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SERS (Surface-enhanced Raman spectroscopy) is based on the amplification of the Raman response of an analyte
interacting with the surface plasmon of metals such as Au, Ag, or Cu; in some cases, the response results enough to
achieve the single-molecule detection
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| 1. Mechanisms of SERS

SERS is based on the amplification of the Raman response of an analyte interacting with the surface plasmon of metals
such as Au, Ag, or Cu; in some cases, the response results enough to achieve the single—-molecule detection KN
Paradoxically, after 46 years since the discovery of SERS, the exact mechanism in the signal enhancement is still a
matter of debate, but it is generally accepted to be driven mainly by two principles: the electromagnetic (EM) and the
chemical (CHEM) effects.

The EM mechanism is the most understood; it comes from the substrate and is originated when a free—electron-like metal
is irradiated with a laser whose frequency is resonant with the frequency resulting from the collective oscillation of
conduction band electrons. This phenomenon is known as surface plasmon resonance (SPR). Especially in some regions
called hot spots, an intense local field enhancement is produced around the interface of the metal by the concentration of
light, which creates an oscillating dipole on the molecules in close proximity with the nanoparticles. This results in an
oscillating dipole that enhances the radiation efficiency (Figure 1) [. In this situation, the magnitude of the
electromagnetic field between the nanoparticle center and the analyte decays with the distance (R) as ~ (/R)!2, where r is
the nanoparticle radiusil. This expression indicates a narrow optimum distance (no more than 2 nm) where the maximum
enhancement is obtained . Therefore, to obtain the maximum enhancement by this principle (about eight orders of
magnitude), the physical interaction between the analyte and the substrate or the specific adsorption of a small size
analyte is required® Considering the analyte—substrate affinity, the EM enhancement is the common denominator in the
literature to address the sensitivity of the SERS experiments, by either increasing the highly localized regions of large field
enhancement (hot spots), changing the morphology and size of the nanopatrticle, or controlling the interparticle spacing or
aggregation [8. Despite the great advances in this area, the substrates present low uniformity due to the lack of control in
the generation of hot spots, which occurs even at the same substrate. Likewise, they present low stability over time
because of the inherent oxidation of the most common plasmonic metals. The above circumstances result in a serious
impediment for the practical applications of SERSIE!,
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Figure 1. Schematic representation of the surface-enhanced Raman scattering (SERS) from the electromagnetic (EM)
effect.

The chemical mechanism (CHEM) involves the intrinsic features of the adsorbate and the new properties arising when the
adsorbate is combined with the substrate (adsorbate—metal nanostructure complex) under the effect of the incident light.
The plasmonic nature, substrate roughness or nanoparticulate structure is not mandatory for the CHEM to occur, or the or
as; instead, the experimental conditions as well as the adsorbate orientation and symmetry on the surface have influence
8, Thus, the CHEM mechanism comes from different origins, some of those scarcely understood, and it is limited to occur
within the first layer of absorbed molecules (short-range interactions) . So far, the main known contributions of the
CHEM mechanism result from the charge transfer (CT) between the metal and the target molecule, or vice versa, with a
Raman enhancement of about four orders of magnitude. CT is categorized as a resonant effect and can be driven by the
imposition of an electrical potential 29, During chemisorption, new electronic states are generated due to the overlap of
the wave functions of the molecule and the plasmonic metal, allowing resonant intermediate states that arise from the
introduction of new mixed charge—transfer states in the ligand—metal complex. If the energy gap between the Fermi level
of the metal (Ef) and the electronic level of the molecule (Em) matches the energy of the photon (Ef) coming from the
laser source, the transfer of electrons occurs and a maximum Raman intensity is observed in particular modes 1. Other
source for CHEM comes from a non-resonant effect (static charge transfer) by the adsorption process of the molecule in
its electronic ground state. Under this situation, the formation of a new electronic state due to the adsorbate—adsorbent
interaction does not occur I: instead, only a renormalization of the molecular orbitals is produced, causing modifications
on the molecular polarizability 12,

A special assisted contribution to the total enhancement of the Raman signal is the resonance Raman scattering on SERS
substrates (SERRS) that comprises the SERS—CT contribution. This occurs when the excitation laser is tuned into an
electronic absorption energy of the adsorbed molecule. Raman bands related to the chromophore can be enhanced up to
six orders of magnitude compared to the EM mechanism 3],

| 2. SERS Substrates

SERS substrates can be made of rough surface metals, as well as nanoparticles in suspension or deposited on solid
substrates 14]. The use of colloids as SERS substrates is widely spread because of their ease synthesis with good size
and morphology control, in addition to the possibility of studying absorption phenomena in agqueous environments 22!,
However, potential applications are restricted by the poor stability and reproducibility due to the Brownian motion of
particles in the suspension that causes a permanent change in the measurement scenario. Immobilization of the
nanoparticles on a solid substrate, usually silicon, provides a significant increase in the reproducibility of the enhancement



effect; however, the current research in this area consists in the reproduction of the same substrate surface to increase
the repeatability of the spectroscopic measurements X8, Among the most efficient techniques to obtain organized metallic
nanostructure arrays on solid substrates for SERS we can find lithography and its indirect techniques (electron beam
lithography, laser interference lithography, UV photolithography, electro—oxidative lithography) as well as block copolymer
self-assembly 121,

| 3. SERS Measurements on Solid Substrates

SERS measurements on solid substrates can be made in the dry or wet forms €. The dry form is more common and is
carried out after evaporation of the sample on the substrate. Evaporation process can be preceded by the immersion of
the substrate into the sample for a certain period (incubation process) 18 Wet experiments can be made using
sophisticated microfluidic systems (LoC—-SERS), or on a drop of the liquid sample placed on the SERS substrate which
has been covered with a thin coverslip. It can be also carried out by using the “drop technique”, which consists on the
signal acquisition on the periphery of a drop of sample placed on the SERS substrate 12 Nevertheless, these
methodologies present drawbacks that influence the final SERS results. In the case of the evaporative procedure, the
adsorption process can be abruptly interrupted during the sample evaporation, inducing the heterogeneity in the formed
layer or the “coffee—ring” effect 29, In addition, oxidation or dissolution of the metallic nanoparticles may occur during the
incubation processes, together with the loss of molecular perpendicular arrangements during the Raman measurements.
On liquid media, the use of another interface or the influence of different refractive indexes when using a coverslip gives
an inefficient Raman signal. Concerning the “drop technique”, it has the advantage that a proper change in the substrate
hydrophobicity can lead to the analyte pre-concentration, thus avoiding the diffusion limitation and enhancing the SERS
signal (2122, However, a camera in the Raman spectrometer is necessary to identify the optimal distance from the
periphery to the center of the drop where the measurement must be recorded. This distance must be sufficient to avoid
the effects from evaporation of the sample at the chosen spot during the experiment but short enough to obtain a good
response from the substrates.

| 4. Detection of Analytes

Detection of analytes by SERS can be conducted by the direct or indirect approachesl@. The direct measurement is
accomplished with the analyte adsorbed on the substrate, or when the analyte is retained close enough to the substrate
using molecular linkers or capture elements such as antibodies, aptamers, or related molecules immobilized onto
nanostructured surfaces. This method is recommended for analytes that present high Raman scattering cross—section. It
has the advantages of a major control and accuracy of the quantification process and the possibility of the identification
and chemical characterization of the analyte from the study of its vibrational features. The indirect detection correlates the
SERS spectrum changes of a metabolite, reaction product, or reporter molecule (RM) with the concentration of the target
analyte 19 with this methodology, analytes with low or null Raman vibration modes can be detected, and multiplexed
detection has been achieved [ 22 1. The use of reporter molecules is the most common way to address the indirect
detection in biological samples. It consists in the functionalization of the substrates with one or several molecules
(monoplexed or multiplexed detection, respectively), that present a change in their Raman cross—sections due to the
interaction with the target analyte. RMs usually are small in size and present high Raman cross—sections. In addition, they
are characterized by a narrow Raman spectrum or very few of their bands are superimposed with those from the matrix or
the analyte spectra, and are photochemically stable [24]-
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