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Challenges and opportunities for SERS in the
infrared: materials and methods
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In the wake of a global, heightened interest towards biomarker and disease detection prompted by the SARS-
CoV-2 pandemic, surface enhanced Raman spectroscopy (SERS) positions itself again at the forefront of
biosensing innovation. But is it ready to move from the laboratory to the clinic? This review presents the
challenges associated with the application of SERS to the biomedical field, and thus, to the use of
excitation sources in the near infrared, where biological windows allow for cell and through-tissue
measurements. Two main tackling strategies will be discussed: (1) acting on the design of the enhancing
substrate, which includes manipulation of nanoparticle shape, material, and supramolecular architecture,
and (2) acting on the spectral collection set-up. A final perspective highlights the upcoming scientific and

rsc.li/nanoscale-advances

1 Introduction

When setting up a new laboratory infrastructure for surface-
enhanced Raman spectroscopy (SERS), scientists have nowa-
days the privilege to choose among the widest-to-date set of
commercially available instrumentation: from tunable lasers to
microscope-integrated spectrometers, from easily couplable
instruments that allow for operando measurements, to portable
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technological bets that need to be won in order for SERS to stably transition from benchtop to bedside.

and miniaturized technology enabling measurements in the
field or in vivo. This was certainly not the case twenty years ago.
Raman instruments were often built in-house, the knowledge
on the manipulation of materials at the nanoscale, and with it,
the whole world of plasmonics, was still very limited. Surely,
applications of SERS to everyday analytical issues were pio-
neering, when not still out of reach.

Fueled by the nanotechnology revolution that characterized
the 2000s, SERS has managed to rapidly advance from niche,
obscure analytical technique, to a thriving field at the forefront
of analytical innovation. The technological advancements in
bottom-up fabrication with increasing control over size and
shape,'” the development of high precision top-down and soft
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patterning methods,*® the increasing understanding of nano-
scale assembly and its integration across larger length scales,®
all greatly contributed to a transformative era for SERS. In
a synergistic tie, nanotechnology and SERS prompted new
fundamental research over the last twenty years, opening the
doors to plasmonics,'** thus leading to a deeper under-
standing of the relationships between physical characteristics
(material, size, shape, dielectric environment) of SERS-active
nanomaterials and their optical properties.**

The 2000s are also to be remembered as the years that saw
a sharp increase in the interest in the biological world: the
sequencing of the whole human genome,"” the cloning of
mammals,'®*?" and the development of pharmacogenomics and
molecular diagnostics that set the basis for what we now call
personalized medicine.***” The SERS community was certainly
not an outsider in this global trend; aided by its single molecule
sensitivity, it promised access to the study of otherwise inac-
cessible low concentration biological species.

SERS has an advantage over traditional Raman spectroscopy
to allow for trace detection, but it still faces some challenges
similar to Raman spectroscopy when dealing with biological
analytes like cells and tissues. This is because such challenges—
self-absorption and autofluorescence—are inherent to the
molecular structure and complexity of biological systems.*®
With self-absorption we define the physical phenomenon by
which sample-scattered photons are absorbed by the sample
itself, before reaching the detector, while with autofluorescence
we indicate the spontaneous fluorescence emission that
a molecule, typically characterized by delocalized 7 electrons,
undergoes upon laser irradiation. These affect the intensity and
the signal to noise ratio (S/N) of the detected signal, respec-
tively, and are especially prominent when excitation in the
visible range is utilized.”®*° This is because common tissue
constituents, such as hemoglobin, are chromophores that have
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both the highest absorption coefficients and fluorescence-
related electronic transitions in the visible spectrum.>*>®

While it is true that the plasmonic nanoparticles also act as
fluorescence quenchers,® a fluorescence background, also
called SERS continuum,® is often present in SERS spectra of
biological systems.**** This may be due to the interplay between
the analyte's distance from the SERS-active surface, the size and
three-dimensional conformation of the analyte on the SERS-
active surface, and the concomitant presence of other species
(e.g., nanoparticle synthesis by-products, capping agents,
residual biological matrix components). The most common
strategy that is utilized in traditional Raman spectroscopy to
mitigate autofluorescence is to decrease the energy provided to
the system, by utilizing lasers emitting at longer wavelengths,
for example in the near infrared (NIR).

Incidentally, the use of NIR light can also solve self-absorption
phenomena. For instance, the main constituents of tissue,
namely whole blood and water, show the lowest absorption
coefficients in the regions from 700 to 1000 nm (first biological
window, NIR I) and from 1000 nm to 1400 nm (second biological
window, NIR II) (Fig. 1). By reducing absorption, the penetration
of the radiation also increases, making imaging of deeper (>500
pum to cm)* tissues possible. Furthermore, less energetic excita-
tion sources make Raman spectroscopy amenable to in vivo
measurements, as they are less likely to impart photochemical
damage to samples. Since these principles of Raman spectros-
copy also apply to SERS, the problem of autofluorescence and
self-absorption phenomena in biological specimen can be solved
or minimized by switching to NIR excitation wavelengths. This,
however, does not come without its own set of challenges.

2 Overview of challenges

While moving to higher wavelengths can reduce or eliminate
autofluorescence and self-absorption phenomena, it also causes
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Fig. 1 Representative absorption spectra (y axis on the left, optical length of 1 mm) of oxygenated hemoglobin (HbO, red),*® deoxygenated
hemoglobin (Hb, purple),*® and water (blue).*® The quantum efficiencies (y axis on the right) for the main NIR and SWIR detectors are also re-
ported: silicon-based back-thinned deep depletion EMCCD (green, dotted),*® lattice-matched InGaAs (orange, dashed),*® and extended InGaAs
(brown, dot-and-dash).*® The following spectral ranges are highlighted: NIR | (700-1000 nm, first biological window), NIR Il (1000-1400 nm
second biological window), NIR Il (1550-1700 nm), and SWIR (>1700 nm). Figure inspired by Smith et al., 2009 ** and Hong et al., 2017.%®

a concurrent decrease in the intensity of the signal according to
the fourth power relationship between the Raman cross section
and the frequency of the excitation source (¢ x w?), thus
causing a loss of sensitivity.* Unfortunately, sensitivity prob-
lems can also arise from limitations in the current technology
for the fabrication of NIR detectors. Silicon-based electron
multiplying charge-coupled devices (EMCCD) with back-
thinned deep depletion design are characterized by
a maximum quantum efficiency at 850 nm (Fig. 1, green dotted
profile), which makes them the most popular and effective
solution for systems fitted with multiple excitation lines,
spanning from the visible (i.e., 514, 532, 633 nm) to 785 nm or
830 nm in the NIR 1. However, because of silicon's band gap, the
sensitivity of these detectors rapidly approaches zero at wave-
lengths above 1000 nm. Therefore, different detectors, such as
those based on InGaAs, must be utilized in order to access
higher wavelengths in the NIR.

Standard InGaAs detectors (lattice-matched Ing 53Gag 47AS on
InP) have sensitivity that ranges from 1000 nm to 1700 nm
(Fig. 1, dashed orange profile),** allowing access to the second
biological window. The sensitivity range can be further pushed
to higher wavelengths via indium enrichment (extended In,-
Ga, _,As detectors, 0.53 < x < 1),***¢ enabling detection windows
centered from 1637 to 1811 nm,*® or even higher up in the short
wavelength (SW) IR (~2200-3000 nm)**** (Fig. 1, brown dot-
and-dash profile). Certainly, the tunability of the InGaAs
detection window vie indium enrichment is an interesting
property with important technological outcomes; regrettably,
indium enrichment also translates to an increase in the lattice
mismatch between the InGaAs alloy and the InP substrate, on
which the former is typically epitaxially grown or vapor depos-
ited.***® This mismatch causes structural defects that ultimately
reduce the optical performances of the material,*® leading to
dark current-induced sensitivity loss,*” which can be only in part
modulated via either thermoelectronic- or cryo-cooling. At
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present, research towards commercially mature, cost effective,
low-noise NIR and SWIR detectors is still in progress.

The introduction of excitation wavelengths in the NIR also
generates a need to intervene on the design of the enhancing
substrate. To understand this necessity, we must recall that
SERS is a plasmonic analytical technique, and thus, it relies on
the excitation of the localized surface plasmon resonance
(LSPR). The LSPR can only occur if the following equation is
satisfied:*

(1)

€np(/\) = —Xé€env

where ¢, is the relative permittivity of the nanoparticle, éep, is
the relative permittivity of the surrounding environment, and x
is the shape factor for the nanostructure, which is equal to 2 for
a sphere, and becomes larger with increasing anisotropic
morphology.***! For gold and silver nanospheres, which are the
most common SERS substrates, resonance conditions are met
when excitation occurs in the visible spectrum.** It follows that
when silver or gold nanostructures are irradiated with such
a light source, the above resonance expression is satisfied, and
the LSPR is induced. Eqn (1) also indicates that the relative
permittivity, ¢, is a function of wavelength, implying that, as the
wavelength is changed, the relative permittivity of a given metal,
and thus its plasmonic response, also changes. Consequently,
SERS substrates that had been proficiently utilized for SERS
measurements under visible light excitation (e.g., colloidal
silver nanospheres) may not be as ideal or as effective anymore
when moving from the visible to the infrared spectrum.
Salt-induced aggregation can shift the LSPR of a SERS-active
substrate to higher wavelengths.*>** It is indeed very common to
perform measurements with aggregated colloidal Au nano-
spheres when the excitation line is at 785 nm,*™*® and it has
been recently discussed how planar substrates based on large
(i.e., obtained by complete colloidal sol disruption) fractal
aggregates of silver nanospheres can also be effectively utilized

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with excitation sources in the NIR I (680-920 nm).*” However,
such planar substrates might not be the optimal analytical
strategy for all SERS applications (e.g., ex vivo or in vivo analysis
of tissues), and standard colloidal aggregated nanospheres
(Lee, Meisel's,” Turkevich's,* Frens'*’) would still keep longer
excitation wavelengths in the NIR IT and SWIR inaccessible. The
necessity to manipulate the LSPR by means other than salt-
induced aggregation is therefore apparent.

To this end, it must be recalled that the extinction behavior
of a plasmonic nanoparticle as a function of wavelength, E(2),
can be described by:***!

_ 24m’Na*el?

&"up(4)
E() = Aln(10)

(&ap(2) + Xemy)” + €ap(1)?

(2)

where N is the number of nanoparticles, a is the size term,
corresponding to the radius if a spherical nanostructure is
assumed, ¢, and ¢”,, are the real and imaginary part of the
relative permittivity of the metal, e,p, describing its absorption
and scattering behavior, respectively, and x is the shape factor,
as seen in eqn (1). If resonance conditions are met (eqn (1)), and
the metal's absorption ¢”,, is small and positive, then E(4)
reaches its maximum (A spgr). In practical terms, this means that
the extinction, and thus, its maximum A;gpr, can be tuned by
acting on three fundamental parameters: size (@), shape (x), and
chemical identity of the nanomaterial (enp = &'np +1i"np). In
particular, it can be observed that as the size and anisotropic
character of nanoparticles is increased, their A;gpr is also
increased (i.e., red shifted), while doping, defect engineering,
and hybridization can be exploited to fabricate novel nano-
materials with native NIR and SWIR activity (Fig. 2).

Although the relationships between the above listed
parameters and the optical properties of nanoparticles have
been extensively investigated in the past twenty years, and a lot
of energy has been put into improving size and shape control at
the nanofabrication level, there are still some criticalities that
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make substrate tuning a non-trivial task. For example, reaching
morphological uniformity and high morphological yield of
anisotropic substrates, especially in surfactant-free systems,
still represents a challenge in current practice. Surfactant-free
systems are particularly interesting for direct detection applica-
tions; while nanoparticle capping is unavoidable in any
colloidal system,** the presence of strongly interacting shape-
directing surfactants (e.g., cetyltrimethylammonium bromide,
CTAB) at the solid/liquid interface of an enhancing substrate
can interfere with measurements by increasing the distance at
which the analyte can interact with the SERS-active surface.?**

SERS is indeed a distance-dependent phenomenon that
relies on the adsorption of analytes on or in close proximity to
plasmon-sustaining nanostructures (within 1 nm for maximum
enhancement, within 3 nm for lower, longer-range enhance-
ment)* to achieve their detection.”>*® In thermodynamic terms,
adsorption will happen if the association constant, K,4, between
the analyte and the nanostructured surface is larger than all of
the other constants at play, namely, K,4 between substrate and
stabilizers, substrate and nanofabrication by-products, and
between individual analyte molecules.*® When the system does
not allow for adequate adsorption of an analyte for its direct
detection, or when a very complex matrix has to be dealt with
(e.g., biological fluids, cells, tissues) and high selectivity and
specificity are required, indirect detection strategies must be
utilized instead.

Indirect detection by SERS is effected by means of func-
tionalized nanoparticles, called SERS nanotags, that allow for
the switching on and off of a signal given by a reporter molecule,
upon folding, binding, or other recognition event. Differently
engineered nanotags in the same colloidal sol or assay®’ can
then be exploited for multiplexing, allowing for the concomi-
tant indirect detection or imaging of different analytical targets
during the same measurement. For this approach to be
successful, the reporter molecule must be carefully selected,
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Fig. 2 Effect of size, shape, and dielectric function on the plasmon band of nanomaterials. (a) The A spr Of citrate-reduced gold nanospheres
widens and shifts to the red and NIR as the size increases from 8.4 + 1.0 nm (), to 64.8 &+ 3.4 nm (Il), and 123.6 + 10.6 nm (lll). Adapted with
permission from Bastus et al., Langmuir, 2011, 27, 11098-11105. Copyright 2011 American Chemical Society. (b) Nanorods show two plasmon
bands, corresponding to the transverse (~500 nm) and longitudinal components. The wavelength of the latter increases with increasing aspect
ratio (AR): gold nanorods having AR of 2 4+ 1 show a longitudinal A spr at about 660 nm (I, blue), those with AR of 4.2 + 1 show a longitudinal A spr
at about 810 nm (I, yellow), and those with AR of 6 + 2 show a longitudinal A_spr at about 960 nm (lll, green). Scale bars in the TEM micrographs
are 50 nm. Adapted with permission from Springer Nature: Zijlstra et al., Nature, 2009, 459, 410-413. Copyright 2009. (c) Extinction spectra of
three NIR-active MoOs_, nanomaterials with different oxygen vacancies and corresponding Field Emission SEM (FE-SEM) micrographs. Adapted
with permission from Patil et al., J. Phys. Chem. C, 2020, 124, 21082-21093. Copyright 2020 American Chemical Society.
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such that it can be easily conjugated to the metal core of the
nanotag, and it can give off a bright signal, even at trace
concentrations. This implies that a good reporter for SERS
nanotags must have a large SERS cross section. While in the
visible and NIR I range a wide array of large cross section
reporter molecules is available (crystal violet, rhodamine 6G,
and 4-mercaptobenzoic acid among others), bright NIR II and
SWIR reporters for SERS are scarce and research on their design
and synthesis is still ongoing and niche.

Lastly, we recall that by avoiding self-absorbance, NIR light
can penetrate tissues, reaching about 1 cm of depth when
785 nm lasers are utilized.®® Increasing wavelengths into the
NIR II and SWIR further improves transparency at such depths
by concomitantly reducing scattering.®>*> However, such an
extent of penetration depth might not be sufficient for appli-
cations that require non-destructive access to deeper targets
within the human body, such as abdominal organs or intra-
cranial regions. This issue clearly limits the range of application
of NIR-SERS to the medical and intraoperative fields. Tradi-
tional Raman spectroscopy can benefit of alternative spectral
collection arrangements, such that the radiation can reach
deeper targets. This variation of the technique is called Spatially
Offset Raman Spectroscopy (SORS), and its Surface Enhanced
(SE) counterpart, SESORS, can be similarly implemented,
affording depths of penetration from 4 to 5 cm.®® As a conse-
quence, this spectral collection configuration brings about new
and complex challenges in that, for a SERS signal to be gener-
ated by a deep target, a suitable enhancing substrate must be
delivered in its vicinity. Therefore, nanoparticle dose, delivery
method, biocompatibility, toxicity, and clearance are all aspects
that must be carefully evaluated when implementing a realistic
SESORS analytical protocol.

In the following sections, we will explore how the challenges
herein outlined have been tackled by the SERS community,
providing examples of relevant literature from the past six years
(2017-2022). While there is a broad range of recent reviews on
SERS,**% especially on substrates®*” and biomedical
applications,””® we intend to offer a different take on the
matter and focus on aspects that are seldom discussed,
although within popular topics such as anisotropic growth. An
example of these are surface chemistry and its relationship with
crystal growth, monodispersity, and final SERS performance, as
well as the insights coming from computational chemistry,
which aid in the elucidation of mechanisms that are still
experimentally elusive. We hope to guide the reader in a journey
that illustrates the reasons behind certain practical choices
presented by NIR-focused literature cases, and stimulate the
debate around the criticalities that still need to be addressed to
finally push (NIR-)SERS into the real world.

2.1 Excitation wavelength and nanomaterial design

As previously discussed, the use of NIR and SWIR excitation
wavelengths necessarily implies some degree of intervention on
the nanomaterial design, with respect to the most commonly
utilized substrates for SERS in the visible range. Three main
intervention strategies can be identified:

2136 | Nanoscale Adv., 2023, 5, 2132-2166
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(1) acting on the anisotropy of the nanoparticle morphology
to shift the LSPR to the NIR and SWIR regions;

(2) acting on the chemical composition (e,,) and architecture
of the nanomaterials (e.g., core-shell, multimaterial hybridiza-
tion, doping, etc.) to obtain novel SERS-active substrates in the
NIR and SWIR;

(3) using NIR and SWIR reporters to obtain NIR and SWIR
nanotags for indirect SERS detection.

2.1.1 Anisotropic plasmonic nanomaterials. The LSPR of
a nanomaterial can be manipulated by increasing its aspect
ratio, defined as the ratio between the in-plane width and the
out-of-plane height of the nanostructure (ARyphere = 1).** This
increases the anisotropic character of the system and red-shifts
the Arspr. The simplest and most notable case of anisotropic
nanoparticle is probably represented by gold nanorods, while in
the last ten years branched nanoparticles, often referred to as
nanostars, have taken the lead as the state-of-the-art
morphology for bright SERS substrate fabrication. Besides the
evident effects of anisotropy on the position of the plasmon
resonance (Fig. 2b), these nanostructures also exhibit an
inherent advantage that makes them brighter than traditional
spheroidal nanoparticles—the lightning rod effect.

This effect entails the accumulation of dipolar fields at the
tips of prolate structures, such as the tips of nanorods or
nanostar branches, resulting in electric fields that are much
more intense than those at flattened regions.*! Since plasmonic
nanostructures behave like nano-antennas, in that the radiative
process from the nanostructure (i.e., near-field) to the far-field is
what ultimately enables SERS (electromagnetic mechanism),’® it
follows that a radiative process that is generated by stronger
electric fields will generate inherently larger surface-enhanced
Raman signals. In other words, the tips of rods or branches
are intrinsic hotspots.*”*# Additionally, the more a prolate
geometry is needle-like, the higher the concentration of dipolar
fields, and thus, the larger the resulting signal enhancement.*
This can be easily observed in Fig. 3a, which shows the NIR-
SERS spectra (Aexe 785 nm) of standard probe crystal violet,
obtained utilizing AuAg nanostars with varying degrees of
branch sharpness, as well as AuAg nanospheres.** All nanostars
give raise to a larger amplification of the signal compared to
nanospheres, and among the nanostars, the intensity of the
spectra is positively correlated to the sharpness of the branches.

The intrinsic hotspots of rod-like or rod-containing (i.e.,
branched) colloidal nanoparticles are such that, under suitable
excitation conditions, they may be used for SERS measurements
without need for prior aggregation.®® This constitutes an
advantage in terms of signal reproducibility, in that the more
common extrinsic (i.e., salt-induced) hotspots are inherently
stochastic, as stochastic is also the probability of a molecule
adsorbing on a hotspot.** An interesting way of generating
extrinsic hotspots in a more controlled way was recently
implemented by Huang et al.,** who coupled label-free gold
nanostars with gold nanohole arrays for the single molecule
NIR-SERS detection of both individual DNA bases and single
nucleobases within DNA oligonucleotides. Gold nanoholes were
size-tuned and suitably spaced to exhibit their LSPR in the NIR
I, and then embedded as a partitioning wall in a PDMS

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00930g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 22 March 2023. Downloaded on 1/8/2026 8:49:23 PM.

(cc)

View Article Online

Review Nanoscale Advances
a
30000
420 723
o8} . 440 525359 1393

5 25000 o a2 91 1170 1356
-~ ) \
3 > 20000 H |
@ = ) L
— os} ] A A
5 5 ,
§ £
£ z
W o4 E

o

14

0 : . A ) )
400 600 800 1000 1200 1400
02 . . . . s
400 500 600 700 800 900 Raman shift (cm-')
Wavelength (nm)
NS1 [ns2 NS4 NSph)
e
Fig. 3 (a) Extinction spectra (left) and TEM micrographs (bottom) of AuAg nanostars with varying degrees of branch length and sharpness (NS

from 1to 4), and of AuUAg nanospheres (NSph). The capping agent is CTAB for all colloidal formulations. These nanomaterials were utilized for the
NIR-SERS detection of model analyte crystal violet at a final concentration of 1 uM (right). It can be easily observed that all branched
morphologies give rise to intense SERS spectra compared to the nanospheres, and that the sharpest morphologies yield strongest SERS signals
among the branched morphologies (lightning rod effect). Adapted with permission from He et al., J. Opt., 2015, 17, 114013-114026. Copyright
IOP Publishing. All rights reserved. (b) Schematic of the flow-through detection platform developed by Huang et al. A nanostar is trapped in
a nanohole via the application of a voltage and laser illumination at 785 nm. The trapping is the result of the combination of electrophoretic (Fgp),
electroosmotic (Fgo), and optical (Fof) forces and allows for the formation of on-demand, controllable tip-wall hotspots. Adapted from Huang

et al., Nat. Commun., 2019, 10, 5321; figure licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/.

microfluidic chamber. Gold nanostars were then incubated
with either the individual DNA bases or the DNA oligonucleo-
tides and let diffuse from one compartment to the other inside
the microfluidic chamber. By concomitant application of
a 785 nm laser light and an electrical potential, a plasmonic
gradient inside the nanohole and two equal and opposing
electrokinetic and electroosmotic forces are generated, respec-
tively (Fig. 3b). The plasmonic gradient gives rise to an optical
force that brings the nanostar-analyte complex towards the
nanohole sidewalls, creating on-demand, controllable tip-wall

© 2023 The Author(s). Published by the Royal Society of Chemistry

hotspots in which the analyte can reside. On the other hand,
the combined effect of the two equal and opposing electroki-
netic and electroosmotic forces causes the electrophoretic
motion and entropic flow of the nanostar through the nanohole
to be abated. This electro-opto-kinetic trapping and on-demand
hotspot manipulation can be sustained up to a few minutes,
allowing for sufficient time to detect rare single molecule events
(e.g., the detection of A as a single nucleobase in 5'-
CCCCCCCCCA-3") across multiple acquisitions.
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Oblique Angle Deposition (OAD) can also be utilized to
fabricate planar substrates based on anisotropic elements and
with controlled spatial distribution of hotspots. Li et al®
developed an OAD-based gold nanorod planar substrate with
nanorod spacing optimized to be active in the NIR I, and
applied it to the fast (8 minutes), label-free, and direct detection
of the protective antigen (PA) produced by Bacillus anthracis
upon anthrax infection.*® Their method was demonstrated to
have a sensitivity of 100 pg mL™" both in standard solutions and
in human serum albumin (HSA), and discrimination of HSA
from HSA/PA mixtures was aided by principal component
analysis (PCA).*® Although real serum samples contain species
other than HSA, the determined limit of detection is four orders
of magnitude lower than the typical levels of protective antigen
found in infected human serum, and, thus, reasonably fit-to-
purpose.®®

The anisotropic arrays described by Li et al.*”*® are not the
most common type of SERS-ctive substrate; in fact, colloidal
suspensions have a much wider prevalence in analytical work,
due to their low cost and versatility. Colloidal nanoparticles can
be delivered in situ,* incubated into cells or injected through
tissues,’™** utilized for measurements in transmission config-
uration,” and immobilized on planar supports to produce
arrays.” However, the elucidation of the mechanisms that
enable anisotropic growth in colloidal sols is still subject of
animated debate and research, in that several factors limit the
realistic formulation of a punctual and unambiguous unified
theory. While the growing accessibility of computational
methods such as molecular dynamics simulations has recently
aided in the exploration of otherwise inaccessible nanoscale
phenomena, the real-time atomic-scale imaging and chemical
mapping instrumentation that would be requisite to observe
such processes directly and in their native environment is not
widely accessible yet (e.g., cryogenic transmission electron
microscopy, cryo-TEM), or existent. Furthermore, the enormous
number of different synthetic protocols that have been imple-
mented in the last two decades poses in and of itself a limitation
to the extent of the reaction space parameters that can be
realistically explored and compared experimentally. However,
from a strictly practical standpoint, it is well known that
anisotropic gold and silver nanoparticles can be achieved via
the introduction of shape-directing agents, and their rational
modulation allows fine plasmonic tuning for tailored NIR-active
substrates. Shape-directing agents can be categorized into two
groups—surfactants and small ions (i.e., silver and halides). In
the case of gold nanorods, both agents are utilized for the
control of the aspect ratio for plasmon tuning, as well as for
morphological yield and crystallinity control.

CTAB is probably the most famous among the shape-
directing surfactants and it is essential in the fabrication of
nanorods. The general mechanism by which it assists in the
formation of these nanoparticles is understood to be the result
of the different affinity the surfactant has towards different Au
facets, such that growth on the longitudinal axis is faster than
on the transverse axis, leading to rod-shaped nanoparticles.?**”
As previously mentioned, advances in the field of computa-
tional chemistry have recently allowed for the elucidation of
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mechanistic aspects that are otherwise experimentally elusive.
Of particular importance is the modeling of surfactants as
micelles and the study of their behavior at the interface with
nanoscale plasmonic surfaces in solution. For example,
molecular dynamics simulations by Meena and Sulpizi®® and Da
Silva and Meneghetti®® have shown that the adsorption of CTAB
on the seed and growing nanorod likely occurs as individual
micelles. In analogy to what postulated in the early develop-
ments of nanorods synthesis,***” CTAB micelles adsorb with
different packing density depending on the crystal facet and
surface curvature.”®* This creates facet- and curvature-specific
intramicellar channels of varying width, where the solution
environment can easily reach the surface of the seed or growing
rod.?®*% This affects the growth kinetics and ultimately results
in a faster deposition of reduced gold on the facets that are less
densely packed by the CTAB micelles (ie., curved, (111)
facets).”® %

The event that breaks the symmetry of the initial isotropic
gold seed is not generally attributed to CTAB.** For penta-
twinned nanorods, this event is identified with the stochastic
formation of twinning planes in the growing seed,'** while for
single-crystal nanorods, which are obtained in the presence of
silver, the general belief is that silver itself is responsible for
symmetry breaking.'*>'* Because symmetry breaking is an
inherently stochastic process, more families of nanorods inev-
itably coexist in the same colloidal sol (“popcorn” mechanism),**®
thus affecting its homogeneity. Colloidal polydispersity is re-
flected by the width of the longitudinal LSPR band in extinction
spectroscopy, and it is generally associated to a non-optimal
batch to batch reproducibility of the SERS enhancement. This
issue has been addressed by Liz-Marzan's group,'”” who intro-
duced the use of small AR nanorods as seeds. This variation in
the original procedure causes an effective temporal and spatial
decoupling of symmetry breaking and growth events, thus
leading to an improved morphological homogeneity and
reproducibility of the SERS signal.'*” This is an elegant example
of how the understanding of fundamental nanoscale processes
can lead to very practical outcomes at the analytical level. The
necessary high yield and uniformity of the rod-shaped seeds
was achieved by the introduction of n-decanol as a co-surfac-
tant;'”” by finely tuning the n-decanol: CTAB ratio, growth of
low-dispersion, higher aspect ratio nanorods was achieved
(Fig. 4a)."” It must be recalled that the possibility of utilizing co-
surfactants to obtain nanorods with higher AR, and thus NIR II
activity, was found also early in the nanofabrication develop-
ment of this morphology,*® although with lower shape unifor-
mity, which is reflected by the wide longitudinal LSPR band
(Fig. 4b).

A practical advantage of the nanorods developed by Liz-
Marzan's group is that they are characterized by narrow longi-
tudinal LSPR bands that can be straightforwardly tuned from
the NIR I (760 nm) to the NIR II (1125 nm), by simple manip-
ulation of the pH via HCl: HAuCl, ratio, from 40 to 160, and
control of the reaction temperature at 16 °C.**” The combination
of a lower pH, which decreases the redox potential of ascorbic
acid, and a lower temperature (7 < room T) slows the kinetics of
the growth reaction, thus achieving a more controlled

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00930g

Open Access Article. Published on 22 March 2023. Downloaded on 1/8/2026 8:49:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

Nanoscale Advances

NIR 1 NIR Il

E‘ vis 2N 7,
K N/

CTAB/n-butanol

Normalized Extinction (a.u.)
"
&
—~

\ § -
. TR
: | S

-
400 600 800 1000

1200 1400

Wavelength (nm)

(=]

R

vis NIRI NIR Il wemf | !

= CTAB/BDAC
CTAB

~N )
l =R/K )

W\

60 800 300 MO 140 1600

Extinction (a.u.)
i

Wavelength (nm)

Ther ic control

Kinetic

Y

spontaneous

symmetry
deformation

symmetry

correction
symmetry

conservation

Gibbs Free Energy

Nucleation

Symmetry Breaking

anisotropy

Spontaneous
surface
reconstruction

heat-induced
surface
reconstruction

Anisotropic Growth

Reaction Coordinate

Fig.4 Comparison between high aspect ratio nanorods synthesized in co-surfactant mixtures with (a) small anisotropic seeds and (b) traditional,
spherical seeds. Panel a adapted with permission from Gonzalez-Rubio et al, ACS Nano, 2019, 13, 4424-4435. Copyright 2019 American
Chemical Society; panel b adapted with permission from Nikoobakht et al., Chem. Mater., 2003, 15, 1957-1962. Copyright 2003 American
Chemical Society. (c) Kinetic vs. thermodynamic control in nanoparticle growth. Figure inspired by Gonzalez-Rubio et al., 2020.1°

manipulation of anisotropy.’*”'*® Anisotropic morphologies are
indeed kinetic products (Fig. 4c),"*>'*® and reaction kinetics
strongly influences the morphology and morphological yield of
the final product. As previously noted, differences in thermo-
dynamic parameters, such as the affinity of a particular capping
agent for a specific crystal facet, do have kinetic outcomes—
a more strongly bound or more tightly organized capping agent
can slow down the deposition rate of the precursor noble
metal.******%” This has been recently demonstrated by Chen
et al.' for the formation of silver nanocubes with (poly)vinyl-
pyrrolidone (PVP) as the shape director. For pentatwinned gold
nanorods, Sanchez-Iglesias et al.*** have further explored the
topic by achieving aspect ratio tuning in the NIR I and II via the
sole temperature control, in the presence of CTAC as CTAB's co-
surfactant.

If the elucidation of anisotropic growth in nanorods still
proves to be challenging, the elucidation and fine control of the
development of branched morphologies are even more elusive.
Branched nanoparticles, often called nanostars (but also

© 2023 The Author(s). Published by the Royal Society of Chemistry

nanourchins***** or nanoflowers*'***'®), are typically synthesized
via seed-mediated processes, in the presence of silver ions from
silver nitrate, as well as a surfactant or a polymer (e.g,
CTAB,"***° Triton-X,"***** anionic dioctyl sodium sulfosucci-
nate, AOT, and AOT/dimethyldodecylbenzylammonium
bromide,'** PVP,'**'?¢ chitosan,"””'*® efc.). While the role of
silver is understood to be—at a minimum—that of a symmetry
breaking agent like with nanorods, the role of the various
surfactants and polymers has not been fully elucidated yet. This
is to be attributed not only to the low accessibility and afford-
ability of in situ atomic-scale organic phase-compatible char-
acterization techniques, but also to the high degrees of freedom
that this morphological class inherently bears. Compared to
nanorods, where the morphological parameters are essentially
circumscribed to length and width, nanostar subclasses can be
identified based on a wider range of parameters, such as the
length and thickness of branches, their sharpness, their
number, the presence or absence of tip decorations. This readily
translates to an enormous number of variations along the same
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fundamental shape (Fig. 5), and thus, an accompanying enor-
mous number of synthetic protocols that can be hardly ratio-
nalized for mechanistic purposes. However, by analogy with
what has been illustrated for nanorods and for anisotropic
growth in general, it can be said that a combination of selective
adsorption,* configuration at the solid/liquid interface,** and
modulation of redox potentials and reaction kinetics®'***** is
likely to compound in the generation of a specific branched
nanoparticle.

An important difference compared to nanorods is that
surfactant-free procedures for the fabrication of colloidal gold
nanostars can also be implemented,*****3**3% indicating that
surfactants are not as necessary as in the fabrication of nano-
rods. In fact, while surfactant-free nanorods can be obtained
only in the presence of a template,'***** this is not necessary for
the surfactant-free synthesis of gold nanostars; rather, a quick
look at the literature might suggest that the only indispensable
reagent is silver. It has indeed been amply shown that, regard-
less of the synthetic strategy (i.e., surfactant-mediated or
surfactant-free, seed-mediated or one pot), the removal of silver
from branched gold nanoparticle syntheses can lead to the
formation of spheroids.®****'3:13¢ This has been reconducted to
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the role of silver in inducing anisotropy-favoring twinning
defects on the nucleating crystals or growing seeds.>****

However, a more accurate look at the literature would show
that synthetic protocols for the fabrication of branched gold
nanoparticles can also be achieved without silver, often in
association with reducing agents different than ascorbic
acid."*»"3%13217 This demonstrates the previously mentioned
complexity of this type of growth, and the difficulty in finding
a unifying mechanistic theory. However, when silver is utilized,
it has been frequently observed to influence the branches
extent, length, and sharpness®*'?*131:136138139__an effect that is
important for NIR and hotspot tuning.** Moreover, as observed
in the stabilization of symmetry-breaking outcomes in the
evolving seed in nanorod synthesis,'**'** silver has been asso-
ciated to the stabilization of shape via underpotential
deposition.**

As previously discussed, anisotropic nanoparticles are
kinetic products,'*>**° and they have a higher density of high
energy facets (i.e., {110} and {100}) compared to isotropic
shapes such as spheroids, as well as a larger number of low
coordination surface atoms.'*® Therefore, their formation and
the retention of their shape and crystallinity is not thermody-
namically favored, thus leading to surface reconstruction

The front view

0.5 um

2

.éié

oy

Fig.5 Examples of branched nanoparticles. (a) Highly symmetrical and homogeneous Ag-coated gold tetrapods. Reprinted from Spectrochim.
Acta Part A, 211, Zhu et al., 154-165, Copyright 2019, with permission from Elsevier. (b) Highly symmetrical and homogeneous six-branches AuAg
nanostars. Used with permission of Royal Society of Chemistry, from Atta et al., Nanoscale, 11, 2019; permission conveyed through Copyright
Clearance Center, Inc. (c) Gold-copper starfish-like nanostars. Adapted from Sanchez et al.,, RSC Adv., 2021, 11, 25788-25794; figure licensed
under CC BY-NC 3.0, https://creativecommons.org/licenses/by-nc/3.0/. (d) Citrate-capped one-pot multibranched AuAg nanostars. Adapted
with permission from Deriu et al., J. Phys. Chem. C, 2022, 126, 2023-2040. Copyright 2022 American Chemical Society. (e) Predominantly
hexapod silver nanostars. Reprinted from Garcia-Leis et al., Colloids Surf., A, 535, 49-60, Copyright 2017, with permission from Elsevier. (f)
Branches-on-branches gold nanostars. Adapted with permission from Atta et al., J. Phys. Chem. C, 2016, 120, 20749-20758. Copyright 2016
American Chemical Society.
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(Fig. 4c)."**'** This phenomenon is particularly evident in gold
anisotropic nanoparticles, due to the known high mobility of
this element.’?>'** Atta et al.'* studied the fate of silver in the
evolution of highly uniform, seed-mediated, six-branches gold
nanostars in Triton X-100, and found that their morphology,
and thus the LSPR, was stable when an optimal concentration of
100 uM AgNO; was utilized for their nanofabrication. In all
other instances, a decrease in the length of the spikes and
rounding of the tips was observed. Line-scanned energy-
dispersive X-ray spectroscopy (EDS) data of the nanostars ob-
tained with varying Ag' concentration showed that silver is
uniformly present throughout the nanoparticle, but only forms
a thicker layer on the side walls of the branches when 100 uM is
used; this is believed to prevent the thermodynamically favored
diffusion of gold atoms from the tips towards the core, thus
allowing shape retention.

Nanoparticle restructuring towards more thermodynami-
cally favored shapes was also noticed in the surfactant-free gold
nanostars optimized by Xie et al.,”*” in which silver is absent,
and in those optimized by He et al.,*® in which silver is present
as a trace constituent (Au: Ag of 18:1). In these cases, boiling
and aging, respectively, blueshift the plasmon, indicating the
collective regression of the nanoparticle population to spher-
oids or a less anisotropic shape.**” Thermally induced
restructuring of individual plasmonic nanostars was recently
observed in situ, thanks to the advances in electron microscopy
cells with both heating and tilting capability."** These were
utilized in the development of a scanning TEM (STEM) acqui-
sition method based on the collection of high angle annular
dark field (HAADF) 2D projections of individual nanostars and
consequent 3D shape reconstruction (HAADF-STEM tomog-
raphy). The novelty of this method is that it can be performed at
a rate that is 10 times faster than conventional electron
tomography approaches, thus allowing the direct observation of
individual nanostars during temperature-induced reshaping.'**
During these in situ heating experiments, it was directly
observed for the first time that gold atoms migrate from the tip
of the branches towards the core of the nanostar as a function of
increasing temperature, and that the majority of the reshaping
occurs within the first minute of heating, regardless of the
temperature.'**

Because of the tight relationship between morphological and
optical properties in plasmonic nanoparticles, and because
laser illumination during a SERS experiment might cause
plasmon-induced heating, heat-mediated shape restructuring
of nanoparticles should be taken into serious consideration.
This is particularly true when implementing NIR-SERS analyt-
ical protocols, as they are likely to make use of highly aniso-
tropic morphologies in conjunction with high energy and long
acquisition times (i.e., to counterbalance the energy depen-
dence of the signal intensity), which tend to generate heat
within the sample.

Regardless of applied heat, surface restructuring of highly
anisotropic nanoparticles is thermodynamically favored, and
a common strategy to hinder and slow down the process is the
use of surface ligands. Besides modulating colloidal stability,
surface ligands can indeed minimize surface energy. Shape

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conversion of gold nanostars can thus be prevented by capping
them with strongly interacting surfactants, such as CTAB,*
weakly chemisorbed small molecules such as citrate,*'** or
other ionic species such as HEPES™ and carbonate.> It must be
recalled that the choice of nanoparticle capping agents is not
only critical for the retention of shape and colloidal
stability,***° but also for optimal signal enhancement® and
biocompatibility.****** The relevance of the latter aspect will be
apparent in Sections 2.1.3 and 2.2 of this review.

The nanoparticles developed by Atta et al.*** are of particular
interest in the NIR as they have very thin and long branches,
which shifts the plasmon from the usual NIR I to the NIR II,
offering the possibility to explore the second biological window.
The second biological window and the SWIR region are seldom
explored compared to the NIR I, not only because of the tech-
nological limitations that we have previously discussed (i.e.,
performance of NIR I and SWIR detectors), but also because
highly homogeneous and controlled thin branching are difficult
to obtain, and there is at present little to no knowledge on how
to tailor this shape such that no core ripening or thickening of
the branches occurs during growth (besides impeding restruc-
turing). Atta et al.'*® also observed how, beyond the optimal
silver concentration they found for their synthetic protocol,
silver deposited at the core, enlarging it. Moreover, it has been
observed that the seed size also influences the branching extent
and individual branch growth.™ %'

In gradient array growth experiments on planar substrates
that were intended to unveil the morphological transition of
poly(N-isopropylacrylamide)-encapsulated gold seeds into
silver-free nanostars, Kuttner et al'*” observed that new
branches are formed at the expense of branch growth with
increasing seed diameter, which was attributed to the progres-
sively larger surface that was available for autocatalytic reduc-
tion, and thus, for the nucleation of new branches. The same
authors also studied the interplay of seed size with the
concentration of gold precursor, noticing that for bigger (>12
nm) seeds to grow into longer-branched nanostars and coun-
teract an overall isotropic growth in volume, a gold precursor
supply higher than the usual 0.25 mM concentration was
necessary.'’ After prior screening of SERS efficiency using
model analyte nitrothiophenol, and identification of a nanostar
morphology along the gradient array that was best suited for
NIR I 785 nm irradiation, Kuttner et al.'*” were able to exploit
the encapsulated nanoparticles as hydrophobic platforms for
the label-free surface enhanced resonance Raman (SERRS)
detection of the elusive Pseudomonas aeruginosa infection
biomarker pyocyanin. This was achieved via a tempering-
promoted entrapment of the analyte at the nanoparticle-
polymer interface, which allowed poly(N-isopropylacrylamide)
to undergo volume-phase transition without altering the optical
properties of the encapsulated nanostars, thus enabling pyo-
cyanin detection at clinically relevant concentrations (dynamic
range 10 ° to 10”7 M) by bringing it closer to the plasmonic
surface."’

Label-free SERS, that is, SERS in the absence of nanotags,
can be challenging for the reasons illustrated in the overview
section of this review; in fact, the majority of recent works on
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NIR-SERS, and in particular those targeted at the detection of
biomolecules in complex biological media, are characterized by
the use of functionalized anisotropic nanoparticles. A selection
of these anisotropic nanotag-based studies will be discussed in
the dedicated section. It must also be mentioned that, although
the present section is focused on the examination of nanorods
and nanostars, these are not the only morphologies available to
the SERS scientist. Other anisotropic materials with fit-to-
purpose SERS activity in the NIR can also be fabricated. For
example, interested readers can refer to the works on NIR-active
silver nanowires by Becucci et al.’*® and on gold nanoplates by
Luo et al.,*** or the synthetic study on the role of iodide ions in
the transition of copper nanowires to nanoplates by Kumar's
group.*

2.1.2 Alternative plasmonic nanomaterials. So far, our
discussion has involved the sole use of noble metal nano-
particles—as we have delineated, they are the most commonly
utilized substrates for SERS, and the manipulation of their
morphology represents a way to access the NIR domain. As
previously mentioned, another way to access the NIR and SWIR
regions is to act on the & parameter in eqn (2), and utilize
materials other than gold and silver, with native properties in
these spectral ranges. The intrinsic ability of a material to
display LSPR in the NIR can be explained in terms of the Drude
model,"***** according to which the frequency of the LSPR of
a nanomaterial, wrspg, is given by:'*

2
Wp 2

1+ 260 | (3)

WLSPR =
where wy, is the plasma frequency and v is the damping factor,
which contains information about the size and shape. Since the
plasma frequency is directly proportional to the electron
density,"*® choosing materials with lower electron density than
gold and silver shifts the plasmon to lower frequencies, and
thus, longer wavelengths. Semiconductors are one of the most
sought-after candidates for use as alternative SERS substrates in
that, by definition, they have lower electron density compared to
metals. Moreover, they typically have good chemical stability,
cost-effectiveness, they can be fabricated via facile syntheses,
and are easily tuneable both in terms of morphology and
surface chemistry.'>**¢

However, what constitutes the main advantage of using
semiconductors as SERS substrates is also their main challenge.
The LSPR bands generated by these materials are not as intense
as those observed for noble metals, as semiconductors intrin-
sically have scarce electrons in the conduction band.** Conse-
quently, they have a very low enhancement factor (10 to 10%)
compared to the commonly used noble metals (10° to 10"°).1*® It
must be recalled that the overall SERS enhancement is under-
stood to be the product of two different phenomena, the elec-
tromagnetic effect, cited in the preceding section, and the
chemical effect, of which charge transfer is the main enabling
mechanism. Charge transfer is an analyte-specific mechanism
that entails a chemical interaction between the analyte and the
SERS substrate, in which an electron can be transferred through
vibronic coupling from the Fermi level of the substrate (i.e.,
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metal) to a frontier orbital of the analyte molecule, or vice
% While this phenomenon does not account for the
majority of the total enhancements observed in SERS using
traditional plasmonic nanomaterials, it represents instead the
main mechanism by which semiconductor-based SERS is
enabled. Because the comparatively weaker signal obtained by
semiconductors is due to their low electron density, and thus,
low amount of charge transfer from the valence to the
conduction band, the biggest challenge for the direct imple-
mentation of semiconductors in SERS is to engineer them such
to improve and promote the chemical enhancement.

To achieve this materials engineering objective, the possible
ways in which charge transfer can occur must be taken into
consideration. These can be broadly classified into three types:
(1) movement of electrons within the atoms of semiconductor,
(2) electronic excitations in the target molecule, and (3) mutual
transfer of electrons between the semiconductor and target
molecule by photo-induced charge transfer (PICT)."*” While the
exploitation of the latter mechanism is self-explanatory, the first
two need some clarification. The transfer of electrons within the
semiconductor depends on their band gap, density of electrons
in the valence and conduction bands, and on the wavelength of
incident light. Similarly, the transfer of electrons in the target
molecule depends on the highest unoccupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO).
Upon excitation, electrons from the ground state (HOMO)
transit to a higher energy level (LUMO); these electrons, being
thermodynamically unstable, move back to the relaxed state in
HOMO. The energy released in this process contributes to the
Raman signal.'®® Based on this principle, the positions of the
conduction and valence bands of a semiconductor can be
adjusted to come close to the HOMO-LUMO of the target ana-
Iyte, thus facilitating the charge transfer process, and with it,
the SERS chemical enhancement.

Tailoring of the band gap of a semiconductor can be ach-
ieved in three main ways: by fabricating heterojunctions,
through doping, and via defect engineering (Fig. 6). With het-
erojunction, we define the interface resulting from the coupling
of two different semiconductors; this physical coupling not only
tailors the energy level positions of the resulting material, but
also facilitates SERS measurement by the formation of hotspots
at the junctions. Doping is defined as the deliberate introduc-
tion of impurities into an intrinsic (i.e., pure) semiconductor,
thus modifying its chemical structure. This introduces addi-
tional energy levels in the resulting material, the extrinsic
semiconductor, which can be exploited to facilitate SERS-
enabling electronic transitions. Finally, defect engineering
intervenes on the nanocrystal growth to introduce defects such
as oxygen incorporation and abstraction. For applications in the
NIR, the two most common tailoring strategies for
semiconductor-based SERS are doping and defect engineering.
Heterojunctions have been utilized in SERS applications, but
their application is still primarily confined to the visible

161-163

versa.

spectrum.

Semiconductor nanoparticles can be obtained by a variety of
bottom-up fabrication techniques,'®* such as precipitation,'®®
template assisted,'®® hydrothermal,'® and sol-gel*®” syntheses.
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Fig. 6 Mechanisms of charge transfer increase in semiconductors. Upon suitable laser illumination, electrons in the native valence band, VB, of
a semiconductor are transferred to the conduction band, CB (cyan dot-and-dash line); electrons in the conduction band can be increased by
formation of a heterojunction with a noble metal (right), which feeds its electrons into the conduction band of the semiconductor. Charge
transfer can then occur between the enriched conduction band of the semiconductor and an adsorbed analyte (purple wavy arrows). The
introduction of doping agents and defects in the crystal structure of a semiconductor modifies the band structure of the resulting material,
typically lowering the band gap (Acg_ve' < Acg_vs). Upon appropriate laser illumination, electrons are transferred from VB to the new energy
levels VB’ and CB’ and to the original CB. Depending on the relative position of the energy levels of the engineered semiconductor and those of
the adsorbed analyte, charge transfer can occur from either CB or CB’ to the analyte (red arrows). A third mechanism can occur when electrons
are transferred by photon-induction from the valence band of the semiconductor to the LUMO of the adsorbed analyte, or from the HOMO of

the adsorbed analyte to the conduction band of the semiconductor (dotted orange arrows).

The same techniques can be utilized also for the doping of
semiconductors by incorporation of dopant ions into the crystal
lattice during nanoparticle growth;'*® alternatively, doping can
also be achieved by post-synthetic methods such as diffusion or
impregnation.’**'”® As depicted in Fig. 6, the introduction of
dopants in the crystal lattice of semiconductors creates new
energy levels, called sub-energy levels, thereby lowering the
band gap. The specific position of the new energy levels and
their proximity to the conduction or valence band depends on
the charge and number of free electrons in the outermost
orbital of the dopant ion. New sub-energy levels can also be
achieved by doping-induced formation of defects in the crystal
lattice, such as free electrons or electron holes.* In the case of
free electrons, upon excitation they are trapped by the newly
created intermediate bands, which prevent electron-hole
recombination, thereby increasing the charge transfer.

To date, numerous studies have focused on the synthesis of
doped semiconductor nanoparticles of controlled morphology
with different concentration of dopant ions.'”* However, there is
a huge gap between the high volume of literature on the
synthesis of these materials, and the application of doped
semiconductor nanomaterials for SERS detection. A recent
effort to synthesize doped semiconductor nanomaterials for
SERS detection was made by Wang and co-workers.'”” They
doped ZnO oblong nanoparticles (d = 21-87 nm) with varying
gallium content using a sol-gel method, and tested their SERS
activity using 4-mercaptopyridine as the model analyte. As-
synthesized ZnO nanoparticles exhibit a typical UV absorption
band at 356 nm, which is attributed to band edge adsorption. By

© 2023 The Author(s). Published by the Royal Society of Chemistry

doping these nanoparticles with different concentrations of
gallium, the authors were able to generate LSPR bands and tune
them in the NIR, without intervening on the morphology, as it is
generally done with standard plasmonic materials such as gold
and silver. A doping concentration of 5% provided the
maximum intensity of the SERS signal. The enhancement was
mainly due to the charge transfer mechanism arising from the
substitutional incorporation of the trivalent gallium in place of
the divalent zinc, which allowed one electron from gallium to
behave as a free charge carrier in the crystal lattice, thus
producing the LSPR. These free electrons generate LSPRs up to
5% of gallium doping, after which the electron concentration
saturates and the LSPR decreases. The enhancement factor (EF)
for the detection of 4-mercaptopyridine at a doping ratio of 5%
was 6.66 x 10™.

Another study employed indium doping of CdO nano-
particles and tested their SERS activity with 4-mercaptopyridine
molecules.”” Indium-doped CdO nanoparticles were synthe-
sized hydrothermally with varying amount of indium doping
(0.025-0.200 atomic percentage) and it was observed that the
charge transfer, as well as the morphologies of doped particles,
is dependent on the doping concentration. With an In** doping
content below 0.05, the nanoparticles formed polygonal shapes,
which became more spherical with the increase of doping in the
limit of 0.05. When the atomic percentage of doping was further
increased (between 0.05 and 0.20), the nanoparticle
morphology changed to a heterogeneous structure consisting of
nanofibers embedded with 50-100 nm nanoparticles (Fig. 7a).
High resolution XPS measurements of O 1s showed that doped
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and undoped CdO nanoparticles are characterized by a different
distribution of oxygen species (oxygen vacancies, ionic oxygen,
and surface oxygen, Fig. 7b). This is expected, as doping in
metal oxides changes the electronic state of oxygen. Because of
the absence of free electrons in the conduction band, bare CdO
nanoparticles do not show any SERS signal. However, the
additional energy levels generated via doping allowed for the
production of a SERS signal (Fig. 7c). The observed enhance-
ments were in the order of 10% (A 785 nm), with a degree of
charge transfer that was maximized at the lower doping ratios
that were tested (0.025-0.075, spectra from II to IV, Fig. 7c). The
charge transfer mechanism was rationalized to arise from
enriched electrons in the conduction band of the nanoparticle
to the LUMO of the analyte, mercaptopyridine.

Doping for SERS purposes is often carried out to include
plasmonic metals, such as silver or copper. The introduction of
these metals causes an increase in the metallic character of the
semiconductor, thus improving the ability of the final nano-
material to elicit the SERS effect by concomitant electromag-
netic and charge transfer mechanisms. An example of this type
of doped semiconductors utilized for SERS detection in the NIR
is the Ag-doped TiO, implemented by Zhou et al.*’* This doped
material was then decorated with Ag nanospheres synthesized
by sol-hydrothermal method to further enhance the SERS signal

View Article Online
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via their ability to yield an electromagnetic enhancement, and
the formation of hotspots at the junctions between the main
surface and the decorations. Interestingly, UV/Vis diffuse
reflectance spectroscopy indicated that the reduction in the
band gap of TiO, after Ag-doping was not sufficient to promote
analyte-substrate charge transfer on its own. In fact, the 785 nm
laser utilized for the measurements was found to cause charge
transfer from the HOMO of the analyte to the lower energy level
of the Ag/Ag-doped TiO, system, then to the conduction band of
TiO,, and finally to the LUMO of analyte (PICT mechanism).

It might be apparent now that metal oxides are among the
most popular semiconductors. The engineering of their band
gap is most frequently carried out by engineering defects such
as oxygen vacancies. Haldavnekar et al.'” utilized this strategy
for the fabrication of undoped quantum sized ZnO with SERS
capabilities. Quantum-sized (1.7-18.99 nm) ZnO nanoparticles
were synthesized by a multi-photon ionization technique in
which ZnO seeds were first created from bulk zinc by pulsed-
laser ablation in the presence of atmospheric oxygen, and let
self-assemble by melting, collision, and coalescence to form
nanorods. The resulting nanomaterial was a hybrid system
consisting of nanorods arranged as a ZnO nanodendritic plat-
form, decorated with quantum sized ZnO nanoparticles on the
top (Fig. 8a). The authors postulated that the high energy
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(@) SEM micrographs of indium-doped CdO with varying In3+ atomic percentages: (I) x =0, (ll) x = 0.025, (lll) x = 0.050, (IV) x = 0.075, (V) x

= 0.100, (VI) x = 0.125, (VIl) x = 0.150, and (VIII) x = 0.200. (b) High resolution O 1s XPS spectra of bare CdO (left) and indium-doped CdO (x =
0.075, IV sample) nanoparticles. (c) SERS spectra of mercaptopyridine obtained using the various iterations of indium-doped CdO substrates
depicted in panel a. Mercaptopyridine (1 mM) was first allowed to adsorb on the substrates, then the mixture was centrifuged, rinsed, and dried

prior to analysis. The highest enhancements are observed at the lowest

doping loadings (II, Ill, and IV spectra). Adapted with permission from

Zhang et al.,, J. Phys. Chem. C, 2021, 125, 17125-17132. Copyright 2021 American Chemical Society.
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generated in the pulsed laser ablation technique introduced
crystal defects in the ZnO structure, as well as additional elec-
trons in the conduction band. The collective oscillation of the
resulting increased electron density gave rise to an LSPR in the
NIR range, enabling overall SERS enhancements with standard
probes crystal violet, rhodamine 6G, 4-aminothiophenol, and 4-
mercaptobenzoic acid around the order of 10°. These overall
enhancements were also the result of charge transfer, as
previously described for all semiconductor systems. The charge
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transfer in this case was attributed to the presence of defects
(oxygen vacancies, defects in crystal geometries at the corners
and edges, stacking faults, etc.) and identified to originate from
electronic transfer from the HOMO of the analytes to the
conduction band of the semiconductor, and from the valence
band of the semiconductor to the LUMO of the analytes.

The same group utilized the described ZnO assemblies for
differentiating cancer cells from non-cancerous cells via the
SERS signatures of their DNA, RNA, protein, and lipid

Nucleation forming seed layer for growth of nanorods

Formation of nanostructures due to vapor solid deposition mechanism

Nanodendrite
cell adhesion
plattorm

\ ; A
1 I/ ’_,.r’“,s" u,__,la——«»-».—-w.,-,”.\,_‘, ———— I

DNA
::::on?f«aqumnn 3 < RNA
T SERS with medium quantum probe
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Lipids

SERS with medium quantum probe

MDAMS 231 - 12h

Fig. 8

(a) Fabrication and mechanism of formation of the ZnO nanodendrite-quantum probe assembly. (b) Single-cell detection by SERS. The

nanodendrite platform has cell-adhering properties; the quantum probes are internalized by cells, increasingly with time, in an ATP-dependent
process. The dimension of the quantum probe also plays a role in the extent of internalization. SERS spectra of adhered cells demonstrate
multiplex and label-free detection of cell components: DNA (beige), RNA (pink), proteins (purple), and lipids (cyan). Adapted from Haldavnekar
etal., Nat. Commun., 2018, 9, 3065. Figures licensed under Creative Commons CC BY license, https://creativecommons.org/licenses/by/4.0/.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Adv, 2023, 5, 2132-2166 | 2145


https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00930g

Open Access Article. Published on 22 March 2023. Downloaded on 1/8/2026 8:49:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

constituents. For example, based on the signal intensities of
lipids versus proteins, they categorized cancer cells as having
low lipid : protein ratio compared to healthy cells. The cellular
uptake of nanoparticles was also investigated to characterize
the limits of detection of the individual biomolecule classes
inside the cells. They postulated that the signal intensity of
lipids was the highest and the DNA/RNA was the lowest because
a smaller number of nanostructures reaches the nucleus, and it
took more time for the nanoparticles to reach the nucleus
compared to the cytoplasm. This work provides strong evidence
that the size and shape of nanoparticles decide the cellular
uptake and thusly affect the signal intensity of individual
biomolecules inside the cells. Further research into the devel-
opment of nanostructures with a better cellular uptake can
extend the limits of simultaneous detection of biomolecules
inside cells and tissues.

Band gap engineering is not the only strategy that can be
adopted to improve the SERS performance of semiconductors.
Another common strategy is to fabricate composite materials.
With composite materials, we here identify those substrates
resulting from the coupling of two different materials in which
only one of them is a semiconductor, such as gold on graphene.
Contrary to what has been said about heterojunctions and
doping, coupling of semiconductors to SERS-active non-
semiconductors (i.e., plasmonic metals) as composites does
not yield any modification and tailoring of the band gap of the
resulting composite material. However, the combined chemical
enhancement of the semiconductor (e.g., TiO,, graphene oxide,
...) with the intense LSPR of the plasmonic metal (e.g., gold)
gives rise to an improved system for SERS detection. An example
of this approach is given by Lee and Kim,"”® who reported an
easy procedure to obtain gold nanoparticles of about 7 nm in
size, dispersed on a graphene oxide surface, using a photore-
duction method to promote the formation of Au® (Fig. 9a). The
obtained solution was subsequently drop-casted on a hydro-
phobic paper to fabricate a paper-based SERS sensor for the
detection of fungicide thiram at the micromolar level, under
785 nm excitation.'”®

In a recent work, Liu et al'” fabricated a gold—-graphene
oxide composite, Au@GO, incorporated with Fe;O, nano-
particles and poly(dopamine), and utilized it for the SERS
detection of phenanthrene in standard solution (LOD 10> ng
mL ). The magnetic character of Fe;0, allows for the reuse of
the SERS-active substrate, while the presence of poly(dopamine)
prevents the aggregation of the gold nanoparticle component.
When a suitably structured analyte is to be detected, such as
phenanthrene, the peculiar w-m stacking of graphene or gra-
phene oxide sheets favors mw- interactions with the adsorbed
analyte. This promotes a maximization of the electromagnetic
enhancement component in graphene-based plasmonic
composites by shortening the distance between the analyte and
the plasmon-sustaining surface.®»®'”® m-m interactions are
also leveraged in graphene-only substrates (i.e., Graphene-
Enhanced Raman Scattering, GERS'’), optimizing the analyte-
substrate contact and favoring signal enhancement via charge
transfer mechanism. However, GERS is essentially confined to
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applications in the visible range, and for more information on
this topic, the reader is referred to specialized literature.***~*%

Yang et al.*®® reported a graphene-Au hybrid SERS nanoarray
for the characterization of neuronal differentiation, where the
Raman signal enhancement is obtained by combining the
electromagnetic mechanism of the plasmonic Au cones nano-
array with the chemical mechanism of graphene oxide. The
degree of subsequent reduction of the latter was tuned to ensure
better interaction with the target molecule.”® The array was
obtained by laser-interference lithography (LIL) followed by
gold deposition and graphene oxide functionalization via prior
cysteamine linking. The homogeneous pattern created by LIL
ensures a consistent enhancement without high point-to-point
signal variations (Fig. 9b). The resulting graphene oxide/
reduced graphene-Au nanoarray exhibits SERS activity in both
the visible (Aexc 514 and 633 nm) and NIR range (Aex 785 nm),
although the highest local electric field responses were obtained
when exciting at 633 nm, due to the specific morphological
design of the plasmonic component of the nanoarray.'® Further
tuning in the NIR could be achieved by intervening on the
morphological aspects of the nanoarray, as seen for colloidal
nanoparticles in Section 2.1.1.

Another interesting example of NIR-SERS composite
plasmonic-semiconductor substrates has been described by
Yang et al.,*® who have also incorporated up-conversion nano-
particles for use in both luminescence resonance energy
transfer (LRET) and NIR-SERS experiments (A¢x. 980 nm). These
substrates consisted of heterojunctions arising from the
combination of Ag nanorices with W;3049 nanowire films
coated with up-conversion nanoparticles (NaYF,:Yb*", Tm*").
The plasmons generated in the Ag/W;30,49 nanowires not only
contributed to the SERS signal but also improved the up-
conversion photoluminescence efficiency of NaYF,:Yb**, Tm?*
nanoparticles. Three-dimensional finite element simulations
demonstrated that the maximum SERS enhancement is reached
when the heterojunction interface is aligned in such a way that
the tip of a silver nanorice is in vertical contact with the sides of
a W;3049 nanowire. In the size optimization of the up-
conversion component, it was found that 10 nm NaYF,:Yb*",
Tm*" nanoparticles showed maximum LSPR response in the
NIR, while a significant decrease was observed upon further
increasing of the size.

The combination of plasmonic and other materials can also
be achieved via the fabrication of core-shell structures. Plas-
monic metals such as Au, Ag, and Cu are typically used as the
core, while other materials, such as other transition metals,
semiconductors, or SiO,, are generally selected as the shell
phase. This nanostructure architecture tunes the electronic
structure and the optical properties of the final material by
exploiting the phenomenon of borrowing SERS activity. When
a target molecule is adsorbed on the shell surface of a plas-
monic-nonplasmonic core-shell nanostructure, there is no
direct contact with the plasmonic metal; however, the shell
architecture allows the nonplasmonic material to borrow SERS
activity from the plasmonic core, amplifying the Raman signal
of the analyte by the electromagnetic mechanism. Because the
SERS enhancement is strongly related to the distance between

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Examples of synthetic strategies for gold—graphene oxide composite production. (a) Photoreduction method using UV light. Adapted
from Lee, D.-J. and Kim, D. Y., Sensors, 2019, 19, 5471. Figure licensed under Creative Commons CC BY license, https://creativecommons.org/
licenses/by/4.0/. (b) Homogeneous plasmonic nanoarray generated by laser interference lithography (LIL) on a polymeric substrate, followed by
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functionalization of gold with cysteamine. The degree of reduction of graphene oxide was tuned based on the maximization of the SERS
performance of the substrate. Adapted with permission from Yang et al, Nano Lett., 2019, 19, 8138-8148. Copyright 2019 American

Chemical Society.

the analyte and the plasmon-sustaining material,"*> the non-
plasmonic shell is required to be very thin. As previously
described for traditional spherical nanoparticles (Fig. 2a), the
position of the Ay spr Of core-shell nanoparticles is influenced by
the size of the plasmonic component; for example, the larger
the core size, the higher the A;gpg. It is therefore apparent that
large cores must be utilized to push the SERS activity of these
nanostructures in the NIR. Unfortunately, ultrathin shells
without defects (pinhole-free shells) are difficult to prepare, and
thus, for applications in the NIR, the research has moved
towards inverse architectures, in which the plasmonic metal is
utilized to fabricate a thick shell, while another material
(another transition metal, a semiconductor, SiO,, ...) is utilized
as the core.

Interestingly, it is possible to create a complex core-shell
structure using SiO, as the shell also on an anisotropic core, as
reported by Atta et al.'*” In their work, they demonstrated that it
is possible to obtain both anisotropic SiO, shells that follow the
morphology of gold nanostars, and isotropically etched core-
covering shells that leave the nanostar branches exposed,
without altering their length or sharpness. The first type of
core-shell structure is obtained during the initial phases of the
silica shell growth, as this initially follows the anisotropic
morphology of the nanostar. The second type of core-shell
structure, on the other hand, is obtained after prior growth of
a full, isotropic silica shell, with an optimized protocol that
ensures the morphological preservation of the nanostar core.

© 2023 The Author(s). Published by the Royal Society of Chemistry

After the formation of a thick silica shell around the nanostars,
a silica etching step is performed using a mild etching reagent,
NaBH,, instead of the more common and stronger reagent
NaOH. This demonstrated to be the crucial step to chemo-
selectively etch silica, leaving the branches of the gold nanostar
exposed and unaltered.

Rare-earth semiconductors can also be utilized to form
shells on plasmonic cores, the most common of which is CeO,.
Bao et al'®® proposed a method that is easily adaptable to
several combinations of metal@mesoporous oxide architec-
tures, by simple variation of the pre-formed metal core or shell
precursors. The same protocol also allows a facile modification
of the shell thickness from 4 to 30 nm, by varying the Ce** added
to the colloidal gold sol. The plasmonic behavior of the gold
core (55 nm) was tuned to the NIR region owing to the
confinement effect of the CeO, porous shell. The structure
based on gold core and CeO, shell was tested to detect toluene
vapor at concentrations of 10 ppm (A 785 nm), and the
observed SERS enhancement is attributed to the high number
of micropores in the shell, that can trap target molecules,
bringing them closer to the plasmonic core where the SERS
effect is higher.

Among novel structures, shell components can also be made
with Metal-Organic Frameworks (MOFs)."®® MOFs are highly
ordered porous materials synthesized by combining metal ions
or clusters with an organic ligand, following the commonly
adopted supramolecular approach. Due to their rational design
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and functionalization, this class of materials is widely applied
in multiple fields such as catalysis,"® gas storage,”* drug
delivery,** and sensing,"* including SERS. For instance, Zhang
and co-workers'* presented a one-pot synthesis for a series of
SERS substrates composed of a Mg-based MOF, MOF-74, as the
shell of varying thickness, and a gold core. While dime-
thylformamide (DMF) is the most commonly used solvent in
MOF syntheses, these Au-MOF core-shell nanoparticles were
synthesized in DMF-ethanol. The resulting nanoparticles were
utilized for the detection of model analyte 4-nitrothiophenol by
NIR-SERS (Aex. 785 nm) with a LOD of 69 nM, as well as for the in
situ monitoring of plasmon-assisted reactions. MOFs have also
been utilized in composites, such as in the very recent work by
Zhao et al.,**® in which a Fe-MOF was utilized as a substrate to
anchor gold nanorods, and implemented for the catalytic
degradation and SERS detection of methylene blue, with a LOD
of 9.3 x 10~ ? M.***

Exploiting the concept seen for thicker plasmonic shell-
nonplasmonic core nanoparticles, NIR-active substrates can
also be fabricated by creating assemblies via plasmonic deco-
rations on non-plasmonic large nanoparticles. In a very recent
work, Bock et al.**® prepared silica nanoparticles decorated with
Au nanoparticles and demonstrated SERS activity and fit-to-
purpose homogeneity for potential applications for in vivo
imaging. In brief, after the separate synthesis of SiO, (~190 nm)
and Au (~3 nm) nanoparticles, the latter were introduced into
the SiO, sol to form SiO,@Au seeds. The final product was then
obtained by a seed-mediated method in which the Au growth
was controlled by varying the concentration of the Au®*
precursor. By increasing the Au precursor concentration, the
Mspr also increases. This behavior was explained by the
simultaneous presence of multiple factors: a higher number of
Au nanoparticles, a narrow nanogap among the Au nano-
particles (1 nm for the highest Au precursor concentration), and
thus, a stronger plasmonic coupling of the Au nanoparticles on
the SiO, surface. The highest enhancements upon 785 nm
illumination were therefore achieved at those Au concentra-
tions that reduced the gap between adjacent Au nanoparticles
on the surface of silica nanoparticles, generating hotspots. The
Au-decorated silica nanoparticles were then labeled with more
than ten Raman-active compounds and tested as potential SERS
tags during in vivo NIR-SERS measurements.

Although the majority of alternative materials that we have
listed so far are metal oxides, some alternative metals,**”*° as
well as transition metal nitrides (e.g., TiN dimers and ZrN)*°
and chalcogenides (e.g., CuTe nanocubes,*" AuCu nanostars/
MosS, **%), also show potential for use as SERS-active plasmonic
substrates in NIR applications. Transition metal nitrides TiN
and ZrN, for example, exhibit high electron conductivity**
compared to metal oxides, have optical properties in the NIR
thats are comparable to gold,”****?** and their electronic
structure can be easily tailored via nitrogen vacancies engi-
neering,'” as previously illustrated for oxygen vacancies in
metal oxides. Among the alternative metallic nanomaterials
beyond gold and silver, magnesium nanoparticles have
garnered interest in the last few years, demonstrating inter-
esting optical properties, including near-field scattering that
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can be exploited in enhanced spectroscopies applications such
as SERS.>” Hopper et al* elucidated and optimized the
colloidal synthesis of Mg nanoparticles with varying size and
broad LSPR in the visible and NIR ranges (Fig. 10a and b). The
broad plasmonic response was attributed to the polydispersity
of the sample, as well as to nanoparticle aggregation caused by
the absence of stabilizing agents. However, numerical simula-
tions by Discrete Dipole Approximation (DDA, Fig. 10c) show
a correlation with the extinction spectra obtained by dark field
scattering of individual nanoparticles (Fig. 10d), indicating
promising avenues for less polydisperse versions of these
materials. It must be recalled that magnesium, as any other
non-noble metal, has high susceptibility for oxidation and
chemical reactivity in general; this disadvantage, however, can
be exploited to generate SERS-active composite nanomaterials,
such as Au- and Ag-decorated Mg nanoparticles obtained by
galvanic replacement.’*® A graphical summary of the alternative
materials discussed in this section is reported in Fig. 11, along
with a list of the diverse synthetic strategies that have been
adopted for their fabrication.

2.1.3 NIR and SWIR reporters for infrared-active nanotags.
The applications illustrated so far are all examples of direct,
label-free detection. As mentioned in the introduction, indirect
detection by SERS can also be implemented, that is, the
production of a SERS signal from a label molecule upon recog-
nition or capture of the actual target analyte. Because of the
recognition element that is involved in the analyte capture,
indirect detection is highly selective, and thus, it is most suited
for complex, untreated samples such as those in biological
matrices (e.g., cell culture media, tissue). Moreover, it is ideal
for analytes with molecular structure that is not conducive to
direct adsorption and/or have a small SERS cross section. The
recognition and enhancing substrate that is utilized to achieve
indirect detection is called a SERS nanotag, which we here define
as a functionalized plasmonic nanoparticle that comprises of
a Raman reporter, a recognition element, and a biocompatible
capping layer that confers stability to the whole system, in both
fabrication and measurement environments. Although these
systems can be referred to by other names in the literature, in
the present review we will only be referring to them utilizing the
terminology presented for their definition and highlighted in
Fig. 12.

Because SERS nanotags are especially utilized in complex
biological samples such as cell cultures and tissues, biocom-
patibility and stability in physiological conditions are of para-
mount importance. For these reasons, biocompatible capping
systems, typically polymeric in nature such as bovine serum
albumin (BSA) or varyingly functionalized polyethylene glycol
(PEG: PEG-SH, NH,-PEG-SH, etc.), are utilized to prevent opso-
nization.>® The latter consists in the formation of a multi-layer
protein corona around the nanoparticle, which causes passiv-
ation of the surface from analyte adsorption and, ultimately,
irreversible colloid aggregation.**>*'° The growth of silica shells
around plasmonic nanoparticles, which was described in the
previous section of this review, can also be implemented as an
alternative to the use of natural or synthetic polymers, as they
not only offer a platform to tune the plasmonic response of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Magnesium nanoparticles as prepared by Hopper et al.,**° obtained with overall increasing reactant concentrations (from left to right)
and decreasing reaction temperature (top to bottom). (b) Experimental extinction spectrum of colloidal magnesium nanoparticles dispersed in
isopropyl alcohol and having an average size of 300 + 60 nm. (c) DDA-simulated extinction spectra of magnesium nanoparticles having varying
size, hexagonal shape as found in real samples, and thickness ~0.1 times their tip-to-tip length. The weighted average obtained on the basis of
the experimental size distribution is reposted as a black dashed profile. (d) Color-matched SEM micrographs (top) and scattering spectra (bottom)
of Mg hexagonal platelets of varying tip-to-tip size. Adapted from Hopper et al., J. Phys. Chem. C, 2022, 126, 563-577; figures licensed under CC

BY 4.0, https://creativecommons.org/licenses/by/4.0/.

nanoparticle system, but also achieve biocompatibility and
stability in physiological media. Examples of this strategy can
be seen in the works by Kircher's group,”>*"**** who utilizes
SERS nanotags for in vivo SERRS and SESORRS (see Section 2.2)
imaging and thus, have stringent biocompatibility needs. An
additional requirement that a nanotag capping system might
have is the selectivity towards a particular biological target. For
example, Dugandzi¢ et al.**® capped their silica-encapsulated
nanotags with mannose for fast uptake by mature macro-
phages, which are known to express a mannose-specific C-type
lectin receptor.

The recognition element can be a peptide,
body,”"* or an aptamer,***" and it is typically covalently
bound to the nanoparticle via the Raman reporter, taking
advantage of thiol chemistry or via the use of coupling agents
such as heterobifunctional cross-linkers.”***** For example,
Song et al”*® utilized a commonly adopted bioconjugation
strategy known as EDC-NHS chemistry*'®2* (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, N-hydroxysuccinimide) to
anchor arginylglycylaspartic acid (RGD), a peptide recognition
element for adenocarcinoma biomarker o,f; integrin, to gold
nanostars. This strategy is utilized when the bioconjugation
reaction involves an amine and a carboxylate; in this case, the
amine comes from the RGD peptide, while the carboxylate
comes from the Raman reporter 4-mercaptobenzoic acid (4-

214216 an anti-

© 2023 The Author(s). Published by the Royal Society of Chemistry

MBA). As shown in Scheme 1, EDC activates the carboxylate by
forming a reactive O-acylisourea ester conjugate, making the
charged form of NHS, SuO, able to yield an NHS-ester by
transesterification.”***** The formed NHS-ester is an amine-
reactive species that reacts with the primary amine in the
arginine's residue of RGD, yielding the final reporter-
recognition element adduct, RGD/4-MBA.****** Such a bio-
conjugate was obtained after prior incubation of 4-MBA with
gold nanostars, during which the Raman reporter chemisorbs
to the gold substrate (Fig. 13a). Another example of bio-
conjugation reaction for the fabrication of SERS nanotags is
illustrated by Bhamidipati et al.,**” who utilized a thiolated
aptamer as the recognition element for epithelial cell adhesion
molecule (EpCAM), a protein that is utilized as a metastasis
biomarker of different oncological diseases. The bioconjugation
reaction was undergone step-wise, utilizing a heterobifunc-
tional cross-linker, sulfo-succinimidyl 4-[N-maleimidomethyl]
cyclohexane-1-carboxylate (sulfo-SMCC, Fig. 13b). 4-Amino-
thiophenol was pre-adsorbed onto gold nanostars via its sulf-
hydryl group, leaving its primary amine able to react with the
NHS-ester terminus of sulfo-SMCC, yielding an amide
bond.*®**** The introduction of the thiolated aptamer at this
point initiates a reaction with the maleimide terminus of sulfo-
SMCC, producing a stable thioether bond between the aptamer
and the linker/reporter system.*’®**> In those cases in which

Nanoscale Adv., 2023, 5, 2132-2166 | 2149
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a silica shell is chosen as the capping material, prior function- on the ex vivo and in vivo SERRS imaging of breast cancer lung
alization of silica is necessary to perform any subsequent bio- metastases,” SERRS nanotags for transmembrane glycoprotein
conjugation reaction. For example, in a work by Kircher's group  Tissue Factor (TF) were obtained by first growing a silica shell

recognition element
(e.g., antibody)

/

HN
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#
-+ .
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(e.g., 4-mercaptobenzoic acid)
7
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Fig. 12 Schematic representation of the components of a SERS nanotag: a plasmonic nanoparticle of varying morphology (yellow), an
embedded or chemisorbed Raman reporter (red), a biocompatible capping layer (e.g., silica, a polymer such as polyethylene glycol or bovine
serum albumin, etc.; pale blue), and a recognition element such as an antibody (green), covalently conjugated to the Raman reporter via the use
of a linker molecule. The SERS nanotag components are not in scale.
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Scheme 1 EDC-NHS chemistry exemplified by the arginylglycylaspartic acid peptide/4-mercaptobenzoic acid (RGD/4-MBA) conjugate utilized
in the fabrication of the SERS nanotags developed by Song et al.?*¢ Abbreviations: EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS,

N-hydroxysuccinimide; SuO-, anionic N-hydroxysuccinimide.

around gold nanostars in the presence of resonant Raman
reporter IR780. Subsequently, the silica surface was function-
alized with (3-mercaptopropyl)trimethoxy-silane (MPTMS),
providing sulfhydryl groups for further grafting of the recogni-
tion element, an antibody targeted against glycoprotein TF.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Anti-TF conjugation was then achieved by utilizing the hetero-
bifunctional linker  poly(ethylene  glycol) (N-hydroxy-
succinimide 5-pentanoate) ether N'-(3-maleimidopropionyl)
amino ethane (NHS-PEG4k-Mal), which reacts in a similar way
as illustrated for sulfo-SMCC (Fig. 13c).
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Fig. 13 Architecture of SERS nanotags and crosslinking chemistry. (a) Schematic representation of the SERS nanotags developed by Song et al., ¢
obtained utilizing EDC-NHS chemistry. Gold nanostars were incubated with 4-mercaptobenzoic acid (4-MBA) and conjugated via the formation
of an amide bond to the arginylglycylaspartic acid peptide (RGD). The capping layer is likely constituted by remaining residues of cetyl-
trimethylammonium chloride (CTAC) and bovine serum albumin (BSA) originating from synthesis and SERS nanotag fabrication, respectively. (b)
Schematic representation of the SERS nanotags developed by Bhamidipati et al.,>” obtained utilizing sulfo-SMCC as the cross-linking agent.
Surfactant-free gold nanostars were incubated with 4-aminothiophenol (4-ATP), which was then allowed to react with the NHS-ester terminus
of the cross-linking agent. The maleimide terminus was subsequently allowed to react with the thiolated aptamer, EpA. The capping layer is likely
formed by phosphate ions coming from the PBS buffer utilized to redisperse the SERS nanotags after fabrication and purification. (c) Schematic
representation of the SERS nanotags developed by Nayak et al.,*® obtained utilizing Mal-PEG4k-NHS as the cross-linking agent. Surfactant-free
gold nanostars were encapsulated in silica shells, obtained in the presence of Raman reporter IR780, which remains embedded in the silica shell.
The shell was then functionalized with mercaptopropyltrimethoxysilane, MPTMS, providing it with sulfhydryl groups to react with the maleimide
group of the cross-linking agent. The antibody anti-TF was then conjugated via the NHS functionality of the cross-linking agent. Drawings are not

in scale.

It must be noted that case-specific experimental parameters
like pH, temperature, pre-treatments, incubation environment
and time, all compound into an efficient functionalization of
nanoparticles into SERS nanotags. For example, EDC chemistry
is most efficient at a pH of 4.5, but it can be also successfully
carried out at higher pH values, close to neutral, if required by
the system (e.g., use of PBS buffer).?”® As another example,
reducing conditions (e.g., incubation in tris(2-carboxyethyl)
phosphine, TCEP?**®) are used as a pre-treatment to the
adsorption of thiols, to cleave any disulfide bonds resulting
from either self-reaction between probes or the presence of
protecting capping groups. As for thiol-mediated functionali-
zation reactions of gold substrates, temperature has proven to
be a crucial parameter. Liu et al*** demonstrated that func-
tionalization of gold nanoparticles at freezing conditions (—20 °
C) leads to an increase in the loadings of thiolated oligonucle-
otides, compared to traditional room temperature and reagent-
based (i.e., salting out, low pH) procedures. This is the result of
the formation of micropockets of segregated reactants during
the freezing process. This segregation causes an increase in the
local concentration of the thiolated reactants, thus increasing
their rate of adsorption and, with it, their resulting packing
density on the surface.?”® While this procedure was originally

2152 | Nanoscale Adv, 2023, 5, 2132-2166

established for the fabrication of nanoflares,***?* it has been
seamlessly transferred to analogous systems such as SERS
nanotags.*****”

The systems described so far all make use of nanostars as the
plasmonic component of the nanotag. This is because control of
the hotspots formation via the use of intrinsic features such as
nanostars branches is the preferred way of creating them in
these analytical systems. Indeed, they allow for a reproducible,
constant enhancement compared to the formation of hotspots
by salt-induced aggregation, thus allowing fully quantitative
studies. An alternative, although more complex, way of gener-
ating hotspots is the assembly of dimers or sandwich super-
structures among SERS nanotags, such as in the case of the
previously mentioned work by Bhamidipati et al.**” The SERS
nanotags described in Fig. 13b were utilized as the components
of a planar array-based sandwich assay for the detection of
EpCAM, both as a soluble protein in standard solution (binding
buffer: 1x PBS, pH 7.4, 4.5 g L™ " glucose, 5 mM MgCl,) and as
a transmembrane protein in cell culture, under a 785 nm illu-
mination. EpCAM-deficient HeLa cell lines were utilized as
negative controls and thus, as substrates for assay selectivity
studies. The planar array was prepared by first adhering
surfactant-free gold nanostars onto a silanized and BSA-coated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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glass substrate, and by subsequently functionalizing the nano-
stars with the same thiolated aptamer utilized in the fabrication
of the SERS tags. To aid in the minimization of non-specific
target binding, a 6-mercaptohexanol backfilling was estab-
lished on the substrate-adhered nanostars by simple incuba-
tion. EpCAM protein was then incubated on such prepared
substrates, after which washing and subsequent incubation
with the SERS nanotags were performed. Captured EpCAM
targets are in this way immobilized between the two plasmonic
elements of the sandwich, thus benefiting from an increased
enhancement given by the formation of hotspots between the
SERS nanotags and the immobilized nanostars. This method
allowed for a LOD of 10 pM for the soluble protein and 10 cells
for the transmembrane protein when a truncated aptamer, EpA,
was utilized as the recognition element.

When sandwich configurations are implemented such that
transmission measurements are required, for example in solu-
tion, considerations on the A, of the plasmon band of the
final dimer or aggregate must be taken into account. As seen in
Section 2, the formation of dimers, trimers, and multiple
aggregates shifts the plasmon band to higher wavelengths. This
can be an advantage, in that it can be used to tune the
enhancing substrate such that the LSPR can be excited by
higher wavelength excitation sources than those that would
excite its native, well-disperse colloidal form. However, the
extent of this shift for measurements in transmission must never
exceed the amount given by the difference between the native
Aspr and the wavelength of the excitation source. In other
words, when working in transmission mode, pre-resonance
conditions between the enhancing substrate and the laser
source must be maintained for ideal LSPR excitation, and thus,
ultimately, for best analytical performance. Readers interested
in the physics behind this best practice point can refer to
Sivapalan et al.>*® The practical effect of this can be observed in
Tatar et al.,**> where two versions of the same solution-based
sandwich assay were implemented utilizing nanostars-nano-
stars and nanostars-nanosphere SERS tags dimers. The dimers
were obtained by the bridging upon analyte capture of a 4-ATP/
antibody SERS nanotag based on nanostars with “SERS ampli-
fiers”, PEG-SH/antibody-functionalized gold nanospheres or
nanostars. The plasmon band of both dimer types falls past the
utilized 785 nm excitation: this resulted in lower SERS signal
than expected for a sandwich configuration. However, the
nanostar-nanostar dimer system is able to compensate for this
drawback because of the lightning rod effect given by the
branched morphology. The nanostar-nanostar configuration of
the assay was thus able to achieve an LOD in the range of 1 to 3
ng mL~' for the detection of biomarker carcinoembryonic
antigen-related cell adhesion molecule 5 (CEA-CAMS5).

Because the Raman reporter is the actual element that
produces the SERS signal, its quality must be such to guarantee
low limits of detection and low fluorescence background. This
can be achieved if the chosen reporter has the general charac-
teristics of having a clean, defined spectrum, high photo-
stability, and a large SERS cross section with low fluorescence
quantum yield under the chosen illumination conditions. This
implies that molecules that behave as effective Raman reporters

© 2023 The Author(s). Published by the Royal Society of Chemistry
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under visible excitation might not behave equally well when
illuminated in the NIR II, III, or SWIR. While common visible
range Raman reporters such as 4-mercaptobenzoic acid,*”*****®
4-aminothiophenol,"*>*"” methylene blue,*® 1,2-bis(4-pyridyl)
ethylene (BPE),”” or rhodamine 6G,**® can still be successfully
utilized in the NIR I, such as under 785 and 1064 nm illumi-
nations, moving towards higher wavelengths brings about the
need of engineering this aspect, too, in analogy to what was
illustrated for the nanoparticle morphology (Section 2.1.1).
Moreover, exploitation of resonance effects to further increase
the signal by working under NIR-SERRS conditions also
requires engineering of the reporter molecule such that it
possesses resonances under the given illumination.

Although this line of research has not seen many additions
in the most recent years, groups such as Kircher's and Graham's
and Faulds' produced notable work in the years between 2015
and 2017, deserving a mention here. Harmsen et al.>*' devel-
oped for the first time five 785 nm-resonant chalcogenpyrylium
reporters for improved SERRS tags with attomolar sensitivity.
These reporters were designed to exhibit low fluorescence due
to increased intersystem crossing given by the presence of
chalcogens, an absorption maximum that was tunable with
chalcogen atom substitution (i.e., S vs. Se), and high affinity for
gold via the introduction of coplanar 2-thienyl groups that allow
for direct adsorption. Synthesis is achieved by coupling reaction
products 5 and 8 in Scheme 2a, after prior methylation and
dehydration of known chalchogenpyranones 4 and 6 with
methylmagnesium bromide, respectively, and condensation of
7 with N,N-dimethylthioformamide and hydrolysis of the
resulting iminium salt intermediate.”®* SERRS nanotags
prepared with thiopyrylium Reporter 3 produced the highest
SERRS signal, and this was attributed to the better adsorption
ability of 2-thienyl groups to the gold surface as compared to
phenyl groups. This was hypothesized in the rational design of
the reporters,”* as 2-thyenyl groups are known to be more
efficient at charge delocalization compared to phenyl substitu-
ents,*** which could aid in 7t-metal interactions. Moreover, 2-
thienyl groups are known for shifting the absorption maximum
of a compound,** thus resulting in Reporter 3 having the most
red-shifted A.x. As a consequence, SERRS intensity could be
ranked (P < 0.05) in terms of the number of 2-thyenyl groups, as
follows: Reporters 1a/1b (no 2-thienyl group) < Reporters 2a/2b
(two 2-thienyl groups) < Reporter 3 (four 2-thienyl groups).>**
Nanotags assembled with Reporter 3 showed attomolar sensi-
tivity and were utilized for in vivo tumor margin delineation
with an antibody targeting the epidermal growth factor
receptor, EGFR.”*'

The synthesis presented by Harmsen et al**' was then
expanded by Bedics et al.>** to fabricate a library of 14 non-
resonant chalcogenpyrylium reporters with activity in the NIR
II (Aexc 1280 nm) and picomolar sensitivity. In this work, the
relationship between the SERS performance of the nanotag and
the structural elements of the reporter, such as the number and
type of chalcogen atoms and the number of methine groups,
was further studied. In addition to the previously identified 2-
thienyl groups,** it was found that 2-selenophenyl substituents
also make optimal moieties for the adsorption of the reporters

Nanoscale Adv, 2023, 5, 2132-2166 | 2153
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Scheme 2

(a) Reaction scheme for the synthesis of 785 nm-resonant chalcogenpyrylium reporters as prepared by Harmsen et al.?3* Abbrevi-

ations: THF, tetrahydrofuran; RT, room temperature; Ph, phenyl; Ac,O, acetic anhydride; sat., saturated. (b) Precursors and final chalco-
genpyrylium reporters active under 1280 nm excitation, as prepared by Bedics et al.?3

onto gold nanoparticles.***** In fact, when comparing the SERS
signal obtained from Reporter 13 (four 2-thienyl substituents)
with that obtained from Reporter 14 (four 2-selenophenyl
substituents) after prior adsorption onto hollow gold nano-
spheres, a significant difference in intensity can be observed,
where the 2-selenophenyl-substituted reporter shows the high-
est values. This is in line with prior reports that indicate
a greater affinity for gold of selenolates than thiolates.>*>*** The
library of reporters was in this case obtained by synthesizing
starting materials  4-methylthiopyrylium or 4-methyl-
selenopyrylium anions 15a and 15b and either

2154 | Nanoscale Adv,, 2023, 5, 2132-2166

chalcogenopyranone 16 or (4-chalcogeno-pyranylidene)
acetaldehyde derivative 17, which were then condensed in
a similar manner as seen in Harmsen et al.,*** to yield a series of
monomethine (reporters from 1 to 8) or polymethine (9 to 14)
reporters (Scheme 2b).

Bedics et al.**® observed that polymethine reporters exhibit
higher SERS intensity under 1280 nm excitation compared to
monomethine reporters, and attributed this behavior to the
number of sp> carbons in the chalcogenpyrylium backbone. For
this reason, Kearns et al.*®” prepared two chalcogenpyrylium
pentamethine reporters having four 2-thienyl and four 2-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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selenophenyl substituents, respectively, and tested them after
assembly as gold nanosphere-based SERS nanotags, verifying
the trends highlighted by Bedics et al.***—2-selenophenyl
substituents and longer polymethine bridges are the optimizing
structural parameters for brighter, NIR-active chalcogenpyry-
lium SERS reporters.>****” The prepared pentamethine chalco-
genpyrylium reporters have absorption maxima at 959 nm (2-
selenophenyl-substituted thiopyrylium) and 986 nm (2-thienyl-
substituted selenopyrylium), and allowed for limits of detec-
tion of 51 + 5 pM and 63 & 5 pM when utilized in 100 nm hollow
gold nanosphere-based nanotags under non-resonant 1550 NIR
I illumination. These LODs are one order of magnitude higher
than those achievable under the same experimental conditions
utilizing commercially available reporters in the SERS nanotag
assembly, as BPE. Given the absorption maxima of these pen-
tamethine compounds, they were subsequently successfully
implemented as resonant reporters in the fabrication of
femtomolar-sensitive =~ SERS nanotags for 1064 nm
illumination.>*

The library of chalcogenpyrylium reporters obtained by
Bedics et al.,** although very structurally similar to each other,
shows non-overlapping SERS spectra. This is an intrinsic char-
acteristic of Raman and SERS spectra, which combine the
molecular fingerprint capability to narrow bands, thus making
Raman reporters amenable to multiplexing. As opposed to the
common singleplex strategy, multiplexing allows for the
concomitant detection of multiple targets in a single measure-
ment. Multiplexing is typically implemented by making use of
different nanotags at the same time; heterogeneously func-
tionalized (i.e., mixed-ligand) nanotags can also be in principle
implemented, but their fabrication poses challenges in terms of
differential enrichment given by the different reporters, which
may negatively impact sensitivity and quantitation. Although
more control and knowledge about mixed-ligand nanoparticles
fabrication processes are progressively achieved,”® the use of
a series of mono-reporter SERS nanotags in place of single,
mixed-reporter SERS nanotags is the current preferred
approach in SERS multiplexing.

An example of multiplexed detection using NIR-active SERS
nanotags can be seen in the work by Zhang et al,** who
developed a lateral flow SERS immunoassay for the multiplexed
detection, on a single test line, of three myocardial infarction
biomarkers, creatine kinase-MB isoenzymes (CK-MB), cardiac
troponin I (cTnl), and myoglobin (Myo) (Fig. 14). Three SERS
nanotags active under 785 nm excitation and targeted each at
one of the three biomarkers were prepared utilizing silver-core
gold-shell nanoparticles as the plasmonic element, antibodies
targeted at CK-MB, cTnl, and Myo as the recognition element,
and methylene blue, Nile blue A, and rhodamine 6G as the
Raman reporters. The latter were incorporated by direct
adsorption to silver, and subsequently embedded in the gold
shell of the resulting bimetallic nanosphere; optimal enhance-
ment is therefore obtained by exploiting the core-shell interface
as a hotspot. The tags were further functionalized with SH-PEG-
COOH as the stabilizing coating, which was utilized for the
bioconjugation reaction with the antibodies using EDC-NHS
chemistry. Indirect, multiplexed detection of the cardiac

© 2023 The Author(s). Published by the Royal Society of Chemistry
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biomarkers on the lateral flow assay strip was implemented
using a sandwich configuration, obtained by immobilizing
antibodies targeted at the biomarkers on the same test line,
which hybridize with the SERS nanotag/biomarker complexes
formed in the conjugation pad area of the strip (left panel,
Fig. 14).

The three nanotag/biomarker
complexes on the same test line constitutes an improvement
of a previous lateral flow design from the same research group,
which had three separate test lines (i.e., sequential singleplex
design), and thus, required longer times for the readout SERS
signal to be acquired. The new design allowed for the total
detection time to be reduced to one third, amounting to 17
minutes, while maintaining the limit of detection for each
biomarker essentially unaltered, in the clinically relevant low to
sub-pg mL "' range. This is an example of how multiplexed
detection can be especially of aid in time-sensitive applications,
such as in the development of diagnostic tools for emergency
room situations: myocardial infarction, as in this case, as well
as potentially other acute cardiovascular diseases, or poisoning
and overdosing events.

immobilization of all

2.2 Collection set-up

In the introductory section we discussed how infrared radiation
can penetrate tissues more in depth compared to visible light,
reaching about 1 cm below the surface if a 785 nm source is
used.® What if we need to illuminate a target that is located at
a larger depth? As previously mentioned, the concept of
Spatially Offset Raman Spectroscopy can be exploited in SERS or
SERRS terms too, setting up SESORS or SESORRS experiments.
These deep Raman techniques require an intervention on the
design of the instrumentation, in that the collection probe has
to be placed at an offset position compared to the laser
source,**® as depicted in Fig. 15a. The offset is necessary as it is
the element that enables larger depth sampling; photons
migrating laterally into a sample statistically tend to populate
deeper volumes, because those that approach the air-sample
interface tend to escape the sample instead, resulting unde-
tected by an offset collection probe.******> Readers interested in
the basics of SORS as an introduction to SESORS can refer to
a recent tutorial review by Mosca et al.>*

The first account of SESO(R)RS was published by Stone et al.
in 2010,>*® and demonstrated the applicability of surface-
enhancement in a SORS context for the detection of lesions
located 1.5 to 2.5 cm below the surface of a porcine tissue
sample. The measurements were performed in transmission
mode (Fig. 15b, VI) and were enabled by the injection of reso-
nant (Aexc 830 nm) SERS tags based on citrate-reduced silver
nanospheres into the tissue sample. By the sole examination of
this pioneering experiment, it is easy to notice the many factors
that must be considered in a SESORS or SESORRS experiment:
the delivery of SERS-active substrates inside the sample at the
depth of interest, the SERS-substrate formulation, and thus, its
biocompatibility and stability in biological media, as well as its
concentration or number of administered nanoparticles per
target cell (i.e., dose). The latter was determined by Stone et al.>**
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by taking into account the thickness of the sample, the collec- necessary (estimated 3.5 SERS tags per cell), while the number
tion geometry (i.e., transmission), the resulting sampled volume increases to about 3500 per cell for a 1 mm lesion.>** In another
and number of cells in that volume, and the possible lesion size.  early work by Sharma et al.,*** who demonstrated the feasibility
For a 10 mm lesion, less resonant SERS tags per cell are of SESORS for the detection of species through bone and in
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Fig.15 (a) Schematic representation of the principles of Spatially Offset Raman Spectroscopy (SORS). Raman photons diffuse from the sample to
the surface: photons originated from deeper layers tend to first spread sideways, thus allowing a selective detection of them when the collection
probe is placed at an offset (As) from the illumination point. (b) Five possible source-collection probe configurations that allow for SORS and
SESORS measurements, as compared to conventional Raman (I): (Il) point-like configuration (backscattering); (Ill) ring-collection; (IV) ring-
illumination; (V) defocusing; (V1) transmission configuration. Figures inspired by Mosca, S., et al., 2021.24°
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backscattering geometry, the necessary dose of SERS tags to
generate a SESORS signal was determined in absolute terms,
and it was 2 x 10" particles total. Because nanoparticles in
tissue medium are not static, and they naturally tend to undergo
diffusion along with other biophysical processes, the actual
number of illuminated nanoparticles is plausibly less than the
estimated, indicating that lower nanoparticle doses are likely
possible.***

Despite nanoparticle dose is an essential element for the
translation of SESO(R)RS to real life clinical applications, few
focused studies have been carried out on the subject. It must
also be noted that, necessarily, these studies are nanoparticle-
or nanotag-specific, as well as wavelength-, geometry-, and
offset-specific. For example, Nicolson et al.>** have studied the
dose of resonant and non-resonant tags for SESORS using
a handheld instrument fitted with a 830 nm excitation line at its
optimal**®* 8 mm offset and in backscattering geometry
(Fig. 15b, II). To accurately control the concentration of the
SERS tags and obtain limits of detection that were independent
from diffusion into tissue, Nicolson et al.>** performed their
measurements in cuvettes, which were shielded by tissue
samples of increasing thickness, up to 5 mm. This sampling
depth is clinically relevant for through-skin breast cancer
applications.>**>*

In the same paper, Nicolson et al.>** also demonstrated the
benefits of utilizing resonant tags to achieve higher signal-to-
noise ratio, and with it, the possibility of administering lower
nanoparticle doses. The selected 830 nm-resonant chalco-
genpyrylium** reporter, dye 823, was able to yield SESORRS
signals that were eleven times higher than those obtained with
the standard, commercially available non-resonant reporter,
BPE. The same dye was also utilized to fabricate nanotags for
the SESORRS detection of breast cancer 3D models based on
multicellular tumor spheroids (MTS) through 15 mm porcine
tissue,*** as well as to perform multiplex imaging on analogous
MTS models, in conjunction with other two 830 nm-resonant
chalcogenpyrylium reporters.>* Due to their brightness, reso-
nant SERS tags also allow for larger sampling depths compared
to non-resonant tags.>****° This is particularly important for
measurements performed in backscattering geometry, which is
known to access shallower depths compared to transmission
measurements.>%>*

The spatial component inherent to SESO(R)RS can be
exploited to retrieve information about the depth of a target
inclusion; this is particularly relevant for diagnostic or intra-
operative applications, where the localization of a lesion could
be required, either in vivo or ex vivo. Methods for this type of
determination have been recently developed for both trans-
mission and backscattering geometries by two independent
groups. Mosca et al.>*® proposed an approach based on a totally
non-invasive acquisition of calibration data, that is, without any
need to obtain information from internal components of the
sample. Consequently, this method can be utilized in trans-
mission configuration. The reported root-mean-square error of
prediction is 6.7%. Berry et al.,**" on the other hand, developed
a ratiometric approach to be utilized in backscattering geom-
etry, based on the use of non-resonant nanotags and Principal

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

Component Analysis (PCA). PCA was primarily utilized to
determine the bands of the nanotags and tissue that contrib-
uted to the largest variance in the system. These were then
utilized to calculate the natural logarithm of the nanotag to
tissue intensity ratios at different known depths and build
a linear model for each nanotag system. Two different non-
resonant nanotags were studied to investigate the importance
of the identity of the reporter, showing the slope of the intensity
ratio as a function of inclusion depth exclusively depends on the
optical properties of the tissue. In prediction studies, this
method showed a root-mean-square error between 5.015 and
4.727%, depending on the utilized nanotag reporter.

Although SERS and SERRS nanotags populate the SESO(R)RS
literature, less common, direct SESORS can also be imple-
mented. Moody et al.>>* developed a direct SESORS method to
detect neurotransmitters through bone (0.5-1.25 mm), both in
mock brain samples and in a euthanized rat subject, under
785 nm irradiation. Mock samples were obtained by the
superimposition of a rat skull onto agarose gel slabs that were
previously incubated with standard solutions of neurotrans-
mitters serotonin, melatonin, epinephrine, norepinephrine,
and dopamine at physiologically relevant concentrations (low
hundreds of nM (ref. 253)), both individually and in mixtures.
To compensate for post-mortem decomposition processes, the
brain of the euthanized rat subject was enriched with an
injection of 200 pL of 100 uM serotonin, which was allowed to
diffuse prior to analysis. Citrate-reduced gold nanospheres were
chosen as the enhancing substrates, brought to pH 2 to invert
the surface charge from negative to positive for
neurotransmitter-substrate affinity reasons, and let incubate
and diffuse into the gel slabs. The nanoparticle delivery into the
skull of the euthanized rat subject was performed via through-
skull injection instead. The measurements on mock samples
demonstrated that it is possible to obtain direct SESORS spectra
of neurotransmitters at concentrations that are relevant for
human applications, with LODs that do not differ much from
those calculated for the same species in standard solutions and
synthetic biological fluids in regular SERS experiments.**>*
While the thickness of the euthanized rat's skull allowed for
through-bone SERS detection of serotonin even in the absence
of an offset, maximum signal was obtained with a 1 mm offset
in backscattering geometry, thus showing a potential of the
SESORS technique to allow for the study neurotransmitters in
vivo, in a minimally invasive way.**>

For the detection of targets that are more complex than small
molecules, and especially in those cases where imaging has to
be performed, elaborate nanotags must be utilized. A paradig-
matic example of this case is the first in vivo SESORRS study
performed by Kircher's group.” Nanotags based on cyclic-
RGDyK peptide-functionalized silica-encapsulated resonant-
dye labeled gold nanostars were fabricated to target integrin,
a protein that is overexpressed in glioblastoma multiforme
(GBM) tumors. SESORRS imaging of GBM masses was per-
formed in vivo, on glioblastoma-bearing mice under general
anesthesia, after prior (18-24 hours) injection of a 100 uL 8 nM
dose of nanotags via the tail vein (Fig. 16a). Measurements were
collected both with and without offset, demonstrating the
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higher accuracy of SESORRS over conventional, non-offset
imaging collection set-ups (Fig. 16b), as well as comparable
results to MRI (Fig. 16c).

It might be now apparent to the reader that because SESO(R)
RS is a new technique, it is still being explored in its more
fundamental aspects by relatively few groups. This notwith-
standing, the two recent studies by Kircher's and Sharma's
groups demonstrate a clear potential for clinical translation. To
fully enable this process, in-depth studies on toxicity and
biocompatibility of the enhancing substrates, as well as on
nanoparticle administration, distribution, bioaccumulation,
and kinetics of elimination must be undertaken. The interested
reader can refer to recent reviews on these topics and learn

about the state of the art in nanotoxicology.>**>%

3 Perspective and conclusions

Throughout this review we have illustrated how the community
has been addressing the challenges that arise when targeting or
manipulating biological samples in sensing applications using
NIR excitation sources. However, many more still remain open.
Before concluding, we want therefore to give an overview of
what we believe are the important problems to tackle moving
forward. This list is based on our perspective, hence it is not
exhaustive, but we hope it will provide the reader with some
useful reflection points.

SERS measurements at any wavelength can certainly benefit
from a homogeneous enhancing substrate, as this is directly
responsible of the level of uniformity of the signal enhancement
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that can be produced. Substrate homogeneity is however
fundamental in biological applications because of the intrinsic
inhomogeneity and variability of the biological targets which,
inherently, produce an intrinsically variable SERS response.
Therefore, to ensure that the signal variation is due to the target
and not to the substrate, one should aim to minimize substrate
heterogeneity, especially when the analyte is present at low
concentration. This heterogeneity is in general particularly
prominent when colloidally synthesized nanoparticles are drop-
casted or chemisorbed onto a substrate to form planar arrays.
The heterogeneity arises not only from aggregation upon
solvent evaporation (e.g., coffee rings), but also from the often-
limited morphological uniformity of the nanoparticles them-
selves, caused by a lack of understanding and control of the
synthetic protocols. This is especially true in the case of one-pot
syntheses with fast reaction kinetics. One-pot protocols inher-
ently offer less reaction control because they lack separation
between synthesis steps such as nucleation, seed formation,
and growth—a level of control that can instead be achieved by
adopting seed-mediated approaches. The latter, in contrast,
lead to improved morphological modulation and hence to
a better tuning of the plasmonic properties; a better control of
the reaction kinetics in the fabrication of the enhancing
substrates ultimately achieves a more homogeneous and
reproducible SERS response.

The SERS response would also benefit from the identifica-
tion of protocols that eliminate the need for surfactants in seed-
mediated anisotropic growth. In fact, while being ideal for
morphological manipulation, surfactants can be difficult to
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(a) Schematic representation of the SERRS nanotag architecture and clinical setup for the in vivo SESORRS study. (b) Representative

SERRS spectrum of the utilized Raman reporter, dye IR792, and TEM micrograph of the SERRS nanotags. (c) (top) Heatmaps of the nanotag and
bone signals acquired without any offset (left) and with an offset of 2.5 mm (right). (bottom, left) 2D axial T2-weighted MRI with an horizontally
inverted orientation shows the presence of a left frontal tumor, circled in red. (bottom, right) Comparatively analogous tumor margins are shown
by the SESORRS heatmap, obtained by the merging of the individual bone and nanotag heatmaps. Adapted from Nicolson et al., Theranostics,
2019, 9, 5899-5913; figures licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/.
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remove and can thus hinder performance by increasing the
separation between the nanoparticle surface and the target.
Lastly, the properties of the nanoparticles would benefit from
a more in-depth exploration of the role of stoichiometry, as
recent literature highlighted its potentially pivoting role in
morphological control. For example, in a surfactant-free, one
pot synthesis of nanostars, different ratios of ascorbic acid to
gold and silver were utilized to yield a series of nanostars with
increased branch length (modulated via silver).®® In the reaction
coordinates that have been explored, one particular combina-
tion did not yield branched structures, but nanospheroids. This
result has been later associated to the stoichiometry of the
reaction:** when L-ascorbic acid is in excess, branched nano-
particles can be obtained, while, when it is the limiting agent,
nanospheroids are synthesized instead. This could be due to the
manipulation of nucleation vs. growth and deposition vs.
diffusion rates via stoichiometry, and/or to the onset of surface-
promoted disproportionation reactions upon excess of metal
precursors, with a concomitant drift towards low-energy struc-
tures. Stoichiometry in the synthesis of nanoparticles is a factor
that is seldom investigated or mentioned at all,>*****® while it
could be a tool in uncovering the rules that predict the shape of
a nanoparticle, in the same way we can predict reaction prod-
ucts in organic syntheses.

The importance of morphological control cannot be dis-
counted even when employing nanoparticles to build SERS tags.
In this instance, ensuring (hypothetically) that the nano-
particles synthesized are always identical would lead to
obtaining tags with identical SERS response, guaranteeing that,
similar to what mentioned before, the measured SERS vari-
ability can only be associated to concentration changes in the
target. Importantly however, considering that SERS tags are
suspended in water or buffer and not anchored on a surface
such as in the case of SERS arrays, nanoparticle reshaping can
often occur, primarily due to defective or inadequate surface
functionalization. One, for instance, should think about the fate
of SERS tags in DNA extraction mixtures. In these solutions the
presence of dithiotreitol (DTT) leads to the cleavage of the Au-S
bond and the deprotection of the Au atoms on the nano-
particle’s surface, which increases their mobility, finally leading
to reshaping, consequent loss of SERS activity, and even
colloidal destabilization and precipitation. Au ad-atom
mobility, especially important at high energy locations on the
nanoparticles, can be reduced by the presence of atomic Ag,
which has been shown by Atta et al.* to deposit as a surface
monolayer or bilayer on 6-branched gold nanostars. The pres-
ence of atomic Ag on the surface of the nanoparticle drastically
reduces spike reshaping by limiting atomic mobility in surface
Au, similar to what a well-bound surface ligand would do. Thus,
both surface chemistry and surface functionalization of nano-
particles employed in SERS sensing, and especially as SERS
tags, should be well understood and rationalized if we want to
introduce them in the practical world.***>**** This is particularly
important in critical environments and bodily fluids, where, for
instance, the presence of enzymes or the formation of a protein
corona can drastically alter the properties of the nanoparticles
as they had been designed or synthesized. Taken all together,
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these factors are key in determining the quality and repeat-
ability of the SERS measurement, which are imperative to
a successful translation of the technique to the clinical practice.

Thinking about clinical application leads us to consider the
importance of collaborating with (bio)statisticians to bring
power analysis, the inverse problem approach, and, in general,
a rigorous (vs. black box) statistical treatment of data to the
SERS community. While mandatory when dealing with clinical
specimens, improving the way we handle SERS data, especially
with the advent of instrumentation with ultrafast collection
capability, would allow us to reap further benefits, such as an
improved interpretation of full SERS spectra, as compared to
the approach that only uses individual peak positions. This
approach is fundamental in biological applications of direct
SERS, where the spectra are complex and often not well char-
acterized (i.e., the signal is not generated by a known reporter
but by the actual target, whose Raman fingerprint may not have
been fully assigned yet). This improved analysis can provide
richer information on the biological analyte and increase
discrimination capability. All this, along with the richer infor-
mation that we can extract by developing ad hoc statistical and
deep learning tools, could improve the robustness and reli-
ability of SERS and render it an important analytical and diag-
nostic tool in the biological and medical fields.

On the other side of the collaborative spectrum, one should
remember the importance of establishing and sustaining
collaborations with industry to push for the development of
instruments with fast (and stable) acquisition rates. It must be
recalled that adsorption is a dynamic process, and the associ-
ation events between the components of a SERS sample (ana-
Iyte, plasmonic metal, capping agents, synthetic by-products,
etc.) are not static in nature, but represent instead instanta-
neous pictures of a dynamic equilibrium, i.e., what might be
happening on the surface of the nanomaterial during a given
time interval. Molecules on a surface adsorb, desorb, diffuse,?°®
and this dynamicity has a significant impact on the measure-
ment of analytes, especially at ultratrace concentrations (<1 nM,
single molecule), where it is often said that SERS spectra are
observed as “blinking” events.”** This intermittence in the
observation of SERS spectra in the ultratrace regime is caused
not only by the stochastic probability of a molecule adsorbing
on a hotspot, the stochastic nature of nanoparticle-extrinsic
(i.e., aggregation-induced) hotspot formation, but also by the
dynamic nature of the equilibria established during adsorption
and the kinetics of the adsorption. The latter can be particularly
problematic in that adsorption of certain analytes can occur at
time scales that are faster than the sampling speed of the
Raman instrument utilized for SERS measurements, effectively
impeding single molecule detection.”***** This is especially true
in the case of flow-through detection set-ups (e.g., microfluidics,
lab-on-a-chip, nanopore sequencing®**), which are particularly
relevant to clinical diagnostics applications. They are also
important when analyzing large and complex bioanalytes, such
as proteins, which, during interaction with the SERS substrate
may be deformed by the highly curved surface and thus provide
a fingerprint pattern that is not representative of the molecule
in its functional state. Finally, it will be important to leverage
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the collaboration with industry to develop equipment of low
cost and high portability, which will be key to enable the use of
the technique in laboratories where dangerous (or poorly
portable) targets are studied, such as viruses.

Collaboration with industry brings up the necessity to make
SERS substrates fabrication a more commercially appealing
endeavor, which translates into achieving high yield, scaled-up
synthetic processes. Unfortunately, nanomaterial fabrication is
extremely sensitive to mass transfer parameters, and scale-up
approaches via simple proportional increase of reagents and
batch vessels volumes (i.e., scale-out approach) are unfeasible,
because they do not preserve these parameters.”*® Micromixer-
based flow reactor processes, on the other hand, allow for the
preservation of the mass transfer characteristics of an original
batch process by increasing the number of parallel reactors as
opposed to their individual volume (ie., numbering-up
approach).>®® However, the lack of fundamental knowledge of
the complex relationships between all mass transfer parame-
ters, especially for anisotropic growth syntheses, still consti-
tutes an obstacle in the straightforward application of these
scale-up approaches, and thus, in the large-scale fabrication
of SERS substrates. As mentioned for other aspects of SERS
research, computational simulations of the hydrodynamic
flows,**® as well as the application of industrial processes-
specific machine learning algorithms®****”*%* can aid in the
advancement of this field, minimizing the bottleneck that
currently halts the commercial potential of these materials, and
thus, the establishment of SERS as a routine analytical
platform.

In consideration of our focus on applications in the infrared,
it will be fundamental to exploit the increasing accessibility and
cost-effectiveness of SWIR detectors (e.g., extended InGaAs
detectors), that can overcome the instrumental issues that
have so far drastically limited SERS analysis beyond 1000 nm. In
turn, technological progress in this area could also benefit the
telecommunications industry when coupled with the develop-
ment of highly anisotropic plasmonic materials with reso-
nances in the SWIR.>’**”* Along with the design of SWIR-
resonant plasmonic materials, we must not forget the devel-
opment of new resonant and non-resonant SERS reporters for
NIR and SWIR applications, which has seen a stall in the recent
years. However, developments in the design of NIR fluo-
rophores, which are typically also Raman active, can be lever-
aged to extract useful tips for future revival of this branch of
research. Research on fluorophores is more active, although the
synthesis of red-shifted dyes remains challenging. Theoretical
information for rational design of these molecules can be
compiled and leveraged as it concerns the reduction of the
fluorescence quantum yield (QY), as it would reduce the fluo-
rescence background that is known to affect the SERS response.
In a recent review on NIR-II fluorescent dyes by Li et al.,* the
following points were listed as key guidelines in the design of
these types of reporters: (1) increasing the conjugation chain
length, and varying the heteroatom from oxygen to other chal-
cogens, results in redshifted spectra (as seen in the works of
Harmsen,*' Bedics,>* and Kearns**); (2) a rigid aromatic
structure bearing halogen atoms like Cl/Br/I is unfavorable to
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the fluorescence process and can decrease the QY via increased
intersystem crossing caused by the heavy atom effect; (3) func-
tional groups like carboxyl, cyano, and carbonyl can lower the
HOMO and increase the energy gap between HOMO and LUMO,
hence leading to a certain loss of QY. Taking into account all
these guidelines would enable the synthesis of NIR-II fluo-
rophores that can be applied also as Raman reporters, similar to
what is commonly done with rhodamine 6G, crystal violet, and
others.

Finally, and most importantly from the materials design
standpoint, going forward it will be necessary to leverage the
use of doped metal oxide nanoparticles (such as ZnO) as
infrared SERS substrates. Fundamental studies on these mate-
rials, focusing on composition, morphology, electronic energy
levels, and their electromagnetic and chemical enhancement
mechanisms will be needed to fill the gaps that are still signif-
icant in their application for the detection of bioanalytes, such
as disease biomarkers. While some of the research that has
already been carried out to study the SERS properties of plas-
monic materials active in the visible will have to be repeated for
infrared-active materials, much of the knowledge we have put
together over the past 25 years will result tremendously useful: it
will guide us in this understanding and discovery process that is
now in its infancy, but promises to bring significant scientific
and technological breakthroughs in the years to come.
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