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Metastable state silver nanoparticle surface-enhanced Raman
scattering has been experimentally and theoretically demon-
strated; the signal is two to three orders of magnitude higher
than that for the traditional method. Ultrasensitive surface-
enhanced Raman scattering signals of illicit drug cocaine and
organophosphate pesticide methyl-parathion were observed.

Understanding and controlling the assembly of colloidal
particles is central to the creation of new soft materials. Routes
that exploit spontaneous self-assembly in thermal nonequilibrium
are more important. That is, nonequilibrium processes offer
more control—because assembly is then governed not just by
thermodynamic conditions but by the entire process history.!
Moreover, the resulting materials may become trapped in
deeply metastable states, remaining more robust than an
equilibrium phase. The packing process of colloidal particles
has been observed,> which is believed to solely stabilize the
bicontinuous emulsions® and to arrest the liquid—liquid phase
separation of a binary solvent.* The embedded nanostructure
may activate an equilibrium or metastable state for the nanoisland
on the top surface of a multilayered Stranski-Krastanow
system.’ One-dimensional cluster growth and branching gels
in colloidal suspension systems has short-range depletion
attraction and screened electrostatic repulsion,® and gelation
in suspensions of model colloidal particles exhibits short-range
attractive and long-range repulsive interactions. At low packing
fractions, particles form stable equilibrium clusters; however,
upon increasing the packing fraction the clusters grow in size
and become increasingly anisotropic until finally associating
into a fully connected network at gelation.” This colloidal
network remains stable after thoroughly remixing, creating a
new type of gel in which colloids in a single-phase solvent have
locally planar coordination.®
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dark-field images of silver nanoparticles on dry film and adding a drop

of water on dry film. See DOI: 10.1039/clcc10228a

Herein, we find a new metastable state of silver nanoparticle
film as surface enhanced Raman spectroscopy (SERS) substrate
with remixing the solvent during the volatilization process.
The strategy is to just drop only 5 pl. water on dry silver
nanoparticles film (Fig. 1b). There is obvious evidence to
prove the change of silver nanoparticles during the solvent
volatilization process. Dark-field color images were collected
from nanoparticles deposited on a glass wafer. Nanoparticles
were illuminated by collimated white light passed through and
collected by the same objective (100 x DF, numerical aperture
(NA), 0.9). Scattered light was very slight purple (Fig. S2A)
and light blue (Fig. S2B) from dry particles film and wet film,
respectively. The colors, thus, provide a qualitative measure of
the strength of interaction between nanoparticles which means
that the interparticle spacing decreases.’ During the volatilization
process, the nanoparticles keep moving until the liquids have
disappeared (Supplementary S2 and movie). The whole
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Fig. 1 Working principles of MSNERS compared to conventional
dry state. a—c: UV-vis diffuse reflection absorption spectra of dry state
film (a), adding water on the dry state film (b), and the film while the
solvent volatilizes completely (c). d—f: Schematic of the distance
between two nanospheres of dry state (d), adding water on the dry
state film (e), and the film while the solvent volatilizes completely (f).
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volatilization process takes less than five minutes. The
morphologies at the end are almost the same as the original
film. We can obtain the jointly enhanced Raman signal con-
tributed by all of these metastable moving nanoparticles
during the volatilization process, which is two to three orders
of magnitude higher than that for the traditional dry state. We
call this new technique metastable state nanoparticle-enhanced
Raman spectroscopy (MSNERS). MSNERS offers several
advantages compared with conventional SERS methodologies.
Firstly, it describes a very simple method, where the SERS
materials are extremely general and the substrate fabrication
does not enjoy utmost courtesy. Secondly, it has high detection
sensitivity and reproducibility due to SPR and the laser
irradiation-induced automatic concentration during the detection
process. Thirdly, the solvent also protects the target molecule
from laser damage, at the same time, oxidation of silver
nanoparticle-based substrates can be avoided under the laser
irradiation because of the solvent protection.'® Finally, it has
vast practical applications, such as scientific expedition, scene
of crime, medical diagnosis, food safety and environment.
We utilized the UV-vis diffuse reflection absorption spectrum
to further monitor the change process after silver nanoparticle
film remixing with water. It can be seen from Fig. la that the
surface plasmon peak of silver film is at about 400 nm, which is
attributed to the quadrupole plasmon excitation in coupled
nanoparticles.'! When 5 pL of solvent/water is dropped on the
dry silver film, the surface plasmon peak gradually red-shifts
from 400 nm to about 480 nm (Fig. 1b), indicating the decrease
in the interparticle separation. Generally, the larger the number
of silver nanoparticles and the shorter the interparticle distance,
the more the peak of SPR shifts toward the long-wavelength
region. However, in the present case, the number of nanoparticles
was fixed. So the number of particles should make no con-
tribution to the red-shift of the quadrupole plasmon excitation.
Thus, the red-shift behavior can only be attributed to shortening
of the interparticle distance.'> While the solvent volatilizes
completely, the surface plasmon peak of silver comes back to
400 nm (Fig. lc). Ultimately, the UV-vis diffuse reflection
absorption spectrum of Ag nanoparticles with an absorption
maximum is at about the same location. During the volatilization
process, the spectra differ strongly from the dry state film. It
seems quite likely that the capillary forces increase signifi-
cantly while the solvent is remixed, as particles rearrange and
the number of close contacts increases.'> Computer simulations
establish that a combined short-range attraction and long-
range repulsion can efficiently maintain such locally planar
geometry.® In our study, the driving force for self-assembly
into clusters is short-range attraction coming from the solvent
capillary forces (Fig. le), which effectively acts as surface
tension leading to a decrease in surface energy upon aggregation.
On the other hand, cluster growth is limited by the increasing
electrostatic energy of the clusters, which counterbalances the
gain in surface energy. This balance between short-range
attraction and long-range Coulomb repulsion provides a
stabilizing mechanism against gelation and determines a finite
aggregation number. A combination of short-range attraction
and long-range repulsion resulting in the formation of small
equilibrium clusters was also demonstrated in protein solutions
and colloid—polymer mixtures systems.'* When the film was

transformed into a dry state, the short-range attraction of
the solvent capillary forces disappeared completely. Thus, the
silver nanoparticles come back to the original positions
(Fig. 1f).

To elaborate the principle of MSNERS, we carried out a
study on the Raman scattering intensity by theoretical calcu-
lation of the discrete dipole approximation (DDA) method. In
simulated experiments, we observed the SPR peak shifts from
400 nm to 480 nm while the water is dropped. This indicates
that the nanospheres are getting nearer in this process from
5.52 nm to 4.65 nm (Fig. 2a and b). The calculated results
reveal that the magnitude of the maximally enhanced electric
field is about 11.5 times greater for the 5.52 nm gap and about
43.7 times greater for the 4.65 nm gap than that of the incident
light (Fig. 2¢); the highest enhancement of Raman scattering
appears at the junction between the particle and the substrate
as hot spots with magnitudes of about 1.7 x 10* and 3.65 x 10°
fold, respectively. The calculation results show that the gap
shortens 0.87 nm during the volatilization process, which can
improve at least 208 fold compared with the dry state.

Besides the SPR of MSNERS, we suppose solvent acted as
an initiator and porter in our detection strategy, activating the
target molecules and transporting the inactive-molecule to the
effective region of the laser focus. The laser coming from the
Raman instrument plays a critical role in providing the driving
force for our detection system.!® It can improve the detection
sensitivity of target molecules. Another possible explanation is
based on the refractive index change from air (n ~ 1) to water
(n ~ 1.33). With an increase in the medium refractive index
(RI), the frequency of the localized surface plasmon resonance
(LSPR) red shifts.'® '8 Increasing RI can improve the intensity
of Raman signals.

MSNERS has extraordinary potential for characterizing
molecular structures such as drugs, particularly cocaine, which
is vitally important for drug enforcement, especially as the use
of these illicit substances is increasing. Though SERS is able to
identify the above analyte substances uniquely, the detection
limit of this type of sample is only about 107> M in former
studies.”® Most important, MSNERS is suitable for a reliable,
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Fig.2 Simulated result of the gap of silver dimer (36 nm) dependent the
resonant wavelengths in air (a) and in water (b). Simulations of the
extinction spectra based on DDA method for 36 nm silver nanospheres
with different medium (c). Curve 1, single Ag sphere in air; curve 2, Ag
spheres dimer with gap 5.52 nm in air; curve 3, single Ag sphere in water;
curve 4, Ag spheres dimer with gap 4.65 nm in water. The black line is for
the wavelength of 514 nm.
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Fig. 3 Spectra of cocaine (a): Curve 1, Raman spectrum of solid
cocaine. Curves 2 and 3, SERS spectra at different concentrations
(2: 107° M, 3: 107> M) following the traditional SERS protocol; curves
4 and 5, MSNERS spectra at 107% M and 107% M, respectively.
Spectra of methyl-parathion (b): Curve 1, Raman spectrum of solid.
Curves 2 and 3, SERS spectra at different concentrations (2: 1077 M, 3:
10~% M) following the traditional SERS protocol; curve 4, MSNERS
spectra at 10~% M. Laser power on the sample was | mW, and the
collection times were 5 s.

quick and, with respect to the cost of preparation, reasonable
method of analysis. Fig. 3a shows that the normal Raman
spectrum of pure cocaine HCI has several characteristic features
that can be used to identify the drug, such as the aromatic ring
(C=C) stretch at 1594 cm ', aromatic ring breathing mode at
1006 cm™!, pyrrolidine ring (C—C) stretch at 860 cm ™' *° and
the weaker bands around 1275 and 1450 cm ™' to the tropane
moiety (curve 1 of Fig. 3a).2! It is quite difficult to acquire the
SERS signal of cocaine HCI following the traditional SERS
method in the dry state, when the concentration is lower than
107® M (curves 2 and 3 of Fig. 3a). Comparing curve 2 with
curve 3, we conclude that the detection limit is 10~> M. However,
using MSNERS, cocaine HCI can be detected at 108 M (curve 4
and curve e of Fig. 3a), which suggests that MSNERS is a very
simple and effective approach compared with the previous
studies. The intense peaks from curve 2 to curve 5 at 1395 cm™!
came from the carbon signal caused by the Raman laser. The
above experimental results provide an effective method for
detecting the liquid drug residue of the drug-taking scene.

Recently, environmental problems have drawn more and
more attention to the organic pollutants related to wastewater
and polluted food. MSNERS can also be used for inspecting
pesticide residues accurately and rapidly, such as the organo-
phosphate pesticide methyl-parathion (MP). MSNERS can
improve the detection limit of MP by two orders of magnitude
ranged from 107 M to 10~® M, and deserves to be recom-
mended for improving the SERS development dilemma com-
pared with high labor and cost consumption of optimizing the
materials preparation and substrate fabrication. As shown in
the Fig. 3b, the SERS spectrum of MP (curve 3) is similar to
the solid ones (curve 1). The MSNERS spectrum of MP is also
similar to the SERS spectrum. A detailed assignment of the
spectral features has been reported in our former studies®* and
will not be repeated here.

In summary, an extremely simple and sensitive approach
named MSNERS for Raman signal detection is proposed. The
spectrum of MSNERS can be described as the Raman signal
acquired by an ordinary SERS substrate with solvent/water
volatilization during the detection process. Theoretical

calculation by the DDA method showed that the detection
limit can be improved by two to three orders of magnitude
which is demonstrated by detection of cocaine and the organo-
phosphate pesticide methyl-parathion. This ultrasensitive
SERS might facilitate the measurement of a wider range of
analytes including enzyme measurements™ at lower concen-
tration and with a short detection time.
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