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In recent years, Surface-Enhanced Raman Spectroscopy (SERS) has experienced a tremendous
increase of attention in the scientific community, expanding to a continuously wider range of
diverse applications in nanoscience, which can mostly be attributed to significant improvements in

nanofabrication techniques that paved the way for the controlled design of reliable and effective

SERS nanostructures. In particular, the plasmon coupling properties of interacting nanoparticles

are extremely intriguing due to the concentration of enormous electromagnetic enhancements at
the interparticle gaps. Recently, great efforts have been devoted to develop new nanoparticle
assembly strategies in suspension with improved control over hot-spot architecture and cluster

structure, laying the foundation for the full exploitation of their exceptional potential as SERS

materials in a wealth of chemical and biological sensing. In this review we summarize in an

exhaustive and systematic way the state-of-art of plasmonic nanoparticle assembly in suspension

specifically developed for SERS applications in the last 5 years, focusing in particular on those
strategies which exploited molecular linkers to engineer interparticle gaps in a controlled manner.
Importantly, the novel advances in this rather new field of nanoscience are organized into a

coherent overview aimed to rationally describe the different strategies and improvements in the

exploitation of colloidal nanoparticle assembly for SERS application to real problems.
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Introduction

Electromagnetic interaction of light with nanoscale metals can
generate collective oscillations of conduction electrons generally
known as localized surface plasmon resonances (LSPRs).!™
This unique ability of nanostructured metals to manipulate
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light-matter interactions at the nanometer scale, generating
high local enhancements of the electromagnetic energy, paved
the way for the development of new fundamental research and
increasing numbers of novel technological applications, which
span from surface-enhanced spectroscopies,* '° to catalysis,' "'
plasmonic solar cells,'® nanodevices for bio-applications,
photoacoustic imaging'® and beyond.

Plasmonic resonances in noble metal nanostructures
(Ag and Au) occur at frequencies corresponding to typical
electronic excitations in matter. The resulting coupling
between the LSPRs of the nanostructures and the EM fields
emitted by molecules located in close proximity to the metal
surface is at the heart of the dramatic modification of the
molecular radiative properties'” such as the huge enhancement
of the Raman scattering (surface-enhanced Raman scattering,
SERS). Additionally, assembly of individual plasmonic nano-
particle building blocks into plasmonic ‘molecules’ generates
nanostructures with new or enhanced optical performances'®
as a result of the near-field coupling between individual LSPRs
of the adjacent nanoparticles which concentrates high electro-
magnetic fields at the interparticle gap. Raman scatterers
located at the interparticle junctions may experience SERS
enhancement that exceeds that of the isolated nanoparticles by
several orders of magnitude'® enabling the detection of single
molecules.>* >

Since its initial discovery more than 30 years ago,>*>* SERS
showed great potential as an extremely powerful analytical
technique and tool for fundamental surface studies but its wide
development outside the spectroscopy community was largely
hampered by the inherent irreproducibility associated with
substrate fabrication methods. In the last decade, however,
spectacular advances in nanofabrication techniques and
deeper fundamental understanding of the phenomenon stimu-
lated an exponential increase of SERS applications which
nowadays have expanded across many fields of science.>”-26-%
Development of rationally designed SERS substrates with
optimized, uniform and reproducible response has been
explored via both top-down approaches, which involved a
large number of nanolithography techniques to pattern
complex nanostructures on a surface,**™* and bottom-up
methods, which are usually based on chemically synthesized
nanoparticles which can be further assembled in suspension or
onto well-defined arrays on a substrate.**

In particular, Au and Ag nanoparticles with tunable
plasmonic properties synthesized via wet chemical methods
represented likely the most widespread source of SERS sub-
strates. In this regard, in recent years there has been a growing
effort to engineer interparticle junctions within rationally
designed architectures of plasmonic colloidal nanoparticles
with reproducible high SERS performance.

Recent excellent reviews extensively described the plasmon
coupling effect in interacting nanoparticle structures'® and
provided an overview of the different approaches to control
the assembly of plasmonic nanoparticles by colloid chemistry,*
together with brief summaries of the SERS applications.

The purpose of this review is to summarize in a more
exhaustive and systematic way the state-of-art of plasmonic
nanoparticle assembly in suspension specifically developed for
SERS applications in the last 5 years or less. Importantly, the novel

14,15

advances in this rather new field of nanoscience are organized
into a coherent overview aimed to rationally describe the
different strategies and improvements in the exploitation of
colloidal nanoparticle assembly for SERS application to real
problems. Before that, the first part of the review builds the
general background and rationale for providing all readers
with the necessary experimental and theoretical tools needed
for the full understanding and the development of critical
thinking about the topic.

From normal Raman to SERS

The Raman effect is associated to the inelastic scattering of
photons from a molecular system (i.e. simultaneous absorption
of an incident photon and emission of another photon with
different energy).’® In fact, whereas most of the scattered
photons conserve the same energy of the incident ones
(Rayleigh scattering), a small fraction of them is scattered
either at higher (anti-Stokes Raman scattering) or lower
(Stokes Raman scattering) energy. The “modulation” of the
photon energy corresponds to the energy difference between
vibrational states in the molecule and the collection of the
scattered photons (Raman bands) forms the Raman spectrum
which constitutes the spectroscopic vibrational fingerprint of
the investigated molecule.’®>! Under typical conditions, anti-
Stokes bands are much weaker and thus most of the Raman
studies ignore this part of the Raman spectrum (Fig. 1b).

Importantly, due to the intrinsic nature of the Raman effect,
Raman measurements can be carried out over a wide spectral
range, usually from UV to near-infrared excitation frequen-
cies, for any sort of molecular system. As a result, Raman
spectroscopy is characterized by an extreme experimental
flexibility which, for instance, lacks in other analytical techni-
ques such as fluorescence spectroscopy where the choice of the
excitation frequency is strictly limited by the optical properties
of the specific fluorescent analyte. This, together with the
extremely rich chemical and structural information provided
by the Raman spectrum, promoted the application of Raman
spectroscopy in many fields, such as art and heritage, materials
science, biomedical and pharmaceutical studies, chemical
sensing, vibrational studies and forensic science.>>>* However,
except for special cases of resonating molecules (Resonance
Raman, RR), the inherent weakness of the Raman signal
represents a severe limitation to the investigation of materials
in low concentrations (e.g., self-assembled monolayers, ultra-
thin polymer films, nanomolar analyte solutions).

In 1977, three years after the initial observation by Fleischmann
et al.”> of an unexpected large Raman scattering from pyridine
adsorbed on electrochemically roughened silver, Jeanmaire
and Van Duyne?® and Albrecht and Creighton®® indepen-
dently demonstrated that the presence of noble metal sub-
strates (usually, gold or silver) with nanostructured features is
at the origin of the dramatic signal enhancement. Their
discovery paved the way for new applications of the Raman
technique in the new terms of Surface-Enhanced Raman
Spectroscopy (SERS). The SERS technique combines the
intrinsic characteristic structural specificity and high flexibility
of Raman spectroscopy with the extremely high sensitivity,
with potential detection limits down to the single molecule, 22!
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(a) Schematic comparative visualization of the Raman and SERS phenomena. (b) SERS spectrum of Rhodamine 6G 10~7 M in silver

hydroxylamine colloid (red line) and normal Raman spectrum of Rhodamine 6G 107> M in milli-Q water (blue line) multiplied by a factor of 100.
The spectra were acquired using a 633 nm laser line under the same experimental conditions. (c) Schematic outline of the electromagnetic and

chemical enhancements in SERS.

provided by the metal nanostructure amplification of the
optical signal.

However, it must be underlined that the SERS phenomenon is
not just a mere amplification of the Raman signal, but it is the
final result of multiple factors, whose relative contribution to the
observed SERS spectrum is case specific.’® In fact, in normal
Raman spectroscopy, the average Raman intensity is directly
proportional to the laser power density and to the concentration
of a target analyte with its specific Raman cross-section (i.e.
scattering efficiency of a specific molecule for a given excitation
wavelength®). This linear relationship can be translated to SERS
only under specific conditions (for a given spot and at full
monolayer coverage, the SERS signal is laser power dependent)
and, in general, the presence of the nanostructure introduces a
much greater degree of complexity into the experiment, which is
mainly related to the metal substrate properties. In addition,
several other phenomena, such as new ‘surface selection rules’
and surface complex formation, may contribute to a drastic
alteration of the SERS spectral profile with respect to the original
normal Raman spectrum. A visualization of the Raman and
SERS phenomena is schematically outlined in Fig. 1a and b.

Recently, two books ““Principles of Surface-Enhanced Raman
Spectroscopy” by Le Ru and Etchegoin® and “Surface-
enhanced Vibrational Spectroscopy” by Aroca®® have finally
provided a complete coherent overview of the principles of
SERS, providing newcomers to the field with a progressive
introduction to the complexity of this powerful technique and
with the tools required to tackle the more specialized literature.
Additionally, several sharp reviews’20-343%38:39-57°65 qetaj] recent
developments of SERS applications over a broad range of
different fields and related topics.

In this review, we will report only selected, and some-
times ‘simplified’, principles related to the theory behind

SERS spectroscopy which we believed strictly necessary
for the interpretation of the latest research results in the
controlled assembly of plasmonic nanoparticles for SERS
applications.

Nowadays, it is widely accepted that the SERS enhance-
ment can be considered as the result of two multiplicative
effects:

The electromagnetic enhancement (EM)

The EM enhancement is the dominant contribution to
dramatic enhancement of the signal in SERS and can be as
high as ~10'°-10"'.°® The existence of EM enhancement
constitutes the indispensable condition to observe the SERS
effect and its origin lies on the large local field enhancements
that apply to a molecule located close to or at nanostructured
surfaces when LSPRs are excited via electromagnetic inter-
action of light with metals. Therefore, the nature of the EM
enhancement is strictly related to the nanostructure properties
(size, shape and intrinsic dielectric property of the metal) and
indifferently applies to all analytes.>'**” The frequency and
intensity of a plasmon resonance are also affected by the
dielectric constant of the surrounding medium in contact with
the metal. For the sake of easy understanding, local field
enhancements at the metal surface can be imagined to produce
two separate multiplicative effects on the Raman scattering:
the first one, results from the enhancement of the local incident
field on the analyte, whereas the second contribution is due to
the enhancement of the re-emitted Raman scattering from the
analyte (Fig. 1c). In the common |E[* approximation for zero-
Stokes shift (i.e. excitation frequency, oy, & Raman scattering
frequency, wg; see ref. 68 for more details), the EM enhance-
ment factor ‘felt’ by a single molecule located at a specific point
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on the nanostructured surface (Single-Molecule EF, SM-EF) at
the excitation frequency wy, is given by the expression:

|ELoc (wL)ELoc (U)R) ‘2 - ‘ELOC (U)L) |4

SM — EF =
|Elnc|4 ‘Elnc‘4

(1)

where Ey,. and Ej .. are, respectively, the incident field on the
nanostructure and the local field at the analyte. Importantly,
the local field enhancement decreases rapidly when increasing
the distance d from the surface with a decay ~1/(a + d),"?
in the case of a sphere of radius a.! In addition, the tangential
and normal components of the local field have different
strength and their relative ratio is frequency dependent. This
gives rise to a new set of ‘surface selection rules’ for a Raman
scatterer adopting a fixed orientation at the metal surface that
may result in the appearance of new Raman modes and
changes in relative intensities of the spectral bands as com-
pared to the normal Raman conditions.>®67-6%-7

Despite the large interest that Single-Molecule SERS detec-
tion (SM-SERS) has gained in the last few years,®?26%71-73
most of the practical SERS applications focus on obtaining
averaged signals from a relatively high number of scatterers
(average-SERS) at the metal surface. As a result, the average
SERS regime normally offers higher signal reproducibility and
stability making it suitable, for instance, for reliable quantita-
tive analysis. On the other hand, lower enhancement factors
(usually in the 10°~10” range) are achieved as compared to those
observed for single or few molecules located at the hot spots of
highly active SERS nanostructures (~10'" and higher).>'~
Therefore, rather than determining the local enhancement at
a specific position on the surface (which is often a difficult
task to perform), more useful information for average SERS
applications is provided by the average-EF of the SERS
substrate (AS-EF). AS-EF can be defined as:’!

Isers/ Nsurt

AS — EF =
Irs/Nvol

2
where Irs and Isggrs are, respectively, the Raman intensity for
an average number Ny, of molecules in the scattering volume,
Vol, and the SERS intensity for an average number Ng,,s of
molecules adsorbed in the sub-monolayer range onto the metal
surface in the same scattering volume. It is important to stress
that the calculated AS-EF is highly dependent on several other
parameters beside the metallic nanostructure properties and
surface coverage, such as excitation frequency, experimental
set-up and the chosen Raman molecule. This causes a fair
degree of confusion when the SERS efficiency of a particular
substrate is calculated and the comparison between EFs
reported in the literature is often unreliable.!

The chemical enhancement (CE)

This second multiplicative contribution to the SERS enhance-
ment relies on the modification of the Raman polarizability
tensor of those molecules chemically adsorbed onto the nano-
structure as a consequence of the formation of new analyte—
metal surface complexes®’ (Fig. 1c). The resulting alteration of
the electronic properties of the adsorbed analyte may allow
new electronic transitions within the surface complex analogous
to those observed for Resonant Raman scattering®® which,

in a similar manner, determine an increase of the Raman
cross-section (in particular for those vibrations involved in the
electronic transitions). Therefore, the CE is not related to the
SERS process itself but to the modification of the adsorbate
polarizability.5 167 However, CE, when present, usually con-
tributes to the overall enhancement to a much lesser extent
(usually by 1-2 orders of magnitude) and, contrary to EM, is
analyte-dependent.>®

SERS substrates and general SERS application
strategies

The theoretical and experimental studies showed that SERS-
active substrates must possess nanostructured features of size
much smaller than the wavelength of the exciting radiation,
usually in the 10-80 nm range. For this reason, the SERS
process would be better described as nanostructured-enhanced
Raman scattering rather than simply surface-enhanced. In
fact, when the size of the nanostructure becomes too large,
the plasmonic resonance is strongly damped due to surface
scattering of the conduction electrons (energy is lost through
scattering). On the other hand, too small structures poorly
support the plasmon resonances, and their optical response
starts diverging from the pseudo bulk-plasmon behavior leading
to low SERS enhancements.*®->!-

Noble metals such as gold and silver are the most widely
employed materials for SERS substrates since they provide
broad and intense plasmon resonances in the visible-near
infrared region (the wavelength range of interest for Raman).
In particular, silver can provide significantly larger SERS
enhancements since gold is characterized by a large plasmon
damping below ~600 nm which limits its use to the near-
infrared region.’! On the other hand, gold offers higher
performance in terms of stability against oxidation, ease of
preparation and surface modification and toxicity.”

Initially, the lack of nanofabrication methods capable of
designing SERS substrates with the required reproducibility,
homogeneity and high enhancement factors significantly
hindered the impact of SERS in the scientific community for
many years after its initial discovery.” In the last decade,
however, important advances in nanofabrication techniques
managed to overcome many of the previous limitations turning
SERS into one of the most promising incisive analytical
methods for biochemical detection and analysis.’-30:33-37.76.77
In fact, since the first observation of Raman enhancement of
pyridine molecules adsorbed on roughened silver electrodes,’”
an increasingly huge number of novel SERS substrates fabri-
cated with a large variety of methods have been continuously
appearing in the literature. We can arbitrarily group them into
two main classes:

(1) Individual
dispersion.

(2) Structured surfaces, which are usually patterned either
via lithographic techniques**’® or fabricated by depositing
nanoparticles into highly ordered arrays on solid supports.*>”

In particular, the first class of materials offers effective
SERS substrates where interparticle gaps can be tuned at the
nanometer level via low cost and facile fabrication methods
and allows easy chemical functionalization of the metal surface.

nanoparticles and their assemblies in
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On the other hand, the second class of SERS substrates provides
in general higher performances in terms of robustness, together
with better enhancement reproducibility and uniformity.? In
recent years, great effort has been put into developing new
nanoparticle assembly strategies in dispersion with improved
control over cluster geometry and SERS performance, and
extending their use to a larger number of practical applications.
In this review we intend to summarize, in an organic way, the
recent progress in engineering interparticle junctions in nano-
particle clusters in suspension to yield high and reproducible
enhanced fields via self-assembly methods, and their exploitation
in a wealth of SERS applications.

For an extended overview of the most interesting advances
in the very active field of SERS substrate engineering, the
reader could refer to some excellent reviews such as Ko et al.,>
Camden et al.,” and Banholzer e al.?°

In this regard, it is worth however highlighting that a
universal SERS substrate does not exist but the selection or
the design of a specific nanostructure with its characteristic
plasmonic properties is strictly linked to the nature of its final
application. Similarly, the choice of specific experimental
conditions (such as laser excitation wavelength, the detection
set-up...) and the appropriate chemical functionalization of
the metal surface to impart selectivity and sensitivity for
specific target analytes also need consideration.

For instance, the first simple criterion that needs to be
applied to the design of the optimum SERS substrate for a
specific application is determination of the analytical regime
of the experiment.® If a reliable quantitative analysis of a
large ensemble of target molecules is required (average-SERS
regime), the SERS nanostructure is usually engineered to
provide relatively moderate (10°-10%) but highly reproducible
and uniform enhancements. Otherwise, when the final goal
of the SERS application is the detection of ultralow concen-
tration (single/few molecules SERS regime), the nanostructured
substrate is tailored to provide much higher enhancements

(up to ~10'H*! which are usually achieved to the detriment of
signal reproducibility.

Once the SERS regime of operation has been identified, it is
possible to recognize two main strategies in the application of

SERS to real problems:

Intrinsic SERS

The final goal of this strategy is to obtain the characteristic
SERS spectrum of the target analyte. In the case of analytes
which do not show sufficient affinity toward the metal and are
therefore not capable of getting in close proximity to the
nanoparticle, appropriate chemical functionalization of the
surface is usually carried out to increase both sensitivity and
selectivity toward the target analyte. For instance, ‘molecular
containers’ such as calix[n]arenes, cyclodextrins and cucurbit[n]urils
have been anchored on nanoparticle surfaces to promote, via
host—guest interactions, the selective concentration and thus
detection of hydrophobic pollutants such as polycyclic aromatic
hydrocarbons (PAHs)®' %3 or other molecules with low or no
affinity to the SERS-substrate, such as ferrocene.®*

Extrinsic SERS

In this case, the detection of the analyte is indirectly achieved
by monitoring the alteration of the SERS signal of Raman
reporter molecules attached to the metal surface which is
designed to be sensitive to the presence of the specific target
or to changes in the local environment due to molecular
events. Broadly speaking, we can classify the alterations of
the SERS spectrum of the Raman reporter into:

(1) Change of the spectral profile

A clear example is the detection of non-Raman active
species, such as atomic ions, by monitoring changes in the
vibrational profile of chemoselective receptors at the metal
surface after their complexation with the target ions.5%” For
instance, Fig. 2a illustrates the detection scheme for chloride

(a) Change in SERS spectral profile

(b) Change in SERS intensity

SERS Ligand

SERS Ligand-Cl

. J NIR-Raman 9
A . R Raman Ligand reporter .
~~"“ T . §
<
N.

upon addition of Ni(ll)

in the absence of Ni(ll)

Silica beads coated with
silver nanofeatures

400 600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1800
Raman shift (cm*)

Raman shift (cm™)

Fig. 2 Examples of extrinsic SERS strategies. (a) Silica beads coated with silver nanofeatures were functionalized with a Raman ligand whose
molecular structure changes in the presence of chloride, as indicated by changes in the ligand SERS spectral profile. Reprinted with permission
from ref. 87. Copyright 2011, American Chemical Society. (b) Aggregation of the nanoparticles is caused by formation of the octahedral complex
when Ni(11) is coordinated between NTA and histidine moieties present at the particle surface. This results in the intensity increase of the SERS
signal of the Raman reporter. Adapted with permission from ref. 90. Copyright 2012, John Wiley and Sons, Ltd.
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ions by monitoring the vibrational changes occurring at a
specific chemoselective receptor adsorbed on a silver-coated
silica microbead, as reported by Tsoutsi er al.®” Similarly,
4-mercapto benzoic acid (4-MBA) functionalized nano-
particles have been used as a pH-sensor®®® exploiting the
high sensitivity of the carboxylate vibrational bands to
changes in local pH.

(2) Change of the SERS intensity

In this case, the Raman reporter encoded on the nano-
structure simply acts as a source of strong SERS signal whose
intensity has been designed to selectively vary in the presence
of the target analyte. For instance, metal ions such as Ni(ir)
have been detected down to the ppb range by designing dye-
labeled gold nanoparticles functionalized with molecular
ligands showing high affinity and selectivity for the target
ion. As a result, selective nanoparticle aggregation occurs in
the presence of Ni(11) leading to a marked increase of the SERS
intensity®® (Fig. 2b).

Dyes are organic molecules containing a chromophore
group with absorption bands in the visible spectral region.
When the laser excitation energy is close or coincident with
that of an electronic transition within the chromophore, the
Raman scattering is amplified by several orders of magnitude
(Resonant Raman scattering, RRS) resulting in a multiplica-
tive contribution to the EM enhancement.>® The combination
of SERS and RRS is usually referred to as SERRS (Surface-
enhanced Resonant Raman Scattering). Thus, under resonant
conditions, dye-labeled nanostructures (indicated in a variety
of ways such as SERRS-encoded substrates, SERRS-tags,
SERRS-probes, SERRS-labels, etc.) are characterized by both
extreme sensitivity and a high degree of multiplexing cap-
ability due to the sharper vibrational bands of the dye Raman
signature.51%3

Individual nanoparticles

Gold and silver colloids certainly represent the most common
type of SERS-active materials. In particular, spherical or
spherical-like nanoparticle dispersions are easily and reproducibly
prepared via chemical reduction in solution, such as the well-
known Lee and Meisel method®! where the reducing agent
(sodium citrate) acts also as stabilizing agent by adsorbing
onto the metal surface and avoiding nanoparticle aggregation
through electrostatic repulsions.

In the size range of interest for SERS, isolated spherical
silver and gold nanoparticles in dispersion provide plasmon
resonances in the spectral range of ~380-420 nm and
~515-550 nm, respectively (the bigger the nanoparticle, the
more red-shifted and broadened is the plasmon resonance).”!
As previously mentioned, gold nanostructures are charac-
terized by a marked optical absorption at wavelengths <600 nm,
which leads to a strong damping of their plasmon resonances,
and therefore of their enhancing ability, in this spectral region.
On the other hand, monodispersed silver nanoparticles
can provide much higher EM enhancements (in the order of
AS-EF ~10%-10°)°! but only for excitation laser matching the
plasmonic resonance maximum in the unfavorable spectral
range close to the UV. As a result, either the intrinsic optical
property of the metal or the limited LSPR tunability via

diameter modification limits the application of isolated sphe-
rical nanoparticles as SERS substrates.

Contrary to the size aspect, it is the shape feature of the
individual nanoparticle that offers the most powerful tool to
tailoring and fine-tuning its optical resonance properties’>
and, therefore, its EM enhancement ability. In fact, when
the simple geometry of the sphere is remodeled into asym-
metric features, new surface plasmon resonances arise in the
extinction spectrum that can be tuned in a much wider spectral
range. This is particularly important for gold, since it
allows the LSPR to be red-shifted beyond the critical
600 nm threshold where the EM enhancing properties of gold
approach that of silver. Moreover, the existence of corners or
tips at the nanoparticle surface generates additional high local
EM enhancements at these specific points of the surface
(this phenomenon is known as the “lightning rod effect”).!
For instance, gold nanorods (GNRs) have attracted enormous
interest as a SERS substrate,”” > in particular for in vivo
imaging applications.”® Their anisotropic shape allows their
strong longitudinal LSPR to be tuned in a wide range of
the near-infrared region in a highly controllable manner by
varying their aspect ratio®’ (Fig. 3). GNRs of controlled size
and aspect ratios are usually synthesized by anisotropic
growth of gold nanosphere seeds in the presence of the
surfactant cetyl trimethyl-ammonium bromide (CTAB) as a
shape-directing agent.”” The anisotropic shaping of the gold
sphere splits the plasmonic response into two well-separated
resonances: a damped blue-shifted transverse mode, and an
intense red-shifted longitudinal mode. The latter plasmonic
resonance is the most important for SERS applications
since it is associated with maximum local EM enhancements
at the tips of the GNRs which can exceed by up to several
orders of magnitude those located on the single sphere
surface."!”

The strong dependence of the plasmon resonance wave-
length on the nanoparticle shape has been exploited to synthe-
size a large number of different SERS-active nanostructures in

.. . 1
addition to rods, such as cubes,”®” plates,lOO rmgs,101 stars, %10
2 d
Y
|§‘

Longitudinal

1 — resonance
LSPR of the \ mode in GNRs

0.8 spherical gold

seeds
Abs.
0.6

0.4

0.2
1

Transversal ¢
resonance
mode in GNRs 400 500 600 700 800 900

Wavelength (nm)

Fig. 3 Transmission electron micrographs and extinction spectra of
Au nanorods of various aspect ratios. The seed sample has an aspect
ratio of 1. Samples a, b, ¢, d, and e have aspect ratios of 1.35 + 0.32,
1.95 + 0.34, 3.06 £ 0.28, 3.50 £ 0.29, and 4.42 + 0.23, respectively.
Adapted with permission from ref. 216. Copyright 2005, American
Chemical Society.
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4 0

triangles,'® nanoshells,'>!% bipyramids,'® nanoflowers'!
and worms'!! with unique plasmonic signatures and improved
SERS performances. Among the many structures reported in
the literature, high SERS performances have been achieved by
anisotropic particles with a central core and radial acute tips
branching out, such as nanostars.!'>''* Another promising
approach of fabricating nanoparticles supporting high SERS
enhancements is incorporating internal hot-spots into a single
particle. For instance, Mulvihill ez al.''® remodeled the struc-
ture of silver nanoparticles into highly anisotropic shapes with
intraparticle gaps characterized by interesting optical proper-
ties and highly sensitive single-particle SERS response, via
controlled anisotropic etching. Internal hot-spots were also
generated in gold nanoparticles, such as for branched gold lace
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Fig. 4 Extinction spectra and TEM images of aqueous suspensions of:
(a) gold nanospheres and gold nanostars (adapted with permission
from ref. 102. Copyright 2010, American Chemical Society), (b) silver
nanocubes (adapted with permission from ref. 217. Copyright 2011,
American Chemical Society) and (c) silver octahedral-shaped particles
(bottom structure) exposed to an etching process which progressively
re-shapes the nanoparticle geometry. All scale bars shown represent 1 um.
Adapted with permission from ref. 115. Copyright 2010, American
Chemical Society.

shells synthesized by Yang et al.''® On the other hand, Lim
et al.'"” designed gold nanobridged nanogap particles incor-
porating Raman reporter molecules in the 1 nm gap between
the gold core and the gold shell which shows electromagnetic
enhancements analogous to those observed at the gap of a
dimer. Differently, Zhang and co-workers'°®!%7 developed
core—shell nanoparticles displaying highly enhanced Raman
signals from Raman dyes encapsulated in a dielectric core
surrounded by a plasmonic shell.

In general, the design of plasmonic nanoparticles with
improved EM enhancing ability is of particular importance
for expanding the potential of SERS substrates in imaging and
sensing applications since it would overcome several of the
intrinsic difficulties in fabricating highly SERS-active nano-
particles with reproducible and uniform response via assembly
strategies.!'® Fig. 4 illustrates a few examples of anisotropic
noble metal nanoparticles and their respective optical
responses. For more details on shape-controlled synthesis
and optical properties of these asymmetric nanoparticles, we
refer the reader to several excellent reviews.”>*”''” Major
drawbacks for SERS applications of asymmetric nanoparticles
are mostly related to their synthetic methods which usually
require polymers, such as PVP, or surfactants, such as CTAB,
as shape-directing agents. These chemicals normally remain
firmly bound to the metal after the synthesis preventing the
direct adsorption of a large number of potential analytes and
often hampering the chemical functionalization of the surface
unless extended and, critical for the nanoparticle stability,
post-removal steps were performed.:26:120

Plasmon coupling in interacting nanoparticles

An important additional feature of LSPRs, besides their
dependence on shape, size and composition of the metal
nanostructure and the surrounding dielectric environment, is
observed when nanoparticles are in close proximity to each
other: the plasmon coupling. In the simplest case of a dimer
structure, the electromagnetic interaction between the two
nanoparticles produces a drastic change of the extinction
profile and the single LSPR of the isolated spheres (Fig. 5,
black line) is split into two well-separated peaks (Fig. 5, red
line), as similarly observed for gold nanorods (Fig. 3).

When the polarization of the incident light is perpendicular to
the dimer axis, the plasmon coupling is minimal and the optical
response of the dimer resembles that of the isolated object with
only one slightly blue-shifted band in the extinction spectra
(single-particle-like resonance, Fig. 5, blue line)."*"'*> On the
other hand, the plasmon coupling is maximized for incident
polarization along the axis and two different contributions can be
distinguished in the extinction spectrum (Fig. 5, green line): one
weak feature at lower wavelengths prevalently associated with
quadrupole modes and a second much more intense red-shifted
plasmon band arising from the dipolar coupling of the individual
LSPRs of the spheres. In the case of Au, single-particle-like and
quadrupolar features are extremely weak or completely absent in
the extinction spectrum of the gold dimer due to the strong
damping of plasmonic resonances below ~ 600 nm.’!

The plasmon coupling of the interacting nanoparticles has a
dramatic effect also on SERS, localizing large local fields at the
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Fig. 5 Theoretical extinction spectra for parallel (£y,,) and perpendicular
(Eper) incident polarization with respect to the dimer axis on the extinction
spectrum of a Ag dimer (diameter = 30 nm) in vacuum. The average
extinction spectrum for both polarizations (red line) and the extinction
spectrum for the single sphere (black line) are also shown. Reprinted with
permission from ref. 122. Copyright 2010, American Chemical Society.

interparticle junction (also named “hot spot’’) that may exceed
up to 10°-10 times those observed on an isolated nanoparticle
providing enhancement factors sufficient for single-molecule
detection.'® For a better understanding of the several effects
that nanoparticle assembly has on the SERS properties and
therefore practical applications of the colloidal system, it is
worth recalling some fundamental aspects that describe the
connection between the coupling of the localized surface
plasmon resonances at the interparticle gap and the resulting
SERS enhancements.

Among many types of nanoparticle assembly, dimers are
arguably the simplest structure and can be considered as the
building block of each cluster. For this reason, dimers are also
widely used as a model to analyze and interpret more complex
experimental results.'®'** A large number of theoretical
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calculations describing the plasmonic and enhancing proper-
ties of dimers consisting of spherical Au and Ag nanoparticles
of various sizes separated by different interparticle gaps can be
found in the literature (for instance, see ref. 51, 121, and 123).
As a representative example, we resume the most important
aspects of the theoretical studies reported by Le Ru and
Etchegoin in their book *‘Principles of Surface-Enhanced
Raman Spectroscopy”™' describing dimers formed by two
identical spheres (radius ¢ = 25 nm, either Ag or Au)
immersed in water and illuminated by an incident source
polarized along the dimer axis (i.e. maximum coupling of the
LSPRs of each nanoparticle) (Fig. 6). In relation to SERS, the
key findings of these studies are the following:

e The red-shifted resonances arising from plasmonic cou-
pling of interacting nanoparticles (we refer to these contribu-
tions as gap-plasmon resonances) are typically the most
important for SERS since they determine the dramatic EM
enhancement at the hot spot.

e Gap-plasmon resonances and the local SERS EFs at the
interparticle junction are highly sensitive to the interparticle
distance, g: as the nanoparticles are pulled close together, the
gap-plasmons are progressively red-shifted and the local SERS
EFs at the hot-spot undergo a dramatic increase. However,
these interparticle distance dependencies are rather different,
in fact relatively large enhancements can be observed in
spectral regions outside the main gap-plasmon resonance'?
(see for instance extinction and EF values for a 1 nm gap
dimer at 800 nm). As a result, if a qualitative connection
between the extinction profile and the SERS EFs for indivi-
dual nanoparticles can be outlined, in the case of ensembles of
interacting objects very little information can be extracted
about the SERS EFs from the overall extinction spectrum.'?

e As previously indicated for asymmetric-shaped nano-
particles, tuning the plasmon resonance in the near-infrared
range is particularly important for Au nanostructures to over-
come the strong plasmon damping observed below ~ 600 nm.
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Fig. 6 (a, d) Schematic configuration of dimers formed by two Ag (a) or Au (d) spheres of radii « = 25 nm and separated by a gap g. The
incoming wave is polarized along z (axis of the dimer) and with wave-vector k along x. (b, ¢) Extinction coefficients, Q.x, for varying gaps as
functions of incident wavelength for Ag (b) and Au (e) dimers. (c, f) SERS EF at the hot-spot for Ag (c) and Au (f) dimers. Also shown (thick
dashed line) is the average SERS EF in the case of a g = 2 nm gap. Note that the resonances in the SERS EF have their counterparts in the
extinction spectra, although their respective magnitudes are very different. Reprinted with permission from ref. 51. Copyright 2009, Elsevier.
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Fig. 7 Theoretical calculations of the local electromagnetic near field enhancement at the laser excitation wavelength of 632.8 nm for an isolated
Au nanosphere of 30 nm radius (a), and an adjacent nanosphere dimer (interparticle distance 3 nm) with interparticle axis perpendicular (b) and
parallel (c) to the incident polarization. The color scale represents the electromagnetic field enhancement |Eg35.80ml: (2) Was calculated using Mie
scattering theory, whereas (b) and (c) using the FDTD method. Adapted with permission from ref. 124. Copyright 2005, American Chemical
Society. (d) TEM image of a Au trimer cluster encapsulated in a silica shell and (e) the corresponding image of the calculated electromagnetic
enhancement intensity profile at 632.8 nm, |Es32 8am| - The maximum and average EFs are 3.2 x 10° and 1.1 x 10°, respectively. (f) Corresponding
extinction spectrum of the Au trimer obtained by dark-field Rayleigh scattering microscopy and the calculated | Eexc|* as a function of the excitation
wavelength (red open circles). Adapted with permission from ref. 125. Copyright 2010, American Chemical Society.

In fact, for isolated spherical nanoparticles, the maximum
SERS EFs of Ag exceed that of Au by ~2 orders of magnitude
whereas for highly interacting objects (1 nm gap) the local EFs
at the gaps are similar.

e The decrease of the interparticle distance in the dimer
leads to stronger local enhancements but with an increasing
degree of spatial localization (i.e. higher local EFs extend over a
smaller volume around the hot-spot). This has two immediate
consequences:

(1) The difference between the local EF at the gap and
the average SERS EF obtained by averaging the different
contributions of a dimer randomly oriented with respect to
the incident light polarization (dashed line, for interparticle
distance = 2 nm) is higher for shorter interparticle distances.
For a general idea, typical highly interacting nanoparticles in
partially salt-aggregated Ag colloids show the AS-EF/SM-EF
ratio ~107*.1% The SERS efficiency of the assembled system
can be potentially improved to ~10~3 for a monodispersed
dimer suspension and further more in the case of specific
analyte adsorption at the hot spot.'”

(ii) The difference diffusion and/or positioning of molecules
in the hot-spot volume may become a difficult factor to control
in the SERS experiments for very short gaps. As a general rule
for SERS substrates, the reproducibility and uniformity of the
enhancement across the nanostructure are improved to the
detriment of the maximum SERS activity.

In order to provide a simple physical visualization of the
aspects of the plasmonic coupling in interacting nanoparticles
discussed in this section, we report two examples of theoretical
simulations of local field enhancements in a gold nanoparticle
dimer and trimer. Fig. 7a—c illustrates the finite difference time
domain (FDTD) calculations at the excitation laser wave-
length of 633 nm performed by Talley ef al.'** for an isolated

Au nanosphere (30 nm radius, Fig. 7a) and the corresponding
homo-dimer (3 nm gap distance) both for polarizations along
and perpendicular to the interparticle axis (Fig. 7b and c,
respectively). This figure explicitly shows the high degree of
spatial localization of the local field enhancements at the
interparticle junctions, together with its strong dependence
on the laser polarization. Additionally, Fig. 7 shows the TEM
image of a Au trimer encapsulated in a silica shell (Fig. 7d) and
the corresponding profile of the electromagnetic enhancement
at 633 nm (Fig. 7e) with the extinction spectrum.'” The
two nanoparticles at the bottom of the trimer structure
appear to be coalesced where the distance between the two
vertically oriented spheres was estimated to be <1 nm. The
calculated average field enhancement illustrated in Fig. 7f
(red open circles) shows a nearly wavelength independent
nature demonstrating the poor or null connection between
SERS EFs and the plasmon profile in the case of interacting
nanoparticles.'?

Assembly strategies of colloidal nanoparticles

The colloidal suspension is a metastable system, whose stabi-
lity is determined by a balance between the long-range Van der
Waals attractions and short-range electrostatic repulsions of
the double-layer of counterions surrounding the nanoparticles
(metallic colloids are usually charged). The combination of
these two opposite effects is at the core of the Derjaguin,
Landau, Verwey and Overbeek theory (DLVO),'*® which
describes the nanoparticle stability in a colloidal system. Other
factors not included in this theory, such as steric hindrance
and hydrodynamic forces (interaction though movement in
the fluid), may play in reality an important role in the overall
equilibrium of the colloid.
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The simplest way to induce nanoparticle aggregation is
based on increasing the ionic strength by the addition of an
electrolyte to the colloid which decreases the Coulombic
repulsions that ensure the nanoparticle stability. It is possible
to recognize different classes of aggregating agents on the basis
of different degrees of modifications that may be introduced
into the colloidal system.51 For instance, salts such as KNO;
and MgSO, (passive electrolytes) merely increase the ionic
concentration without firmly binding the metal surface,'?’
whereas active electrolytes (such as halide salts NaCl and
KBr) lead also to substantial modification of the nanoparticle
surface chemistry via strong halide-metal interactions,'>® espe-
cially in the case of Ag.'?%!?°

A further aggregation strategy is to introduce charged
molecules or polymers which act as electrostatic bridges
between the nanoparticles. For most common colloids, the
nanoparticle surface at the metal-liquid interface is negatively
charged due to the presence of anions such as citrate,'*
chloride!! and EDTA'3? as capping agents. Therefore, nano-
particle aggregation can be mediated by addition of the positively
charged molecules such as spermine'** and poly(L-lysine).!**
For all these different approaches to promote particle aggre-
gation and thus the formation of hot spots, it would be
desirable to have a stable colloidal system, at least on the
experimental time scale, in order to avoid significantly time-
dependent and irreproducible results.>!

Randomly aggregated large nanoparticle ensembles have
been shown to provide huge SERS enhancement which enabled
the detection of single molecules using SERS (SM-SERS).2%?!
However uncontrolled nanoparticle assemblies, even from
highly monodisperse systems, inherently suffer from poor
uniformity in terms of interparticle spacing, geometry and
numbers of particles per cluster. For SERS measurements
carried out by investigating a relatively large volume of
colloidal clusters, these structural inhomogeneities can be
smoothed by creating stable fully aggregated colloids,'?® in
order to avoid time-dependent results.

Nonetheless, for most practical applications the ideal SERS
platform would be that of a stable dispersion of small colloidal
clusters with well-defined geometrical properties and con-
trolled hot spot architecture providing simultaneously high
SERS activity and signal reproducibility. In an attempt to
address this issue, various strategies have been reported in the
literature to control the organization of nanoparticles in
suspension to generate efficient SERS substrates, which can
be broadly summarized as follows:

(1) Control of the aggregation kinetics by optimizing the
aggregating salt concentration in order to maximize the
formation of dimers/trimers and reduce the yield of larger
aggregates.

(2) Use of molecular nanoparticle cross-linkers to engineer
interparticle junctions in a controllable manner.

Once more, we have to underline that the design of the
nanoparticle assembly in terms of EM enhancement, stability,
accessibility to the interparticle junctions by external analytes,
reversibility, post-treatment processes, etc. is dictated by the
specific application envisaged by the experimentalist.

All the works discussed in the following section deal with
the nanoparticle assembly in suspension. The corresponding

SERS measurements are similarly performed by the authors in
the dispersed phase, unless when specified.

Aggregating agents: controlling the aggregation kinetics

Meyer et al.'*® demonstrated that, by careful control of the
level of the KCl salt added to silver citrate colloid, it is possible
to achieve a metastable aggregation state with limited
Coulomb-blocked aggregation at the onset of instability in a
colloidal dispersion. In this situation the Coulombic barrier
still exists to prevent extended coagulation of the colloid but is
not large enough to ensure a long-lived monodispersed state of
individual nanoparticles, determining a self-limiting aggre-
gation dynamics that results in the formation of metastable
dimers, trimers and small clusters in suspension. This approach
has been also utilized for SM-SERS using a bi-analyte strategy
after a proper dilution of the colloid, to ensure that only one
small aggregate resides in the laser probe volume under
investigation.'*”13® Li er al.'® described a one-step method
to generate Ag nanosphere dimers with ~ 1.8 nm gap in good
yields (>50%) by optimizing the amount of chloride anions
added to a nanoparticle polyol synthesis to control both
colloidal stability and oxidative etching. Similarly, the same
authors also developed a simple method to produce dimers of
Ag nanospheres based upon wet etching with Fe(NO3); from
Ag nanocubes in ethanol and in the presence of PVP.!'*
However, even at low concentration the use of active electro-
lytes, such as chloride salts, may lead to significant modifi-
cations of the NP surface chemistry, limiting in some cases the
adsorption of analytes and their SERS detection. In this
regard, Larmour et al.'*! replaced chloride salts with a passive
electrolyte such as MgSOy in the self-limited aggregation of
silver citrate nanoparticles into dimer-enriched suspensions.
These small clusters retain their original weakly bound citrate
surface layer, easily displaceable by a much broader spectrum
of molecules.

Controlled synthesis of small nanoparticle clusters can be
followed by a successive encapsulation of the aggregates
within polymer shells'**'* or silica coating.'**'** This post-
treatment stabilizes the ensembles preventing, on the one
hand, unwanted dissociation or further aggregation and, on
the other hand, allowing purification and isolation of large
quantities of dimers and trimers via post-centrifugations.
Achieving high homogeneity of SERS enhancements over
individual clusters is a key factor for their application in
quantitative measurements, either via an intrinsic or extrinsic
strategy. However, when an impermeable barrier surrounds the
nanostructures, the adsorption of analytes on the metal surface is
completely hindered in most of the cases and the exploitation of
these nanoparticle assemblies is limited to extrinsic SERS appli-
cations where a Raman reporter molecule is allowed to diffuse
into the hot spots prior to the shell coating (encoding process).
The external silica or polymer shell of SERS-encoded clusters
can then be functionalized with chemical or biological recog-
nition elements to selectively target specific analytes.

Major limitations to the application of extensive use of
nanoparticle clusters obtained via careful control of the
electrolyte concentration as SERS substrates are the limited
control over the interparticle distance, which markedly affects
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the homogeneity of the SERS enhancement at each individual
aggregate, and the restricted accessibility to the hot-spot
that analytes may experience, especially for relatively large
molecules, for short gaps as those generated in salt-aggregated
colloid.

Self-assembly mediated by molecular linkers

The use of molecules as nanoparticle cross-linkers has been
shown to be a more efficient strategy to control and design the
interparticle properties and the geometrical structure of Ag
and Au clusters. It is possible to generally classify the molecular
linkers into two major categories (Fig. 8):

(1) Bifunctional molecules

Linkers contain functional groups usually placed at opposite
ends of the molecular structures, such as dithiol- or diamine-
containing linkers, which bind the metal surface via covalent
bonds or electrostatic interactions.

(2) Molecules with selective recognition ability

In this strategic scheme, nanoparticle surfaces are usually
modified with molecules which promote the assembly in
response to external stimuli such as the presence of the target
analyte, changes in pH or upon UV irradiation. This is the
case for instance of complementary DNA strands attached to
nanoparticle surfaces that undergo selective hybridization
promoting the reversible formation of clusters.

Bifunctional Linker Molecular Recognition

® 06-9
0 60

Fig. 8 Schematic description of the two main different classes of
molecular linkers employed to assemble colloidal nanoparticles in
suspension.

Non-biological linkers. Extensive research on the use of
bifunctional molecules to engineer hot-spots into SERS active
nanostructures was pioneered by Moskovits and co-workers
who successfully employed various classes of linkers such as
dithiol-'#¢"18 and diamine-containing molecules.'*

Vickova et al.'* investigated single-molecule SERS at
individual hot-spots of silver dimers formed by assembly of
small clusters using 4,4’-diaminoazobenzene as a bifunctional
linker with high Raman cross-section (Fig. 9). Approximately
1 to 1 linker-to-nanoparticle ratio was selected to both limit
the distribution of aggregates to very small ones dominated by
dimers and statistically locate a single bifunctional molecule at
the hot spot. SERS spectra collected on a single dimer level
after chemical deposition on TEM finder grids showed temporal
fluctuations (blinking) with long recurrence times likely asso-
ciated with single-molecule dynamics (Fig. 9).
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Fig. 9 TEM image of a selected Ag nanoparticle dimer linked by
4’-diaminoazobenzene (see the top scheme for the linker molecular
structure) and SERS signals obtained at different times by investigating
the same dimer cast over the grid. Adapted with permission from
ref. 149. Copyright 2008, Elsevier.

Bifunctional molecules combining nanoparticle-bridging
ability with high Raman cross-sections are particularly favored
in the fabrication of SERS-encoded clusters for extrinsic
applications. In this regard, Fabris and co-workers reported
high yield synthesis of Ag dimers in suspension via controlled
aggregation using distyrylbenzene'® or 4,4'-dimercaptobiphenyl.'!
Subsequent functionalization of 4,4’-dimercaptobiphenyl-
linked Ag dimers with aptamer sequences was carried out to
impart selective recognition properties and their application as
an effective SERS-encoded substrate for protein detection.
The design of the heterogeneous assay is outlined in Fig. 10
and it has been reported here to provide to the reader a
common example of application of SERS-encoded clusters
to analytical problems.

Braun et al.'*® extended this strategy to engineering inter-
particle junctions via dithiol linkers by combining it with a
microsphere patterning technique to fabricate SERS sub-
strates where the position of the hot spots can be easily
localized by common optical microscopy. Surfaces of silica
microspheres (Fig. 11) partially modified with amino groups
were used to bind Ag nanoparticles and concentrate them at
specific points on the microsphere. Bifunctional dithiol linkers
such as 1,4-benzenedithiol or OPV (thioacetyl-terminated oligo
phenylenevinylene) were then used to link Ag nanoparticles/
microspheres together. Once assembled, the microaggregates
were deposited on TEM grids where the interparticle area
containing the hot spots could be easily located by optical
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Fig. 10 Schematic representation of the SERS-encoded Ag dimer functionalized with aptamer probes (left drawing) and its application to the
detection of thrombin. The heterogeneous assay is composed of the following steps: (i) functionalization of a silver layer deposited over a silicon
wafer with protein-specific aptamers; (ii) residual uncoated surface area is covered with mercaptohexadecanoic acid to prevent unspecific protein
adsorption; (iii) target thrombin molecules are bound by the aptamer whereas physically adsorbed proteins are selectively washed away;
(iv) aptamers-SERS-encoded dimers bind to the protein via a second recognition site. The characteristic SERS spectra of the Raman reporter
inform about the presence of the thrombin. Adapted with permission from ref. 151. Copyright 2008, John Wiley and Sons, Ltd.
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Fig. 11 (a) Schematic of the five-step process for molecular-linker

controlled nanoparticle-patterned microsphere (MS) assembly: (1)
silica MSs are centrifuged to form a close-packed network. The
exposed surface silanols are functionalized with PEG-silane before
(2) being redispersed. (3) Residual surface silanols groups are function-
alized with aminosilane in order to (4) selectively bind Ag nano-
particles. (5) Dithiol molecules are added, leading to crosslinking.
(b) and (¢) TEM images of Ag nanoparticles/MSs, cross-linked by
OPV: (b) unmasked MSs functionalized with aminosilane and
(c) contact masked MSs patterned first with PEG-silane and then
with aminosilane. Reprinted with permission from ref. 148. Copyright
2007, American Chemical Society.

microscopy and the SERS response investigated at the single
cluster level. However, the self-assembly of nanoparticles via
strongly adsorbed linkers limits the SERS application of these
structures for intrinsic SERS detection purposes since the
bridging molecules tend to stop the diffusion of the analyte
at the interparticle junction. In order to overcome this limita-
tion, the authors described in a subsequent study'*? the use of
1,6-diaminohexane as a sacrificial linker. This diamine can
easily be displaced at a later stage from the interparticle gap by
subsequent infusion of small analytes with higher affinity
toward the metal surface. In this article, they reported a
general kinetically optimized linking protocol to assemble

colloidal silver nanoparticles into polymer-encapsulated
dimers and small clusters in high yields, showing a high and
reproducible SERS response.'> Assembly of nanoparticles
was also achieved by using different thiol-containing reporters
providing intense SERS spectra (Fig. 12). The aggregation
kinetics was optimized to maximize the formation of dimers
and small clusters and followed by a polymer addition step
(PVP and thiol-PEG) which both stops further aggregation
events and stabilizes the clusters. The highly bulky nature of
the selected polymer molecules avoids their access to the
narrow interparticle region, providing a stabilizing external
shell which is relatively permeable for the diffusion of
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Fig. 12 SERS nanocapsule synthesis. (a) Ag nanoparticles are cross-
linked with the bifunctional linker 4-aminobenzenethiol (ABT, blue)
or (b) 1,6-hexamethylenediamine (HMD, black), and then coated with
a layer of PVPA. PEG-thiol or streptavidin and bovine serum albumin
proteins are then adsorbed (not shown). In (b), the SERS tag (red) is
infused through the polymer coat. Adapted with permission from
ref. 152. Copyright 2009, American Chemical Society.
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small analytes. Guerrini e al.'>* demonstrated that, by vary-
ing the length of the alkyl chain, the interparticle distance
of the diamine-linked nanoparticles can be finely tuned in the
<2 nm range.

As for any other intrinsic SERS detection of target analytes,
chemical functionalization of the substrate is often required to
impart higher selectivity and sensitivity, especially in the case
of molecules with little or no affinity toward the metal surface.
In the case of engineered NP clusters, the diffusion of the
target species at the hot spot is a key factor for maximizing
the analytical sensitivity. In this regard, Sanchez-Cortes and
co-workers®!"13%15¢ explored several approaches for the ultra-
sensitive detection of polycyclic aromatic hydrocarbons
(PAHs), by concentrating these pollutants with low affinity
for the metal surface at the interparticle gaps of silver clusters
assembled via molecular linkers which act also as hosts for
PAHs. In the first strategy (Fig. 13a), the assembly of silver
nanoparticles was mediated by the bifunctional viologen
dication, Lucigenin, which contains two aromatic ring
moieties free to rotate around the C—C inter-ring bond leaving
room for hydrophobic intermolecular cavities at the metal
surface with high affinity for PAH molecules.!>>!% SERS
detection of a few molecules (zeptomole range) of ‘non-SERS-
active’ PAHs, such as pyrene, has been reported by the authors.
Alternatively, calixarene dithiocarbamate-derivatives were
employed to promote the capture of PAHs at the metal
surface.31157:158 In this case, the calixarene host simply acts
as a molecular host and the hot spot formation is only
triggered when the PAH analyte possesses the appropriate
size to induce a dimeric encapsulation driven by the n—=

PYRENE

~

Hot-Spot
Nanocontainer

Yy

IS

Inclusion
complex

O- Hj)
n
CB[n), n=5.6.7.8

© “Inert"molecule () Aunanoparticle

Fig. 13 Schematic illustrations of: (a) architecture of the interparticle
junctions mediated by the Lucigenin linker and the approaching of the
target PAH molecule (pyrene) at the gap. Adapted with permission
from ref. 156. Copyright 2009, American Chemical Society. (b) Formation
of nanoparticle bridges by dimeric complexation of calixarene hosts with
coronene PAH. Adapted with permission from ref. 81. Copyright 2009,
American Chemical Society. (c) Fabrication of the SERS hot spot
nanocontainer system through bridging Au nanoparticles using CB[#n]
macrocyclic compounds. Reproduced from ref. 84 with permission from
The Royal Society of Chemistry.

interaction between the host and guest aromatic rings
(Fig. 13b). Recently, Tao e al.®* used cucurbit[n]uril ‘nano-
containers’ as bifunctional linkers to control the interparticle
gap formation in gold nanoparticle assemblies (Fig. 13c).
In this case, the inclusion binding ability of the host
cucurbit[r]uril was exploited to first selectively encapsulate
analytes with poor affinity toward the metal surface and then
to induce the formation of well-defined nanogaps at small gold
nanoparticle clusters locating the target molecule exactly at the
hot spot.

Engineering the interparticle gap with controlled geometrical
properties in a gold nanoparticle assembly was also investigated
by Yan et al."™® using methylthio arylethynes with different
shapes and functional groups as rigid binfunctional linkers
providing intense SERS features.

Interparticle junction formation in colloidal systems speci-
fically designed to be mediated by the presence of the target
analyte has also been employed for instance in the ultra-trace
detection of metal ions such as Ni(ir),”* as shown in Fig. 2, and
explosives such as TNT.'®

pH-responsive SERS assemblies consisting of specifically
functionalized nanoparticles whose aggregation is selectively
switched on/off by changes in aqueous pH were reported in the
literature. For instance, Qian er al.'®' designed gold nano-
particles modified with thiolated block copolymers consisting
of a polymethacrylic acid (PMAA) block, an amphiphilic
polyethylene glycol (PEG) block, and a terminal lipoic acid
anchoring group (Fig. 14a). At pH < 4, the PMAA segment
undergoes a reversible conformational change from an
expanded structure to a collapsed conformation. In the case
of the polymer-coated nanoparticles (Fig. 14b), this structural
reorganization at acidic pH leads to a drastic shortening of the
interparticle distance and, in turn, a large increase of the
electromagnetic enhancement at the gap, as revealed by
the appearance of an intense SERS signal from the Raman
reporter molecules located at the metal surface (Fig. 14c). In a
separate study, Taladriz-Blanco et al.'> modified gold and
silver nanoparticles with DL-penicillamine and N-acetyl-
pL-penicillamine to control the reversible nanoparticle aggre-
gation. At acidic pH, the protonation of the penicillamine
carboxylic groups promotes the formation of intermolecular
hydrogen bonds and thus the nanoparticle assembly.

As previously mentioned, spherical or spherical-like Ag and
Au nanoparticles synthesized via a common reduction reaction
in aqueous solution (for instance, citrate-reduced colloids) are
widely used as building blocks for controlled assembly since
their aggregates are an effective source of intense SERS
enhancement and because their relatively ‘naked’ surfaces
are readily available for chemical functionalization. None-
theless, expanding the use of anisotropic nanoparticles with
different shape and composition as building blocks for con-
trolled assembly would provide an extremely powerful tool to
engineer nanostructures with a much wider spectrum of plas-
monic properties.'®*!** However, the development of controlled
assembly strategies for anisotropic building blocks is still at its
infancy and remains a great challenge. Particular efforts have
been devoted to the rational assembly of gold nanorods
(GNRs)'®® through many different strategies. For instance,
Zhong et al.'®® exploited the different surface properties of
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Fig. 14 Schematic of the (a) molecular structure and pH-induced
conformational changes of the thiolated two-block copolymer formed
by a pH-responsive polymethacrylic acid (PMAA), an amphiphilic
polyethylene glycol (PEG) block, and a terminal lipoic acid anchoring
group. (b) Shortening of the interparticle distance in nanoparticle
assembly induced by polymer conformational changes. (c) Time-dependent
evolution of the SERS intensity of the Raman reporter band at 1498 cm ™'
between pH 7 and 3. Adapted with permission from ref. 161. Copyright
2009, American Chemical Society.

GNRs to selectively introduce thiol-PEG and thiol-PEG-
COOH ligands either at the tip (100 face) or at the side
(110 face) of the rod promoting the controlled assembly of
GNRs in a side-by-side, end-to-end or end-to-side fashion via
electrostatic interaction between the positively charged CTA ™
and the carboxylate group COO™, whereas HS-PEG acts as a
blocking agent. As expected, end-to-end assembly with inter-
particle gaps formed by bridged nanorod tips provided higher
SERS enhancements as compared to end-to-side and side-to
side organization. Alternatively, external anion molecules such
as EDTA'® or sodium citrate'® have been employed to
mediate the electrostatic assembly of GNRs in a reversible
manner or to obtain dimers and trimers in high yields,
respectively, with improved SERS responses. However, the
SERS enhancement gained when assembling GNRs is par-
tially hampered by the CTAB layer thickness,* which limits
the tuning of the interparticle distances approximately in the
> 5 nm range.

Chen et al.'® employed GNRs assembly to investigate the
effect of the physical stress that high local electromagnetic
fields at the hot spot may exercise on the adsorbed molecule
and, in turn, on its SERS spectrum. Anisotropic polymeric
encapsulation of GNRs at the side of the nanostructure
limited the adsorption of the Raman reporter (4-MBA) at
the tip ends and promoted linear aggregation of the particles.
In this way, the SERS response of the colloidal assembly was

uniquely provided by those molecules localized at the hot
spots, avoiding averaging effects observed for randomly
aggregated spherical gold nanoparticles, and highlighted
dramatic alteration of the SERS fingerprint resulting from
molecular reorientation at the hot spot. For a state-of-art
overview of different self-assembly strategies of GNRs and
their applications, the reader may refer to ref. 165.

Biological linkers. Biomolecules, such as antibodies and
antigens, proteins and DNA, have also been successfully
exploited to assemble metallic nanoparticles. In particular,
DNA represents one of the most outstanding materials
for bottom-up engineering of rationally designed plas-
monic nanoparticle assembly thanks to its extraordinary
properties,***17% such as molecular recognition, structural
plasticity and programming capabilities to precisely direct
the nanoparticle organization into an impressive variety of
complex morphologies,>">!"1% including post-assembly
reconfiguration of the plasmonic nanostructures via molecular
stimuli.'®!

Reversible aggregation of oligonucleotide-functionalized
nanoparticles containing a Raman reporter by ssDNA hybrid-
ization to manipulate SERS signals was pioneered by
Graham and co-workers'”’ followed by Nie and co-workers. s>
In these studies, silver!”” and gold nanoparticles'®* were func-
tionalized with DNA probes and labeled with dye molecules as
Raman reporters (Fig. 15). Addition of a target complementary
to the two probe sequences results in the sequence-specific DNA
hybridization which, in turn, determines extended nanoparticle
aggregation and the consequent increase of the SERS signal.
Subsequent heating of the colloidal system promotes the cluster
disassembly through denaturation of the DNA duplex, and the
corresponding disappearance of the additional SERS enhance-
ment attributed to the interparticle junction formation. Appro-
priate selection of the excitation wavelength is critical for
maximizing the SERS intensity ratio between the assembled
and the monodispersed state.

This strategy was extended to the use of SERS to discriminate
single base mismatching'®* and mutations in DNA sequences,'®*
to several different ultra-sensitive DNA detections'®>'*® and to
the study of protein-DNA interactions.'*”"'*

Recently, DNA in its natural state (double stranded,
dsDNA) has been employed as a new promising approach
to assemble gold nanoparticles conjugated with triplex-
forming oligonucleotides for bio-applications.'>1%972°! As a
molecular linker, dSDNA offers high structural rigidity over-
coming flexibility and bending properties that limit the use of
ssDNA when a strict control of the interparticle distance is
required.**1”

Possibly, the major drawback of DNA as an assembling
mediator for colloidal nanoparticles in SERS applications is
the intrinsic limited ability of tuning interparticle gaps at short
distances due to the length of the oligonucleotide sequences. In
fact, sequences of at least 12 bases are usually employed to
ensure stable conjugation to the target of interest and at least
15 bases to avoid nonspecific hybridization.!®® As a result,
moderate enhancements can be generated at the junctions,
which therefore are more appropriately addressed as a “warm
spot” rather that hot spot.?’> Chen er al.?°? showed that the
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Fig. 15 (a) Schematic representation of single stranded DNA-driven
assembly of Raman dye-functionalized oligonucleotide silver nano-
particle conjugates. Upon addition of a target single stranded DNA
complementary to both sequences 1 and 2 on Ag nanoparticles,
hybridization of the sequences occurs and results in aggregation of
the nanoparticles. (b) SERS spectra of DNA-functionalized Raman
dye-coded silver nanoparticles after being exposed to either a fully
complementary target (1) or half complementary target (2) for 60 min.
(c) Change in intensity at 1368 cm ™' over time. Adapted with permission
from Macmillan Publishers Ltd: [Nature Nanotechnology] (ref. 177),
copyright (2008).

nanoparticle separation imposed by the intrinsic DNA
sequence length lies in the distance range providing moderate
but more reproducible SERS enhancements. The authors
investigated the SERS properties of core-satellite structures
of gold nanoparticles (CSA) assembled via DNA molecular
recognition, using an oligonucleotide strand incorporating a
NIR-dye reporter, as outlined in Fig. 16a and b. The corre-
sponding SERS intensity increase (Fig. 16¢c, expressed as the
average enhancement ratio EFcga/EFcore) produced by the
nanoparticle aggregation is modest but, on the other hand, less
susceptible to small changes of interparticle separations as
compared to much narrower gaps, providing SERS substrates
with quantitatively predictable enhancements.

Nonetheless, the intrinsic length of DNA poses a severe
limitation to its use in the fabrication of highly SERS-active
nanoparticle architectures for ultrasensitive applications.
However, recent efforts have focused on strategies to over-
come the limited interparticle spacing control provided by
DNA molecular linking. Wang et al.'*? employed short locked
nucleic acids (LNAs) with 7 bases to assemble nanoparticles
via DNA hybridization into clusters with 2-3 nm gaps, taking
advantage of the improved salt and thermal stability of the
LNA-modified sequences.!”>2°*2** On the other hand, Lim
et al.”* reported a novel strategy to synthesize highly effective
SERS-encoded dimeric structures in high yields exploiting the
DNA'’s ability to organize nanoparticle assembly with well-
defined and reproducible hot spot properties. Fig. 17 outlines
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Fig. 16 (a, b) Representations of core-satellite assemblies (CSA) and
TEM images of a CSA. (c) Ratio of core surface-averaged electro-
magnetic enhancement (simulated) for core particles in CSAs relative
to isolated core particles as a function of separation between satellite
particles and cores. The experimentally observed Raman scattering
from Cy5 in the investigated coupled assemblies is amplified by a
factor of 8.0. Adapted with permission from ref. 202. Copyright 2009,
American Chemical Society.

the fabrication method. Au nanoparticles of different size
(20 nm diameter, probe A; and 30 nm, probe B) were function-
alized with a combination of two DNA sequences, a protecting
strand and a target-capture oligomer, under stoichiometric
ratio to statistically introduce ~1 target-capture DNA per
probe. In the case of probe B, a Cy3 dye was introduced
in the target-capture sequence. Next, a magnetic-particle
based separation method was performed to eliminate the
fraction of probes without target-capture DNA strands
prior to the heterodimeric assembly via DNA hybridization
upon addition of the complementary target sequence.
Importantly, a single Raman reporter molecule is placed
exactly in between the two units of the heterodimer. Finally,
controlled coating of the structures with silver shells generated
interparticle gaps tuned at the nanometer scale down to the
almost touching regime. The dimeric structure, spin-coated
on a glass surface, provided single-molecule SERS detection
sensitivity.

DNA-functionalization of plasmonic nanoparticles was also
designed to fabricate pH-responsive SERS switching sub-
strates in an aqueous environment.’*> Under acidic pH, the
DNA conformation rearranges from a single stranded random
coil structure to a compact folded conformation vie half
protonation of cytosine bases, promoting the reversible nano-
particle aggregation and the turn ‘on’ of the SERS signal.

Wang et al.' designed asymmetric assembly of spherical gold
nanoparticles and gold nanorods, respectively, functionalized with
a thrombin-binding aptamer and an anti-thrombin antibody
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Fig. 17 (a) Synthetic scheme for the Au nanoparticle heterodimers using stoichiometric DNA modification and magnetic purification.
(b) Nanometre-scale silver-shell growth-based gap-engineering in the formation of the SERS-active gold—silver core—shell nanodumbbells
(GSND). Adapted with permission from Macmillan Publishers Ltd: [Nature Materials] (ref. 72), copyright (2009).

for the subnanomolar SERS detection of thrombin in human
blood serum.

Label-free protein SERS detection near the single-molecule
level was achieved by Pavel et al.>°® for two mutants of a small
protein containing cysteine groups at axially opposite sides of
the biomolecule. Upon reduction, the disulfide bonds were
broken and the thiolate groups free to interact with silver
nanoparticles forming interparticle hot spots.

Unraveling the correlation between SERS and
extinction properties in large nanoparticle
assemblies

As previously discussed in Fig. 3, a connection between the
extinction profile and the SERS EFs for individual nano-
particles can be outlined, but fails when plasmon coupling
between interacting nanoparticles occurs due to the different
spatial localization of the plasmon resonances and the SERS
enhancements that may result.'>® This is particularly evident
in colloidal suspension as the clusters geometry become more
and more complex, and short interparticle gaps with very large
enhancements are present.123

In this regard, very recent efforts have been made to tackle
the challenge of unraveling the relationship between geometrical
features, plasmon properties and SERS enhancements in nano-
particle assemblies in suspension. This knowledge would provide
crucial tools to predict, and design, the properties of the
self-assembled system in a reproducible manner pushing the
application of these structures to a wider range of sensing and
nanophotonic devices.

Most of these studies were carried out at the single cluster
level.”>139-207:208 wystholz er al.'® investigated structural and
optical properties of 30 individual small clusters of gold nano-
particles coated with a monolayer of Raman reporter and
“frozen” in their configuration by encapsulation in a silica
shell to guarantee uniform distribution of the analyte at the
hot spots and preserve structural stability. They observed that

the average SERS EFs of small clusters, cast over a TEM grid,
are largely determined by the contribution yielded by the
shorter interparticle gap, and addition of further nanoparticles
to the dimer structure does not afford significant increase
to the overall SERS enhancement. Using a similar nanofabri-
cation strategy, Chen er al.'** synthesized SERS-encoded
aggregates which, after post-differential centrifugations,
yielded large ensembles of clusters selectively enriched in
monomers, dimers and trimers yielding reproducible enhance-
ments, in order to provide a more statistically significant
comparison between the relative SERS performance of each
structure.

Lee er al®® exploited the surface properties of GNRs to
exercise great control over the generation of hot spots, pro-
moting the nanoparticle assembly in a well-ordered end-to-end
fashion and the specific localization of the Raman reporter at
the interparticle junction (Fig. 18a). The dynamic generation
of hot-spots during the progressive enlargement of the
self-assembled GNR chains (Fig. 18b) was monitored by
measuring both the average plasmonic (Fig. 18c) and SERS
responses, which were eventually correlated to the average
number of GNR units in the chain, X,. In Fig. 18d, the
normalized SERS intensity and the product of the extinction
at 785 nm and 821 nm show strong qualitative correlation
when plotted as a function of X,,. which was further supported
by theoretical calculations. The extinction values at 785 nm,
corresponding to the excitation wavelength, and at 821 nm,
corresponding to the scattered Raman Stokes frequency of the
Raman band at 563 cm™' (spectral marker for the SERS
intensity), were selected according to the expression of
SERS-EF as reported in eqn (1), as they are expected to be
intrinsically related to the enhancement performance of the
nanostructure.

Nonetheless, ensembles of aggregated colloidal nanoparticles
characterized by inherent geometrical and/or interparticle gap
inhomogeneity are still largely used in the scientific community
as highly effective SERS enhancing substrates in a large variety
of applications. The extended broadening of extinction spectra
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Fig. 18 (a) Schematic of the generation of hot-spots via end-to-end
self-assembly of gold nanorods (GNRs) in chains with the inclusion of
a Raman reporter at the interparticle junctions. (b) Representative
STEM images of the self-assembled chains of GNRs (scale bar is
40 nm). (¢) Variation in extinction properties of NRs in the course of
their self-assembly in chains. (d) Correlation of the normalized SERS
intensity and the product of extinctions measured at 785 and 821 nm
plotted as a function of the average aggregation number X,, of the
GNR chains. Adapted with permission from ref. 209. Copyright 2011,
American Chemical Society.

observed when colloidal nanoparticles progressively aggregate
into larger structures of different sizes is the result of the
superimposition of the individual characteristic plasmon con-
tribution of each individual cluster in suspension. As previously
pointed out, dimers are arguably the simplest nanoparticle
assembly and can be considered as the ’hot-spot unity’ within
larger clusters. Theoretical models®"-'*"'** indicate that red-
shifted resonances arising from plasmonic coupling of inter-
acting nanoparticles in dimers (gap-plasmon resonances) are
highly sensitive to the excitation geometry, which results in

weaker and broader gap-plasmon contributions as compared
to those associated with single nanoparticles. Therefore, in
large ensembles of nanoparticle clusters those gap-plasmon
resonances that have a major impact on the SERS enhance-
ment appear in the extinction spectrum largely hidden by more
intense contributions from monomeric nanoparticles and, to
a much smaller extent, by ‘“‘single particle-like” resonances
occurring for a polarization direction of the incident light
perpendicular to the interparticle axis (see Fig. 5). Based on
this theoretical support, careful subtraction of the LSPR band
ascribed to monomeric spherical nanoparticles to broad plasmon
bands of large ensembles of clusters was carried out in several
nanoparticle assembly studies to make emerge plasmon features
specifically ascribed to dimer and larger clusters contributions
and investigate the role of the bifunctional linker in the hot spot
architecture,'>*135210

For instance, Taylor e al.*'! monitored the dynamic evolu-
tion of plasmon and SERS properties in gold nanoparticle
assemblies mediated by the Raman-active bifunctional linker
Cucurbit[S]uril (CBS) whose rigid barrel-shaped structure care-
fully fixes the interparticle separation at 0.9 nm. High linker/
nanoparticle molar ratios determine a diffusion-limited colloi-
dal growth (DLCA), which results in the preferred formation of
chain-like aggregates, whereas lower ratios promote a reaction-
limited kinetic assembly (RLCA), characterized by clusters with
a more compact globular-like geometry. Fig. 19 illustrates the
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Fig. 19 (a, b) Time-resolved extinction spectra of aggregating
AuNP:CBJ[5] samples for (a) DLCA and (b) RLCA kinetics. Spectra
acquired at 1 min intervals for 2 h. (c, d) Difference spectra obtained
from (a, b), respectively, by removing the isolated single AuNP
contributions. Extinction difference fits best to sum of two Lorentzian
modes (dashed) which grow with time. (e, f) Time-resolved normalized
SERS intensity of the 826 cm™"' CB[5] Raman mode vs. time for excitation
wavelengths of (e) 633 nm and (f) 785 nm, correlated with aggregate
extinction at the excitation wavelength. Adapted with permission from
ref. 211. Copyright 2011, American Chemical Society.
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time-resolved extinction spectra (a and b) and the corre-
sponding difference spectra (¢ and d) of gold nanoparticles
assembled by CBS linkers for DLCA and RLCA regimes.
Deconvolution of the difference extinction spectra reveals two
different contributions, associated to longitudinal plasmon
resonance in dimers at ~ 590 nm and to larger cluster modes
that progressively red-shift during the aggregation process.
The notable difference that DLCA and RLCA growth kinetics
imposed on the time-dependent plasmon properties of the
nanoparticle assembly is expected to be reflected also in the
SERS response produced by the aggregates. Fig. 19¢ and f
show the time-dependent evolution of the normalized SERS
intensity of the CB5 band at 826 cm ™! and the extinction value
at the excitation wavelengths (633 nm and 785 nm, respec-
tively). The authors explained the correlation between SERS
and plasmon properties in terms of resonant matching of
maximal plasmonic coupling of the difference extinction
spectra with the Raman excitation wavelength.

In our recent work,>'? we suggested a different interpreta-
tion of the underlying correlation between averaged plasmonic
and surface-enhanced Raman scattering (SERS) properties of
large dynamic nanoparticle assembly, discarding ‘“‘resonant™
effects of the excitation laser wavelength and the red-shifted
plasmon resonances to achieve maximum SERS efficiency and
focusing more on the average cluster size distribution for given
interparticle distances. To investigate the relationship between
the dynamic structural properties and the time-dependent
averaged plasmon and SERS responses of randomly aggregated

nanoparticles in suspension, we exploited the DNA-triplex
driven assembly of Raman dye-functionalized oligonucleotide-
silver nanoparticle conjugates to tune nanoscale junction
distances at the nanometer scale, and control the relative
aggregation rate during the assembly process. Target dSDNA
included an internal sequence with no complementarity to the
nanoparticle probes, formed by 0, 5, 10 and 15 base pairs
which rigidly tune the interparticle spacing to increasing
distances (Fig. 20a).

Additionally, the relative cluster growth rate was intrinsi-
cally controlled by the different hybridization rate of the
dsDNA sequences (the aggregation rate is higher with decreasing
duplex length). Fig. 20b shows the difference extinction spectra
for the case of longer dSDNA. Differently to that reported by
Taylor et al.*'! for gold nanoparticles, the subtraction reveals
two well-defined peaks: the stronger and red-shifted contribu-
tion (G band) associated with the formation of interparticle
gaps in dimer and larger clusters, and an additional weaker
feature at ca. 380 nm (Q band), which shows to be otherwise
scarcely sensitive to the aggregation dynamics. The Q band
can be largely assigned to the ensemble of quadrupolar modes
of Ag clusters, with the absence in the Au assembly (Fig. 19¢
and d) ascribed to the much larger intrinsic absorption of gold
below 600 nm.>' The time-dependent evolution of the G band
maxima (Fig. 20c) is characterized by the progressive red-shift
up to a plateau value whose relative final position shows to be
directly dependent on the dsDNA length (i.e. gap distance).
Despite the heterogeneity of cluster size and shape in the
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Fig. 20 (a) Outline of the triplex assembly of Raman dye-functionalized oligonucleotide-silver nanoparticles conjugates. (b) Time-dependence
evolution of difference extinction spectra obtained by subtracting the extinction spectrum of non-assembled nanoparticle probes from the
extinction spectra of the assembled system after the addition of dsDNA,s. For the sake of comparison, the extinction spectrum at ¢ = 0,
normalized to the maximum of G band height, is also shown (black line). (c) Peak position of the G band for target dsDNA at different times
during the aggregation process. (d) Maximum intensity of the G band (normalized values) and (e) absolute SERS intensity values (peak height of
the band at 1646 cm™") for each dsDNA-driven assembly at different times during the aggregation process. Reproduced from ref. 212 with

permission from The Royal Society of Chemistry.
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sample and the averaging effect over large ensemble of aggre-
gates, the relative red-shift of the G band is still directly related
to the interparticle distance parameter (larger red-shift for
shorter interparticle spaces). In addition to this interparticle
distance sensitivity, the normalized intensity of the gap-
plasmon band shared with the SERS intensity of the dye band
at 1646 cm™! (excitation at 532 nm) a similar trend during the
aggregation process (Fig. 20d and e). In situ kinetic measure-
ments allowed us to evaluate changes in cluster size distribu-
tion and relative particle density with statistical reliability, and
these were correlated with the bulk plasmonic and SERS
responses. These results suggest that at the early stages of
the nanoparticle assembly, the G band increases in intensity
since dimers/trimers are formed mostly to the detriment
of individual nanoparticles (i.e. interparticle junctions are
generated in the colloidal suspension) until a relevant fraction
of these small clusters is itself involved in the aggregation to
generate larger structures with broader and weaker plasmonic
modes, as revealed by the decrease in the overall plasmon
intensity. Similarly, the SERS intensity undergoes an initial
steep increase when poorly enhancing monomeric particles are
assembled into highly SERS effective dimers/trimers before
reaching a plateau and then a slow decrease when small
clusters are consumed to form much larger aggregates which,
on the one hand, does not improve the SERS performance of
the system, as experimentally shown by Wustholz et al.'* and,
on the other hand, eventually leads to a decrease of the cluster
density in the colloidal volume interrogated by the laser.
Importantly, the data reported in Fig. 20e clearly indicate
that, even for relatively large interparticle distances as the ones
determined by DNA linking, the overall SERS intensity is
largely determined by this parameter rather than the cluster
size/geometry distribution.

Concluding remarks and outlook

Over the last few years, SERS has experienced a tremendous
increase of attention in the scientific community, expanding
to a continuously wider range of diverse applications in
nanoscience. Previous limitations due to signal irreproduci-
bility and incomplete understanding of the relation between
substrate properties and SERS performance have been over-
come by significant improvements in nanofabrication techni-
ques, paving the way for the controlled design of reliable and
effective SERS nanostructures. Extremely intriguing are the
plasmon coupling properties of assembled nanoparticles which
concentrate largest electromagnetic enhancements at the inter-
particle gaps. Recently, great efforts have been devoted to
develop new nanoparticle assembly strategies in suspension
with improved control over hot-spot architecture and cluster
structure, laying the foundation for the full exploitation of
their exceptional potential as SERS materials in a wealth of
chemical and biological sensing. In this review, we reported an
extended description of the advances in plasmonic nanoparticle
assembling methods in suspension for a large variety of SERS
applications, focusing in particular on those strategies which
exploited molecular linkers to engineer interparticle gaps in a
controlled manner. An initial general description of the SERS
phenomenon together with a theoretical discussion of the

plasmon coupling effect for interacting nanoparticles was
presented to provide the necessary tools for the critical under-
standing of the different nanoparticle assembling strategies
developed in the literature. The last section was devoted to
describe the results of very recent reports focused on unravel-
ling the correlation between average SERS and plasmon
responses in large nanoparticle assemblies in suspension,
which study is still at its infancy.

As for the most recent nanofabrication advances, there is
still much fundamental research to be done in the development
of plasmonic nanoparticle assembly methods to design high-
quality SERS platforms in a simple and reproducible way, and
furthermore to fully exploit their great analytical potential to a
well-established practical level. As already mentioned in the
manuscript, the specific application for which the SERS sub-
strate is designed via assembly strategy in suspension dictates
the desired characteristic of the plasmonic support. However,
it is possible to individuate some future grand challenges of
this relatively new scientific field.

Firstly, extending the control over the fabrication of assem-
blies with reproducible and known structural properties is of
paramount importance to reduce the variability from gap to
gap, and cluster to cluster, that limits their applications
especially in SERS quantitative analysis. At the same time,
efforts should be devoted to simplify these fabrication methods,
to facilitate their exploitations beyond those groups with high
expertise in the nanofabrication field, which often represents a
practical obstacle to their effective use in the myriad of practical
potential SERS applications. Secondly, robustness of the
assembled system is a key feature to be optimized, in order
to prevent alterations of the SERS response due to external
stimuli non-correlated with the analyte detection. Most of the
current strategies impart stability on the nanoparticle clusters
by coating with external layers which, however, drastically
hamper the accessibility of molecules to the hot spot volume.
Thus, more work is required to develop coating strategies,
possibly in conjunction with functionalization methods to
carefully control the metal surface chemistry, to guarantee
cluster stability and selective permeability of the target analyte
to the interparticle gap. This would also constitute a great step
toward the maximization of the SERS sensitivity preventing
large analyte adsorption outside the volume of high enhance-
ments (the hot spot usually represents a very small portion of
the total surface area for adsorption). Additionally, the devel-
opment of methodologies for rapidly characterizing the SERS
properties of individual clusters in suspension'>*2!321% ig still
at its infancy and future intensive research in this area is
expected to come.

As a more general consideration, an apparently trivial
limitation to the application to real analytical problems of
novel SERS platforms, from individual asymmetric nano-
particles to particle assemblies and beyond to structured
surfaces, is the lack of a standardized characterization protocol
which could effectively provide detailed information about the
substrate properties. In the large part of the nanofabrication
literature, the SERS performance of newly designed metal struc-
tures is probed by assembling monolayers of thiophenol-like
molecules or rhodamine-like dyes capable of strongly interacting
with the metal surface and generating intense Raman signals.

This journal is © The Royal Society of Chemistry 2012

Chem. Soc. Rev., 2012, 41,7085-7107 | 7103


http://dx.doi.org/10.1039/c2cs35118h

Although the choice of these reference chemicals is appro-
priate to test the maximum SERS activity, it provides very
limited information to the scientific community of potential
SERS users willing to extend the use of the novel substrate to
practical applications. We feel that at least the following
points should be addressed in a characterization protocol.
The affinity of molecules presenting anchoring groups with
different affinity to the metal should be investigated to char-
acterize the surface chemistry of the SERS substrate. For
instance, a series of substituted benzenes (such as benzoic
acid, benzonitrile and aniline, in addition to thiophenol) can
be used for this purpose. In addition, concentration studies in
the sub-monolayer coverage should be performed to probe the
linear response of the metal substrates at different surface
concentrations. In fact, if the EM enhancement across the
spherical particle is relatively homogenous, asymmetric-
shaped nanoparticles or hot-spot containing substrates often
show high discrepancy between local enhancements at the
surface and, therefore, preferential adsorptions of the analyte
under the monolayer coverage may result in non-linear
dependence with SERS intensity. In this regard, the analyte
accessibility to different areas of the metal substrate should be
also tested by progressively increasing the molecule probe size,
maintaining the same anchoring group. Finally, different
excitation lines should be used, such as 514 nm and 785 nm
for silver substrates and 633 nm and 785 nm for gold substrates.
This tedious but extended characterization would represent a
critical step to rapidly translate the use of novel SERS sub-
strates to real analytical problems, acting also as useful feed-
back for the development of nanofabrication designs to
effectively satisfy the requirements of SERS applications.

Nonetheless, it is undoubtedly a fact that SERS research has
finally undertaken the successful path to continue its virtuous
progress toward routine application and is set to continue in its
growth and adoption for exploitation in a range of meaningful
studies and applications and the abovementioned challenges in
the nanoparticle assembly strategies for the fabrication of
highly effective SERS substrates constitute, on the other hand,
a great scientific opportunity awaiting to be explored.
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