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Surface-enhanced Raman scattering (SERS) is a powerful spectro-
scopy technique that can provide non-destructive and ultra-
sensitive characterization down to single molecular level, compar-
able to single-molecule fluorescence spectroscopy''>. However,
generally substrates based on metals such as Ag, Au and Cu, either
with roughened surfaces or in the form of nanoparticles, are
required to realise a substantial SERS effect, and this has severely
limited the breadth of practical applications of SERS. A number of
approaches have extended the technique to non-traditional sub-
strates'*'®'”, most notably tip-enhanced Raman spectroscopy
(TERS)'*?° where the probed substance (molecule or material
surface) can be on a generic substrate and where a nanoscale gold
tip above the substrate acts as the Raman signal amplifier. The
drawback is that the total Raman scattering signal from the tip
area is rather weak, thus limiting TERS studies to molecules with
large Raman cross-sections. Here, we report an approach, which
we name shell-isolated nanoparticle-enhanced Raman spectro-
scopy, in which the Raman signal amplification is provided by
gold nanoparticles with an ultrathin silica or alumina shell. A
monolayer of such nanoparticles is spread as ‘smart dust’ over
the surface that is to be probed. The ultrathin coating keeps the
nanoparticles from agglomerating, separates them from direct
contact with the probed material and allows the nanoparticles to
conform to different contours of substrates. High-quality Raman
spectra were obtained on various molecules adsorbed at Pt and Au
single-crystal surfaces and from Si surfaces with hydrogen mono-
layers. These measurements and our studies on yeast cells and
citrus fruits with pesticide residues illustrate that our method
significantly expands the flexibility of SERS for useful applications
in the materials and life sciences, as well as for the inspection of
food safety, drugs, explosives and environment pollutants.

The invention of TERS led to a breakthrough in the substrate and
surface generalities of SERS'®". It uses a working mode that separates
the probed substance from a Au tip that acts as the Raman signal
amplifier (Fig. la—c). The largely enhanced electromagnetic field
generated on the probe tip under the excitation of a suitable laser
can extend to the sample that is in close proximity to the tip apex. In
principle, the Raman signals from any substrate regardless material
and surface smoothness can be enhanced by the tip apex with high
spatial resolution'. However, the total Raman scattering signal from
the tip area (about 20-50 nm in diameter) is rather weak, so TERS
studies have been largely limited to molecules having large Raman
cross-sections. Moreover, its instrument is sophisticated and expen-
sive, making it impractical for many applications.

Our approach is to replace the Au tip by a monolayer of Au nano-
particles (Fig. 1d), each coated with an ultrathin shell of silica or
alumina (here denoted Au/SiO, or Au/Al,O5; nanoparticles). Each

nanoparticle acts as an Au tip in the TERS system, and thus this
technique simultaneously brings thousands of TERS tips to the sub-
strate surface to be probed (Supplementary Fig. 3). We can obtain the
jointly enhanced Raman signal contributed by all of these nano-
particles, which is two to three orders of magnitude higher than that
for a single TERS tip. Moreover, the use of a chemically inert shell
coating around the Au nanoparticle protects the SERS-active nano-
structure from contact with whatever is being probed. The main
virtue of such a shell-isolated mode is its much higher detection
sensitivity and vast practical applications to various materials with
diverse morphologies. We call this new technique shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS).
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Figure 1| The working principles of SHINERS compared to other modes.
Schematic of the contact mode. a, Bare Au nanoparticles: contact mode.

b, Au core—transition metal shell nanoparticles adsorbed by probed
molecules: contact mode. ¢, Tip-enhanced Raman spectroscopy: non-
contact mode. d, SHINERS: shell-isolated mode. e, Scanning electron
microscope image of a monolayer of Au/SiO, nanoparticles on a smooth Au
surface. f, HRTEM images of Au/SiO, core-shell nanoparticles with
different shell thicknesses. g, HRTEM images of Au/SiO, nanoparticle and
Au/Al,O; nanoparticle with a continuous and completely packed shell about
2 nm thick.
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We rationally designed gold nanoparticles coated with a thin,
uniform, fully enclosed and optically transparent shell of silica or
alumina so that the gold core generates a large surface enhancement,
and so that the shell controls the distance of the core from the surface
to be studied. The physical property (strong electromagnetic field) of
the Au nanoparticles is thus transferred to enhance the chemical
signal, for example, Raman vibrational bands, of the molecules on
the material surfaces we are examining. Moreover, the chemically
inert shell ensures that there is no direct contact between the probed
substance and the gold core. To prepare the shell-isolated nano-
particles, Au nanoparticles with a diameter of ~55 nm were synthe-
sized as cores®', onto which ultrathin silica shells were coated to form
Au/SiO, nanoparticles®®, which were then spread onto sampled
surfaces as a monolayer for measurement (Fig. le).

To elaborate the principle of SHINERS, we carried out a systematic
study on the Raman scattering intensity as a function of the silica shell
thickness from 2 to 20 nm. The experimental data are in good agree-
ment with the three-dimensional finite-difference time-domain cal-
culated result* (Supplementary Figs 4 and 5). The calculated results
reveal that the magnitude of the maximally enhanced electric field is
about 85 times greater for the 4-nm shell and about 142 times greater
for the 2-nm shell than that of the incident light; the highest enhance-
ment of Raman scattering appears at the junction between the
particle and the substrate as hot spots with magnitudes of about
5% 107 and 4 X 10® fold, respectively. We now present the applica-
tions of SHINERS to a few unusual cases in which the TERS tech-
nique shows either undetectable or extremely low signals.

We first applied SHINERS on the atomically flat single-crystal
surfaces of different materials in the aqueous solution or electro-
chemical environment, which hardly produces a detectable Raman
signal using existing techniques. Hydrogen adsorption is a very
important system in surface science, chemistry and industry, includ-
ing fuel cell applications. To our knowledge, no Raman spectrum of
any hydrogen adsorbed at single-crystal surfaces has been reported
because of its extremely low Raman cross-section. We spread the Au/
SiO, nanoparticles over a Pt(111) single-crystal electrode in 0.1 M
NaClO, and applied the electrode potential in the region of the
hydrogen evolution reaction. As can be seen in Fig. 2a from curves
I, I and III, a broad band at about 2,023 cm ™' was observed, being
attributed to the Pt—H stretching vibration mode according to the
previous reports on highly roughened Pt surfaces". In addition, we
collected Raman signals on Pt(111) under the same conditions but
without Au/SiO, nanoparticles. No Raman peak in this frequency
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Figure 2 | Detection of hydrogen adsorption on single-crystal flat surfaces
of Pt and Si by SHINERS. a, Potential-dependent SHINERS spectra of
hydrogen adsorbed on a Pt(111) surface. Curve I, at —1.2V; curve II,
—1.6 V; curve III, — 1.9 V; curve IV, without Au/SiO, nanoparticles; curve V,
with the thicker shell nanoparticles at —1.9 V. b, Potential-dependent
SHINERS spectra of hydrogen adsorbed on a Pt(111) surface using Au/
Al,O5 nanoparticles. Curve VI, —1.2'V; curve VII, —1.6 V; curve VIII,
—1.9V. ¢, SHINERS spectra on Si(111) wafer treated with 98% sulphuric
acid (curve IX), 30% HF solution (curve X) and O, plasma (curve XI).
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region can be observed (curve IV). Then, when we changed the shell
thickness from 2 to 20 nm, the surface Raman signal also disappeared
(curve V), illustrating that the ultrathin shell for the Au/SiO, nano-
particles is essential to extend the strong electromagnetic field from
the Au core to the probed surface. Taken together, our data suggest
that the Au/SiO, nanoparticles with the ultrathin configuration are
necessary to obtain the Pt—H signal with two additional lines of
evidence.

To examine the capability of SHINERS to distinguish two different
single-crystal facets, we have analysed the potential-dependent
Raman spectra for different single-crystal surfaces of the same metal
(Au). As far as we know, it is the first time high-quality surface
Raman signals have been obtained for ions such as SCN ™ adsorbed
at Au(111) and Au (100) in an electrochemical environment. One
advantage of SHINERS over surface infrared spectroscopy is that it
provides direct vibrational information about the metal-molecule
bonds (in the low-frequency region of Supplementary Fig. 6).

To illustrate that the shell can easily be changed from silica to other
materials, we coated the Au nanoparticles with an ultrathin, uniform
AlLLO; layer, using the atomic layer deposition method® (see
Supplementary Methods for details), and performed the same experi-
ment. The SHINERS spectra obtained from 55-nm Au/2-nm Al,O;
nanoparticles spread over Pt(111) (see Fig. 2b) have spectral features
almost identical to those from the silica-coated nanoparticles, indi-
cating that changing the shell material is feasible and the quality of the
data are preserved.

To examine the capability of SHINERS for non-metallic materials,
we used an atomically flat silicon (Si) wafer, used widely in the
semiconductor industry (Fig. 2¢). Following the basic procedure of
surface treatment, the Si sample was first treated with H,SO,4 (98%),
then decorated with Au/SiO, nanoparticles for the SHINERS mea-
surement; no Si-H band could be detected (curve IX). The strong
SHINERS signal of hydrogen binding on the Si surface can be iden-
tified after being treated with HF solution (curve X). The broad band
at about 2,149 cm ™' is attributed to the Si-H stretching vibration
mode”. When the sample was further cleaned using O, plasma, the
Si—H band vanished (curve XI). This confirms that the Si—-H bond is
formed only after treatment of HF solution. There have been no SERS
or TERS studies on the Si—H system on smooth Si surfaces, although
there have been a few Raman studies of hydrogen bonded to highly
porous Si*’. This result shows that SHINERS has a potential applica-
tion in semiconductor industrial processes.

Unlike SERS using bare Au nanoparticles or TERS using a bare Au
tip, by using Au/SiO, nanoparticles we can obtain more meaningful
surface Raman signals because the chemically inert shell prevents
direct interaction between the probed adsorbates (or surface com-
ponents) and bare Au nanoparticles or the tip, which often distorts
the true vibrational information (Supplementary Figs 7, 8,9 and 10).

SHINERS has extraordinary potential for characterizing biological
structures such as living cells. Yeast cells were selected because they are
one of the most extensively studied model eukaryotic organisms from
genetics to biochemistry. In yeast the cell walls are of considerable
interest, owing to their sensitivity towards the different biological
functions of the cell. Figure 3 shows the SHINERS spectra (curves
I-1IT) from different locations of the same sample. They are very
different from the normal Raman spectra (curve V) of yeast cells,
but similar to the SERS spectra of mannoproteins®®, which are con-
sidered to be the main components of the yeast cell wall. There are
some other peaks attributed to amide, protein backbone and amino
acid vibrations, related to the bioactivity of living cells such as protein
secretion, movement, and so on®®. These results demonstrate the
potential of SHINERS as a safe and convenient technique for in-situ
detection of cell wall proteins and as a possible probe of the dynamics
and mechanisms of living systems.

SHINERS can also be used for inspecting food safety, drug security
and environment protection accurately and rapidly. The shell-
isolated nanoparticles could simply be spread as ‘smart dust’ over
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Figure 3 | In situ probing of biological structures by SHINERS. a, Curves I,
II and III, SHINERS spectra obtained from different spots at the wall of an
yeast cell incubated with Au/SiO, nanoparticles. Curve IV, the spectrum
recorded from a substrate coated with Au/SiO, but without a yeast cell; curve
V, a normal Raman spectrum for yeast cells. The peaks marked with red
asterisks are closely related to mannoprotein. b, Schematic of a SHINERS
experiment on living yeast cells. Laser power on the sample was 4 mW. The
collected times were 60 s for curves I, I, IIT and IV and 600 s for curve V.

the probed surface and the measurement taken in situ. This approach
could be used for inspecting pesticide residues on food and fruit.
Figure 4 shows that normal Raman spectra recorded on fresh orange
with clean pericarps (curve I) or contaminated by parathion (curve IT)
show only two bands at about 1,155 cm ™' and 1,525 cm ™!, attributed
to carotenoid molecules contained in citrus fruits®. By spreading
shell-isolated nanoparticles on the same surface, we can clearly
detect two bands at 1,108 cm™ " and 1,341 cm ™! (curve III) that are
characteristic bands of parathion residues®. The same result can
also be obtained by using a portable Raman spectrometer (Sup-
plementary Fig. 14). This demonstrates that SHINERS could have
tremendous scope as a simple-to-use, field-portable and cost-
effective analyser.

By changing the working mode from direct contact (SERS) or non-
contact (TERS) to the shell-isolated mode, SHINERS avoids the
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Figure 4 | In situ inspection of pesticide residues on food/fruit. a, Normal
Raman spectra on fresh citrus fruits. Curve I, with clean pericarps; curve II,
contaminated by parathion. Curve IIT, SHINERS spectrum of contaminated
orange modified by Au/SiO, nanoparticles. Curve IV, Raman spectrum of
solid methyl parathion. Laser power on the sample was 0.5 mW, and the
collected times were 30s. b, Schematic of the SHINERS experiment.
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long-standing limitations (inaccessibility or difficulty) of SERS for
the precise characterization of various materials, surfaces and bio-
logical samples. The use of a thin-shell coating around the SERS-
active metal nanostructure has several benefits: it keeps the smart
dust from agglomerating, protects the SERS-active nanostructure
from contact with what is being probed, and allows the ‘smart dust’
to conform to different contours of samples. Given the availability of
portable Raman spectrometers, our very simple method can be
widely applied to probe surface composition, adsorption and pro-
cesses of diverse objects and morphologies, from single-crystal sur-
faces to cell walls, from semiconductors to fruits. The concept of
shell-isolated-nanoparticle enhancement may also be applicable to
more general spectroscopy such as infrared spectroscopy, sum fre-
quency generation and fluorescence. We anticipate that SHINERS
will be developed into a simple, fast, non-destructive, flexible and
portable characterization tool widely used in basic and applied
research in the natural sciences, industry and even daily life.

METHODS SUMMARY

We first chemically synthesized Au nanoparticles with diameters of about 55 nm
as cores using a standard sodium citrate reduction method, onto which ultrathin
silica shells were coated to form Au core/silica shell (Au/SiO,) nanoparticles®'. To
accelerate the synthesis procedure and make the uniformly ultrathin silica shell,
we elevated the reaction temperature from room temperature to 90 °C (see
Supplementary Methods for detailed information) The Au/ALO; core—shell
nanoparticles were prepared mainly using the atomic layer deposition technique’.

The structure and surface morphology of the core—shell nanoparticles and the
shell thicknesses were measured by high-resolution transmission electron micro-
scopy (HRTEM) (JEM 4000EX and Tecnai F30). Raman spectra were recorded
onaLabRam I confocal microprobe Raman system (Jobin-Yvon). The excitation
line was 632.8 nm from a He-Ne laser.
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