factors. Transmission
electron microscopy was carried out using a JEOL JEM 1010
microscope operating at an acceleration voltage of 100 kV.
Scanning electron microscopy (SEM) images were obtained
with a JEOL JSM 6700F field-emission microscope, using either
lower secondary electron image (LEI) or secondary electron
image (SEI) detectors.

Theoretical Calculations. Geometry optimizations at the DFT
level were carried out with the Gaussian 09 (Revision A.02) suite
of programs.40 Computations with the Minnesota hybrid func-
tional M052X by Zhao and Truhlar41 ensure a high level of
theory and an accurate estimation of the noncovalent interac-
tions. The basis set used was a 6-31þG* basis set. Geometrical
convergence was obtained with at least a tight criterion. The
terminal amino group of the amino-MQAE was fixed to repre-
sent the bond between the nitrogen atom and the metallic
surface.

Fluorescence and Surface-Enhanced Raman Scattering Spectroscopy.
Raman and SERS experiments were conducted in a micro-
Renishaw InVia Reflex system. The spectrograph uses high
resolution gratings (1800 or 1200 grooves cm�1 for the visible
or NIR, respectively) with additional band-pass filter optics, a

confocal microscope and a 2D-CCD camera. Excitation was
carried out at different energies, using a laser line at 532 nm.
Measurements were made using a macrosampler accessory.

The SiO2@Au@Ag-amino-MQAE was desalted prior to fluo-
rescence or SERS spectroscopy with a PD10 desalting column
(Sigma, no. 54805) to remove eventual chloride contaminants.
For the SERS characterization of the material, 10 μL of benze-
nethiol (10�4 M) were added to 1 mL aliquots (0.16 mg mL�1) of
the SiO2@Au@Ag suspensionwith different silver content to reach
a final analyte concentration of 10�6 M. Upon evaluation of the
SERS intensity as a function of silver content, variable concentra-
tions of amino-MQAE, from 10�3 to 10�13 M, were self-assembled
onto the selected material, and its detection limits were deter-
mined by SERS. Subsequently, variable concentrations of chloride
ions (from 10�10 to 10�11 M) were added to the SiO2@Au@Ag-
amino-MQAE sensor and studiedby SERSusinga532nm laser line.
For quantitative analysis, bands were deconvoluted by Lorentzian
shape, where the band position and the full widths at half maxima
were fixed after applying a linear baseline (Figure 8A).36

Fluorescence spectra were recorded on a Fluorolog fluores-
cence spectrometer (Horiba) at sodium chloride concentrations
from 0 to 140 mM in 10 mM steps. The sample stock solution
was mixed with sodium chloride stock solutions (1:1) in a plastic
reaction vessel before filling the mixture into a quartz cuvette.
The fluorophor (amino-MQAE) was excited at 350 nm.
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