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Gold nanostars are among the most efficient plasmonic nano-
materials for optical sensing with surface enhanced Raman
scattering. In recent years, gold nanostars have increased
relevance in physics, analytical chemistry, environmental sci-
ence, biology and medicine, and in particular in sensing and
therapy. These colloids can sustain ultrastrong electromagnetic

1. Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy! is an
ultrasensitive technique which relies on the Raman scattering
spectroscopy of the analyte(s) under study on a plasmonic
structure, responsible for the generation of the strong electro-
magnetic field necessary for the signal intensity amplification.
Plasmonic colloids are unique nanostructures capable of
exhibiting large electromagnetic fields (i.e., localized surface
plasmon resonances, LSPRs) at their surface upon excitation
with light of the appropriate wavelength.” Besides the
composition of the colloidal nanoparticles, the wavelength and
intensity of these fields are dependent mainly of three factors:
size, plasmon intercoupling between neighbour particles, and
shape. Size can be easily tuned for almost any gold shape.
However, the impact of the size on the wavelength and
intensity of the LSPR is moderate as compared with the other
two factors.”! Particle plasmonic intercoupling notably modifies
both, wavelength and intensity of the LSPR™ For example,
while the LSPR maximum of spherical gold colloids from 10 to
100 nm red-shifts from 520 to 570 nm, the LSPR maximum of
an aggregate of 10 nm gold colloids can reach the infrared
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fields which allow their use as single particles optical enhancers;
are colloidally stable and may have a marked catalytical activity.
Due to their exotic shape, these colloids present characteristic
optical and reactive behaviors. Here, we briefly discuss the
optical properties, the synthetic routes and the analytical
applications of these nanoparticles.

region. Conversely, the maximum values for SERS electro-
magnetic enhancement for isolated spherical nanoparticles are
on the order of 10°% while with an aggregate of the same
particles that enhancement can go over 10".'¥ The electro-
magnetic fields produced by the interaction of different
particles is not trivial and, many times, not reproducible from
point to point within the same sample,” with the subsequent
implications in the analytical SERS ultrasensitive detection.
Aggregates are also a drawback in some bioapplications, such
as intracellular imaging, as for example upon endocytosis of
particles by cells modifications in the state of aggregation may
occur, making such system vulnerable to signal variations.
Finally, the shape is by far the most influencing factor for the
LSPR in terms of both, wavelength and intensity.”! For example,
by just modifying the aspect ratio of a rod-shaped nanoparticle,
it is possible shifting the LSPR from the red to the infrared.®

Tipped nanoparticles such as cubes, rods, or plates show an
uneven distribution of the LSPRs over their surface, enabling
concentration of light in certain regions which generally match
the tips in their structure.” However, among these particles,
star-shaped colloids (i.e., nanostars, NSts) shine due to their
unique optical and colloidal properties. Here, we review such
optical properties together with the different procedures to
synthesize plasmonic nanostars with tunable characteristics,
and their analytical applications.

2. Optical Properties

Light interaction with metal nanostars is extremely intriguing
due to the strong extinction cross-section of such structures.”
Large extinction cross-sections mean that even a few dispersed
nanostars interact efficiently with light. Nanostars will also
concentrate electromagnetic fields in small regions (hot spots),
thanks to the excitation of surface plasmons.”” Plasmonic
nanostars are commonly constituted by a solid plasmonic
body, either a sphere, rod, or of other shape, which supports
protuberant plasmonic tips. While the body is important, as it
supplies electrons to the tips and thus increases the intensity of
the electric field as it grows,”® the main plasmonic features of
these structures arise from the tips.*”

Figure 1 shows Boundary Element Method calculations
using the MNPBEM toolbox" with the dielectric constants
from Palik’s"? for gold nanostars consisting of a 40 nm sphere
protruded by six tips of different lengths and angles embedded
in water (n=1.33). Every star was modelled using between
3000 and 3100 faces. Electric near-field intensity maps were
calculated upon excitation at 785 nm. For the same core, the

[10]
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increase of the tip length increases the electric field of the main
resonance (dipolar), while slightly shifts the plasmon to the red
(Figures 1 A and B). The decrease of the half angle, however,
slightly decreases the electric field at the apex of the tip, but
dramatically increases the redshift of the dipolar plasmon
(Figures 1 C and D). These two parameters can be used to tune
the plasmonic response to the appropriate working wave-
length.
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In contrast with other plasmonic substrates, nanostars
decrease their optical efficiency for SERS when they are
aggregated."® During many years this effect was ascribed to
the loss of symmetry between the different nanostars. How-
ever, nowadays it is clear that that the interaction of nanostars
promotes the formation of hot spots, no matter the geometry
of such interaction (Figure 1E). Notwithstanding, such interac-
tion markedly shifts the plasmon towards the infrared (Fig-
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Figure 1. BEM calculations of the near (excited at 785 nm) and far fields for a nanostar composed of a solid spherical body of 40 nm of diameter with six tips
as a function of the (A and B) diameter, (C and D) tip half-angle and (E and F) geometry of interaction with another nanostar. Simulations were performed
using the MNPBEM toolbox. Every star was modelled using between 3000 and 3100 faces.

ure 1F). As a consequence, conventional Raman systems
equipped with laser lines from the blue to the near infrared are
unable to overlap with such hotspot, therefore loosing signal
intensity.

Finally, although the main optical application of nanostars
is in the near infrared region, the excitation with light of shorter
wavelength, especially in the blue and green, can excite other
hot spots located at the valley between the tips.™

3. Synthesis of Au nanostars
3.1. Importance of the seeds

There are many synthetic protocols in the literature to produce
branched Au NPs, which can be, nonetheless, broadly classified
into two main groups: seedless and seed-mediated methods.
Seedless approaches allow for synthesizing Au nanostars in
one-pot syntheses, which are usually fast, simple, and often
provide high yield. Yet, since nucleation and growth generally
occur at the same time, significant polydispersities in size and
shape are commonly observed. Differently, seed-mediated
approaches allow a temporal separation between these two
steps because seed NPs are prepared separately and then
subsequently added to a growth solution, where they provide
nucleation points for the preferential deposition of additional

Analysis & Sensing 2022, 2, 202200005 (4 of 16)

Au® atoms. Such a two-stage strategy, therefore, allows for a
better control over shape and size.'

The characteristic of seeds is of crucial importance in terms
of crystallinity and size of the resulting branched nano-
structures. In fact, the different surface energies of the crystal
facets of the seeds and the affinity to the capping agents drive
the selective deposition of gold atoms defining the final
morphology of the NPs. In general, the presence of (111) twin
planes on the seeds is necessary to growth branched
structures. The most commonly employed seeds are polycrys-
talline (multitwinned) gold NPs."® However, it has been also
proposed that single crystalline seeds can be used for the
growth of branched nanoparticles by controlling the growth of
the seeds into NPs with twin planes."” In addition to gold,
other noble metals have been also utilized as seeds to grow Au
NSts. For instance, small single crystalline platinum seeds have
been used to produce small and well-defined nanostars."® In
this case, the authors also reported the development of twin
planes during the growth process but to a smaller extent,
producing, therefore, a lesser number of branches. As expected,
the size of the seeds itself plays an important role in defining
the final nanostar features as the number of surface defects
increases with the size" In particular, it has been reported
that for Au NSts the size of the seeds influences mainly the final
NSts dimensions, but does not lead to major differences in the
optical properties of the tips. Nonetheless, when smaller seeds

© 2022 The Authors. Analysis & Sensing published by Wiley-VCH GmbH
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were used, fewer spikes were observed, leading to narrower
plasmon bands,® and an increase in the relative length of the
branches due to the smaller cores."®'**? All these effects are in
agreement with the smaller number of surface defects for small
seeds.

Another important aspect in the seed-mediated methods is
the timing of their addition to the growth solution. If the seeds
are added in the presence of Au(lll), an increase in NSt
polydispersity occurs due to partial oxidation of the seeds. On
the contrary, a delay in the addition of the seeds can induce
nucleation, since the growth solutions reduce Au(l) into Au(0),
Therefore, the optimum time to combine seeds and growth
solution is when the gold precursor is fully reduced to Au(l)."®

Finally, the ratio of the seeds vs the Au precursor is also
critical in the NSt preparation. It has been observed that, as the
number of seeds increases relatively to Au(lll) content, less gold
is available which, in turn, reduces the branch density causing a
blue-shift and narrowing of the plasmon resonances.!®*’

3.2. Asymmetric multi-spiked nanostars

The first and most widely used method for synthesizing Au
NSts consists of a seed-mediated approach that involves the
reduction of gold ions driven by polyvinylpyrrolidone (PVP) in
dimethylformamide (DMF), where PVP also acts as a stabilizing
agent. In general, the syntheses consist of the addition of
preformed PVP-stabilized gold seeds in ethanol to a growth
solution comprising PVP, DMF, and a gold salt (i.e., HAuCl,). A
key feature of this method is the large PVP/Au molar ratio,
which enables the reproducible production of Au nanostruc-
tures in high yields.”™® However, the PVP concentration and
molecular weight are additional parameters to take into
account since the reducing power of PVP affects the kinetics of
the anisotropic growth of Au NSts. High molecular weight PVP
imparts better NPs stabilization due to a higher steric hindrance
but, on the other hand, determines a higher reducing power
because of the larger number of reducing active sites. There-
fore, the faster is the reduction of Au™ to Au’, the lower is the
extent of the anisotropic growth.*® This synthetic route allows
for controlling the final size of the stars by varying the
concentration of Au seeds added to the growth solution from
approximately 45 to 116 nm, thus allowing the fine-tuning of
the LSPR in the 725-850 nm range (Figure 2A).%"

Such PVP seed-mediated synthesis was also used to grow
tips onto non-spherical structures like thorned rods and
wires,”? as shown by Aldeanueva-Potel et al.® who fabricated a
new family of spiked particles using penta-twinned gold
nanorods as seeds. The authors showed that low [HAuCl,]/[Au
seed] ratios lead to a roughened morphology with slight
transversal growth of the initial rods, while for higher ratios the
thorned structures became wider, converting the final particles
into a sort of spiked beads (Figure 2B). Such geometrical
reshaping is directly reflected in the SERS enhancing perform-
ances of the substrates, with an increase in signal intensity
observed for a higher number of spikes and larger spike sizes.
The SERS response of the spiked beads has been also tested
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Figure 2. (A) Left: TEM image of Au NSts synthesized in PVP/DMF. Right:
Extinction spectra of nanostars of increasing size (from A to F are: 45, 52, 57,
72, 94, 116 nm) synthesized with PVP. (B) TEM images of particles resulting
from growing NSts using gold nanorods (left) and nanowires (right) as seeds.
(C) Representation of the different morphologies observed in a synthesis of
NSts using HEPES. A HRTEM image of one tip, where the (111) growth
direction is shown, is also included. (D) Influence of the Au(lll) to Ag(l) molar
ratio in the of NSts synthesis using ascorbic acid (AA). TEM pictures and their
respective extinction spectra. Red corresponds to a ratio of 8.2, green to a
ratio of 12.3, blue to a ratio of 49, and black to a ratio of 100. Scales bars are
equals to 50 nm. (A) Left: Adapted with permission from ref [20]. Copyright
2008, IOP Publishing. Right: Adapted with permission from ref [21]. Copy-
right 2008, American Chemical Society. (B) Left: Adapted with permission
from ref [8]. Copyright 2012, John Wiley & Sons, Inc. Right: Adapted with
permission from ref [22]. Copyright 2010, American chemical Society. (C)
Adapted with permission from ref [23]. Copyright 2015, Royal Society of
Chemistry. (D) Adapted with permission from ref [24]. Copyright 2018,
American chemical Society.

upon assembling the particles in a thin film. Low-density
particle film yields SERS signal comparable to the one acquired
from the colloidal suspension. On the other hand, a drop in the
optical signal is detected for high-density particle films due to
tip-to-tip interactions.”
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It is worth noting that, despite being the PVP-based
synthesis an established protocol in materials science, funda-
mental research interest is still ongoing with several studies
aiming for an improved mechanistic understanding and
elucidation of the complex interplay of different parameters
including the role of precursor complexes and the pH.*”
Emerging techniques as liquid-cell insitu TEM can provide
valuable insights in this respect.”®

Such synthetic route also displays important disadvantages
in the integration of NSts into optical sensors. On the one
hand, PVP-coating of the nanoparticle requires tedious cleaning
procedures to grant molecules accessibility to the plasmonic
surface. On the other hand, the generated NSts are stable in
DMF or ethanol and, thus, has to be further transferred to water
to be used in biological systems. To this end, new synthetic
strategies have been pursued to produce spiked NPs in
aqueous media and improve their biocompatibility. For
instance, glucosamine has been employed as a biocompatible
stabilizer and anisotropic directing agent in an eco-friendly
approach. This method yields multibranched colloids with an
inner core of 284+5 nm and a total size-tuneable from 55 to
72 nm by using different [glucosamine]/[HAuCl,] ratios.””

The direct synthesis of aqueous biocompatible NSts has
been also carried out using 2-[4-(2-hydroxyethyl)-1-piperazinyl]-
ethane sulfonic acid (HEPES) as a caping and shape-directing
agent (while the piperazine moiety is responsible for producing
nitrogen-centered free radicals, which can reduce Au(lll)).””
HEPES-based strategies allow the generation of 60 nm sized
branched colloids at room temperature (RT) with a one-pot,
fast and simple route.B” The intrinsic limitation of the seedless
approach at controlling the branch formation and NSt homoge-
neity has been partially tackled by varying [HAuCl,l/[HEPES]
ratio and reaction temperature.

A temperature increase reduces the tips length until only
spheres were obtained at boiling temperature, while working
in an ice bath favours the growth of symmetric face-centered
cubic (fcc) facets. A relative increase in the precursor salt
concentration results in branches with a higher aspect ratio,
while the plasmonic feature broadens and red-shifts.?>-3%%2
HRTEM images reveal that the growth direction of the tips is
along the [111] direction as shown in Figure 2C. In any case,
although the tips are homogeneous with a narrow plasmonic
response, they are not very sharp and the synthesis results in a
non-homogeneous mixture of NSts with a different number of
branches (Figure 2C). Within the context of SERS applications,
however, the HEPES-based method does offer the advantage of
easy removal of the surfactant from the gold surface.*”
Although they are not as versatile as HEPES-based strategies,
other analogous surfactant-free methods employing 4-(2-
Hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS) and 3-
(N-morpholino)propane sulfonic acid (MOPS) were also
developed.’®3¥

Alternatively, proteins can also be used as shape-directing
and stabilizing agents. Proteins have two advantages over
other shape-controlling surfactant molecules, since the resul-
tant particles will have better biocompatibility and less protein
corona formation. Although many proteins can be used to
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synthesize these NSts, the best quality NSts (homogeneity)
could be obtained by using bovine serum albumin (BSA).”® The
synthesis of BSA-coated AuNSts involved a two-step seed-
mediated route. First, the Au seeds were prepared at high
temperature (~90°C) in an aqueous medium. The seed solution
must be stored in the fridge (4°C) for 24 h before use. Then in
the second step, NSts were grown in the presence of BSA and
ascorbic acid as a mild reducing agent. The resultant blue
colored AuNSts show a broad absorption peak centered around
590 nm with an average core diameter and tip length of 7045
nm and 1245 nm respectively.®

Besides the goal of improving biocompatibility, great efforts
have been devoted to achieving more defined and homoge-
neous structures with a precise number of tips. In this regard,
since cetyltrimethylammonium bromide (CTAB) has been
commonly used to induce anisotropic growth in nanorod
synthesis, it has been proposed as an alternative to PVP in NSt
seed-mediated protocols. In this case, the preferential capping
of CTAB to specific crystallographic planes of the seeds, induces
the growth of asymmetric fcc lattices.*® Moreover, the use of
ascorbic acid (AA) as a reducing agent in combination with
AgNO; as a co-direct agent promotes the blocking of specific
crystallographic planes, allowing for the reduction of Au(lll) in
the appropriated sites. This yielded nanoparticles with well-
defined tips, but with poor control over the number of tips per
particle (from 1 to 6), probably due to the different crystallo-
graphic defects present on the small Au seeds.”® An analogous
approach but using Ag plates as seeds has lead to the
production of monopods, bipods, tripods, and tetrapods
combined in a pool of diverse morphologies as similarly
observed for HEPES (Figure 2C)."” SERS characterization studies
of these nanoparticles revealed enhancement factors around
4x10°5% CTAB-based seedless strategies were also pursued,
demonstrating their ability to generate NSts in a very simple
fashion but, again, leading to polydispersed multi spiked
geometries.”? Notably, replacing CTAB with
benzylhexadecyldimethylammonium chloride (BDAC) in combi-
nation with anionic dioctyl sodium sulfosuccinate (AOT) and
sodium dodecyl sulphate (SDS), allowed the acquisition of well-
defined multibranched Au NSts with LSPR tuned from 550 nm
to 1100 nm (AgNO; and AA were maintained in the synthesis
as direct and reducing agents, respectively)."” The size of the
cores and the whole NSts increased with BDAC concentration.
SERS enhancement factors (EFs) were estimated to be about
1.5x 10" The role of BDAC was found to lower the critical
micelle concentration (CMC), and replace the bromide ions
with chloride, favoring the formation of sharp tips because it
facilitates the adsorption of silver ions onto the surface of the
growing Au seeds.""

The use of lauryl sulfobetaine (LSB) as a shape directing
zwitterionic surfactant has also proven to help to restrict the
uncontrolled formation of a different number of spikes. Using a
seed-mediated approach, monocrystalline Au NSts and penta-
twinned gold asymmetric NSts were fabricated. The growth
process implies preferential coating of the {111} Au faces
through weak binding of sulphate moiety of LSB.*? By adjust-
ing the AA, LSB, and Ag™ concentrations in the growth
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solution, it was possible to control the branches aspect ratio
and, consequently, finely tuning the LSPR in the 750-1150 nm
range.*?

A surfactant-free, seedless method has been developed
using hydroquinone (HQ). HQ is a water-soluble, weak reducing
agent that favors gold deposition on the [111] facet. The main
advantages of this method are simplicity and quickness.
However, particles are not colloidally stable for more than a
few hours, unless sodium citrate is added to the mixture, and
display short branches with tips of reduced sharpness. This is
also reflected by the relatively low SERS enhancing perform-
ances (EF ~3x10%™ and a LSPR positioned around 620 nm.
When the co-reduction agent sodium citrate is added sepa-
rately from hydroquinone during the synthesis, improved
control over the branch morphology is achieved.* When the
HQ approach is integrated into seed-mediated methods, NSt
monodispersity and geometrical tunability improve, enabling
the control of particle size from 55 to 200 nm (LSPR from 555
to 702 nm).”' Additionally, the inclusion of starch as an
additive boosts the colloidal stability up to a month. Nonethe-
less, the SERS EF remains mostly unaltered.*

As a non-ionic surfactant, Triton X-100 assists the formation
of NSts in aqueous media acting, first, as micellar templates
with a hexagonal phase and, second, as a stabilizer preventing
aggregation for several months. In the presence of AA as a mild
reducing agent and AgNO; as a directing agent, well-defined
NSts with long, twinned thorns are obtained. By simply varying
the amount of the silver additive, it is possible to synthesize
NSts with very different size and morphology, even with tips
longer than 100 nm. Another important variable in this syn-
thesis is the temperature. NSts produced in ice-cold conditions
develop longer tips, meanwhile increasing the temperature up
to 36°C induces the formation of short spikes.*” Their plasmon
resonance shows a broad absorption peak from 600 to
900 nm."”®" Notably, since Triton X-100 has a weak affinity for
gold, it allows an easy functionalization of these structures.!'”>*®

Surfactant-free approaches using citrate and ascorbic acid
as stabilizers, and reducing agents provide biocompatible
nanoparticles and ease their surface post-modification for SERS
applications. In these synthetic methods, the addition of Ag™ is
central to break the symmetry of the seeds during the growth
process™” and, thus, the resulting NSts are very sensitive to the
ratio between the two metal precursors (Figure 2D). Typically,
higher amounts of Ag give rise to more tips per particle but
with shorter geometry, while lowering the silver content
induces lesser and longer tips.** Likewise, it has been shown
that when using citrate stabilized Au NP seeds of different sizes
in the presence of HAuCl, AgNO,, HCl and AA, branched NPs
with average sizes ranging from 45nm to 150 nm can be
prepared. The corresponding plasmon resonances are between
630 nm to 900 nm.***” These studies conclude that as the seed
size increases, smaller cores and tip-to-tip diameters are
created, while with smaller seeds facilitate the formation of
longer branches. They also observed the possibility to adjust
the LSPR peak position by controlling the seed concentration
or by tuning the chemical affinities of Au-halide that promotes
changes on the shape evolution of the branched nanoparticles.
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By systematically studying synthesis parameters like stirring
speed, pH, reagent and additive concentrations, it was possible
to optimize the two photon absorption cross-section of the
NSts for a given NIR laser excitation.”" In a follow-up study, the
multiplexing capability of the NSts was also proven, underlining
their potential for biomedical imaging."® A table summarizing
the roles of the most common reagents used to produce Au
NSts is shown in Table 1.

In addition to the aforementioned synthetic protocols, the
use of microfluidic technology has been also implemented in
the past years in nanofabrication methods to improve the
reproducibility of monodisperse branched gold nanoparticles.
In fact, this technique enables precise control over the reagents
mixing rate, volumes, and temperature thereby offering a
valuable tool for reproducible and continuous fabrication of
nanoparticles. In this context, two main approaches, continuous
vs droplet flows, have been used for AuNSt synthesis. For
instance, using a continuous flow, Au NSts of around 50-70 nm

Table 1. Summary of the specific roles for the most common reagents
used in the synthesis of Au NSts including their advantages and
disadvantages.

Reagent & Role Advantages Disadvantages
PVP® Size control Seeds preparation
Stabilizer Tunable LSPR Surface cleaning
Reductor Biocompatible Organic media

Shape directing
Gs[b]

Stabilizer
Reductor
Shape directing
HEPES"
Stabilizer
Reductor
Shape directing
BSA[d]

Stabilizer
Shape directing
CTAB®
Stabilizer

CTAB/BDAC!/
AOTY/SDS™
Stabilizer

LsBY

Stabilizer
Shape directing
HQU]

Reductor

TX-100™
Stabilizer
Shape directing

AA"
Reductor

Aqueous
Biocompatible

Aqueous
Biocompatible

Aqueous
Biocompatible

Aqueous

Aqueous

Aqueous
Tunable LSPR
Long tips
Aqueous

Aqueous

Size control
Biocompatible
Long tips

Easy functionalization

Aqueous
Biocompatible

No size control
No tunable LSPR

No size control
Polydisperse NSTs

Seeds preparation
No size control
No tunable LSPR

Seeds preparation.

Polydisperse NSTs.
Surface cleaning
Seeds preparation
No tunable LSPR
Surface cleaning
Seeds preparation
No tunable LSPR

Seeds preparation
No colloidal stable
No tunable LSPR
Short tips

T° control

No tunable LSPR

Seeds preparation
No tunable LSPR

Easy functionalization Polydisperse NSTs

[a] Polyvinylpyrrolidone. [b] Glucosamine. [c] 2-[4-(2-hydroxyethyl)-1-
piperazinyl]-ethane sulfonic acid. [d] Bovine serum albumin. [e]
Cetyltrimethylammonium bromide. [f] Benzylhexadecyldimeth-
ylammonium chloride. [g] Dioctyl sodium sulfosuccinate. [h] Sodium
dodecyl sulphate. [i] Lauryl sulfobetaine. [jl Hydroquinone. [k] Triton X-
100. [I] Ascorbic acid.
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have been produced in a seedless approach mixing a solution
of HAuCl, and AgNO; with AA and NaOH.*® On the other hand,
a droplet microfluidics method has been exploited to yield
monodisperse Au NSts of 60-80 nm size. In this case, two seed-
mediated synthetic approaches were tested: (i) a surfactant-free
method in water using HAuCl,, AgNO;, HCl, AA, and the seeds,
and (i) a PVP based approach in DMF using PVP, HAuCl,, and
seeds.” According to the study, the droplet microfluidic
platform provides higher quality Au NSts due to the better
mixing of the reagents in the drops.”

3.3. Synthesis of symmetric nanostars with a defined number
of tips

Conventional approaches for NSt synthesis can afford homoge-
neous particle sizes, but commonly fail to accurately control
the tip growth, which results in the formation of nanostars with
a different number of branches of diverse geometries."* This
has a direct impact on the particle-to-particle optical behavior
as SERS enhancers which, in turn, restrict their use for
quantitative analysis. Thus, great efforts have been devoted to
designing structurally alike spiked particles with a uniform
optical response.

For instance, a synthetic route using a non-polar solvent
has been proposed to avoid electrostatic interactions during
the growth process. To this end, toluene was selected as a
solvent and oleyl amine (OAm) was used to solubilize HAuCl,
and produce an organo-gold precursor.”® To induce the
formation of branches, copper was used as a templating metal
through a galvanic replacement. It was shown that, by
appropriately lowering the temperature, the length of the
branches increases with the reaction time. Thus, the branch
length can be tuned from 50 nm to over 200 nm, resulting in a
LSPR progressively red-shifted from 850 nm to 1880 nm.

PVP-based seeded growth synthesis on preformed multi-
branched NSts has been also reported to improve the control
over the nanoparticle morphology. Here, during the over-
growth stage, the branches merged, forming a larger core with
a defined number of branches, which became thicker and
shorter during the process, paving the way for LSPR tuning in
the 570-1100 nm range. SERS enhancement properties of Au
NSts with plasmon resonances ranging from 600 to 900 nm
were studied using 633 and 785 nm laser lines, indicating a
positive correlation between the matching of the laser line
wavelength and LSPRs with the SERS intensity.*”

Alternatively, it has been demonstrated that by carefully
controlling the kinetics of the reaction and the crystallinity of
the seeds it is possible to synthesize homogenous pentastars
with defined optical properties (Figure 3A).*? In the standard
PVP-based method, DMF acts as a solvent and simultaneously
increases the PVP solubility, which strengthens the polymer
reducing capacity. When replaced by ethanol, the weaker
polarity of the solvent makes PVP less soluble which, in turn,
slows the reaction rate. This, in combination with well-defined
penta-twined seeds, allows growing pentastars with uniform
branches. The SERS activity of 50 nm size pentastars (LSPR
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Figure 3. (A) Left: TEM image of Au pentastars (NSh) synthesized using PVP
in ethanol. Right: Comparison of the extinction spectra of NSh and regular
multibranched NSts. (B) Left: TEM image of highly symmetric Au NSts
prepared with the standard PVP-DMF approach but using icosahedral Au
NPs as seeds. Right: Extinction spectra of Au nanostars with sharp and round
tips (red and blue, respectively); the green curve corresponds to dodecahe-
dral Au nanocrystals used as seeds. (C) Left: TEM images of Au NSts with 4
branches showing tips of different lengths and sharpness obtained at
different temperatures (60, 80, 100 and 150 °C) and reaction times (90, 40, 10
and 10 min), respectively. The insets show the nanostars standing on their
lateral sides. The scale bars are equals to 100 nm for the images and 50 nm
for the insets. Right: Corresponding extinction spectra of the Au nanostars
synthesized at different temperatures (black 60°C, green 80°C, red 100 °C,
and blue 150°C). (A) Adapted with permission from ref [56]. Copyright 2014
The American Chemical Society. (B) Adapted with permission from ref [57].
Copyright 2015 The American Chemical Society. (C) Adapted with permission
from ref [58]. Copyright 2017 The Royal Society of Chemistry.

centered at 695 nm) under a 785 nm laser excitation showed to
be larger than spherical and asymmetric multibranched NSts of
analogous size, with an estimated EF ~5x10° This has been
attributed to the homogeneity of the tips. In another notable
example, highly symmetric NSts were obtained by using
icosahedral seeds that were overgrown in the presence of PVP
and DMF.5" In this case, dialkylamine was used as an additive
to regulate growth by stabilizing high-index facets. The
produced NSts exhibit the same icosahedral symmetry as the
seeds (Figure 3B) and an extinction spectrum with a strong
contribution of the core (below 600 nm).*” In a similar study,
tetrapods of high symmetry were synthesized in DMF and PVP
using diethylamine as a capping agent to block the {100} facets

© 2022 The Authors. Analysis & Sensing published by Wiley-VCH GmbH

85UB017 SUOLILLIOD BAIFER1D) 3|edlidde au Aq peusenob e ssjoe YO Bsh Jo SaInJ 10y AReiq1 8UIIUO 8|1 UO (SUORIPUOD-PUR-SLUBY/W0D" A3 1M Afe.q 1 BUI UO//STNY) SUOHIPUOD PUe swie L 83 88S *[£202/TO/TE] Uo AriqIauliuo A8|IM 'SpAKSS 84 1010sU0D AQ S00002202 35Ue/200T 0T/10p/LI0 A8 | Aeiq i puljuo'adoane-A s Leyd//sdny WwoJy pepeolumoq ‘€ ‘2d0Z ‘2r.26292



Chemistry
Europe

European Chemical
Societies Publishing

Review

Analysis & Sensing doi.org/10.1002/anse.202200005

and, thus, induce the preferential growth in the [110]
directions. The morphology of these structures is highly
dependent on the reaction temperature. At low temperatures
(60-80°C), the obtained structures have short and sharp tips.
At 100°C, the tips grew much longer and became sharper (see
TEM images in Figure 3C). These nanostructures have a LSPR in
the NIR range, as seen from Figure 3C. Beyond this temper-
ature, the tips started to blunt, with the corresponding blue-
shift of the LSPR.>®

CTAB-based synthetic routes to produce NSts with a
defined number of tips were also investigated. For instance,
CTAB was mixed with protoporphyrin IX to form a complex
that, in combination with AgNO;, operate as a shape-directing
agent, leading to the formation of ca. 50 nm AuNSts with very
short and thick apexes. In addition to a broad, red-shifted
feature ranging from approx. 550 to 650 nm, the extinction
spectrum also shows a contribution at around 400 nm assigned
to Ag.®" Similar results were obtained using a mixture of CTAB
and CTAC to control the respective bromide and chloride
concentrations. NSts with five symmetrical branches or penta-
branched NPs with a pentagonal-bipyramidal shape were
obtained. No plasmonic contributions from Ag were distin-
guished in the extinction spectra.”?

Deep eutectic solvents (DES) are gaining attention in the
production of noble metal nanoparticles because of their low
cost, non-toxicity, and biodegradability. Furthermore, thanks to
their extensive hydrogen-bond network DES can be used as
soft templates for enhancing shape-control of the nano-
structures. An illustrative example was reported by Liao et al.®
Here, DES was prepared by mixing choline chloride and urea,
and used to separately dissolve HAuCl, and AA. The two
solutions were then combined and maintained at 30°C to
generate NSts. The overall water content is crucial for the final
particle shape. When the water is fully removed, the authors
obtained nanoparticles with 5 branches along the (111) facets
with the ends of the branches forming a tetragonal micro
pyramid (Figure 4A). Conversely, when the water content rises
above ca. 5000 ppm, well-defined star-shaped particles were
obtained. A large content of water (> 10000 ppm) leads to the
formation of multispiked structures.

A further synthetic approximation to construct symmetric
structures relies on the careful control of the reducing agent
(AA) concentration in the presence of Triton X-100. High AA
contents make the reduction process too fast, which hinders
the Triton X-100 preferential adhesion onto the {111} Au facets,
thereby yielding disordered multispiked particles (Figure 4B).*¥
HRTEM shows that this type of NSts is crystalline, where the
growth of the branches takes place along the {111} twinning
boundaries of the pentatwinned crystal cores. Moreover, a
closer look reveals a pentatwined structure of the tips (Fig-
ure 4B). The quality of the NSts can be improved using Ag™ as
an additive. AgNO; plays a crucial role in determining that the
single crystal seeds used become penta-twinned intermediates,
which promotes the growth of the branches. Similarly, shape
and size of the branches can also be tuned by adjusting the
AgNO; concentration (the branch length increases with the
Ag(l) content, Figure 4B). On the other hand, altering the
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Figure 4. (A) Left: SEM images of Au pentastars with a defined shape
synthesized in DES. Right: SEM and HRTEM images showing the crystallinity
of the core which shows a clear pentatwined structure with five {111} planes.
Each of these planes is the boundary between tips that growth in the (111)
direction. (B) Top: TEM images of Au NSts prepared with Triton X-100 as a
surfactant and at increasing AgNO; concentrations (30, 40, 50, 60, 70 and

80 uM). Insets scale bars equals to 20 nm. Bottom left: STEM picture of the
tip in which the five twining planes are shown, indicating that the spikes are
formed on the twinning axis of a pentagonal unit. Bottom right: extinction
spectra for each colloidal dispersions demonstrating a gradual red-shift with
increasing AgNO; concentration (a final blue shift is observed when the
silver starts to deposit at the core). (A) Adapted with permission from ref
[63]. Copyright 2008, John Wiley & Sons, Inc. (B) Adapted with permission
from ref [17a]. Copyright 2019, The Royal Society of Chemistry.

number of seeds impacts the NSts size, which can be reduced
as far as 46 nm. Extinction spectra show three LSPRs in the
350-1800 nm range: a very weak one at 530-560 nm (trans-
verse LSPR from the branches), a moderately intense one in the
600-900 nm range (longitudinal LSPR from the single
branches), and the most intense in the 1100-1600 nm range
(longitudinal LSPR from the aligned spikes within the individual
stars). A SERS EF of ca. 7x 10° has been reported for this class of
nanostars.”®
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3.4. Hybrid Nanostars

Preventing uncontrolled NSt aggregation is mandatory to avoid
tip-to-tip interactions that would dump the SERS enhancing
ability of the individual nanoparticles under illumination with
conventional lasers.® In this regard, NSt colloidal stability is
particularly threatened when molecules present in the inves-
tigated media displace the stabilizing surfactants from the
plasmonic surface.

To tackle this issue, several nanofabrication procedures
were implemented to guarantee stability against aggregation
while allowing the diffusion of small molecules onto the NSt
surface. For instance, polymers like dodecyl amine-modified
polyisobutylene-alt-maleic anhydride (PMA) or poly-(N-isopro-
pylacrylamide) (pNIPAM) microgel coatings have been used to
covering Au NSts with protective and porous outer layers
(Figure 5A)." In the case of pNIPAM, besides imparting long-
term colloidal stability in complex aqueous solutions, additional
functionality is integrated into the hybrid nanoparticle. In fact,
pPNIPAM shells can swell or collapse as a function of temper-
ature, a phenomenon that can be used to selectively trap
molecules close to the metal core for sensing and drug
loading.*”" Although a direct pNIPAM coating of gold NSts is
viable,*® it requires the design of specific chemical routes to
develop the structures. As an alternative, coated nanostars can
be derived from seeds, coated with the polymer, by using
standard NSts synthetic procedures to grow tips on the
seeds.

Nevertheless, silica is by far the most widely used material
for NPs coatings (Figure 5B) and a plethora of modifications of
the well-known Stéber method”® have been developed for this
purpose. Typically, an alkoxy silane is added to an ethanolic
solution containing the NPs, while small amounts of water and
a base are used to initiate the hydrolysis and silica condensa-
tion onto the NPs surface. To achieve a homogeneous coating,
NSt surfaces need to be equipped with enough amenable
groups for silane condensation. Therefore, molecules like PVP,
carboxylic groups, or alcohols have been commonly imple-
mented onto the gold surface via direct surface functionaliza-
tion or layer-by-layer (LBL) coating.”" It is worth noting that
different Raman active molecules can be also incorporated into
the silica matrix during its growth process.”™ In recent years,
metal-organic frameworks (MOFs) are emerging as an intrigu-
ing alternative to silica coating because of their unique
physicochemical features and tunable porous structure. Zeolitic
imidazolate framework (ZIF-8), a relatively hydrothermally
stable MOF, is the most common choice for coating gold
nanoparticles. Unfortunately, MOF-coating commonly leads to
relatively thick shells, like the ones shown in Figure 5C."*"%,
while the experimental procedures are more challenging than
the silica ones. However, coating gold NSt via direct adhesion
with an outer shell passivates the plasmonic surface to a
significant extent, thereby restricting the availability for inter-
actions with analytes even for thin mesoporous silica layers.

An intriguing strategy to tackle this problem is designing
yolk-shell structures comprising a porous outer shell and a
hollow cavity containing the plasmonic particles. In this
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Figure 5. (A) TEM image of gold nanostars coated with pNIPAM. (B) TEM
picture of Au NSts coated with silica. (C) SEM image of the nanostars coated
with ZIF-8. (D) Scheme of the protocol to produce yolk-shell structures and
their respective TEM images. First, nanospheres are added to an emulsion
polymerization reactor where single colloid is entrapped in a polystyrene
bead. After that, the bead is coated with a mesoporous silica that is later
calcined producing the yolk shell structure. Finally, the nanoparticles can be
overgrowth into stars inside the structure. (E) TEM image of yolk-shell
structure of gold nanostars coated with MOF. (F) Scheme of the structures
obtained with the isotropic etching of silica coating to expose only the tips
of the nanostars. The scheme is accompanied with TEM pictures of the silica-
coated Au NSts at 0 min (left) and 45 min (right) during the etching process
observing the decrease of the silica thickness with time. (A) Adapted with
permission from ref [68]. Copyright 2012 The Royal Society of Chemistry. (B)
Adapted with permission from ref [71b]. Copyright 2011 The American
Chemical Society of. (C) Adapted with permission from ref [72]. Copyright
2019 John Wiley & Sons, Inc. (D) Adapted with permission from ref [13].
Copyright 2019 The Royal Society of Chemistry. (E) Adapted with permission
from ref [73]. Copyright 2019 The American Chemical Society. (F) Adapted
with permission from ref [74]. Copyright 2020 John Wiley & Sons, Inc.

scenario, the NSts are efficiently protected from unwanted
interparticle coupling, while their surface is fully available for
chemical modification. Cleaning of spurious surfactants can be
performed without endangering the colloidal stability while the
porous silica shell also acts as molecular sieving to allow only
small molecules to cross through the pores.”® In order to
produce such structures, small spherical NPs are pre-coated
with polystyrene (PS) and, subsequently, with mesoporous silica
(Figure 5D).”7 PS is then removed either by solvent dissolution
or calcination, a process that also leads to a cleaner metallic
surface and the hardening of the silica shell, which prevents
the dissolution in aqueous media. Finally, the entrapped
nanospheres were used as seeds to grow NSts inside the
shell."™ Another example of yolk-shell structures has been

© 2022 The Authors. Analysis & Sensing published by Wiley-VCH GmbH
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recently reported by Deng et al.”¥ who coated AuNSts with Zif-
8 and removed the inner layer via selective etching with tannic
acid (Figure 5E).

Finally, Fabris and co-workers”™ described an interesting
approach to impart colloidal stability while boosting the
sensitivity of gold nanostars. In their study, a continuous silica
shell is initially grown on the NSt surfaces, followed by its
controlled isotropic etching in the presence of sodium
borohydride, which leaves the gold structure unaffected. As a
result, nanostar spikes, whose tips concentrate the highest
electromagnetic enhancements, are selectively exposed from
the silica shell to the surrounding media (Figure 5F) without
affecting the colloidal stability imparted by the silica coating.

4. Analytical properties of Au NSts

Though the analytical qualities of a SERS method should be
ideally designed and assessed according to the requirements of
the specific application, there is a general agreement that,
while high sensitivities can be consistently achieved, imple-
mentation of SERS to robust quantitative analysis has tradition-
ally posed important challenges.”® Besides the nature of the
plasmonic substrates, several other factors have been recog-
nized to play a relevant role in determining the analytical
performance of SERS, from the choice of the experimental set-
up and protocols for sample preparation to the methods for
data analysis.

As mentioned before, AuNSts have been attracting great
interest as nanomaterials for SERS applications since they
inherently provide very large enhancing capabilities at a single-
particle level and, when properly designed and used, can afford
quantitative response. For their integration as SERS platforms, a
key feature of AuNSts is certainly the extremely high differ-
ences in local electric fields at different points of the nano-
particle with large enhancement factors (ca. 10'°)"¥ concen-
trated at the tips while much lower values (ca. 2-3 orders of
magnitude)® are observed at the sphere-like core regions for a
monolayer coating of Raman labels (RL).*® Thus, the SERS
response is dominated by the relatively small fraction of
molecules adsorbed onto the tips, which clearly stress the
importance of the efficient localization of the Raman scatterers
in these regions. In a seminal study, Rodriguez-Lorenzo et al.”
organized on top of an optically thick gold substrate a mixed
layer consisting of a small fraction of a SERS- active dithiol
molecule (1,5-naphthalenedithiol; 1,5-NAT) integrated into a
monolayer of 1-octanethiol (1-OT), characterized by a rather
poor Raman cross-section. Subsequent addition of NSts (50 nm
size, LSPR around 730 nm) promoted the covalent binding of
the gold tips to the free thiol group of 1,5-NATs, yielding tip-to-
gold film hot spots with a gap distance equals to the length of
the dithiol molecule. This method allows the selective local-
ization of the RL at the NSt tip so that each gap will contain
only one or a few SERS-active molecules entailing intensifica-
tion of ca. 10" times. As it is expected, the average signal
enhancement decreases when 1,5-NAT molecules are freely
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distributed over the entire NSt surface, such as when RL is
directly combined with the colloidal suspension."®

As previously discussed, preventing interparticle plasmon
coupling is critical to retain the individual enhancing perform-
ance of the NSts and, in turn, their full potential as powerful
plasmonic substrates for quantitative applications. For instance,
the yolk confined nanostars shown in Figure 5C enabled an
outstanding single-particle quantitative response superior to
their uncoated counterparts, with a dynamic range of concen-
tration of benzenethiol (BT) that extends over 4 orders of
magnitude (from ca. 10~ to 107'° M, Figure 6A)."* Ultrasmall
BT traces (i.e, <107'"M) can also be detected, but only
qualitatively, since only one or zero molecules are present per
NSts and SERS signals are observed only in clusters of yolk
structures where the exact number of particles cannot be
accurately determined.

Detection of the intrinsic SERS spectrum of a target analyte
such as BT provides an example of an analytical application of
SERS using a direct approach. While this sensing strategy is
relatively straightforward for determining analytes with high
affinity for the metallic surface, large Raman cross-section and
dispersed in relatively simple media, it typically suffers from an
important weaknesses when it needs to be applied under more
conventional real-life scenarios which, thus, limit the viability of
this strategy as an analytical tool.

Conversely, indirect SERS approaches, where an extrinsic
Raman reporter or a chemosensor is used to yield a SERS signal
which is selectively and quantitatively correlated with the
target recognition, have consistently shown superior qualities
in terms of robustness, accuracy, multiplexity and selectivity,
which makes them better suited for performing SERS analysis.
In particular, the superior enhancing abilities of NSts in
combination with advanced synthetic protocols for the finer
tuning of their geometrical and chemical properties appoint
these nanostructures as ideal candidates to be used as
plasmonic  enhancers in  SERS-encoded nanoparticles
(SEPs).[728082841 This s particularly relevant for biomedical
applications thanks to the tunability of the tip plasmonic
resonances in the transparency biological window and the low
cytotoxicity of gold nanoparticles.®*®* SEPs, or SERS tags, are
typically used in place of fluorescent labels for indirect sensing.
Differently from the fluorescent counterparts, SEPs combine
high sensitivity and optical stability with theoretically unlimited
multiplexing capabilities afforded by the unique vibrational
fingerprints of RLs while quantitative information can be
extracted as the overall SERS intensity can be engineered to
scale linearly with the number of particles.®™ A representative
example is a work performed by Jimenez de Aberasturi et al..””?
Here, pegylated Au NSts were encoded with 5 different RLs and
overcoated with the amphiphilic polymer polyisobutylene-alt-
maleic anhydride (PMA) to impart high colloidal stability in
biological media. To demonstrate their suitability for simulta-
neous multiplexing cell identification, five different breast
cancer cell lines (HCC1395, SK-BR3, MDA.MB.231, CAMA1, and
MCF-7) were separately incubated with each of the different
SEPs and then combined into a single coculture. SERS mapping
provided a quantitative analysis of the relative cell population
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Figure 6. (A) SERS spectra of benzenethiol (BT) recorded on AuNSt-mesoporous silica yolk-shell particles spin-coated on a silicon wafer after incubation with
BT 10<™>*M. SERS intensity as a function of BT concentration (logarithmic scales). Adapted with permission from ref. [13]. Copyright 2019, Royal Society of
Chemistry. (B) (i) SERS spectra of 5 different silica-coated SERS-encoded AuNSt from single cell cultures (HCC1395, SK-BR3, MDA.MB.231, CAMA1, and MCF-7).
(ii) Bioimaging with cell assignment. (iii, iv) Quantification of cellular composition via large-scale SERS single-point mapping of an area of 0.22 mm? Adapted
with permission from ref. [67a]. Copyright 2016, American Chemical Society. (C) (i) Photograph of the experimental setup of the photoacoustic image-guided
surgical resection of the primary tumor and intraoperative SERS detection of residual microtumors in a surgical bed. (ii) PA images of an orthotopic breast
tumor-bearing mouse without (left) and with (right) the administration, via tail veil injection, of silica-coated SERS-encoded AuNst probes grafted with mPEG-
silane (16 h after the injection). (iii) Real-time brightfield images and SERS images of PA image-guided surgical resection of tumor at three separate stages of

the surgery: beginning, during and at the end (the white dotted line outlines the surgical bed of the primary tumor). Adapted with permission from ref. !

80]

Copyright 2021, American Chemical Society. (D) SERS spectra of 4-MBA on BSA-stabilized silver nanoparticles aggregates in buffers at different pH. The
characteristic pH dependence changes of the carboxylic stretching modes (COO and C=0) is also highlighted. In the bottom graph, it is displayed the pH
calibration curve of the intensity ratio of the COO™~ and C=0 bands as a function of pH. Adapted with permission from ref. [81]. Copyright 2010, Wiley-VCH. (E)
pH range distribution extracted from internalized PA-coated 4-MBA-encoded AuNSt into a single live MCF7 cell at the different x-y planes (2 um separation) as
a function of pixel number with distinguishable SERS intensity of the 4-MBA band at 1081 cm™'. Adapted with permission from ref. [82]. Copyright 2020,

American Chemical Society.

within the coculture based on the unique spectral fingerprint
of each RL (Figure 6B). In addition to be the most efficient
single-particle SERS enhancers, AuNSts also display much
higher extinction coefficient and large photothermal conver-
sion efficiency than gold nanoparticles with different
geometry.”?%” On this basis, Wen et al.®*” exploited AuNSts to
build a “three-in-one” theranostic nanoprobe for photoacoustic
(PA) image-guided surgical resection of tumors and intra-
operative SERS-guided thermosurgical elimination of residual
microtumors (Figure 6C(i)) aimed at improving the surgical

Analysis & Sensing 2022, 2, 202200005 (12 of 16)

outcome by preventing tumor recurrence. AuNSts, encoded
with a RL and coated with a silica layer, were further grafted
with mPEG-silane to enhance both, biocompatibility and
solubility. Nanoparticles were then administered via tail veil
injection to an orthotopic breast tumor-bearing mouse. The
well-known enhanced permeability and retention (EPR) effect
allows for the preferential accumulation of the nanoprobes at
the tumor sites in many animal models. PA imaging enables
the identification of the main tumor margins, that are
otherwise almost invisible in the tumor-bearing untreated mice

© 2022 The Authors. Analysis & Sensing published by Wiley-VCH GmbH

5USJ17 SUOWILIOD) BA[Te81D) 3 |gedt|dde ayy Aq pausenob afe s3jole YO ‘8sn Jo Sa|ni 1o} Akelg 1T auljuQ A3|IAA UO (SUO1IPUOI-PUE-SWLIB)/WOD A3 1Mm A leld 1 pul|uo//:sdny) SUoRIPUOD pue sWws | 8y 89S *[£202/T0/TE] uo AkelqiauljuQ A3IM ‘'SPARS 8@ 1010su0D AQ 00002202 3SUe/Z00T OT/I0pA0d A8 | 1M Are.q 1 Bu tUO'adone-ALls IWweyd//:sdny wouy pepeo|umoq ‘€ ‘2q02 ‘226292



Chemistry
Europe

European Chemical
Societies Publishing

Review

Analysis & Sensing doi.org/10.1002/anse.202200005

(Figure 6C(ii)), which is used as visual guidance to surgically
resect the whole primary tumor. On the other hand, real-time
SERS imaging precisely identifies residual tumor foci along the
tumor-normal tissue boundary as well as satellite residual
microtumors, aiding their removal via SERS-guided surgical
resection (Figure 6C(iii)). Additionally, thermosurgery on the
SERS-positive locations was carried out using a 5 minutes
808 nm-laser irradiation to selectively kill residual cancer cells
by local plasmonic heating. The outer shell of nanostar-based
SEPs can also be equipped with molecular elements (e.g.,
antibodies, aptamers) to impart active-tumor targeting abilities.
For instance, Nicolson et al.®” conjugated onto the silica shell
encapsulating a SERS-encoded AuNSt a cyclic RGD peptide to
selectively targeting glioblastoma multiforme (GBM) tumors
in vivo in mice through the intact skull. This was achieved by
implementing SERS imaging in the spatially offset modality
(i.e., surface-enhanced spatially offset Raman spectroscopy,
SESORS) which overcomes the intrinsic depth limitations of
conventional Raman spectroscopy that inherently confine the
SERS imaging to exposed tumors.®”

It is also worth stressing that, when encoded with a
chemoresponsive Raman molecule, AuNSts have also been
exploited in the dynamic monitoring of biological processes at
the cellular and subcellular level. A paradigmatic example is
provided by the SERS imaging of the intracellular pH using 4-
mercaptobenzonic acid (4-MBA) as a pH-sensitive
molecule.'#% The degree of protonation of the carboxylic
group of MBA produces spectral changes that can be
quantitatively correlated with the pH value of the closest
surroundings (Figure 6D). In a recent study, 4-MBA functional-
ized AuNSt were wrapped with an external layer of the cationic
poly-l-arginine hydrochloride (PA) to grant high colloidal
stability and cellular uptake together with a permeable layer
that allows the free diffusion of protons to the 4-MBA modified
gold surfaces.® Breast cancer cells (MCF7) were exposed to
these nanoparticles and 3D SERS imaging of the intracellular
pH was performed in living cells upon 2 and 8 hours before the
initial incubation (Figure 6E). 3D imaging was carried out at
2 um separated x-y planes along the orthogonal z-axis which
localizes nanoparticles between levels 3 and 5, in agreement
with the volumetric height of a live MCF7 cell (ca.6-8 um).
Moreover, the pH values at different locations were also
extracted from the analysis of the 4-MBA spectral profiles and
compared, confirming that during the endocytosis route the
nanomaterials move from pH 6-7 environments (endosomal
compartment) to 4.5-5 pH subcellular compartments (mature
lysosomes), similar to what has been observed with pH-
sensitive fluorophores.®™ Another interesting work regarding
the use of Au NSts for 3D cellular imaging exploits mechanical
traps made of patterned nanoscale bilayers with four optically
transparent arms that are coated with Au NSts. Such arms can
be released to fold and wrap living cells, enabling the 3D
molecular SERS profiling of the captured cell surfaces.”® Addi-
tionally, new strategies for fast SERS imaging in 3D, such as
SERS holography and widefield SERS microscopy are under
development.”

Analysis & Sensing 2022, 2, 202200005 (13 of 16)

Besides their use for in vivo applications, AuNSt-based SEPs
have been integrated into an assortment of ex-vivo biosensors
targeting a continuously broader range of different biomarkers
and clinically relevant molecules®“*? adopting different sens-
ing schemes. In this regard, an illustrative study has been
performed by Villa et al.®*? where they developed a SERS-based
immunoassay for monitoring cortisol in biofluids (urine and
serum). Cortisol is recognized as the main stress biomarker and
high levels in biological fluids have been associated with
serious health risks. The authors designed SEPs comprising
AuNSts labelled with 4-MBA as RL and functionalized with HS-
PEG-COOH and cortisol-BSA conjugates, which were integrated
into two different immunoassay modalities: magnetically-
assisted SERS immunoassay (MA-SERSI) and rigid substrate
SERS immunoassay (RS-SERSI) (Figure 7A). In the first case,
magnetic beads bearing cortisol antibodies were combined in
suspension with SEPs, promoting the selective accumulation of
the nanoparticles at the magnetic surfaces via antibody/
cortisol-BSA binding. Upon addition of cortisol, SEPs are
selectively displaced from the beads and, upon their magnetic
separation from the media, the SERS intensity of the unbound
4-MBA labelled NSts is recorded in the supernatant. On the
other hand, in the second modality, gold-coated glass slides
decorated with the same cortisol antibodies similarly capture
the SEPs at their surface. In this case, however, SERS measure-
ments were performed on the dried solid substrates upon
exposure to cortisol-containing fluids. Thus, while in the MA-
SERSI scheme the SERS intensity linearly correlates with the
cortisol content in the biofluids, in the RS-SERSI modality SERS
signal decreases for increasing analyte concentrations (Fig-
ure 7A). It is worth noting that the RS-SERSI requires time-
consuming washing steps and longer a-incubation times than
the magnetic-based one. Limits of detection (LODs) were 7 ng/
mL and 3 ng/mL for MA-SERSI and RS-SERSI, respectively (both
well below the lower limit of normal cortisol levels in urine and
serum), indicating a slightly better sensitivity for the second
sensing modality. However, the MA-SERS| affords a better
precision and a wider linear range of response which can be
attributed to the experimental set-up that relies on the
acquisition of a more reproducible SERS signal from individual
SEPs freely moving within the scattering volume of the
objective which avoids the conformational variability of the NSt
adhesion onto gold-coated glass slides and the uncontrolled
formation of nanoparticle clusters upon drying. Finally, MA-
SERSI monitoring of cortisol in urine and serum was compared
against two reference methods, Ultra Performance Liquid
Chromatography-Mass Spectrometry (UPLC-MS) and Enzyme-
Linked Immunosorbent Assay (ELISA), demonstrating major
improvements in terms of sensitivity and repeatability, mini-
mum sample preparation, simplicity, and portability.

In addition to SEPs, indirect SERS sensing approaches can
also exploit SERS-active molecular receptors that selectively
bind the target molecule undergoing structural changes that
modify their electronic properties and/or conformational
behaviour. These structural alterations produce spectral
changes in the SERS spectra that are quantitatively correlated
with the binding events. Among the wide variety of molecular
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Figure 7. (A) Schematic of the two SERS-sensing modalities for the
monitoring of cortisol content in biofluids using AuNSt-based encoded
nanoparticles. MA-SERSI (magnetically assisted SERS immunoassay) employs
a suspension of magnetic beads decorated with cortisol antibodies; the SERS
intensity of the SEPs is measured in the supernatant. RS-SERSI (rigid
substrate SERS immunoassay) adopts gold-coated glass decorated with
cortisol antibodies; the SERS intensity of the SEPs is measured at the dried
solid substrate. The corresponding calibration curves for cortisol quantifica-
tion are also presented. Adapted with permission from ref. [84c]. Copyright
2020, Elsevier. (B) Outline of the fluorescence-SERS dual-modal aptasensor
for detection of MC-LR in freshwaters (top). Calibration curves of the relative
fluorescence intensity change ((F,—F)/F) at 565 nm and SERS intensity at
1394 cm™' (I-1y) of the Cy3 dye vs. MC-LR concentration as well as the
corresponding coefficients of variation (bottom). Adapted with permission
from ref. ®*, Copyright 2020, American Chemical Society.

receptors reported in the literature, aptamers are one of the
most exploited because of their high selectivity and reliable
performances.” On the other hand, combining dual-mode
optical sensing, such as SERS and fluorescence, into a single
platform has been shown to improve the analytical merits of
the detection such as precision and robustness, while eluding
specific limitations of the single techniques.”** For instance, Li
et al.®® employed gold nanostars to design a SERS-fluorescence
aptamer-based biosensor (aptasensor) for sensitive and selec-

Analysis & Sensing 2022, 2, 202200005 (14 of 16)

tive detection of hepatotoxin microcystin-LR (MC-LR) in fresh-
waters. A thiolated cyanine (Cy3) dye-modified complementary
DNA (Cy3-cDNA) strand was attached to the surface of AuNSts
via the formation of the strong Au—S bond and subsequently
hybridized with the complementary aptamer to form a rigid
Cy3-cDNA/aptamer duplex that forces the adoption of a tilted
conformation with the Cy3 group spaced away from the metal
surface (Figure 7B). In this scenario, Cy3 both SERS signal and
fluorescence quenching are minimized (i.e, “SERS off” and
“fluorescence on”), as the dye lays far from the plasmonic
surface. In the presence of MC-LR, however, the aptamer is
selectively captured to form the corresponding toxin/aptamer
complex, enabling the Cy3-cDNA to freely bend and approx-
imate the dye to the NSt surface which, in turn, causes an
increase in SERS intensity and a drop of fluorescence emission
(i.e, “SERS on” and “Fluorescence off"). The increase in SERS
intensity (I-l,) and the decrease in fluorescence emission ((Fo—
F)/F,) scale linearly with the toxin concentration in the 0.1 to
50 pg/L range. Notably, the dual-modal sensing vyields a
coefficient of variation, a statistical tool that shows the extent
of data variability in a sample in relation to the mean of the
population, which is lower than those of the individual optical
measurements (Figure 7B), demonstrating the higher precision
and accuracy of the dual-optical detection.

5. Conclusions

In recent years, much effort has been devoted to the develop-
ment of NPs with the brightest SERS performance possible. NPs
with intrinsic hotspots, such as NSts, were employed as SERS
substrates because of their outstanding optical properties
derived from the hotspots on the tips. Seedless approaches are
fast and straightforward but usually have some inherent
problems like producing undesired shapes in the solution and
the difficulty of tuning the optical properties. On the other
hand, the seed-mediated process allows precise control over
the final product. However, although much progress has been
made in controlling the homogeneity of NSts with an
accessible surface to act as SERS substrates, more research is
required to obtain a controllable, reproducible, and homoge-
neous synthesis. Availability of synthetic protocols for scalable
nanomanufacturing of optically uniform gold nanostars with
adjustable plasmonic response is key to directly translating the
remarkable enhancing properties of these unique class of
materials into commercially, and clinically, viable SERS applica-
tions. In particular, biocompatible star-shaped nanoparticles
with tunable optical properties in the biological windows
facilitate the implementation of SERS spectroscopy in biomedi-
cine and, more prominently, in the areas of (ex-vivo and in-
vivo) imaging and multiplex detection. This, combined with the
new spectroscopic method such as SERS holography and
widefield microscopy, which allows 3D imaging at an unprece-
dent speed, will for sure fuel the field for the generation of new
sensing strategies for characterization and diagnosis.
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