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The application of gold nanoparticles in the biomedical field has been widely explored in the last decades owing
to their high biocompatibility, easy functionalization, and their structurally highly dependent optical properties.
Among the different types of gold-based nanostructures, gold nanoshells (GNSs) are a particularly interesting
option due to their complex dual structure, which allows the integration of several functionalities and a wide
tunability of their optical response. Despite the remarkable progress made for the design of GNSs with the

Bioimaging
Biosensing optimal characteristics for the intended application, the development of nanosystems that display the desired
Theragnosis functionalities and preserve them in biological environments while showing effective targeting capability is still a

challenge. In this review, the different synthetic routes proposed for the design of GNSs, their most remarkable
optical properties, and the most relevant concerns associated with their interaction with biological systems are
discussed. The application of these nanostructures for different diagnostic and/or therapeutic purposes is also
reviewed. Finally, major remaining barriers to the clinical translation of GNSs and potential future directions of
research in this field are critically commented.

include high X-ray absorption coefficient, easy synthetic manipulation,
and highly tunable electronic, magnetic and/or optical properties [1].

1. Introduction

Over the last decades, metallic nanoparticles (NPs) have been widely
proposed for many different applications, ranging from catalysis, cos-
metics, or environmental remediation to more sophisticated uses in the
biomedical field. In contrast to their bulk counterparts, nanoscale
metallic structures show unique optical and physical features, which

Among the different types of nanostructured metallic materials explored
so far, gold nanoparticles (GNPs) have attracted a special attention in
the scientific community due to their controllable synthesis, uncompli-
cated surface modification, and outstanding electrical conductivity.
However, the main characteristics that make GNPs preferred over other
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metallic nanostructures such as silver, palladium, or platinum NPs,
especially for their application in the biomedical field, are their highly
tunable optical properties, high stability, and excellent biocompatibility.
In this way, the plasmonic response of GNPs can be adjusted over a
wider range than those of other metallic nanosystems by carefully
varying their physico-chemical properties. On the other hand, re-
searchers have typically used gold over other metals for the design of
their nanoplatforms as it is chemically stable and so less prone to induce
negative effects in the body. Although other metallic nanostructures
such as silver NPs have demonstrated slightly higher efficiency than
GNPs in, for example, antimicrobial applications [2], gold-based nano-
systems have showed lower toxicity degrees, allowing the use of higher
doses to achieve the desired effect in different biomedical applications
[3-5].

The use of GNPs has been documented for centuries, when their
capability to display different colors depending on the angle of the
incident light were exploited for ornamental purposes, such as those
observed on the Lycurgus’ cup in Roman culture or the stained glasses of
gothic churches throughout Europe [6]. However, the controlled syn-
thesis and the systematic analysis of colloidal dispersions of GNPs with
well-defined physicochemical features was not initiated until the 19th
century with the research carried out by Michael Faraday [7]. From
those early studies up to the present time, an extensive body of knowl-
edge on the synthesis, structural characterization, properties evaluation,
and application of GNPs has been developed.

One of the most relevant features of metallic NPs, including GNPs,
are their unique optical properties, which are based on the localized
surface plasmon resonance (LSPR) phenomenon. It consists of the
displacement and coherent oscillation of conduction electrons on the
surface of the NPs when excited by an incident light with a particular
frequency. Thus, LSPR results in an extinction (absorption + scattering)
spectral peak, being the resonant frequency strongly dependent on
several factors including the morphology and composition of the
metallic nanostructures, the interparticle distance, or the refractive
index of the surrounding dielectric medium, among others [8]. In
contrast to other metals like led, mercury, indium, tin, or cadmium, that
show plasma frequencies in the UV of the electromagnetic spectrum, the
plasma frequency of gold is displaced to larger wavelengths, allowing
the tuning of the LSPR peaks of GNPs in the visible and near infrared
(NIR) regions of the spectrum [9]. As well, other metallic NPs like silver
and copper which also have plasma frequencies in the visible region, are
considerably more reactive and, thus, less bioinert. In this way, the LSPR
can be modified by controlling the aforementioned parameters, opening
a wide range of potential applications of GNPs (Fig. 1) [10].

In the most simplistic approach, spherical-shaped GNPs can be easily
synthesized through chemical, thermal, electrochemical, or

Plasmon shift
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sonochemical pathways [11-15]. However, the optical properties of
GNPs with spherical morphology have very limited sensitivity to
changes on their size, structure, or modifications in the dielectric func-
tion of the surrounding media. Consequently, their LSPR peak cannot be
displaced to wavelengths beyond the visible region of the electromag-
netic spectrum, thus limiting their range of potential applications. In this
point, the design of GNPs with anisotropic and/or asymmetric mor-
phologies has emerged as an effective strategy to solve this limitation of
their spherical-shaped counterparts (Fig. 2) [16]. Gold nanostars,
nanorods, nanoprisms, nanocages or nanoshells have shown a strong
dependence between the displayed optical properties and their size,
morphology and/or core/shell and aspect ratios. These anisotropic GNPs
can be properly designed to displace its LSPR to the NIR or infrared
regions of the spectrum, where biological molecules and tissues have
lower light extinction coefficients. This enables a larger number of
photons to interact with GNPs upon their incorporation within cells or
living organisms, making them valuable nanotools for many biomedical
applications [10]. For example, gold nanostars with multiple sharp
branches have demonstrated superior tip-enhanced plasmonic proper-
ties in the NIR tissue optical window. This typology of GNPs can enhance
the electromagnetic field at their plasmonic tips by acting as an antenna,
being the intensity and plasmon frequency of gold nanostars highly
influenced by the arrangement and number of spikes [17]. On the other
hand, the anisotropic structure of rod-shaped GNPs led to independent
electron collective vibrations in the diameter and long axis directions,
thus allowing a high control over their optical properties by adjusting
their aspect ratio [18-20].

However, despite the intriguing properties of star- and rod-shaped
GNPs, gold nanoshells (GNSs) hold particular interest among the
different typologies of anisotropic gold-based nanostructures due to
their unique combination of outstanding optical properties, complex
dual structure, low cytotoxicity, and ease of functionalization with
molecules of interest. Moreover, their container-like structure allows
their use for the transport of drugs and/or bioactive molecules not only
on their surface, but also within their inner cavity, enabling the
controlled spatial-temporal delivery of the cargos [21]. The tunable
optical resonance of GNSs in the NIR region (700-1100 nm) further
enhances their applicability since, as mentioned, this wavelength range
coincides with optimal light penetration into tissues with minimal
associated toxicity. Thus, GNSs with resonances in the NIR region can be
designed and synthesized to have specific absorbing and scattering cross
sections for various applications in the biomedical field, ranging from
biosensing and cellular and tissue imaging to cancer treatment [22].

Motivated by the great and still unexplored potential of GNSs as
biomedical tools, this review firstly discusses the optical properties of
GNSs and the available design strategies to manipulate their optical
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Fig. 1. Schematic illustration: design, biological evaluation, and biomedical application of GNSs.
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Fig. 2. Transmission electron microscopy images of GNPs with different geometries and morphologies: A) Nanospheres (Reproduced with permission [23] Copyright
2021, American Chemical Society). B) Nanorods (Reproduced with permission [24] Copyright 2021, American Chemical Society, CC-BY-NC-ND 4.0). C) Triangular
nanoprisms (Reproduced with permission [25] Copyright 2014, American Chemical Society). D) Nanocages (Reproduced with permission [26] Copyright 2008,
American Chemical Society). E) Cubic nanoprisms (Reproduced with permission [27] Copyright 2018, American Chemical Society). F) Nanostars (Reproduced with
permission [28] Copyright 2010, American Chemical Society). G) Silica-core GNSs (Reproduced with permission [29] Copyright 2014, Elsevier). H) Hollow GNSs
(Reproduced with permission [30] Copyright 2024, American Chemical Society). I) Branched GNSs (Reproduced with permission [31] Copyright 2014, American

Chemical Society).

absorption/scattering ratio. The most common synthetic methods used
for the preparation of GNSs are also reviewed, as well as their in-
teractions with biological environments/elements in basis to the seminal
works that have paved the way for present and future specialized ap-
plications. Furthermore, we examine the current experimental, pre-
clinical, and clinical evidence for the potential real-life applications of
GNSs, with special attention to disruptive and novel approaches to
human health management. In this way, we expect to provide a valuable
guide for the properly design of this typology of gold nanostructures for
their application in the biomedical field. Further, the review ends by
providing our perspectives on future developments in the field.

2. Optical properties of GNSs

As described above, the resonance effect is originated from the col-
lective oscillation of conduction electrons in the metallic nanoshells,
which efficiently couple to the incident electromagnetic field at a given
frequency and propagate along the surface of the particle [32]. At this
resonant frequency, some incident photons are dispersed in all di-
rections through a process known as scattering, while others photons are
converted into lattice vibrations in the termed absorption process [32].
In the specific case of GNSs, it has been demonstrated that they display
enhanced optical properties when compared to GNPs with other mor-
phologies, including large extinction cross-sections, resistance to pho-
tobleaching, tunable scattering/absorption ratios, electromagnetic near-

field enhancement, or improved luminescence [33]. These properties
are primarily associated with the interaction between GNSs and the
incident electromagnetic field, being significantly magnified by the
LSPR [34].

The high intricacy of modeling the electromagnetic behavior of
nanostructures with complex geometries through Maxwell’s equations
has motivated the use of numerical approximations to analyze the op-
tical response of GNSs, such as finite difference time domain [35],
discrete dipole approximation [32], or computing codes utilizing Mie
theory [36]. These methods have allowed an accurate estimation of the
correlation between the extinction cross-section (C.y; an equivalent
cross-sectional area of the particle that contributes to the extinction of
the incident light), the wavelength of the incident light, the dielectric
properties of the dispersion medium, and the geometrical characteristics
of the analyzed GNSs [37]. The obtained results showed a remarkable
dependence of the resonant wavelength with the physicochemical
characteristics of the GNSs.

In this way, the position of the LSPR can be shifted to longer or
shorter wavelengths by modifying the size, the core/shell ratio and/or
the surface roughness of the GNSs, among other features. The thickness
of the nanoshells, that is, the difference between the radii of the outer
(Ry) and inner (R;) surfaces, also has a very strong influence on the
resonant wavelength and the relative contributions of absorption and
scattering to the total extinction (Fig. 3). For example, simulation data
indicated that a variation in GNSs thickness from 20 nm to 5 nm while
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Fig. 3. Schematic representation of the most commonly explored design stra-
tegies to modify the optical properties of GNSs: variations on the typology of
core, global diameter, morphology/structure, composition, and/or core/shell
ratio of GNSs. The image of the colour dependence of silica-core GNSs on their
thickness was reproduced with permission [68] Copyright 2023, Wiley-VCH.

keeping R; constant resulted in a red-shift of the LSPR peak by
approximately 300 nm (Fig. 4A) [38]. In another work, discrete dipole
approximation calculations were performed to demonstrate that the
LSPR peak of GNSs shifts from 870 nm to 1000 nm when the shell
thickness decreases from 3 nm to 2 nm for a fixed R; = 60 nm. Inter-
estingly, the position of LSPR can also be displaced by modifying the R;
value while the shell thickness remains constant, thus being possible the
selective tuning of the LSPR peak wavelength between ca. 600 nm and
1000 nm by controlling the structural characteristics of the GNSs [39].
As mentioned, this range of wavelengths falls in the NIR regions, within
the “biological windows” (NIR-I: 700-950 nm; NIR-II: 1000-1350 nm;
NIR-III: 1550-1870 nm) [40], thus allowing the potential use of GNSs in
multiple in vivo applications (Fig. 4B).

This highly tunable optical properties of GNSs constitutes a
remarkable advantage when compared with the more commonly
analyzed spherical-shaped GNPs, which display LSPR peaks typically
located at ca. 520 nm in nanostructures with diameters in the range
between 5 nm and 10 nm. However, the position of the LSPR peak in this
typology of GNPs can only be displaced in a minimal way, observing
slight variations lower than 60 nm when the size of the nanostructures
was increased up to 80-100 nm [41]. Furthermore, GNSs exhibit high
Cext values, which comprises the sum of absorption (Cgps) and scattering
(Cscq) cross-sections. This fact provides the GNSs with different proper-
ties that are essential to their potential applications. Firstly, GNSs can
generate heat through the adsorption of incident photons and their
conversion into lattice vibrations (phonons). This process occurs on a
picosecond timescale, and the collective release of heat by GNSs is suf-
ficient to increase the temperature of the surrounding medium up to
several tenths of Celsius degrees [42]. Based on this phenomenon, GNSs
have been preclinically explored as potential nanotools for the treatment
of different human diseases, particularly for heat-mediated therapy of
harmful tumors, leading to the development of the so-called plasmonic
photothermal therapy (PTT) (Fig. 4Ci). Secondly, the elastic scattering
of light in all directions upon the irradiation of GNSs can be exploited for
bioimaging applications. Scattering of light, along with absorption,
refraction, and reflection, constitutes the four possible mechanisms of
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interaction between matter and light, contributing to the attenuation of
incident light intensity as it passes through a NP suspension [43]. For
gold-based nanostructures, and more specifically in the case of GNSs,
light scattering, followed by absorption, is the most prominent inter-
action mechanism among those mentioned. Due to these remarkable
light scattering properties, GNSs can be utilized to “stain” abnormal
tissues and cells for visualization in optical imaging devices (Fig. 4C-ii).
This approach offers advantages over fluorescence-based imaging
techniques, primarily due to the negligible photobleaching (see below)
and the superior particle extinction coefficients. The proportion between
absorbed and scattered light when GNSs are irradiated is highly
dependent on the size, thickness, and/or surface topography of the
nanostructures. Thus, it was found that in small GNSs with global di-
ameters of a few tens of nm, absorption phenomenon dominates over
scattering, while for larger nanostructures (more than 100 nm) the
contribution of scattering is the most relevant [21]. In a similar way, in
terms of nanoshell thickness, it has been demonstrated that extinction
phenomena are mainly determined by absorption and scattering for thin
(less than 5 nm) and thick (more than 25 nm) GNSs, respectively [37].
Between both extremes, there exists an optimal window of overall size
and shell thickness at which the GNSs display large scattering and ab-
sorption efficiencies, thus being highly suitable nanotools both for bio-
imaging and PTT applications.

GNSs also exhibit another unique property, namely their enhanced
LSPR-mediated photoluminescence [44], distinct from those observed in
conventional fluorophores. This photoluminescence arises from the
radiative recombination of electron-hole pairs at selected symmetry
points in the Brillouin zone [45]. Photoluminescence phenomenon with
small quantum efficiencies (ca. 1071%) had been reported for smooth
gold films [46], but these quantum efficiencies can be increased by a
factor of a million in the case of gold nanorods and GNSs [47]. These
photoluminescence properties of GNSs (Fig. 4C-iii), in combination with
their photostability, minimal susceptibility to photobleaching, and high
biocompatibility, common properties of most gold-based nanostructures
[37], make them suitable candidates for bioimaging applications
[48,49].

In addition, GNSs can be used as nanoantennas, efficiently focusing
incident electromagnetic radiation into the near-field region close to
their surface. This results in intense electromagnetic near-field en-
hancements, as demonstrated for silver nanoshells and GNSs [22,50]. In
this regard, near-field interactions between fluorophores and nanoshells
surfaces can either drive quenching or enhancement of fluorescence,
occurring at the excitation, emission, or both stages. These metal-
fluorophore interactions arise from: i) alteration of the electromag-
netic field, and ii) the photonic mode density near the fluorophores. At
short metal-fluorophore distances, below 5 nm, damping of molecular
oscillators by processes such as electron tunneling and image in-
teractions between the metal and the fluorophore typically leads to
strong quenching of molecular fluorescence [51]. However, for larger
metal-fluorophore distances (5-10 nm), an increase in fluorescence in-
tensity can be explained by a combination of enhanced absorption of the
fluorophore by the metal surface field and an enhanced radiative decay
rate of the fluorophore [52,53]. Both processes can increase the quan-
tum yield of the fluorophore. Additionally, when located near the
nanoantenna surface, the emission of fluorophores can be further
enhanced by coupling their fluorescence emission to the far-field
through scattering [51]. For example, fluorescence of the Food and
Drug Administration (FDA)-approved NIR fluorophore indocyanine
green was enhanced 8-fold by placing it near to GNSs surfaces, enabling
enhanced fluorescence imaging both in vitro and in vivo [52,54]. On the
other hand, heterogeneous bimetallic nanoshells composed by gold and
silver displaying two LSPR peaks have shown greater fluorescent en-
hancements with large Stoke shifts as compared to monometallic shells
displaying a single LSPR peak [55]. Surface-enhanced Raman scattering
(SERS) is a vibrational spectroscopic technique that increase the in-
tensity of Raman scattering by molecules adsorbed on the surface of
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Fig. 4. A. Calculated extinction spectra of silica-core GNSs with constant 60 nm core radius and decreasing thickness (Reproduced with permission [38] Copyright
1998, Elsevier). B. Wavelength range of the “biological windows” of the electromagnetic spectrum and absorption spectra of human tissue components (Reproduced
with permission [40] Copyright 2016, Royal Society of Chemistry). C. Most relevant optical properties of GNSs and examples of their respective applications: i) Photo
absorption and their subsequent conversion to metal lattice phonons has been employed in clinical photothermal therapy of prostatic cancer (Reproduced with
permission [69] Copyright 2019, National Academy of Sciences). ii) Backscattered photons enhance the contrast in optical imaging techniques (Reproduced with
permission [70] Copyright 2022, Elsevier, CC BY 4.0 DEED). iii) GNSs are efficient two-photon imaging probes that favor in vivo imaging by avoiding the auto-
fluorescence of biological specimens (Reproduced with permission [49] Copyright 2008, Optical Society of America). iv) Hot-electrons are generated at tips and gaps
normally found in branched/spiky GNSs or porous hollow GNSs, being this phenomenon exploited for sensing applications (Reproduced with permission [71]

Copyright 2022, Elsevier).

metallic NPs, being the obtained effect highly dependent on the optical
properties of the designed nanostructures. This enhancement factor
depends on the electromagnetic field enhancement associated with
plasmon excitation in metal NPs and on chemical enhancement associ-
ated with the target molecule’s ability to transfer electrons to/from the
NPs, both in ground or excited states, often during the process of forming
a molecule-metal bond [6]. The enhancement factor can reach the single
molecule detection limit [56], allowing the study of surface dynamics
such as molecular conformational fluctuations and interactions with li-
gands. The size, morphology, porosity, and/or composition of NPs,
among other characteristics, are key factors that dictate their optical
properties and, consequently, their performance in this field. Although
SERS can be achieved at the surface of single NPs, the enhancement

factor can be remarkably higher in the gaps between two nanostructures
or in complex NPs with surface roughness or spikes, such as star-shaped,
branched, or porous GNSs [57]. The design of GNSs with this type of
complex morphologies leads to the generation of highly localized re-
gions known as hot spots where the electromagnetic field is extremely
strong. In this way, nanoporous and branched GNSs represent highly
promising materials for enhancing the Raman scattering of targeting
molecules owing to their nanopore- or nanospike-induced large surface
area and high density of hot spots within a robust structure [58-60]. This
phenomenon, together with their intrinsic large Cey values (ca. 6 orders
of magnitude larger than traditional fluorescent probes) [37,61], has
been exploited for the design of advanced nanoplatforms based on GNSs
with potential applications in in vitro and in vivo biosensing and Raman
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extensively explored the preparation of GNSs with diverse characteris-
tics in terms of structure, dimensions, morphology, and/or composition,
among others. (Fig. 5 and Table 1) [72-74]. Pioneering theoretical and
simulation works proposed that metal-based core-shell nanostructures
might exhibit controllable plasmon resonances across the visible and
infrared regions of the electromagnetic spectrum [75]. Experimentally,
the seminal study devoted to the synthesis of core-shell nanostructures
using different core templates and shell coating materials date back to
1993 [76], while the first attempt to produce metal-based nanoshells

3. Synthesis of GNSs

2
=
E :
e )
L
4
>
=
= g g
<
14 2 3
7 5 g
(72}
n
Z
G}
—

multi-layered
(matryoshkas)

spherical

Fig. 5. Schematic illustration of the different types of nanocores most typically
used as templates alongside the principal structures/morphologies of synthe-

sized GNSs.
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was reported one year later. In this last work, Au,S cores were coated
with GNSs of various thicknesses, thus allowing a tunable LSPR in the
range of 520-900 nm [77]. However, the developed synthetic method
lacked high control over the characteristics of the obtained nano-
structures, which displayed large polydispersity degrees both in core
and shell dimensions. Moreover, large amounts of bare gold spheres
were also formed as by-products. Interestingly, the use of silica NPs as
core templates led to the first successful synthesis of highly mono-
disperse and size-controllable GNSs by Oldenburg et al. [38]. In this
approach, monodisperse silica cores were synthesized using the classical
Stober method [78], following by the electrostatic attachment of small
negatively charged GNPs (called gold seeds) onto their aminated sur-
faces. Thereafter, the gold layer was grown by mixing the seed-covered
silica NPs with a growth solution containing Au'*. This was followed by
the addition of a weak or mild reducing agent to induce the deposition of
Au® onto the gold seeds, that eventually grew until generate continuous
gold layers around core templates. Nowadays, the standardized syn-
thesis methods for silica-core GNSs are generally based on this seeded-
growth method (Fig. 6A). Next, we are going to briefly describe the in-
fluence of the selected synthetic approach, the precursor materials, the
conditions/parameters during the preparation process, and/or the post-
processing of the samples, among other factors, over the characteristics
of the obtained GNSs, highlighting in each case the most relevant sem-
inal studies that delved into these analyses (Table 2).

3.1. Batch vs. flow reactors

In the most typical and traditional approaches, GNSs are synthesized
in stirred batch reactors by controlling the type, concentrations, and
ratios between reagents, the pH, or the temperature, among many other
factors. However, the use of continuous flow reactors has been
increasingly explored in recent years [79-82]. Among the most
remarkable advantages of continuous reaction procedures to synthesize
nanostructured materials are the reduction of synthetic times, or the
easier scalability of the synthetic processes to obtain larger amounts of
NPs with high monodispersity degrees [83]. In the specific case of GNSs,
a representative example of their controlled synthesis onto silica cores
using a flow reactor was reported by Watanabe et al. [84]. More spe-
cifically, they used a central collision type microreactor consisting of
two inlet flows that then are separated into seven channels each one
before the final convergence of the fourteen streams into a mixing point,
thus achieving a quick and homogeneous mixing of two inlet fluids. By
altering the properties of the used silica templates, and the type and
concentration of reducing agent and growth solution, this procedure can
be exploited to obtain GNSs with controlled characteristics. In another
interesting approach, a flow reactor was used for the continuous syn-
thesis of magnetoplasmonic GNSs [85]. For that, seed-decorated silica-
coated magnetic NPs were synthesized in a Y-shaped flow device that
allowed a controlled mixing of the used reagents, followed by the
growth of gold shells also inside a continuous flow reactor. This flow-
based method enabled subtle control on the dimensions of the GNSs
grown surrounding the magnetic cores, yielding thickness ranging from
140 to 400 nm, thus offering high tunability of the optical properties of
the obtained nanostructures.

3.2. Materials used as core templates: hard, soft, and hollow GNSs

Different materials have been evaluated to replace the traditional
silica NPs as core templates during shell formation, thus modifying the
physicochemical properties and functionalities of the finally obtained
nanostructures. Depending on their nature and mechanical properties,
these core templates can be either hard or soft. Among hard templates,
iron oxide NPs [86-89], quantum dots [90], or nanosized metal organic
frameworks [91], have been among the most widely evaluated alter-
natives to silica nanocores. Of particular interest are the magneto-
plasmonic nanostructures, in which GNSs are grown surrounding
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magnetic cores, since they allow the combination of multiple capabil-
ities such as photothermia, magnetic hyperthermia, or contrast for
bioimaging in a single nanoplatform [92].

Besides the preparation procedure using a flow reactor described in
detail in previous section, magnetic cores coated with GNSs displaying
dimensions below 10-20 nm, which are required for specific biomedical
applications, can be obtained through other synthetic strategies. For
example, in a simple and highly reproducible methodology, hydropho-
bic iron oxide NPs obtained through thermal decomposition can be
incubated at high temperatures in the presence of gold acetate and
reducing agents. This process promoted the thermal desorption of the
original capping agents of the magnetic cores and the gold acetate
reduction and subsequent formation of GNSs onto their surfaces. The
addition of surfactants into the solution allowed to control the di-
mensions of the grown GNSs even at very low thickness values below 3
nm [88].

On the other hand, soft self-assembled nanostructures like micelles
and liposomes can be used as soft templates to fabricate GNSs [93-96].
In a representative example of this approach, spiky GNSs have been
synthesized using poly(acrylic acid)-co-poly(styrene) block copolymer
micelles as core material [97]. This type of nanostructures allows the
easy encapsulation of drugs, bioactive molecules, and/or imaging
contrast agents, which constitutes a remarkable design advantage for the
preparation of GNSs for biomedical purposes. Moreover, the obtained
GNSs can be also classified as hollow or non-hollow, depending on
whether the core template is removed or not. Thus, in the case of hollow
GNSs the coating material is deposited on a template that afterwards can
be degraded through different mechanisms such as chemical etching,
dissolution with selective solvents (e.g. hydrofluoric acid for silica
cores), or galvanic replacement of metallic NPs. These hollow GNSs
display specific optical properties stemming from their double surface
and also allow the encapsulation of large amounts of different com-
pounds/bioactive molecules, which make them highly suitable for
several applications that will be addressed in following sections.

3.3. Role of ligands in the synthesis of GNSs

Besides the typology of core templates, the linker used to attach the
gold seeds to them also plays a key role in the successful synthesis and
the physicochemical properties of the obtained GNSs. In this sense,
Westcott et al. modified silica nanocores with different linkers,
observing that the amino and thiol groups present in 3-(aminopropyl)
triethoxysilane and 3-(mercaptopropyl)triethoxysilane, respectively,
facilitated the attachment of gold seeds, while other silane-based linkers
bearing -CH3 and PPH; groups failed to generate gold coverage [98].
The essence of these electrostatic amino-citrate and Au-S bonding in-
teractions later inspired the use of other ligands for the synthesis of
GNSs. For example, cysteamine was proposed as linker to attach gold
seeds to the surface of doxorubicin-loaded poly(lactic-co-glycolic acid)
(PLGA) NPs. The PLGA reacted with the cysteamine’s amine groups
through a carbodiimine/sulfo-NHS assisted reaction, leading to thiol-
functionalized nanostructures capable to easily attach the gold seeds
by Au-S bonds [99]. Positively charged polymers, polyaminoacids, or
polysaccharides such as chitosan [31], among others, have been evalu-
ated as potential ligands to attach gold seeds to polymeric templates.

3.4. Effect of pH, precursors ratio and reducing agent

In addition to the characteristics of core templates and used surface
ligands, the physicochemical properties of the synthesized GNSs are also
dictated by many other factors with strong influence over the growth
process of the nanostructures. Thus, since gold shells growth mechanism
is governed by the redox potential between the reducing agent and Au™>
ions, the characteristics of the final nanostructures are highly dependent
on the pH, the temperature, the type of reductant agent (e.g. formalde-
hyde, ascorbic acid, or sodium borohydride) and/or the ratios between
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Fig. 6. A. i) Schematics of the synthetic methodology of silica-core GNSs, ii) TEM images and iii) UV—vis spectra of the nanostructures prepared by the seeded-growth
method developed by Halas” group. Once seeds have coalesced, epitaxial growth of nanoshells is observed and a quadrupole resonance mode manifests as a peak at
650 nm (Reproduced with permission [38] Copyright 1998, Elsevier). B. i) Schematics of the synthetic method of branched GNSs obtained by seeded-growth method
using low viscosity chitosan to attach gold seeds to PLGA polymeric templates. Anisotropy degree was controlled by reactants ratios. ii) TEM and iii) SEM images of
the synthesized GNSs (Reproduced with permission [31] Copyright 2014, American Chemical Society). C. i) Schematics of the galvanic replacement reaction
resulting in bimetallic porous shell with solid core (porous NPs) or hollow interior (porous nanoshells). ii) High-angle annular dark-field scanning transmission
electron microscopy image of dealloyed NPs and their respective elemental mapping and composition profile of Au and Ag (Reproduced with permission [117].
Copyright 2021, Wiley-VCH GmbH). D. i) Schematics of growth and disassembly of the out-of-equilibrium branched GNSs. ii) TEM images at different stages of the
disassembly process (Reproduced with permission [123] Copyright 2023, Wiley-VCH GmbH). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

the different reagents involved in the synthesis.

A very complete study reported by Alonso-Cristobal et al. shed
further light on the effect of various synthetic parameters in the char-
acteristics of GNSs grown on magnetic nanocores [100]. Here, it was
established that the ratio between gold precursor and core material has a
stronger influence over the reaction yield than in the thickness of the
grown nanoshells. Moreover, they identified a range in which the
number of successfully formed GNSs was maximized, beyond which the
excess of gold atoms resulted in the formation of homogeneous spherical
GNPs. In the same work, it was also demonstrated that higher temper-
ature reactions resulted in larger thickness of the obtained GNSs, also
establishing that through the developed method the maximum size of
magnetic cores that allow the formation of uniform and monodisperse

GNSs was below 20 nm. In another interesting design approach, the
effect of the ratios between PLGA cores, reducing agents and gold
growth solution was evaluated, observing a variation on the topogra-
phies of the obtained branched GNSs from relatively smooth to highly
branched gold surfaces similar to those observed on gold nanostars
(Fig. 6B) [31]. On the other hand, the use of low-explored mild reducing
agents such as carbon monoxide has also been proposed to improve the
control over the growth process and the stability of GNSs [101]. How-
ever, although this strategy improved the monodispersity of the ob-
tained nanostructures when compared with the original Oldenburg’s
method, it has associated important biological/toxicological concerns
associated with the use of carbon monoxide. The effect of pH over the
formation of GNSs was also evaluated in different works. Thus, for
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Table 2
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Summary and compilation of relevant references on GNSs synthesis according to the used synthetic method, precursor materials, preparation conditions, post-
processing, and final morphology and structure of the obtained nanostructures.

Synthetic method

Precursor materials

Synthetic conditions Post-synthetic processing

Morphology and structure

seeded-growth [38,97]
in situ growth [84,88,91,103-105]
galvanic replacement [110,116,117]

Core:

silica [38,84,103]

iron oxide [88,100]

iron oxide/silica [85,104]
tellurium/selenide [118]
quantum dots [90]

MOFs [91]

polymeric NPs [31,97]

block copolymer micelles [97]

Shell:
bimetallic alloy [116,117]

Seeds:
citrate-stabilized [31]
tetrakis-seeds [128]
silver seeds [97]

Seed/gold ion linkers:
APTES, AEAPTES, APTMS [84,85,128]

Reaction regime:
batch
flow/continuous [84,85]

Stabilizing agents:
PEG [31]
oleic acid/oleylamine [88]

Core dissolution:
hydrofluoric acid [115]

Gold source:
K-gold solution [91,110,128]
gold (III) solution [90]
gold acetate [88]
Surface texturing:
Additives: cysteamine [125]
AgNO; [97]
CTAB [97]
poly(vinyl pyrrolidone) [91,105]
NaOH [105]
L-cysteine [118]

Reductant:

sodium borohydride [97,105,128]
ascorbic acid [84,97,105]

formic acid/formaldehyde [91]
carbon monoxide [101]

Conventional:
non-hollow spherical
hollow-spherical

Complex:

hollow porous [117]
multilayered [29]

hollow rod-shaped [118]
cubic [121]

urchin-like [122]

branched [31,123,124]
(Janus) half-shell [126,127]

MPTES [98]

cysteamine [99]

chitosan [31]

PEG-lipid [90]
poly(styrensulfonate) [90]
poly(L-hystidine) [90]
poly(ethyleneimine) [105]
synthetic peptides [123]

hydroxylamine [85,90]
1,2-hexadecanediol [88]

Solvent during shell growth:
phenyl ether [88]

Reaction parameters:
effect of pH [102]

effect of temperature [100]
effect of reagent ratios [100]

example, it was demonstrated that the redox potential of formaldehyde
increased proportionally to the pH of the growth solution, enabling the
obtention of complete and continuous GNSs with NIR-centered LSPRs
under basic conditions [102].

3.5. In situ formation and growth of gold seeds

Alternative approaches to synthesize GNSs with controlled physico-
chemical properties rely, for example, on the in situ formation and
subsequent growth of gold seeds over the surface of core nanotemplates,
being this strategy termed as deposition-precipitation method [103].
Following this strategy, gold seeds were in situ synthesized over the
surface of polymeric micelles loaded with magnetic NPs and then grown
to form magnetoplasmonic GNSs [104]. In a similar way, the one-pot
synthesis of GNSs based on the in situ formation of gold seeds over the
surface of poly(styrene) nanospheres was reported [105]. The in situ
seed growth approach was also explored in soft templates [93]. For
example, copolymer micelles bearing amino blocks in their outer regions
allowed the attachment of Au™® to the polymeric surfaces. The in situ
obtained hybrid particles allowed the complete growth of GNSs upon a
second addition of gold precursor and reducing agent [94].

3.6. GNSs with complex structures, morphologies, and compositions

In view of their potential application in the biomedical field, GNSs
with complex non-spherical geometries, high porosity, and/or cavities
within their structure are particularly appealing, since they display
special optical properties and allow the loading of larger amounts of
cargo molecules/substances. More specifically, hollow, porous, and/or
spiky plasmonic nanostructures are particularly useful for theragnosis
and biosensing due to their larger specific surface area and higher
density of hot spots compared to their counterparts with homogeneous
structure. The lower amount of gold or the reduced synthetic cost of this
type of nanomaterials are also key advantages to be consider [106].

The aforementioned hollow GNSs can be synthesized, for example,
through a galvanic replacement reaction based on the reduction of gold
on sacrificial metallic core templates such as silver or cobalt NPs through
aredox process [106-109]. The large standard reduction potential of the
AuCly /Au® redox pair (0.99 V) in comparison with those of Ag'/Ag
(0.80 V) [106], and Co*2/Co (-0.28 V) [109], promotes the fast
oxidation of silver or cobalt NPs by AuCly, thus forming Au® hollow
nanostructures. This galvanic replacement strategy was exploited by
Duran-Meza et al., who used silver NPs as templates to obtain hollow
GNSs with small sizes ranging from ca. 17 to 25 nm [110]. However, it is
worth mentioning this synthetic procedure can lead to the presence of
residual cobalt or silver inside the hollow gold nanostructures, or even
become alloyed [111], thus potentially altering the properties and
decreasing the stability and/or the biocompatibility of the designed
GNSs in their final in vivo application [112-114]. To address this
concern, the synthesis of GNSs through the controlled erosion or clear-
ance of highly biocompatible silica dielectric cores has been also pro-
posed. In this case, hydrofluoric acid can be used for the degradation of
silica templates, being possible to obtain hollow GNSs or even control
the porosity of the cores by varying concentration or time exposure of
the nanostructures to this reagent [115].

Interestingly, the aforementioned use of silver NPs as core templates
can also be exploited for the controlled formation of nanoshells
composed by alloys of gold and silver. Choi et al., for instance, synthe-
sized hollow silver/gold bimetallic nanoshells by using silver NPs with
sizes ranging from 20 to 100 nm as templates [116]. Alloyed-shell
nanostructures with different compositions were prepared by varying
the amounts of silver seeds and gold precursor growth solution at a fixed
molar ratio. In another interesting recent work, the galvanic replace-
ment strategy using silver cores was used to design silver/gold bime-
tallic nanoshells with high porosity and hollow structure, being
potential nanotools for SERS or drug delivery applications (Fig. 6C)
[117]. This type of bimetallic nanoshells can also be synthesized sur-
rounding silica NPs through the simultaneous or successive reduction of
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gold and silver precursor solutions onto the surface of the dielectric
cores [55].

In addition to their thickness, structure, porosity, and/or composi-
tion, the morphology of nanoshells is another key parameter that
strongly influence their physicochemical properties. Although the syn-
thetic and/or post-processing procedures required to obtain GNSs with
non-spherical shape are typically more complex and delicate processes,
many different works have explored the preparation of this type of
nanostructures. In an innovative and complex approach, Ayala-Orozco
et al. reported the synthesis of the so-called gold nanomatryoshkas.
These consist on multi-layered GNSs composed of a gold nanocore sur-
rounded by a first layer of dielectric silica, which is covered by a second
layer of gold [29]. The silica layers were grown using the standard
Stober method [78], while the external gold layers were obtained
through the attachment of negatively charged gold seeds and their
subsequently overgrowing onto the positively amine-functionalized sil-
ica layer. The careful control over thicknesses of the different layers
allows the precise tuning of the hybridized plasmon resonance modes in
the designed nanomatryoshkas. In another unconventional design strat-
egy, rod-shaped GNSs with hollow structure and controlled aspect ratio
were synthesized, thus allowing the tuning of the LSPR peak within NIR-
II window. In this case, the templates used to grow the GNSs around
were tellurium nanorods dopped with selenide, subsequently exposed to
chloroauric acid to undergo a replacement reaction in the presence of L-
cysteine as shape-modulating agent [118]. The obtained hollow GNSs
with rod-like morphology showed enhanced properties for chemo-
photothermal therapy and multimodal imaging. The design of rod-
shaped GNSs with non-hollow structure have been also proposed,
being a representative example the so-called gold nanorices, in which
the metallic nanoshells surround hematite cores with spindle-like
morphology [119,120]. In this approach, the dielectric cores served as
template to adsorb GNPs, which is a simple and fast strategy to prepare
GNSs with different characteristics. Thus, through variations in the size
of the iron oxide templates and in the thickness of the grown nanoshells,
variations in the optical response towards incoming light were observed.
In a similar way, GNSs with cubic or urchin-like morphologies have also
been synthesized in recent works [121,122].

On the other hand, GNSs displaying highly rough surfaces or
branched morphologies, characterized by distinct elements or narrow
spaces that promote the attraction of analytes or payloads, have also
been widely explored due to their high potential in applications such as
SERS. An interesting approach to design this type of nanostructures was
recently reported by Marchetti et al., who synthesized templated out-of-
equilibrium self-assembled branched GNSs [123]. Here, a mixture of
synthetic peptides coupled with GNPs were self-assembled into spherical
templates named peptide-gold-superstructures that then gave rise to
multilayers of interconnected NP-branches network (Fig. 6D). After 72
h, the branched GNSs returned to their initial state, revealing the meta-
stable nature of these peculiar nanostructures. Regarding the roughness
of the GNSs, it can be controlled by establishing the adequate synthetic
conditions [31,124], but also through the post-fabrication treatment of
the obtained GNSs. For example, the site-selective chemical etching of
GNSs by exposing them to cysteamine was demonstrated as an effective
strategy to increase the surface roughness of the metal nanoshells upon
their synthesis [125]. Interestingly, the synthesis of half-GNSs has also
been explored. In a representative example of this complex procedure,
PLGA NPs were spun-coated onto a silicon substrate and then used as
core templates for the grown of GNSs through the electron beam evap-
oration of gold precursor solution onto their surfaces [126,127].
Depending on the evaporation conditions, the thickness of the gold layer
in the obtained Janus half-shelled nanostructures can be controlled.

In summary, the synthetic strategies developed during the last de-
cades allow the preparation of GNSs with highly controlled character-
istics in terms of size, morphology, structure, or the material of core
template, among others. The careful design of GNSs allows the precise
tuning of their physicochemical properties, thus potentially leading to
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the optimization of their performance in the intended application. The
following sections provide an overview of the most relevant works that
have explored the biological evaluation and further biomedical appli-
cation of GNSs as diagnostic and/or therapeutic nanotools.

4. Bio-interactions of GNSs

For an efficient in vivo (bio)activity of GNSs, the designed nano-
structures must display the adequate photophysical properties to opti-
mize their performance as (bio)sensing, (bio)imaging, and/or
therapeutic nanotools. However, in addition to this, the first and most
important property of any type of NPs in view of their potential
biomedical application is their capability to be accumulated at the
desired target site while minimizing concentrations in surrounding
healthy tissues. In this section, we will discuss the main processes and
mechanisms that underlie the interaction of GNSs with biological bar-
riers and the immune system, as well as the different strategies proposed
to enhance their targeting to the desired sites (Fig. 7).

4.1. Biodistribution and toxicity of GNSs

The in vivo biological transport and time-dependent distribution of
gold-based nanostructures in tumors, blood, tissues, or major organs
have been widely addressed by many pharmacokinetic studies
[129-134]. In general, GNPs larger than 10 nm tend to accumulate in
the liver and spleen, while smaller particles undergo rapid renal clear-
ance with minimal accumulation in other organs [135,136]. In a similar
way, a recently reported study evaluated the biodistribution of anti-
HER-2 and not-targeted silica-magnetite-core GNSs with 130 nm in
diameter in a mice model. The injected hybrid nanostructures were
almost completely cleared from the bloodstream after 72 h, observing
their time-dependent accumulation in the liver and the spleen, with no
visceral damages detected in either of these two tissues or in the bone
marrow or kidneys (Fig. 9A) [137]. In another interesting work, the
biodistribution of GNSs in in vivo cancer models was evaluated through
neutron activation analysis techniques [138]. In this way, it was
observed that GNSs were much more accumulated in the tumor than in
blood, lungs, brain or kidneys upon 24 h of their intravenous adminis-
tration. However, the accumulation of gold in the liver and the spleen
was 20-25 times higher than that observed in the tumor, representing
this latter only 1 % of the administered dose of GNSs.

To the best of our knowledge, comprehensive studies evaluating the
long-term toxicity of GNSs over periods of several years have not been
reported yet. However, the previously described works, as well as others
that also evaluated the biological behavior of GNSs at short and mid-
term periods [131,133,139-141], clearly showed that they are not
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Fig. 7. Schematic illustration of the main processes and mechanisms that un-
derlie the interaction between GNSs and biological systems: biodistribution,
toxicity, interaction with immune system, and active/passive targeting.
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cytotoxic and do not pose short-term health risks at typical therapeutic
doses. Here, it is worth mentioning the study conducted by Gad et al.,
where the biodistribution and toxicity of 155 nm silica-core GNSs,
commercially traded as AuroShell®, were carefully evaluated for pe-
riods up to 400 days. The performed trials included the evaluation of
cytotoxicity, pyrogenicity (in rabbits), hemolysis in vitro, in vivo micro-
nucleus formation in mice, intracutaneous reactivity in rabbits, sensiti-
zation in guinea pigs, and acute systemic toxicity in mice, among others,
with no evidences of cell/tissue toxicity [142].

4.2. Interaction of GNSs with the immune system

The immune system constitutes the first defense mechanism of living
organisms against foreign materials. Specialized cells and molecules
detect and eliminate strange and ‘non-self’ proteins, particles, micro-
organisms, or small molecules that represent a potential threat to the
host tissue/organ. When nanostructured materials are injected into the
bloodstream, which is the most typical administration route of NPs for
biomedical purposes, they rapidly interact with serum proteins forming
highly complex biocoronas surrounding their surfaces that plays a
crucial role in the stability, degradation degree, biodistribution, and
interaction of nanomaterials with biological entities [143-145].

In particular, blood serum opsonins are extracellular proteins that
bind to the surface of NPs very quickly upon their injection, marking
them for the subsequent recognition by mononuclear phagocytes, such
as macrophages. This phenomenon causes the early clearance of most of
the injected NPs before they reach the target organ or tissue. More
specifically, nanostructures displaying sizes between ca. 50 and 200 nm,
such as the most commonly synthesized GNSs here discussed, are typi-
cally internalized by macrophages through phagocytosis processes
mediated by the scavenger receptor-A and pinocytosis [146]. As a
consequence of this, the GNSs internalized/removed by macrophages
are accumulated in liver, spleen, and/or bone marrow tissues after short
times upon injection, as previously discussed. In this sense, ultrastruc-
tural analyses of liver and spleen tissues carried out 72 h after the in-
jection of GNSs in mice confirmed the presence of almost intact gold-
based nanostructures in both and their predominant accumulation
within the macrophages [137].

However, not only macrophages are involved in the recognition and
processing of NPs [147,148]. Other cells of the innate and the adaptative
immune system also play a key role in the defensive response of the body
to the presence of strange nanomaterials. In this regard, several works
have established that GNPs injected in the bloodstream can also be
internalized by dendritic cells [149,150], natural killer cells [151], and
T cells [152]. In general, the observed toxic effects of gold-based
nanostructures over the cells of the immune system are not significant,
being their functions minimally altered due to the presence of this ty-
pology of inorganic nanomaterials. However, it is important to note that
the interactions of GNSs with the wide range of cells of the immune
system could lead to stimulation or suppression phenomena, which
might alter the normal immune response and induce dangerous side
effects [150,153]. In this sense, there are two different situations in
which the presence of GNSs might alter the immune response. The first
one occurs when the sole injection of GNSs into the bloodstream induces
an inflammatory response, while in the second scenario this inflamma-
tion is associated with the light irradiation typically used to stimulate
the GNSs, which is required for many of their applications that will be
discussed below.

Although there are only a few specific works devoted to the careful
analysis of the immunogenicity of GNSs, both possible scenarios have
been preliminarily studied. For instance, the effect of surface coating on
the capability of GNSs to induce an inflammatory response by activating
the NALP-3 inflammasome followed by the release of the pro-
inflammatory cytokine IL-1p by macrophages was recently evaluated
[154]. NALP-3 inflammasome activation and IL-1p secretion were
associated with the generation of reactive oxygen species by GNSs and,
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interestingly, the functionalization of the nanostructures with poly
(ethylene glycol) (PEG) had a highly beneficial effect by considerably
decreasing the secretion of IL-1f and the influx of neutrophils. In the
second scenario, the application of light stimuli to exploit the properties
of the injected GNSs for the intended biomedical application can induce
necrotic cell death and the subsequent release of different danger-
associated molecular patterns (DAMPs), (e.g. DNA, RNA, heat shock
proteins, uric acid) which induce an immunogenic response. The stim-
ulation of different toll-like receptors such as TLR2 and TLR4 by these
patterns released upon light stimulation of GNSs can induce the pro-
duction of pro-inflammatory pro-IL-1§ and pro-IL-18, which regulate a
cascade of immune response phenomena generated in response to the
caused cellular damages [155,156]. In this regard, Nguyen et al. eval-
uated in vitro the capability of light-irradiated GNSs to produce enough
levels of molecular patterns to activate the inflammasome and secretion
of IL-1p, as well as to activate immature dendritic cells, being observed a
weak immunogenic response of the designed GNSs under the tested
conditions [157].

4.3. Targeting of GNSs

As previously mentioned, the immune response of the body limits the
effective targeting of the GNSs injected in the bloodstream, with only a
reduced percentage of doses reaching the desired tissue/organ. How-
ever, in most cases the use of gold-based nanostructures in the
biomedical field is related with cancer diagnosis and/or therapy appli-
cations, and the characteristics of tumors are more favorable than those
of healthy tissues for the efficient targeting and accumulation of nano-
structured materials. Thus, the abnormal physiology and biochemical
behavior of tumors enable the passive accumulation of NPs, proteins,
and supramolecular aggregates within their highly vascular structures
[158]. More specifically, solid tumors typically exhibit three important
features that facilitate the internalization and retention of NPs within
them despite the internal pressure gradient generated due to deficient
drainage: i) enhanced angiogenesis with increased vascular perme-
ability, ii) deficient vascular architecture (fenestrations) to supply the
expanding tumor masses, and iii) impaired lymphatic drainage. These
physiological features have traditionally been acknowledged as
responsible for the so-called passive targeting of nanodrugs to solid tu-
mors. Semantically, this passiveness attributed to the natural accumu-
lation of NPs within solid tumors leads to the perception of energy-
independent processes, exclusively driven by the size of the injected
elements and the free endothelial gaps. However, recent studies have
demonstrated that the accumulation of nanomaterials in tumors is
highly dictated by dynamic energy-dependent transcellular transport
mechanisms [159].

In addition to the passive accumulation phenomenon derived from
their physicochemical properties and the characteristics of tumors, the
targeting of GNSs towards the desired site of action can be significantly
improved through the conjugation of the adequate ligands to the surface
of the nanostructures, a process known as active targeting. Thus, the
functionalization of GNSs with targeting molecules (e.g antibodies,
aptamers, peptides) that exhibit high specificity degrees to surface
markers overexpressed in cancer cells has been widely evaluated to in-
crease the targeting efficiency of the designed nanostructures
[160-163]. These active targeting mechanisms allow to enhance the
accumulation of GNSs in solid tumors, thus also improving their per-
formance on the intended biomedical application. One of the first works
that explored the active targeting strategy with GNSs was based on the
conjugation of the nanostructures with anti-HER2 (human epidermal
growth factor receptor 2) monoclonal antibodies for the subsequent
photothermal ablation of the tumor where the GNSs were accumulated
[164]. In a similar active targeting strategy, streptavidin-functionalized
GNSs were conjugated with biotinylated anti-HER2 antibodies, being
observed an increased cellular uptake and cytotoxicity against HER2-
overexpressing SKBR breast cancer cells compared to the HER2-
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negative MDA-MB-231 triple-negative breast cancer cells [52].

After these pioneering works, the active targeting of GNSs using
different groups of antibodies has been widely evaluated for biomedical
purposes. For instance, the covalent conjugation of hollow GNSs with
anti-EGFR (epidermal growth factor receptor) antibodies was demon-
strated as an efficient strategy to enhance the targeted killing of human
squamous carcinoma A431 cells in vitro [165]. Moreover, the reduced
size of the GNSs obtained by a galvanic replacement method in this work
constitutes an advantageous feature for their in vivo application, due to
the already discussed easier biological clearance of low-size NPs [166].
On the other hand, a recent work has evaluated the active targeting of
silica-core GNSs functionalized with thiolated chitosan, paclitaxel and
anti-EGFR antibodies. The nanostructures were efficiently internalized
by MDA-MB-231 breast cancer cells both in vitro and in vivo through a
fast receptor-mediated endocytosis process [167]. The conjugation of
GNSs with anti-CD47 antibodies was also analyzed, being these nano-
structures designed to specifically target cells with CD47 receptors, a
membrane protein that is overexpressed in, for instance, ovarian cancer
cells [168]. The specific targeting efficiency of these GNSs was tested in
vitro using ID8 mouse ovarian cancer cells, which do not express human
CD47, and also CD47-rich TOV21G human ovarian cancer cells. More-
over, the targeting capability of the gold-based nanomaterials was
further evaluated in vivo using a xenograft TOV21G-luc human ovarian
cancer model, being observed a superior accumulation and photo-
thermal therapeutic effect of the CD47-targeted nanoconstructs.

Besides the typical use of different antibodies, other typologies of
molecules have been also proposed for the active targeting of GNSs. For
example, PLGA-core GNSs was conjugated with folic acid [169], whose
alpha receptors (FRa) are overexpressed in different types of solid tu-
mors, including ovarian, lung and breast cancers [170]. As expected, the
cellular uptakes of folic acid-conjugated GNSs were significantly higher
than those observed for unmodified GNSs. In a very interesting design
approach, the same authors demonstrated that the combination of
ligand-based active targeting with magnetically induced targeting
through the incorporation of iron oxide NPs into the polymeric core of
GNSs enhanced their cellular uptake and internalization more than two-
fold.

Between macromolecular antibodies and low-size molecules, we can
find other ligands with high potential as targeting agents such as the so-
called cell-penetrating peptides (CPPs). Also known as protein trans-
duction domains or membrane translocating sequences, CPPs are short
peptides, typically consisting of 5 to 30 amino acids, with the capability
to penetrate cell membranes while transporting different cargoes,
including proteins, nucleic acids, drugs, or NPs, among others [171]. In
a representative example of active targeting of GNSs using CPPs, the
designed hollow gold-based nanostructures were electrostatically
decorated with “pH low insertion peptides” [172]. These attached
peptides served as a targeting ligand due to their affinity to low pH
tumor microenvironments, thereby conferring cell-penetrating capa-
bility to the GNSs. The use of CPPs was also proposed to enhance the
active targeting of magnetoplasmonic GNSs with iron oxide-based
nanocores, being demonstrated that the used ligands can be selec-
tively degraded by matrix metalloproteinases, which are predominantly
present in several types of solid tumors [173].

Nevertheless, and although the above discussed strategies based on
the decoration of GNSs with different specific ligands remarkably
increased their active targeting capability in in vitro studies, the pro-
vided specificity can be not enough when they are injected into living
organisms. This loss of targeting functionality in vivo is attributed to the
extremely high and still not fully understood complexity of biological
systems, in which cross-reactions of different nature, the formation of
complex protein coronas surrounding the GNSs, and/or the activation of
the aforementioned immune mechanisms play a key role. Additionally,
the presence of various biological barriers such as the liver, kidneys,
blood-brain barrier, blood-ocular barrier, or skin also diminish the tar-
geting capability of ligand-decorated GNSs [133,135]. All these
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phenomena involved in the normal function of living organisms can lead
to a decrease on the percentage of the designed GNSs that finally reach
the intended site of action and to their subsequent undesired fast
degradation and clearance from bloodstream [174].

More specifically, the essential roles of liver-resident macrophages
(Kupffer cells) and splenic macrophages in removing NPs from circula-
tion before their accumulation in tumor xenografts were demonstrated
through an innovative experimental procedure [175]. Briefly, Kupffer
cells were depleted from mice by using dichloromethylene diphosphonic
acid liposomes (clodronate liposomes), being observed that after this
procedure the blood half-life of 100 nm GNPs increased from 0.64 to 8 h.
Additionally, the accumulation of GNPs in the liver was also evaluated,
observing a reduction to less than 10 % of the injected dose upon the
depletion of the macrophages, while the gold nanostructures in the
tumor increased from 0.03 to 0.50 %. To prevent the rapid clearance of
GNSs from bloodstream in living organisms, the chemical functionali-
zation of their external surface with polymers such as PEG [130],
dextran [132], poly(vinyl alcohol), alginate and chitosan [176] has been
also primarily evaluated.

Finally, it is important to highlight that, even in the case of achieving
an efficient targeting of GNSs in the surface of the tumor, the subsequent
diffusion of the NPs within the cancerous growth is typically inefficient.
This is due to the highly complex physiology of tumors, which are
composed of extracellular matrix, cancer cells, immune cells, and other
stromal cells such as fibroblasts and pericytes. Additionally, tumors are
stratified into a necrotic, hypoxic core and viable external layers, which
hinder the facile diffusion of nanoparticulated systems to the innermost
regions, leading to resistance and tumor relapse [177]. Despite the ef-
forts of the scientific community during the last decades to enhance the
diffusion of NPs within the structure of solid tumors [178], performed
studies consistently report limited accumulations of nanostructured
materials inside tumoral tissue. In this regard, a comprehensive meta-
analysis quantified this phenomenon, being revealed that only a mere
0.7 % of the administered doses of NPs are finally accumulated in solid
tumors [179]. Furthermore, experimental findings indicate an even
lower percentage of NPs reaching tumor cells (0.0014 %) [180]. Current
research is trying to address this problematic by developing more effi-
cient strategies, such as those based on the leverage of immune cells with
natural tumor-chemotaxis that we will discuss in following sections.

5. Biomedical applications of GNSs

Despite the aforementioned limitations of nanoparticulated systems
to reach tumor growths and penetrate within them when injected in
living organisms, gold-based nanostructures, and more specifically the
GNSs here discussed, have been widely evaluated for different
biomedical applications (Fig. 8). This interest for the biomedical eval-
uation of GNSs arises from their outstanding optical and physicochem-
ical properties, which we have discussed in detail in Section 2. Basically,
when GNSs are irradiated with light they experienced coherent collec-
tive oscillations of their valence electrons, which lead to the scattering of
the incident light and to energy absorption and the subsequent release of
heat. The size of GNSs is a critical feature that dictates the predominance
of one or another of these phenomena: smaller nanostructures are better
NIR-light absorbers, while by increasing particle size their scattering
cross section is enhanced. Interestingly, and although it is also highly
dependent on their other physicochemical characteristics, in general
GNSs with ca. 100 nm in diameter display both resonant absorption and
scattering properties, making them the most commonly evaluated for
biomedical applications. Hence, this capability of GNSs to absorb NIR
light results in a strong and highly localized photothermal heating upon
laser illumination, which can be exploited, for example, to induce cancer
cell death and tumor remission [69]. On the other hand, the light scat-
tering properties of GNSs can be utilized for contrast enhancement in
bioimaging. The plasmon-based optical properties of GNSs also enable
the efficient release of bioactive compounds (e.g. drugs, genes), thus
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providing light-triggerable delivery nanosystems on demand
[95,181,182]. In this section, we are going to thoroughly review these
and other biomedical applications of GNSs, highlighting the current
advantages and limitations of each one and describing some of the most
relevant works in the field.

5.1. Photothermal therapy

5.1.1. Photothermal effect

The irradiation of GNSs using NIR light with frequencies close to that
of surface plasmon leads to an intense photon absorption phenomenon,
producing a hot electron gas that results in rapid non-equilibrium
heating. This initial heating is followed by energy exchange between
the electrons and the lattice through electron-phonon collisions until
thermal equilibrium is reached. Subsequently, this energy is released by
phonon-phonon exchange to the molecules of the surrounding medium,
leading to the cooling of the nanostructures and the concomitant heating
of the medium, being this the basis of the so-called PTT [188]. The
temperature increase will depend on the number of photons collected by
the nanostructures, dictated by their concentration and physicochemical
characteristics, but also on the time, intensity and type of light irradi-
ation [189]. Thus, both continuous and pulsed lasers have been pro-
posed in combination with GNSs for PTT applications [190]. The
photothermal response of GNSs when exposed to continuous wave laser
irradiation typically results in sustained and moderate temperature in-
creases in the surrounding environment, being this the most used
approach for PTT purposes. However, controlled pulsed irradiations can
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be exploited to generate higher energy densities in the vicinity of GNSs.
Although more typically evaluated for other applications such as
transfection or photoacoustic imaging [191], the irradiation of GNSs
with short-pulsed laser has been also proposed for PTT applications
[190,192]. Thus, the use of pulse widths in the femtosecond regime
enables very high-localized temperature increases on the surface of
GNSs. This type of lasers produces free electrons via nonlinear absorp-
tion interactions, thus differing from continuous wave or long-pulsed
lasers, which depend on the linear absorption of photons (one photon
at a time) that can lead to greater heat accumulation and increased
collateral damage [193,194].

The local temperature increases reached upon the light irradiation of
GNSs can be exploited for therapeutic purposes by inducing the heat-
mediated death of the surrounding cancer cells. The main mechanism
proposed to explain PTT-mediated cell death (thermal ablation) is the
denaturation of cytoplasmatic membrane and functional proteins,
essential to sustain cellular integrity and viability. Moreover, the rapid
formation and subsequent explosion of steam nanobubbles may also
play an important role in causing tumor cell damages [42]. Interestingly,
it has been observed that mild hyperthermia can be used as complement
to chemo- and radio-therapies, since cancerous cells are more sensitive
to these treatments above 43 °C [195,196].

It is worth mentioning that gold-based nanostructures, including
GNSs, exhibit high thermal stability, not being observed noticeable al-
terations on their structures when exposed to light irradiations typically
used for PTT. For example, the excellent thermal stability of hollow
GNSs was established by applying continuous and cyclic irradiation
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Fig. 8. Schematic illustration of the main biomedical applications of GNSs for diagnostic (single imaging, multimodal imaging, sensing) and therapeutic purposes
(transport and delivery of bioactive compounds, phototherapy, immunotherapy). Adapted with permission from Ref. [183]. Copyright 2020, MDPI, CC BY 4.0;
Ref. [184]. Copyright 2022, Elsevier B.V.; Ref. [185]. Copyright 2018, Elsevier B.V.; Ref. [186]. Copyright 2017, Royal Society of Chemistry, CCBY 3.0 DEED;

Ref. [187]. Copyright 2014, Royal Society of Chemistry.
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using a 808 nm laser, being hypothesized that their performance as PTT
agents can be maintained without the need of multiple dosages [197].
However, when gold nanostructures are exposed to extremely high light
intensities, higher than those typically required for PTT strategies, the
generated heat can induce the melting or reshaping of the GNPs and
irreversibly changing their optical properties [198,199].

5.1.2. Photothermal cancer therapy

After the pioneering works by Halas’ group analyzing the photo-
thermal potential of GNSs [164], several reports have explored the po-
tential of PTT provided by GNSs of different sizes and shapes for cancer
treatment, from which interesting information can be collected [200].
The role of morphology and structure of gold-based nanostructures over
their performance as photothermal agents has been extensively studied.
In a representative work focused on the analysis of this influence, rod-
shaped GNPs, silica-core GNSs and hollow GNSs were evaluated under
light irradiation using a 808 nm laser at 30 W-cm 2 for 7 min [201].
Interestingly, the dose required to reach the desired photothermal effect
on A549 (lung), HeLa (cervix) and TCC (bladder) cancer cells was lower
when using silica-core GNSs, following by hollow nanostructures and
nanorods, being inferred that the nanoshell-like structures here
reviewed are those with higher photothermal capabilities. In a similar
comparative study, GNSs have demonstrated the capability to produce
larger temperature increases than gold nanorods when both are used at
equal concentrations [202].

In this way, it was established that GNSs with the most simplistic
design, consisting of dual core-shell nanostructures or hollow nano-
capsules, showed enhanced photothermal efficacy in comparison with
the more typically used gold nanorods. Moreover, other additional ad-
vantages of GNSs over gold nanorods is their higher biocompatibility,
since the synthesis of these later nanostructures usually involves the use
of potentially cytotoxic surfactants [203,204]. Interestingly, it is
possible to further increase the performance of gold-based nanosystems
for PTT applications by designing GNSs with highly complex structures
consisting of more than two layers. For example, the innovative gold
nanomatrioskhas that we already described in previous sections have
been evaluated for the PTT-mediated treatment of triple negative breast
cancer xenografts on female athymic nude mice [29]. These multilay-
ered nanostructures, which consist of gold nanocores coated with thin
silica layers, and finally surrounded by external GNSs with 90 nm in
diameter, were compared with conventional 150 nm silica-core GNSs in
terms of cell uptake and PTT efficiency. After the intravenous injection
and NIR irradiation of both nanosystems, 83 % of tumor-bearing mice
treated with gold nanomatryoshkas appeared healthy after 60 days,
while only 33 % of mice treated with conventional GNSs survived during
the same period. According to the authors, the smaller size and larger
absorption cross section of the designed complex NPs make them more
effective therapy in the evaluated application. Other additional
remarkable features of this study were the use of large tumors, that
better mimic advanced cancers typically diagnosed and treated in clin-
ical practice, on the elucidation of the size effect (keeping the LSPR peak
constant) on the in vivo intra-tumoral accumulation of GNSs (Fig. 9B).

The specific and triggered photothermal cell-killing effect of GNSs
has been demonstrated several times in different cancer cells and tissues,
using both in vitro and in vivo models, thus confirming the high potential
of GNSs as photothermal therapeutic agents. The types of cancerous
tumors that have been successfully ablated in mice models by using
GNSs include cervix [172], colon [95,164,205,206], human squamous
cell carcinoma [127,165,207], melanoma [208-211], brain [212,213],
liver [214], breast [215-217], ovarian [168], pancreas [218], or lung
[219,220], among others.

Alternatively to systemic or intra-tumoral administration of nano-
therapeutics, a new dosage form was proposed by Redolfi-Riva et al.,
who developed GNSs/polysaccharide composite nanofilms for
controlled laser-assisted tissue ablation [221]. The authors created sta-
ble, flexible, and ultrathin free-standing polymeric film platforms
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through a layer-by-layer assembly of biocompatible and mucoadhesive
chitosan and sodium alginate, incorporating the GNSs. Basic laser-
induced heating functionality was demonstrated through in vitro
hybrid nanofilm-mediated thermal ablation of human neuroblastoma
cancer cells, confirming irreversible damage to cell membranes and
nuclei. Application of the standing hybrid films onto tissue surfaces and
subsequent ex vivo analysis also demonstrated localized vaporization
and carbonization of animal muscular tissue. Thermal distribution in the
tissue reached a steady state in a few seconds, ensuring an excellent
control of local photothermally induced heating and providing more
safety and predictability with respect to traditional laser surgery. These
nanocomposites are expected to enhance particle manipulation and
density control in plasmonic-mediated photothermal ablation and hy-
perthermia. Moreover, the bio-adhesive properties of the nanofilms
allow stable adhesion to the external surface of organs or mucosal tissues
affected by tumoral masses/cells.

Finally, another crucial and typically overlooked factor that can
hinder successful heat generation using GNSs in PTT procedures is the
efficient light delivery to the nanostructures. This is an especially critical
point in the case of GNSs targeting deep tumors because light penetra-
tion into living organisms is limited when it is irradiated from an
external source. This fact can increase the likelihood of tumor recur-
rence and the development of photothermal resistance by cancer cells
upon a light irradiation that reaches the region of interest with very
diminished intensity. Hopefully, various types of devices and strategies
have been developed for effective light delivery, ranging from the use of
optical fibers to the implantation of light devices, resulting in better
outcomes compared to conventional light sources for deeper tissues.
This last approach give rise to the still under development technique of
interstitial PTT, in which an intra-tumoral implanted light generation
device is used to efficiently stimulate the injected photosensitive agents
that reached the cancer growth [222]. This strategy has the potential to
enhance the efficacy of the photothermal-mediated treatment of any
type of tumor, but it results especially appealing for in deep-seated tu-
mors or for those with very large dimensions (thicker than 10 mm). For a
more exhaustive description of the interstitial PTT technique and its
advantages respect the more traditional superficial PTT, we refer readers
to a recent systematic comparative preclinical study in which both
procedures are evaluated [223].

5.1.3. Photothermal therapy for other diseases

Although most works that evaluated the application of PTT using
gold nanostructures were focused on cancer, the photothermal capa-
bility of GNSs has also been leveraged for the therapeutic treatment of
other biomedical disorders/conditions. For example, Paithankar et al.
conducted a pilot human clinical study for the treatment of acne ailment
in which the designed GNSs were accumulated inside the follicles with
the help of low-frequency ultrasound to facilitate their penetration
[224]. Afterwards, the skin was illuminated with a NIR laser to induce
local thermolysis of sebaceous glands, not being observed any remark-
able damage in the surrounding skin tissue (Fig. 9C). The treatment of
rheumatoid arthritis has also been studied by using PLGA-core GNSs
loaded with the anti-rheumatic drug methotrexate. The nanoplatform
was administered to collagen-induced arthritic mice, being accumulated
in the inflamed paws of the rodents and inducing a healing process
mediated by the accelerated diffusion and release of the drug [225].

In another interesting approach, the unique photo-responsiveness of
GNSs has been exploited to inhibit the growth and proliferation of Gram-
positive and Gram-negative bacteria through the local generation of
heat [226]. To increase their antibiotic effect, streptomycin was
attached to the surface of oligochitosan-coated GNSs, which were
functionalized with anti-bacterial antibodies to target Lysteria Mono-
cytogenes. The antibacterial efficacy of the nanoplatform was evaluated
in mouse models with infected wounds, being established that the
combination of the antibiotic drug and PTT surpassed either of the in-
dividual treatments (Fig. 9D) [227]. In a similar way, bimetallic silver/
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Fig. 9. A. i) Schematics and TEM image of the multifunctional anti-HER2 targeted GNSs. ii) Dark field images of tissue sections acquired from the liver and spleen
after injection of anti-HER2 GNSs and TEM images of anti-HER2 GNSs internalized in liver and spleen cells (Adapted with permission [137] Copyright 2019, Springer
Nature). B. i) Schematic representation and ii) LSPR associated spectrum of gold nanomatryoshkas (NM) and typical silica-core GNSs (NS). iii) Kaplan-Meier plots of
tumor-bearing mice treated with saline physiological solution, gold NM or NS. All tumors were irradiated 5 min with a laser of wavelength at 808 nm and power of 3

W-cm ™2

. iv) The efficacy of PTT utilizing NM and NS in tumor response was assessed through bioluminescence imaging, wherein tumor cells were transfected with

the luciferase gene. In both instances, residual cancer cells were detected post-treatment, leading to tumor recurrence during the experiment’s duration (Adapted
with permission [29] Copyright 2014, Elsevier). C. i) Schematics of GNSs and their ultrasound-aided incorporation in the sebaceous follicle for further NIR-laser
photothermal treatment. ii) Thermally damaged sebaceous gland, iii) H&E staining demonstrating localized damage to a sebaceous gland, and iv) imaging of
GNSs (orange) by TPPL imaging (Reproduced with permission [224] Copyright 2015, Elsevier B.V.). D. Schematic representation of the killing process on Listeria
monocytogenes by antibody-conjugated and streptomycin-coated GNSs with laser irradiation (Reproduced with permission [227] Copyright 2023, Elsevier, CC BY
NC ND). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

gold hollow nanoshells have been evaluated for the elimination and
inhibition of colony expansion of multidrug-resistant bacterial strains,
as well as for the wound healing in mouse models with infected open
wounds. Through the developed strategy, PTT synergized with the
release of silver ions, showing an enhanced anti-microbial activity
[228].

In a representative example of GNSs-mediated PTT for other diseases
unrelated to cancer, gold nanostructures functionalized with
carboxylate-terminated organosulfur ligands were attached to model
catheter surfaces, after which they showed highly effective to cause the
thermal-induced death of the adhered bacteria [229]. Thus, it was
demonstrated that the photothermal properties of GNSs can also
exploited to prevent or combat the typical formation of pathogenic
biofilms on implant/catheter surfaces.

5.2. Immunotherapy

Immunotherapy is a type of treatment based on helping the immune
system of the patient to fight against cancer, infections, or other diseases
[230,231]. In the specific case of cancer immunotherapy, it is a research
field that has gained major attention in recent years due to its
outstanding results in the treatment of certain types of tumors, such as
melanoma [232]. One prominent modality of immunotherapy is based
on the genetic modification of immune cells to induce the production of
proteins called chimeric antigen receptors (CARs) (e.g CAR-T cells,
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CAR-Natural Killer cells), thus enhancing their ability to recognize and
destroy cancer cells [233]. Another immunotherapy strategy exploits
the properties of immune checkpoint inhibitors, a family of receptors
found on immune cells that play an essential role on their function and
allow the dynamic control of the immune balance. The primary ligand
associated with one of the most relevant checkpoint inhibitors, the so-
called PD-L1, is particularly interesting, since it is expressed on tumor
cells and tumor-infiltrating myeloid cells. Different types of nano-
structured materials, included GNSs, have been explored for cancer
immunotherapy applications. In a representative recent example, GNSs
with hollow architecture were loaded with the anticancer drug doxo-
rubicin and functionalized with antibodies targeted to the immune
checkpoint PD-L1 to target melanoma cells [211]. The cellular uptake of
the designed GNSs was assessed in two different melanoma cell lines,
CLONE-M and B16F10, that exhibit low and high expression levels of
PD-L1, respectively. The performed flow cytometry assays revealed a
remarkable enhanced cellular uptake of gold nanostructures by B16F70
cells, thus demonstrating the capability of the nanoplatform to target
melanoma cells with high PD-L1 expression levels. Furthermore,
doxorubicin-loaded GNSs were also evaluated in vivo with promising
chemo-phototherapy effect against B16F10 tumors in C57BL/6 male
mice (Fig. 10A).

On the other hand, adoptive cellular immunotherapies have inspired
the development of new strategies to overcome the already discussed
problematic of the typical low accumulation of injected NPs in solid
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tumors [179]. In this sense, it is worth mentioning a recently published
work that analyzed the key role of tumor-associated macrophages
(TAMs) in the transport of NPs to the most inaccessible regions of tumors
[234]. By using intravital confocal microscopy video-imaging, it was
observed the gathering of these macrophages gather around the site
where GNPs were extravasated, following by their phagocytosis and the
subsequent migration and transport of GNPs in various directions, thus
being confirmed that they are able of transport NPs from their extrav-
asation point into the tumor stroma.

In the specific case of the GNSs here reviewed, this type of nano-
structures has been loaded into specialized cells of the innate or adaptive
immune system to exploit their chemokine-driven (chemotaxis) mobi-
lization to tumors and their capability to infiltrate within them. Thus, for
example, the internalization of GNSs by murine monocytes and macro-
phages without toxic effects and the subsequent infiltration of the GNSs-
loaded cells (referred to as cellular Trojan horses) into tumor spheroids
has been successfully evaluated through microscopy techniques
(Fig. 10B) [147]. The macrophage-based vectorization of GNSs has been
also evaluated to target and infiltrate the nanostructures within tumors
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located at barely accessible physiological niches, such as the case of
human glioma spheroids [235]. Interestingly, in addition to macro-
phages, other types of cells of the immune system such as activated T
cells have also been also proposed as tumor targeting transporters of
GNPs [152,236]. Most recent strategies have already combined the use
of immune cells as living transporters of GNSs with the subsequent
exploitation of the photothermal properties of the nanostructures once
accumulated within the tumor. In a representative example of this
approach, 150 nm silica-core GNSs were loaded within rat alveolar
macrophages through a simple co-incubation process [237]. The tem-
perature increase generated upon the light irradiation of GNSs-
macrophages hybrid bio-nanotherapeutics revealed a promising anti-
tumoral efficacy in vitro against FaDu-macrophage spheroids, as well as
a biocompatible profile when evaluated in vivo in Sprague Dawley rats.
In a different approach inspired by previous studies that used red blood
cell membranes as camouflaged coatings for theragnostic NPs, Xuan
et al. proposed the use of macrophage cellular membranes to hide GNSs
(Fig. 10C) [238]. This strategy aims to improve the transport and
accumulation of the gold nanoparticulated systems within tumors by

B. GNSs-laden macrophages: "Trojan horses"
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Fig. 10. A. Flow cytometry analysis for intracellular uptake of hollow GNSs after the treatment with coumarin-6 loaded non-targeted-hollow GNSs (NT-HGNS) and
targeted-hollow GNSs (T-HGNS) on B16F10 and CLONE-M3 melanoma cell lines at 24 h time point and ii) their respective quantitative analysis. iii) Inmuno-TEM
images of NT-HGNS (left) and T-HGNS (right). Anti-PD-L1 antibodies were labeled with 5 nm gold labeled anti-rat IgG (Reproduced with permission [211] Copyright
2020, Elsevier). B. i) Schematic of “Trojan Horse” therapeutic GNSs delivery into the hypoxic region of tumor. ii) SEM image of GNSs with well-defined spherical
morphology. iii) 3D reconstruction of two-photon image of a T47D-cell tumor spheroid treated with GNSs-laden macrophages and laser irradiation. Live cells were
stained with CellTracker (green), dead cells were stained with propidium iodide (red). Green arow signals unirradiated cells; red arrow, GNSs-laden macrophages
infiltrated in the necrotic center of the spheroid; and yellow arrow/cells, T47D cells which have been thermally damaged due to their location next to macrophages.
Scale bar is 50 pm. iv) TEM micrograph of a GNSs-laden macrophage (left) and a GNSs-laden monocyte (right) with GNSs dispersed in intracellular vacuoles.
(Adapted with permission [147] Copyright 2007, American Chemical Society). C. i) Schematics of the preparation of macrophage cell membrane-camouflaged GNSs
for in vivo photothermal cancer therapy. ii) Confocal microscopy images and iii) flow cytometry histograms displaying the enhanced recognition of macrophage cell
membrane-camouflaged GNSs by 4 T1 triple negative breast cancer cells at 12 h and 24 h (Reproduced with permission [238] Copyright 2016, American Chemical
Society). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

16



A. Topete et al.

leveraging the homotypic recognition capacity of the extracted cellular
membranes.

5.3. GNSs as nanocarriers for bioactive compounds

The controlled transport and release of bioactive compounds using
nanoparticulated carriers is one of the most attractive and challenging
potential applications of nanotechnology in the field of biomedicine.
The cargoes attached or incorporated into the nanocarriers can range
from drugs and other therapeutic biomolecules to photosensitizers,
among many others, being their on-demand release controlled through
local or external activation mechanisms. The local stimuli-triggered
releases of carried cargoes depend on subtle changes in microenviron-
mental conditions (e.g. pH, temperature, redox environment, sur-
rounding solute concentrations), which destabilize the cargo-
nanocarrier complex due to bonds rupture, swelling/de-swelling, and/
or oxidative and enzymatic degradation of the containing nano-
structures. On the other hand, external stimuli-triggered cargoes release
mainly relies on the application of exogenous physical energy sources (e.
g light, magnetic fields, pressure gradients) that eventually cause the
aforementioned phenomena and the subsequent destabilization of the
nanocarrier complex.

The intrinsic properties of GNSs, such as their sensitivity to light
stimuli or their reservoir-like geometry, as well as the simple function-
alization of their surface, make this type of metallic nanostructures
highly suitable for incorporating various bioactive molecules within
their cavity/core or onto their surface. In this section, we will briefly
review the use of GNSs for the transport and delivery of biologically
active cargos, while protecting them and inhibiting their non-specific
spreading to off-target tissues and cells.

5.3.1. Delivery of nucleic acids

The recent development and successful application of messenger
RNA (mRNA)-NPs vaccines has revealed the enormous potential of
nucleic acid-based treatments to completely change the current phar-
macological and biomedical landscapes [239]. Among the different
nanostructured materials evaluated for the transport and delivery of
nucleic acids, the use of GNSs constitutes one of the most interesting and
promising approaches. Interestingly, it was observed that different
release mechanisms of the cargoes can be induced depending not only
on the physicochemical characteristics of the GNSs, but also on the na-
ture of the activating laser. For example, double-stranded DNA separates
when illuminated with continuous wave-laser illumination. This phe-
nomenon can be exploited for the controlled release of single-stranded
DNA, while the complementary strands remain attached to the nano-
carrier surfaces through, for example, gold-thiol bonding in the case of
GNSs [240]. However, when double-stranded DNA is illuminated with
pulsed NIR laser, it can result in either the dehybridization of the
molecule or the breaking of the gold-thiol bond between DNA and the
gold-based nanocarrier, the latter giving rise to the release of the entire
double-stranded DNA [241,242]. It has been hypothesized that there
may be two different mechanisms behind the observed effect of illumi-
nation on nucleic acids bound to gold nanostructures. First, the photo-
thermal properties of GNPs can cause temperature increases upon light
irradiation, giving rise to the melting of DNA molecules. On the other
hand, hot-electron transfer from plasmon decay may be the cause of
DNA denaturation or gold-thiol bonds breaking.

In a very representative work in the field of nucleic acids delivery
using GNSs from Halas group, it was experimentally demonstrated that
DNA release upon continuous wave laser illumination is consequence of
the light-induced temperature increases. Remarkably, these authors
confirmed that the heat generated using this laser arises from collective
heating effects and not by hot-electron injection, as previously stated,
causing the dehybridization of DNA molecules and the subsequent
release of single-stranded DNA. However, when the GNSs loaded with
double-stranded DNA were illuminated using a pulsed femtosecond NIR

17

Coordination Chemistry Reviews 523 (2025) 216250

laser, the DNA release was found to occur through a hot-electron
transfer process which breaks gold-thiol bonds, releasing the double-
stranded DNA molecules without observing any bulk temperature in-
crease (Fig. 11A) [243].

Interestingly, the same research group also achieved an efficient
light-induced release of single-strand antisense oligonucleotides and
small interfering RNA (siRNA) electrostatically bound to poly(lysine)-
coated GNSs through a slightly different approach. In this case, NIR
irradiation was used to modulate the interaction between the cationic
polyelectrolyte attached to the GNSs and the loaded cargos, thus being
possible to control either their thermally- or non-thermally-induced
release [244].

5.3.2. Delivery of small drugs

The potential of GNSs for the transport and delivery of low molecular
weight pharmacological compounds have been widely analyzed both in
vitro and in vivo. Typically, the particular architecture of GNSs, with an
inner cavity/core with controlled dimensions and physicochemical
properties, has been exploited for drugs encapsulation, while the already
detailed photo-responsiveness of these nanosystems were used for the
subsequent release of the cargoes [245]. In one of the most typical ap-
proaches, GNSs are used for the transport and controlled release of the
anticancer drug doxorubicin. In a representative example of this strat-
egy, hollow GNSs with 40 nm in diameter were synthesized through a
galvanic replacement reaction, and doxorubicin was loaded both in the
inner and outer surfaces of the nanostructures through hydrogen
bonding [246]. Confocal microscopy images demonstrated the suc-
cessful internalization of drug-nanocarrier complexes within the cyto-
plasm of MDA-MB-231 cancer cells in vitro. In the absence of NIR
illumination, the red fluorescence of doxorubicin and the scattering
signal of the GNSs were observed only in the cytoplasm, but not in the
nuclei of cancer cells. However, when NIR irradiation was applied the
drug was observed inside the cell nuclei, indicating that the doxorubicin
loaded in the GNSs was light-triggered released. GNSs have been also
evaluated as nanocarriers for the targeted release of other medications
such as nitric oxide, a pleiotropic bioregulatory molecule known to
inhibit cell proliferation and induce cell death at appropriately high
concentrations. For example, Levy et al. functionalized the external
surface of GNSs with hollow architecture using a thiol-functionalized
derivative of cupferron, reaching a controlled spatio-temporal release
of nitric oxide upon pulsed NIR laser irradiation [247]. The encapsula-
tion of drugs within the dielectric core of GNSs constitutes a particularly
interesting alternative to their attachment to the external metallic sur-
faces of the nanostructures. In this scenario, the design of GNSs with
highly porous structure are required to allow the release of the encap-
sulated drugs. On the other hand, the mobility of drug molecules within
the core can be enhanced through light-induced heat generation, thus
facilitating their release. In the specific case of GNSs with polymeric
core, the temperature increases upon NIR illumination also enables the
fluidization, or even the melting, of the polymeric chains, thereby pro-
moting even more the diffusion of drugs from the cores. This mechanism
was demonstrated by inducing the intracellular release of a model drug,
Nile Red, from PLGA-core GNSs, exploiting the photothermal properties
of the designed porous metallic nanoshells [169]. Thus, it was observed
that NIR light illumination promoted the delivery of the drug encapsu-
lated within the polymeric cores inside the cells, while in the absence of
irradiation no release of the probe was detected.

In the previously discussed approaches, low temperature increases
are enough to promote or enhance the release of drugs loaded into GNSs.
However, when illumination conditions and the properties of GNSs
allow larger heat generation, the gold-drug tandem can be exploited for
combined dual therapies involving hyperthermia and the pharmaco-
logical effect of drugs. For this reason, different drugs have been loaded
in the external surface or in the core of GNSs to then determine the
potential of the designed systems as dual therapeutic nanotools. In a
representative work evaluating this strategy, silica-core GNSs were
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Fig. 11. A. NIR-light-induced DNA release under continuous wave irradiation induce dehybridization and release of fluorescently tagged single-stranded DNA, while
pulsed irradiation derives in Au-S bond breakage and release of double-stranded DNA (Reproduced with permission [243] Copyright 2017, American Chemical
Society). B. i) Schematics illustrating PNIPAM-coated GNSs soaked in doxorubicin solution and laser-triggered release of the drug. ii) TEM images of bare, initiator
functionalized, and hydrogel-coated GNSs. iii) The release of doxorubicin encapsulated within hydrogel-coated GNSs is accelerated with NIR laser activation, while
minimal release is observed during periods without light stimulus (Reproduced with permission [206] Copyright 2015, American Chemical Society). C. Fabrication of
GNSs with polymeric micellar template cores loaded with platinum-based drug (Reproduced with permission [95] Copyright 2020, American Chemical Society). D.
Schematic illustration of hollow GNSs-pH low insertion peptide-Ce6-driven PTT therapy. The process of cellular uptake and bimodal therapy activation is depicted in
four stages: 1) in the low pH tumoral microenvironment the pH-responsive peptide spontaneously acquires an helical formation that facilitates the cellular entrance;
2) PTT is actuated by 670 nm laser; 3) The generated heat triggers the release of the photosensitizer Ce6 and the peptide; 4) Reactive oxygen metabolites are
generated by light-activation of Ce6 upon irradiation with 670 nm laser (Reproduced with permission [172] Copyright 2015, Elsevier).

modified by growing a layer of poly(N-isopropyl-acrylamide-co-acryl- xenograft model demonstrated a more powerful antitumor effect of
amide) (PNIPAM) hydrogel loaded with antineoplastic doxorubicin combined therapy when compared to the administration of free drug or
surrounding them [206]. These drug-loaded polymeric layers showed a PTT alone.
temperature dependent transition from a swollen configuration under As discussed in the previous section, gold-based nanostructures can
physiological conditions to a collapsed state at elevated temperatures, be exploited for the transport and release of different typologies of
which allowed a burst release of the drug controlled by NIR laser illu- nucleic acids. However, the attachment of these biomolecules to gold
mination. The efficiency of the nanosystem was tested in murine colon surfaces through chemisorption or physisorption processes can also be
carcinoma cells, revealing an increased cell death when NIR irradiation used as an intermediate step for the subsequent loading of small-sized
was exploited for both heat generation by GNSs and drug release drugs. In this way, nucleic acids, such as siRNA or thiolated DNA, and
(Fig. 11B). other proteins have been proposed as anchoring moieties for different
In addition to doxorubicin, other bioactive molecules such as acti- drugs in the surface of GNSs. For example, docetaxel (a chemothera-
nomycin D or platinum-based compounds (e.g. cisplatin, carboplatin, peutic compound) and lapatinib (a targeted inhibitor of the ATP binding
oxaliplatin) have also demonstrated an enhanced anticancer effect when site of the HER2 tyrosine kinase domain) were loaded into silica-core
administered concurrently with local or loco-regional hyperthermia GNSs modified with DNA molecules or human serum albumin [250].
[248]. Interestingly, it is worth mentioning that this phenomenon is not In the first case, a dodecamer DNA sequence with high affinity to taxol
observed with other anticancer agents such as taxanes (e.g. paclitaxel, was utilized to attach the docetaxel, whereas for lapatinib, which fea-
docetaxel) [249]. The combination of chemotherapy and PTT using tures a pyrimidinamine group analogous to adenine, a thymine-rich
GNSs modified with the aforementioned platinum-based compounds sequence was employed. Conversely, human serum albumin formed a
was evaluated against colorectal cancer in a recently published work protein corona surrounding GNSs with multiple binding regions that
[95]. More specifically, the authors designed GNSs with polymeric allow the entrapping of both drugs. The therapeutic efficacy of the
micellar cores in which dichloro(1,2-diaminocyclohexane) platinum designed nanoplatforms was assessed in two breast cancer cell lines,

(ID), the active metabolite of the third-generation platinum-based drug MDA-MB-231 (triple-negative breast cancer) and SKBR3 (over-
oxaliplatin, was encapsulated (Fig. 11C). The in vitro results of this study expressing HER2), as well as in the macrophage cell line RAW256.2,

demonstrated that the combined effect of PTT and chemotherapy exer- being demonstrated their capability to achieve precise drug releases
ted an additive/synergistic cytotoxic effect over HT29 and LS174T within narrow time windows, thus distinguishing them from conven-
human colorectal cancer cell lines. Interestingly, the synergistic effect tional chemotherapy. In another interesting approach, Villar-Alvarez
was notably more pronounced in LS174T cells, which indicates that the et al. recently reported the development of multifunctional branched
effect of the combined simultaneous therapy differs between cancer cells GNSs decorated with siRNA molecules designed to inhibit the expression
depending on their different susceptibility to each treatment modality. of HER3 (human epidermal growth factor receptor 3) in breast cancer
Furthermore, the in vivo assays conducted in a murine subcutaneous cells and mice models [251]. In more detail, the nanoplatform was
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comprised of doxorubicin-loaded GNSs decorated with the photosensi-
tizer indocyanine green, a siRNA against HER3, and the HER2-specific
antibody trastuzumab. The performed in vitro experiments showcased
a successful HER3 silencing induced by the released siRNA, an inhibition
of HER2 oncoproteins by trastuzumab, and a remarkable reduction in
the p-AKT pathway, a protein linked to cell survival and proliferation,
that enhancing the chemotherapeutic effect of doxorubicin. On the other
hand, in vivo studies in mouse models bearing breast tumors showed a
substantial and gradual reduction in tumor volume upon the adminis-
tration of the nanoplatform followed by NIR light irradiation, thus
demonstrating the potential of the developed strategy against HER2+
breast cancer.

5.4. Alternative therapeutic outcomes of GNSs

In addition to the already discussed use of gold nanostructures for
photothermal therapy of cancer and other diseases, immunotherapy,
and/or the controlled transport and release of nucleic acids and small
drugs, these nanomaterials have also been proposed for alternative
therapeutic strategies. For example, there is compelling evidence
demonstrating that radiotherapy is highly potentiated by the presence of
gold-based NPs. Radiation therapy is a type of cancer treatment based on
the application of high-energy ionizing beams (e.g. X-rays, proton radi-
ation), being its efficacy enhanced when GNPs are incorporated in the
tumoral zone and act as radiosensitizers due to the high atomic number
of gold. This phenomenon is based on the increased absorption of
ionizing radiation by gold nanostructures, leading to the production of
secondary electrons that provoke DNA damage and generate reactive
oxygen species (ROS), thereby amplifying the cytotoxic effect over
tumor cells [252].

Moreover, it has been observed that the efficacy of radiotherapy and
hyperthermia is enhanced when both treatments are combined. This
synergistic effect is attributed to the inhibitory impact of heat on the
repair mechanisms of double-strand breaks caused by radiation, as well
as to the reoxygenation of tumor microenvironment [253]. In this
context, Diagaradjane et al. demonstrated the feasibility of modulating
the in vivo tumor response to radiotherapy through hyperthermia
generated by GNSs [254]. This enhanced sensibility to the applied ra-
diation beams was attributed to the increase in tumor perfusion induced
by the generated heat, which reduces the fraction of radiation-resistant
hypoxic cells, followed by the induction of tumor-specific localized
vascular damage and extensive associated necrosis. In another illustra-
tive work exploring this dual therapeutic strategy, the synergy between
the photothermal properties of GNSs and radiotherapy was evaluated in
two different breast cancer models [255]. Firstly, in a genetically engi-
neered breast cancer murine model rich in cancer stem cells, which have
been associated to high resistances to chemo- and radiotherapy and
metastatic invasiveness [256]. On the other hand, in a triple negative
breast cancer human xenograft tumor model, a subtype of cancer
characterized by the absence of estrogen, progesterone and HER2 re-
ceptors that is considered one of the most aggressive forms of this dis-
ease, often associated with poorer overall patient prognosis [257]. When
the tumors were exposed exclusively to ionizing radiation, it was
observed either a null or a slight increase on the size of the cancer
growths, but with a relative increase in the ratio of stem-like to normal
cells in the residual tumor. However, tumors that were radiosensitized
through the accumulation of GNSs and the subsequent light-induced
hyperthermia, followed by the same dose of ionizing radiation, exhibi-
ted large reductions in tumor size without increases in the proportion of
stem-like cells in the residual tumor. These observations suggest that the
sequential application of GNSs-targeted hyperthermia and radiotherapy
could significantly enhance the current treatments of radioresistant tu-
mors, such as triple negative breast cancer.

A different type of therapy using GNSs that has been widely proposed
is the so-called photodynamic therapy (PDT). This is based on the light
excitation of photoactive molecules known as photosensitizers to
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generate cytotoxic reactive oxygen species, mainly singlet oxygen 0oy,
through energy transfer to molecular oxygen [258]. PDT has been
evaluated to treat different diseases, but its application in cancer therapy
is the most commonly analyzed [259,260]. The intrinsic properties of
GNSs-based nanoplatforms can be exploited to use them simultaneously
as both PDT and PTT agents under adequate light irradiation conditions.
In a representative example of this approach, different GNSs with hollow
architecture were proposed for the treatment of melanoma tumors
through combinatorial PTT and PDT by exciting them with low doses of
NIR light [210]. Hollow GNSs with spherical, cubic, and rod-like
morphology were evaluated, being established the better efficiency of
the first ones in converting incident photons into heat. However, GNSs
with rod morphology were those that showed the highest singlet oxygen
production yield.

Although the intrinsic properties of GNSs allow their use as PDT
nanotools, their performance in PTT-PDT dual therapies can be
remarkably enhanced by modifying them with molecular photosensi-
tizers. In an interesting work exploring this strategy, a human serum
albumin-indocyanine green complex was adsorbed onto the surface of
GNSs with branched structure [261]. The incorporation of the photo-
sensitizer in the formulation of the nanoplatform increased its cytostatic
effect on HeLa and MDA-MB-231 cancer cell lines when both PTT and
PDT were applied simultaneously under suitable irradiation conditions.
In another work, the photosensitizer methylene blue was loaded within
hollow GNSs, resulting in their increased uptake in breast cancer and
melanoma cell lines and leading to higher ROS production and increased
cell death upon light irradiation [262]. In a similar way, Yu et al. pro-
posed the decoration of hollow GNSs with the PDT photosensitizer
chlorin e6 (Ce6) and a pH low insertion peptide to target the nano-
structures towards acidic tumor microenvironments [172]. The applied
light irradiation induced the generation of heat due to the photothermal
properties of the GNSs and also the generation of ROS by the chlorin e6.
In this study, the non-specific generation of ROS by Ce6 and its conse-
quent unwanted cytotoxic side effects on healthy cells were mitigated by
the proximity of the dye probe to the GNSs. Specifically, only NIR-light
activation triggered the detachment of Ce6 from the GNSs (Fig. 11D).

5.5. Imaging and diagnosis with GNSs

The detection of diseases in their earliest stages is an essential factor
to increase the effectiveness of therapeutic treatments. In the case of
cancer, and although it is highly dependent on the type of tumor and
affected organ/tissue, early detection is correlated with large increases
on the survival rates. Unfortunately, nowadays more than 50 % of
cancers are only detected at advanced stages [263]. Since many cancers
originate from a reduced number of malignant epithelial cells, the
ability to detect them early with maximum precision would represent a
significant step towards reducing cancer mortality. In this point, the
intrinsic properties of nanoparticulated systems of different nature have
been exploited to develop and/or enhance the performance of sophis-
ticated diagnostic techniques. In the specific case of the GNSs here
reviewed, their large extinction coefficients and superior photo-stability
establish them as highly potential nanotools to be used as contrast
agents. In this section, we are going to discuss the application of GNSs in
different medical bioimaging techniques, namely in optical coherence
tomography (OCT) [70,205,209,264-266], two-photon imaging (TPI)
[48,49,209], optical imaging [65,209,267,268], computed tomography
(CT) [91,269], and photoacoustic imaging (PAI) [91,269-272].

5.5.1. Optical coherence tomography

OCT is a bioimaging technique that broadly relies on measuring the
backscattered light from tissues or organs to create high-resolution
cross-sectional images [273]. The optical properties of gold-based
nanostructures targeted to the desired region of interest can be exploi-
ted to enhance the contrast of the obtained OCT images, being the se-
lective accumulation/binding of the metallic nanosystems at diseased
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cells, organs, and/or tissues a key requirement to reach this effect. The in
vitro performance of GNSs as OCT contrast agents was evaluated in a
pioneering way in a HER2 overexpressing breast adenocarcinoma cell
line [267]. On the other hand, a representative in vivo application of this
strategy was proposed by Gobin et al., who injected PEG-capped GNSs in
BALB/c mice bearing subcutaneous murine colon carcinoma tumors 20
h before acquire OCT images [205]. The large resonant scattering cross
sections of the GNSs and their ability to accumulate at the tumor site
resulted in a remarkable contrast increase in OCT images, with 56 %
higher integrated scattering intensity in tumoral tissue than in healthy
tissue. In contrast, control mice injected with PBS showed only a 16 %
contrast difference between both tissue types.

The use of GNSs as contrast agents in OCT images has not been only
evaluated for cancer diagnosis, but also for other highly prevalent dis-
eases. For example, atherosclerosis is an inflammatory process that
causes gradual thickening of artery walls, thus reducing blood flow and
limiting oxygen and nutrients delivery to the body [274]. Cardiovas-
cular OCT is the bioimaging technique with the highest spatial resolu-
tion to detect the formed plaques (in the order of 10 pm), and its use at
the molecular level might help to detect specific biomarkers of the early
stage of development of this disease (e.g. intercellular adhesion molecule
1 (ICAM-1)). In a recently reported work, silica-core GNSs functional-
ized with cLABL peptides were evaluated for the detection of early stages
of atherosclerosis using OCT [70]. The metallic nanostructures were
carefully designed (silica core diameter of 200 nm and gold shell
thickness of 15 nm) to have extinction spectra displaying a maximum in
backscattering at ca. 1320 nm, which was the working OCT wavelength.
On the other hand, the peptide attached to the surface of the nano-
structures specifically binds to the aforementioned ICAM-1 protein
overexpressed in the early stages of atherosclerosis, thus providing the
GNSs with the desired targeting capability. The nanoplatform was
evaluated in human microvascular endothelial cells, which overex-
pressed ICAM-1 when inflamed, both in conventional static 2D cell
cultures and also in dynamic adhesion experiments. Interestingly, higher
adhesion degrees of the GNSs were observed in dynamic studies, but in
both scenarios the incorporation of peptide-modified GNSs resulted in
significant enhancements in the contrast of OCT images, thus confirming
their potential as molecular contrast agent for early atherosclerosis
detection (Fig. 12A).

5.5.2. Photoacoustic imaging

PAI is a bioimaging technique that combines the contrast capability
of optical imaging with the larger penetration of ultrasounds, thus
allowing the obtaining of precise images of deep tissues/organs. In
addition, PAI provides valuable information about the morphological
damage, functional metabolism, and the physiological and pathological
characteristics of tissues, and can also be exploited to perform a
continuous monitoring of the desired region of interest [275].

When exposed to light irradiations at LSPR wavelengths, gold-based
nanomaterials can efficiently convert the absorbed energy into acoustic
signals through the so-called photoacoustic effect. This phenomenon
makes GNPs a highly suitable contrast agents to improve the visibility of
tissues in photoacoustic images [276]. More specifically, the possibility
to easily tune the absorption peak of GNSs by adjusting their size and
shape allows their precise to match the desired imaging wavelengths,
increasing their versatility in PAI applications.

In this regard, the original method developed by Halas et al. to
synthesize silica-core GNSs typically results in particle diameters above
100 nm, which exhibit better scattering efficiency than absorption
properties. Likewise, the lowest-size commercially available silica-core
GNSs have 101 nm in diameter. However, for certain bioimaging ap-
plications, such as PAI, smaller GNSs in which the absorption phenom-
enon dominates are the most suitable. Mie theory simulations predict
that GNSs with an overall diameter of ca. 60 nm (50 nm core diameter
and 5 nm shell thickness) display the higher absorption efficiency and
volumetric absorption [272]. Based on this hypothesis, Manuel et al.
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have recently reported a reliable synthetic method to design GNSs with
48 nm core diameter and 7 nm gold shell thickness [272]. These sub-
100 nm absorption-dominant GNSs have been evaluated as potential
contrast agents in photoacoustic images, being established their better
performance at different depths (from 3 to 6 cm) and at lower laser
fluences when compared to commercial GNSs and also to scattering-
dominant GNSs prepared through the developed method (Fig. 12B).
The capability of the designed nanostructures to enhance PAI contrast
even at low light intensity is relevant because of the current design
trends of photosensitive systems, prioritizing those that require light
irradiation sources with low operating fluences, less bulky, and more
affordable, such as light-emitting diodes.

Considering these theoretical hypothesis and design guidelines,
different types of GNSs have been synthesized and then evaluated to
enhance the contrast of photoacoustic images in the diagnosis of
different diseases. Besides their widely evaluated application in the
detection or identification of cancer tumors [91,167,269,277,278],
GNSs-contrasted PAI has found a very interesting application field in the
early diagnosis of cardiovascular diseases. For example, GNSs with
hollow structure and ca. 40 nm in diameter displaying a LSPR peak
centered at 800 nm have been proposed as PAI contrast agents to visu-
alize the mouse brain vasculature in vivo [270]. A considerable contrast
enhancement of brain blood vessels was observed upon GNSs injection
in comparison to control experiments carried out with saline solutions.
On the other hand, the enhancement of the contrast of photoacoustic
images mediated by GNSs has been also evaluated in the diagnosis of
cerebral ischemia/reperfusion injury (CISI). The early diagnosis of this
disease and the identification of the responsible lesion is here an espe-
cially critical factor, being PAI is a highly suitable detection technique
due to its rapid and non-invasive acquisition/processing of high-
resolution images in comparison with CT or magnetic resonance imag-
ing (MRI). In a representative recent example of this strategy, Yu et al.
synthesized silver/gold bimetallic nanoshells with hollow architecture
and 80 nm in diameter. The designed nanostructures were conjugated
with the antibody anti-tropomyosin 4, an overexpressed marker of CISI,
demonstrating a high performance as contrast agents for the diagnosis
and location of CISI in a murine model using through PAI [275].

5.5.3. Confocal and two-photon imaging

The use of confocal microscopy for the visualization of thick/deep
biological tissues presents important challenges that hinder the obtain-
ing of high-resolution images with the adequate contrast. In brief, this
technique is based in the light excitation of fluorophores throughout the
sample, including regions outside of the focal plane. These background
signals from out-of-focus planes, as well as the attenuation of excitation
and emission signals, especially relevant when trying to observe deep
tissues, limits the potential of confocal microscopy for bioimaging ap-
plications. Some of these issues can be partially addressed by leveraging
the nonlinear optical properties of different contrast agents, including
gold-based nanostructures and, particularly, GNSs. The potential of
GNSs to enhance the contrast of confocal images of deep living tissues
was recently demonstrated by, for example, Nishida et al. [268]. In the
performed experiments, the authors designed GNSs that reached a
saturation scattering intensity when exposed to 780 nm NIR light. Af-
terwards, the nanostructures were encapsulated at a depth of 400 pm
within biomimetic phantoms that resemble the physicochemical prop-
erties of muscles tissues, being demonstrated their capability to improve
the contrast and spatial resolution of the obtained confocal images
(Fig. 12C).

On the other hand, TPI has emerged as a more powerful tool than
confocal microscopy for the early non-invasive detection of cancer cells.
It is based in the excitation of fluorophores with two NIR photons and
the subsequent emission of a high-energy single visible photon [49].
Although the absorption is much lower when compared to confocal
imaging, which often leads to the use of high and potentially dangerous
light intensities, TPI allowed the visualization of thick tissues, with
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Fig. 12. A. i) Extinction spectra, and ii) OCT intensity per nanoparticle signal (left) and comparative OCT cross-sectional images (right) of GNSs functionalized with
alCAM and PEG. ii) GNSs functionalized with cLABL peptides provides them with aICAM-1 targeting capabilities, permitting the detection of inflammation in ar-
teries, even in dynamic conditions (Reproduced with permission [70] Copyright 2022, Elsevier, CC BY 4.0 DEED). B. PAI images and absorption and scattering
spectra for i) commercial GNSs, ii) scattering-dominant GNSs, and iii) sub-100 nm absorption-dominant GNSs. Dimensions of GNSs are shown in the insets
(Reproduced with permission [272] Copyright 2023, American Chemical Society, CC BY 4.0 DEED). C. i) Schematic of the sample condition for the observation of
GNSs in a tissue phantom. ii) Scattering images of GNSs obtained by SAX microscopy at different depths: 80 pm (first column), 240 pm (second column), and 400 pm
(third column). The images were reconstructed by analyzing the scattering signal at both the fundamental frequency (shown in the first row) and the second-
harmonic frequency (shown in the second row). White arrows in each image highlight the locations of GNSs. The relationship between the signal-to-background
ratio and observation depth varies across different image reconstruction methods. In the case of images reconstructed using linear signals (black), those obtained
through a 1.3 Airy confocal pinhole (red) show a distinct pattern. Additionally, images reconstructed using second-order nonlinear signals (blue) exhibit their own
characteristic relationship between signal-to-background ratio and observation depth (Reproduced with permission [268] Copyright 2020, American Chemical
Society). D. i) Schematic of the synthetic process of hybrid magnetoplasmonic nanoprobes comprised the adsorption of small gold NPs onto premade iron oxide cores,
followed by the controlled growth of spiky GNSs. Evaluation of magnetoplasmonic iron oxide-GNSs for multimodal imaging. ii) SERS map of a transversal cut (area
360 x 560 pm?, 50 pm in thickness) of a fixed and embedded spheroid, the presence of biphenyl-4-thiol and 2-naphthalenethiol positive pixels is observed
consistently across the xy plane. iii) Orthogonal projection obtained through confocal fluorescence imaging of a transverse section across a fixed and embedded
spheroid. iv) MRI images from spheroids embedded in an agarose phantom, with (right) and without (left) iron oxide-GNS (Reproduced with permission [293]
Copyright 2022, American Chemical Society). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

penetration depths up to 1 mm. Moreover, in TPI the laser excites flu- resistance to photobleaching and, despite lower than quantum dots,
orophores only at the focal plane, thus remarkably increasing the reso- much larger two-photon action cross-sections than organic fluorophores
lution of the obtained images. In a similar way than confocal imaging, [281].

the accumulation of fluorescent contrast agents in the target zone can be Although GNPs with the most typical spherical morphology and gold
exploited to the monitoring of several biomolecular signatures highly nanorods have been more widely proposed for TPI applications, the
related with cancer diseases [279]. In this way, to harness the full po- GNSs here reviewed have been also evaluated as potential contrast
tential of TP, scientists delve into the exploration of both traditional and agents in this bioimaging technique. In this regard, it is worth
engineered organic fluorophores, alongside novel luminescent contrast mentioning the comparative study performed by Gao et al., in which the
agents like quantum dots and metallic nanostructures [280]. Although single particle scattering and the two-photon photoluminescence prop-
fluorescent semiconductor quantum dots display extremely large two- erties of spherical, rod-like, cubic, triangular, and branched GNPs were
photon action cross-sections, the most typical formulations of this type carefully analyzed [282]. Interestingly, branched nanostructures
of nanostructures include heavy metals that are cytotoxic, thus hinder- showed the largest two-photon absorption cross-sections, in the order of

ing their in vivo clinical application. In this point, GNPs emerge as 410 GM (Goeppert-Mayer units), remarkably higher than those
excellent candidates to be used as contrast agents in TPI, since they showed by the other GNPs (83-4.2-10* GM) and organic dyes (1-100
combine their widely demonstrated high biocompatibility with GM). Based on this evidence, it is reasonable to expect that spiky and
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branched GNSs will display enhanced properties; but a direct compari-
son to elucidate this point has not been performed yet. Although still
scarce, several works have already exploited the optical properties of
GNSs to increase the contrast of TPI images. In a representative example
of this approach, 800 nm-resonant GNSs were evaluated in vivo in a mice
model. Under adequate light conditions, it was possible the imaging of
single GNSs flowing in mice blood vessels, thus, allowing the recon-
struction of vessel structures from time series by utilizing a recon-
struction algorithm [48].

5.5.4. Multimodal imaging

Multimodal imaging, also known as multiplexed imaging, involves
the simultaneous production of signals for two or more different imaging
techniques. In this way, multimodal imaging has the potential to over-
come the limitations of independent techniques by combining them with
others imaging strategies. For example, an anatomic imaging technique
such as MRI allow the acquisition of images at deep tissue level and
initial recognition of suspicious lesions, whilst optical imaging is useful
to more accurately diagnose at the molecular level. Thus, the combi-
nation of the strengths of both techniques in the acquisition of a single
image allows a better characterization of the analyzed tissue or organ.

The intrinsic properties of different typologies of GNSs have been
widely exploited to enhance the contrast and resolution of multimodal
images [91,209,269,275,283]. Depending on the composition of the
cores surrounded by the metallic nanoshells and/or the coating or sur-
face chemistry of the designed nanostructures, they have been proposed
as multimodal agents in different combination of imaging techniques.
However, the most commonly explored approach by far is the design of
magnetoplasmonic NPs composed by magnetically responsive cores and
surrounding GNSs, thus displaying the adequate properties for their use
as MRI-optical multimodal nanotools. The interest of gold nano-
structures as contrast agents in optical imaging has already been dis-
cussed in previous sections, while the potential of magnetic
nanomaterials as contrast agents for MRI arise from their capability to
change transversal and relaxation times of water protons that compose
the tissues [284-286]. For example, Brennan et al. reported two
different works in which GNSs with different thickness were grown
surround magnetite nanocores [92,287]. The influence of the ratio be-
tween core and shell dimensions over different properties of the nano-
structures was carefully analyzed, thus establishing the key role of this
design parameter in the magnetic hyperthermia efficiency and photo-
thermal activity. Regarding the potential use of the synthesized mag-
netoplasmonic NPs as potential multimodal imaging nanotools, it was
established that thicker shells increased the optical contrasting capa-
bility of the nanosystems. However, it was also shown that the magnetic
properties of the particles and their MRI contrast capability decreased
with the shell thickness due to the magnetic shielding effect of the grown
gold layer.

In a slightly different and more complex design strategy, polymeric
cores were surrounded by heterogeneous multi-layer nanoshells with
both iron and gold in their formulation [225]. In this way, the capability
of the synthesized NPs to improve the contrast and resolution of
multimodal MRI-optical images is exclusively derived from the compo-
sition of the metallic nanoshells, being the polymeric cores exploited for
the encapsulation of drugs. Interestingly, magnetic nanomaterials have
shown much larger efficacy as T, (transversal relaxation) than as T;
contrast agents (longitudinal relaxation) in MRI applications (for a
detailed description of these complex phenomena, we refer the readers
to recent review articles focused on the topic) [286,288,289]. In this
way, the use of alternative materials with higher T; contrast capability,
such as gadolinium or europium, has been proposed for the design of
nanostructures with potential application as contrast agents in Tj-
weighted MRI and also in multimodal imaging. For example, a recent
wok proposed the incorporation of gadolinium oxide NPs in the struc-
ture of mesoporous silica cores before the growth of GNSs with different
thickness surrounding them [290]. Thus, the synthesized nanostructures
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displayed contrast capabilities for optical imaging and MRI, derived
from the presence of gold and gadolinium, respectively, together with
photothermal properties for their use in PTT. More specifically, the
performed MRI experiments showed longitudinal relaxivity values 3-
fold larger than typical T; contrast agents while maintaining trans-
versal relaxation properties. To assess the clinical viability of the
designed GNSs, multimodal imaging experiments were conducted in
agarose phantoms, being observed remarkable enhancements in the
contrast and resolution of the obtained images using low GNSs doses
within the therapeutical range.

In a more complex approach, GNSs can include in their formulation
both gadolinium and magnetic materials, thus comprising a T;-T2 dual
modal MRI contrast agent in combination with the contrast capability of
gold for optical or X-Ray/CT imaging. In a representative example,
magnetite NPs doped with europium and gadolinium were synthesized
through a thermal decomposition method and then used as core tem-
plates to grow GNSs surrounding them [291]. The developed strategy
allowed the design of multimodal imaging nanotools with enhanced
contrast capabilities for T;-T2 dual MRI and X-Ray/CT imaging, being all
these functionalities combined in a single sub-10 nm nanoplatform,
which opens a wide range of potential clinical applications.

Providing GNSs with MRI contrast capability through the incorpo-
ration of the aforementioned materials/elements in their formulation
has not been the only strategy explored for the design of multimodal
imaging nanotools. Although less frequently, GNSs-based nanoplatforms
with potential application in other types of multimodal imaging
different from optical-MRI have also been proposed. For example, an
interesting recent work evaluated the design of hybrid diamond-core
GNSs, seeking to exploit both the spectroscopical and optical proper-
ties of each part of their dual structure for multimodal imaging appli-
cations [292]. As expected, the synthesized core-shell NPs displayed
intense and narrow Raman and fluorescence peaks derived from the
composition of the core. The high potential of the nanosystem as
multimodal imaging contrast agent was established in A549 cell line and
zebrafish embryos by means of Raman imaging, two-photon excited
fluorescence, and high-resolution X-Ray imaging.

GNSs can be also provided with Raman imaging capability through
their modification with the so-called reporter molecules (i.e. molecules
with a high Raman cross section with defined vibrational peaks).
Recently, De La Encarnacion et al. developed hybrid NPs composed by
magnetite nanocores and a spiky gold layers for simultaneous bio-
imaging and sensing [293]. The designed nanostructures were evaluated
in various biological models such as 2D cell cultures, 3D spheroid
models, or ex situ brain tissue, being established their high biocompat-
ibility and their excellent performance as multimodal imaging nanotools
(Fig. 12D).

5.6. GNS-based sensors

The precise detection of analytes in complex samples, either chem-
ical species or biological agents (biosensing), requires a transductor
which transforms a non-measurable signal into a quantifiable one. In last
decades, the field of nanotechnology has devoted many efforts to the
design of sophisticated biosensing nanotools with different nature and
physicochemical properties [294]. Among the wide range of different
nanomaterials explored so far, GNPs represent one of the most prom-
ising options for the successful development of analytical methods for
biosensing [295]. In particular, the interfacial properties of GNPs have a
great influence in the position of the LSPR peak, because they alter the
boundary conditions for the polarizability of the metal [188]. In this
way, the plasmonic response of gold-based nanostructures can be
affected by many different external stimuli/phenomena, such as changes
in the local environment composition or adsorption of molecules on the
particle surface, thus opening many doors for their use as biosensing
agents in different applications.

Interestingly, the GNSs here reviewed exhibit higher optical
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sensitivity than other typologies of gold nanostructures to some specific
changes in the surrounding environment. For example, Sun et al.
demonstrated that hollow GNSs are much more sensitive to changes in
the refractive index of the surrounding media than spherical-shaped
GNPs. More specifically, a 10 % variation on the refractive index of
the medium resulted in a 59 nm shift of the LSPR of GNSs, being this
displacement much lower in the case of spherical GNPs [296]. On the
other hand, GNSs can generate strong electromagnetic fields on their
surfaces, thus amplifying many orders of magnitude (ca. 10*2-10'%) the
SERS signals through strong electromagnetic near-field enhancement.
This phenomenon has motivated the evaluation of GNSs for the detec-
tion of ultra-low concentrated analytes, potentially reaching even single
molecule detection [60]. Therefore, in this section we are going to
briefly review the most relevant developed sensing devices/methods
based on GNSs, separating them in LSPR-based (absorption and far-field
scattering) and Raman-based sensors (near-field scattering).

5.6.1. LSPR-based sensors

In general, the scattering and absorption spectra of GNPs undergo a
red shift when the dielectric constant of the surrounding medium in-
creases. This variation on the optical properties of GNPs occurs in
response to changes in the chemical composition of the medium and/or
to the attachment of biological analytes to their external surfaces, in
some cases previously functionalized with recognition molecules such as
antibodies or aptamers [297]. In this way, different typologies of gold-
based nanostructures have been proposed as potential tools for quan-
tify changes in the properties of the dispersion medium and for the
detection of analytes, due to their capability to reduce the number of
GNPs-molecule interactions required to generate a detectable signal.
More specifically, and as previously commented, GNSs have demon-
strated enhanced capability as sensing devices than other GNPs with
different architectures [298].

For example, a very recent work reported by Sun et al. proposed the
use of hollow GNSs to measure changes in the refractive index of the
dispersion medium [30]. The study was focused on measure the so-
called refractive index sensitivity (RIS) and the figure of merit (FoM),
defined as the band shift of GNSs per refractive index unit and the ratio
of RIS to the full wavelength at half-maximum, respectively. The syn-
thesized GNSs displayed maximum RIS and FoM values of 349 nm per
refractive index unit and 1.82, respectively, much higher than those
determined for spherical-shaped GNPs immobilized in glass substrates
also measured, thus indicating the high performance of the designed
nanostructures as LSPR-based sensors. Interestingly, the authors attrib-
uted the higher sensing efficiency of the evaluated GNSs to their hollow
architecture. More specifically, the increased contact area with the
surrounding media derived from the double interface and the amplified
plasmonic effect originated from the interaction between external and
internal surfaces are key factors that enhance the sensing performance of
hollow nanostructures (Fig. 13A).

In a seminal evaluation of their potential as biosensing nanotools,
GNSs were utilized for simple whole blood immunoassays due to their
easy functionalization with antibodies [299]. For this purpose, GNSs
were functionalized with rabbit anti-IgG antibodies, being achieved a
detection limit 4.4 ng-mL~! of rabbit IgG in blood based on the shift of
LSPR peaks. Another example of LSPR shift-based sensing was carried
out by using bimetallic gold/silver hollow nanoshells electrostatically
decorated with enzyme glucose oxidase [300]. It was established that
the control over the enzymatic reaction of glucose oxidase can be used to
finely tune the optical response of the nanostructures, which was further
exploited as a new method for glucose sensing. The developed strategy
was based on the selective HoOs-mediated dissolution of silver from the
preformed bimetallic, nanoshells which is originated from the enzy-
matic oxidation of surface-confined glucose in the presence of oxygen.
This dissolution process gradually shifted the LSPR of the resultant
porous nanoshells, thus reflecting concentration change of glucose in the
reaction system. The detection limit of the developed sensing
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nanoplatforms reached ca. 4.5 mM of glucose in serum samples, which is
lower than the concentrations detected by commercial blood glucose
monitors (5.4 mM).

5.6.2. Raman-based sensors

As already discussed, GNPs have been widely explored for the
development of (bio)sensing nanotools based on the shifts induced in
their LSPR by different mechanisms/phenomena. However, probably
the most powerful sensing application of gold-based nanostructures is
derived from their capability to enhance the inelastic scattering (or
Raman scattering) by certain molecules adsorbed on their surface. In
this way, GNPs have found application in SERS, a surface-sensitive
technique used for the sensing of molecules in trace amounts within
the fields of chemical and biochemical analytics. The potential of GNPs
in SERS applications is based on the existence of highly localized regions
known as hot-spots in their surfaces in which the generated electro-
magnetic fields are exceptionally high. This phenomenon is especially
relevant in the corners, gaps, cavities and/or spikes of metallic NPs with
irregular morphologies and geometries, being the GNSs here reviewed,
in many cases with hollow architectures, porous structures or spiky
shapes, a particularly appealing SERS nanotools [58-60].

In this way, GNSs have been evaluated as SERS sensing agents for the
detection and quantification of different chemical analytes
[128,216,301]. A representative application of GNSs-SERS sensing
technology for the quantification of chemical analytes was reported by
Heck et al., who analyzed the room-temperature glycerol oxidation in
aqueous media by using GNSs as both SERS- and catalytically-active
probes [302]. Carbon monoxide was established as probe molecule,
being observed that hydroxyl moieties adsorbed onto the surface of
GNSs during the reaction decreased their surface charge, which can lead
to enhanced O3 adsorption and may help to explain the activity of many
gold-based catalysts. In a different approach, GNSs-based SERS sensors
have also been applied for the quantification of toxic chemical analytes
such as Hg"? ions in water media [303]. The designed nanoplatform
consisted of multilayered constructs formed by a magnetite core, an
intermediate silica shell, and a final layer of gold (Fig. 13B). Since Hg*?
ions do not have Raman scattering cross section, 4-mercaptopyridine
was introduced as molecular probe for the successful detection of
toxic analytes, because pyridine rings can effectively capture the mer-
cury ions thus leading to measurable changes in the SERS spectra of the
molecule. The designed system showed a negligible interference with
other metallic ions and also an excellent recyclability over multiple
washing cycles.

On the other hand, the detection of biological analytes by exploiting
the SERS biosensing capability of GNSs-based nanoplatforms, these even
act as diagnostic agents, has also been widely explored. This approach
usually involves the attachment onto the surface of GNSs of Raman re-
porter molecules, such as p-mercaptoaniline and 4-mercapto-benzoic
acid and targeting ligands with strong affinity to receptors overex-
pressed in diseased cells/tissues. After reaching the target site, the
generation of strong Raman signals derived from the presence of re-
porter molecules indicates an elevated population of receptor-
overexpressing tumoral cells or tissues. In this way, the detection of
biological analytes, such as histone acetyltransferase p300 [304], and
beta-amyloid [305], has been performed exploiting GNSs-SERS tech-
nology. This type of nanostructures has been also used to determine
redox potentials inside hypoxic cells associated with cellular processes
such as apoptosis, signaling, and differentiation through SERS tech-
niques. These redox potentials are indicative of the progression of
various diseases, including cardiovascular disorders, neurodegenerative
diseases, or different types of cancer [306].

For example, a microfluidic approach incorporating magneto-
plasmonic GNSs as multiplexed SERS nanotags was recently proposed
for the early diagnosis of cancer metastasis through the immobilization
and detection of circulating tumor cells (Fig. 13C) [307]. The synthe-
sized anisotropic GNSs were functionalized with different antibodies,
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Fig. 13. A. Schematics of the bottom-up strategy for preparing substrate-based LSPR sensors. Hollow GNSs synthesized through a galvanic replacement reaction
using Co,B nanoparticles as sacrificial templates are immobilized onto functionalized glass slides to create a basic LSPR sensor chip. The refractive index sensitivity of
the sensor chip is determined by measuring the shift in the plasmon band using a spectrophotometer (Reproduced with permission [30] Copyright 2024, American
Chemical Society). B. i) Synthesis of magnetoplasmonic-SERS encoded nanosensors for quantification of Hg*? in aqueous environments. ii) Change in the Raman-
spectrum of the nanosensors after addition of 10 ppm of Hg*2. The inserted image corresponds to the Raman intensity of 4-Mpy at 1093 cm™". iii) SERS image of
single cell endocytosed NPs before (up) and after (down) incubation with Hg24r for 1 h. Raman mappings at 2800 cm ! (red channel), 1093 em! (green channel),
and 436 cm ! (blue channel) are shown. (Reproduced with permission [303] Copyright 2023, MDPI, CC BY 4.0 DEED). C. Design of an immunomagnetic microfluidic
sensor for the detection of circulating tumoral cells. 3D view, layout, cross-sectional view (not to scale), and photograph of the microfluidic system for both on-chip
magnetic isolation and optical detection of cells. The graph with the capture efficiencies of SK-BR-3 cells labeled with a cocktail of anti-EpCAM and anti-HER2 IO-Au
NPCs (red curve) and free I0-Au NPCs (black curve) is also shown (Reproduced with permission [307] Copyright 2020, American Chemical Society). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

anti-EpCAM, anti-HER2, anti-CD44 or anti-IGF1R, to target specific chemical detection of harmful elements in water, GNSs-SERS sensing

populations of cancerous cells, after which different SERS probe mole- can be also exploited for the identification of biotoxins, potentially even
cules were added via nonspecific adsorption. The biosensing capabilities within living organisms. In a representative recent example of this
of the developed nanosystem was evaluated in healthy blood samples approach, silica-core GNSs were evaluated for the detection of three
with added breast cancer cells. For that, dispersions of antibodies- different toxins (ricin, staphylococcal enterotoxin B and botulinum
modified GNSs in the biological medium loaded with cancer cells were neurotoxin type A) using SERS technology [71]. The designed gold-
circulated through the designed microfluidic device, where they were based nanostructures were modified with 5,5-dithiobis-(2-nitrobenzoic
magnetically separated by applying external magnetic fields prior to acid) as SERS reporter molecule and also leveraging the free thiol
SERS analysis. The performed strategy showed a cell capture efficiency groups as anchoring points to bind toxin detection antibodies. The
higher than 85 %, while cell retention in the absence of GNSs was below developed biosensors showed ultra-low detection limits below 0.1
20 %. This confirms the potential of the designed system for the detec- ng-mL~! for the three evaluated biotoxins, and also a high selectivity,
tion of low concentration cells in human blood, with the added ability to since when not using the correct antigen-antibody combination the
discriminate between different cancerous cellular populations through Raman signals decreased to background noise range. In addition, when
ELISA assays. compared with biosensors based on spherical-shaped GNPs with ho-

By adopting similar strategy to the previously discussed one for the mogeneous structure, results showed a 100-fold decrease in the
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detection limit of the biotoxins, thus confirming the suitability of GNSs
for this application.

In a recently reported very interesting design strategy, Bock et al.
synthesized silica-core GNSs in which the outer layers were not homo-
geneous structures, but they were formed by individual GNPs with
different sizes [308]. They hypothesized that by controlling the gap
between the GNPs that formed the nanoshells, the creation of plasmonic
hot spots with different intensities was possible, leading to an optimi-
zation of the SERS signal intensity. Interestingly, the nanostructures
with the narrower gaps between the GNPs displayed the largest SERS
enhancing factor. Afterwards, the designed GNSs were labeled with 14
different Raman reporter molecules and evaluated as multiplex sensing
agents in a mice model, being possible the separated identification of
each Raman reporter into the same mouse even at low particle
concentrations.

Interestingly, the SERS sensing capability of GNSs can be combined
with other properties/applications of this type of nanostructures that we
have discussed before. For example, a recent study evaluated the use of
GNSs for the SERS identification and the subsequent photothermal-
mediated inactivation of the pathogen S. aureus [309]. For that,
aptamer-conjugated magnetite-core GNSs were incubated with the
bacteria and magnetically separated prior to the performing of SERS
experiments, being established a detection limit of 25 colony-forming
unit per milliliter. Afterwards, the photothermal properties of GNSs
were exploited to inactivate S. aureus in contaminated milk samples,
observing a 97 % higher sterilization rate compared to control samples.

5.7. GNSs as theragnostic agents

Theragnosis is a concept that emerged in the early years of this cen-
tury coined by the bio-nanotechnology community, and it refers to the
biomedical application of biomaterials that, either by their intrinsic
properties or through their controlled modification, can simultaneously
detect a target and exert a therapeutic effect on it. In this way, drug-
loaded polymeric NPs modified with pH-sensitive compounds, mag-
netic nanosystems with heat generation and MRI contrast capability, or
fluorescent quantum dots have been proposed as potential theragnostic
nanotools for the detection and subsequent therapy of different diseases,
in most cases cancer [310]. Despite these examples, the typology of
nanomaterials that have been most commonly evaluated for ther-
agnostic applications are undoubtedly GNPs [311-313]. As we discussed
in detail in previous sections, the intrinsic light absorption and scat-
tering properties of gold-based nanostructures allow their implementa-
tion in many different diagnostic and therapeutic procedures.

However, in addition to the bio-interaction concerns described in
section 4, one of the main factors that hinders the use of GNPs as ther-
agnostic nanotools is derived from the light intensities required for each
application, which are typically much lower for imaging purposes than
for the leveraging of photothermal effect. This problem can be partially
mitigated through the controlled aggregation of the GNPs, thus being
possible to shift the position of LSPR peak to NIR wavelengths and
exploit the nanoaggregates as simultaneous imaging and photothermic
agents [314]. The precise design of gold-based nanostructures with the
adequate structural characteristics also allows enhancing their capa-
bility as theragnostic agents. In this point, the GNSs here reviewed
emerge as a particularly appealing option, since by tuning the physi-
cochemical properties of both parts of their dual structure, the balance
between scattering and absorption can be adjusted over a wide range,
thus achieving the adequate optical behavior for the desired application.
This enables appropriately designed GNSs to scatter NIR radiation for
bioimaging or biosensing purposes while absorbing NIR radiation for
efficient heat generation, thus selectively destroying targeted tumor
cells. Moreover, as we already detailed, GNSs can also be formulated
incorporating materials with different imaging contrast capabilities or
can be loaded with drugs and nucleic acids, among many other design
options, thus opening a wide range of potential theragnostic modalities
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where they can find application.

Although this review article was structured by individually discus-
sing the different specific applications of GNSs, many of the referenced
works have validated the use of these nanosystems as theragnostic tools.
In general, we focused on the main application of GNSs evaluated in
performed research, but in some cases the experiments carried out in a
single work were described separately in both the therapy and diagnosis
sections. In this way, the following table is intended to serve as a sum-
mary of the previous application sections of GNSs, listing those nano-
structures that have been evaluated as both diagnostic and therapeutic
agents during the last ten years, and the most relevant information
related with their design, physicochemical properties and theragnostic
performance (Table 3).

6. Concluding remarks and outlook: translation of GNSs to clinic

Gold-based nanostructures have been confirmed as promising
nanomaterials for biomedical purposes, both for diagnosis and/or
therapy applications. By carefully controlling the physicochemical fea-
tures of the designed GNPs, their optical response can be finely tuned,
thus providing them with the adequate properties for the intended
specific application. Among the wide range of gold-based NPs with
different structures, dimensions, morphologies, and/or compositions
proposed so far, GNSs constitute an especially interesting option for
many biomedical applications. The complex dual core-shell architecture
of this kind of nanostructures allows a wider modification range of their
properties than in the case of GNPs with homogeneous structure. In this
way, besides through the aforementioned basic design parameters such
as size or morphology, the properties of GNSs can also be controlled by
modifying the core material, being possible the design of nanosystems
with multiple functionalities. Moreover, these core parts can also be
removed after growing GNSs surrounding them, thus obtaining metallic
nanoshells with hollow architectures that have attracted strong interest
for different biomedical uses. This control over the physicochemical
properties of GNSs can be achieved by carefully establishing key syn-
thetic parameters such as the ratio between precursors, pH, selected li-
gands, or the typology of nanocores, among many others, as well as
through the adequate post-synthetic processing of the obtained
nanosystems.

Due to these outstanding and highly tunable properties, GNSs have
found application in many areas within the biomedical field. As
example, the intrinsic properties of gold nanomaterials have been
exploited in the evaluation of GNSs as potential contrast agents in bio-
imaging and biosensing techniques. Remarkably, the particular struc-
ture of GNSs gives them a higher potential for these applications in
comparison with other types of GNPs. For instance, magnetoplasmonic
NPs formed by magnetic nanocores surrounded by GNSs have demon-
strated an impressive performance for MRI-optical multimodal bio-
imaging; while hollow GNSs showed enhanced biosensing capability
due the increased contact area with the surrounding media and the
amplified plasmonic effect derived from their double interfaces.

In a similar way, the inherent properties of nanostructured gold
materials underlie certain therapeutic applications of GNSs, such as
their proposed use as photothermal nanotools. Nevertheless, the singu-
lar structural attributes of GNSs enable once more a superior perfor-
mance compared to alternative GNPs in this specific application, owing
to the previously mentioned heightened plasmonic effect. Moreover,
these nanostructures are also a highly appealing option for other ther-
apeutic uses. Thus, for example, hollow GNSs stand out as powerful tools
for the transport and delivery of drugs/bioactive molecules because of
the high encapsulation degrees facilitated by their structures featuring
internal cavities. Interestingly, the highly adjustable optical properties
of GNSs have further enhanced their potential application as ther-
agnostic agents; that is, the integration in a single nanostructure of both
simultaneous diagnostic and therapeutic functionalities. By carefully
controlling the features of the designed GNSs, their LSPR can be



9C

Table 3
Summary of GNSs used as theragnostic agents in different biological models.
Core Shell Coating Size (nm) LSPR peak (nm) Cell line (cancer) or Therapy Diagnostics Outcomes Refs.
model
Core = 42 Nanomatryoshkas showed greater tumor
Gold Concentric PEG SiO, Shell = 10 560 MDA-MB-231LM2 In vivo: PTT @ 808 nm, 3 In vitro: dark field penetration and antitumor effect against [29]
Si04/Au shells Au Shell =13 783 (breast) W-cm ™2, 5 min microscopy triple negative breast cancer as compared
Dy =137 to typical silica-core GNSs.
PLGA, Core — 124 Ligand and magnetically targeted GNSs
Doxorubicin, Branched, . . B . In vitro: ChT, PTT @ 808 In vitro: reflectance displayed enhanced T»-MRI contrast. The
PEG-fol hell = 32 Hel; 169
Magnetite porous G-folic acid SD ei 1 838 800 ela (cervix) nm, 2.5 W-cm ™2, 5 min CLSM, MRI combined chemo-photothermal therapy 11691
NPs " showed a synergistic anti-cancer effect.
Core = 120 In vitro: MRI, X-ray, GNSs were functionalized with PEG and
B H 2 (li Invitro: PTT T, CLSM TPI. hel . The fi
Silica Spherical PEG-Gd Shell — 16 800 epG2 (liver), nvitro: PTT @ 808 nm, 35 OCT, CLSM and chelated Gd. The system featured [209]
Du — 231 B16-F10 (melanoma) W-cm ™4, 3 min In vivo: MRI, X-ray. multimodal in vitro and in vivo imaging
" Ex vivo: OCT and anti-melanoma NIR-PTT in vitro.
PLGA, . HSA/FA/ICG coating and Dox-load
=1 I : ChT, PTT PDT . . .
Doxorubicin, Branched, HSA-folic acid- Core 00 MDA-MB-231 n vitro: ChT, ar}(zi In vitro and in vivo: enabled simultaneous PTT, PDT and
. . R Shell = 17.5 770 @ 808 nm, 2 W-cm ™2, 3 x . X . . . [261]
Magnetite porous indocyanine green (breast) . fluorescence imaging  chemotherapy, with synergistic cytotoxic
Dy =135 5 min
NPs effect.
IC50 of Dox-hollow GNSs was 315.4 nM
Dextran-d bici C = 50 Shell In vitro ChT, PTT @ 808 In vitro: fl ’
Hollow Au-Ag ex. Tan-coxorubicin ore N 900 Hela (cervix) nvitro o @, n.w 0- fluorescence 3.2-fold lower than that of free Dox (~1 [315]
conjugate =5 nm, 7 W-cm™ %, 5 min. microscopy uM)
d = 2 All holl PTT
Namocage', e o000 cot g0 Nanocases > Inviro end nviv: PO and <0 PDT upon ltalow dose NI Lgh
spheroid shell® P .. . 1100; spheroid HelLa (cervix), BI6FO PTT @ 980 nm, 0.15 In vitro and in vivo: L. P R R & g
Hollow . (phospholipid Core® = 120 x 2 . L. . excitation and can emit plasmonic [210]
and rod-like L . shell: 850; rod- (melanoma) W-cm™ %, 10 min; @ 808 NIR-excited imaging .
¢ bilayer), lipid folate. 30; . Y . luminescence to act as fluorescence
shell like shell: 670 nm, 0.15 W-cm™ %, 13 min
Shell ~6 nm. cellular markers.
A . Repeated PTT using intraperitoneally
Invivo: intraperitoneal PTT . . . .
=1 ID8, TOV21, SKOV- I : 1 D47-GNSs I
silica Spherical PEG-anti-CD47 core =130 750 8 TOV21, SKOV3 @ 808 nm, 3.2 W.cm 2,5 [.Viro: optica administered antiCD47-GNSs led toa 1, ¢
Shell =13 (ovary) min microscopy significant inhibition of tumor growth as
compared to control groups.
Core = 120
PNIPAM ked i In vii hT, PTT In vitro: fl Th 1 f D lled by th
silica Spherical soaked in Shell — 15 785 CT-26.WT (colon) n vitro Cl P @.808 H'Vl[TO uorescence . e r'e efase o' ox was controlled by the [206]
Dox nm, 4 W-cm™ =, 3 min. microscopy irradiation with NIR laser.
Dy = 337.4
In vivo imaging confirmed the
Core = 105 Au/ Invivo: NIR- triggered anti accumulation of half-GNSs in the
PLGA, Au/Fe/Au half- PEG. RGD Deptide Fe/Au half 800 Collagen-induced rheum.atic thergg @808 In vivo: To-MRI, NIR inflamed paws of CIA mice. NIR light [225]
methotrexate shell ’ pep Shell =10/5/10 arthritic (CIA) mice 2 pyf ’  absorbance imaging increased the local temperature and
1.3 W-cm™ <, 10 min . ..
Dy =135 triggered the release of MTX, requiring
just 0.05 % of the MTX dosage.
. L In viv: r.eal-n.m N PTT and PDT was simultaneously
Core = 28 Shell Invitroand invivo: PDTand  thermal imaging, activated by single NIR laser and
Hollow Spherical PEG-pHLIP-Ce6 N 650 HelLa (cervix) PTT, @ 808 and 670 nm, 2  intravital and ex vivo . Y Sing [172]
=10 2 . provided mutual feedback to promote
W-cm™“, 5 min fluorescence . .
. . their therapeutic effect.
imaging
Silica PEG-cell penetratin Core = 125 In vitro and in vivo: PTT @ In vivo: X-ray CT The system showed excellent
ma’netite Spherical entide P 8 Shell = 23.5 Dy 800 MCF-7 (breast) 808 nm, 1.2-1.9 W-cm ™2, ima ir; an dyMRI photothermal efficiency and high CT and [173]
J pep =216 10 min 8ing MRI contrast, both in vitro and in vivo.
M h 11 b N
Mesoporous Core = 80 Shell ] o _ o acrophage cell membrane F?ated GNSs
- . Macrophage cell In vitro and in vivo PTT @ In vitro and in vivo: exhibited good biocompatibility,
silica, Cy7, Spherical =12 810 4 T1 (breast) e N . X L . . [238]
membrane 808 nm, 1 W-cm™ %, 5 min fluorescence imaging  reduced opsonization, long-circulating
dextran-FITC Dy = 100 . .
time and enhanced tumor accumulation.
. In vitro: dark field, A greater cytotoxicity was observed with
In vitro: ChT, PTT CW
Silica Spherical dsDNA + docetaxel?; Dy = 155.4% 774% MDA-MB- 1n5v:NOan d l’l]SE d@1 6%) £ bright field, and CW compared to pulsed-laser-induced [250]
P HSA + lapatinibb Dy = 178.9° 786° 231, SKBR3 (breast) 2'5 mw. 2 II;in ’ reflectance release of DTX and lapatinib from a DNA
’ microscopy and protein hosts, respectively

(continued on next page)
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Table 3 (continued)

Core Shell Coating Size (nm) LSPR peak (nm) Cell line (cancer) or Therapy Diagnostics Outcomes Refs.
model
PEGylated Core - 58.6 iteacllula etry of GNS, Ligh
Hollow, . thermosensitive Ny MIA PaCa-2, PANC-1  Invitro: ChT, PTT @ 808 . . Y i & -
. Spherical . . Shell = 2.4 839 . Y . In vitro: CLSM triggered treatment with drug-loaded [218]
gemcitabine lipids, bortezomib, (pancreatic) nm, 1 W-cm™ <, 5 min .
FITC Dy = 84.6 GNSs increased the percentage pre-
apoptotic and apoptotic cells.
Anti-EGFR targeted GNSs exhibited
. . Core = 120 In vitro and in vivo: ChT, Invivo: NIR reflection ~ enhanced tumor cellular uptake through
Thiol-chit MDA-MB-231 }
Silica Spherical a;)it:x;loz’:llrtli, EGFR Shell =9 779 (breast) 3 anti-EGFR, and PTT @ 808  mode fluorescence a receptor mediated endocytosis process. [167]
P ? Dy = 135.98 nm, 1.2 W-cm ™2, 300 s imaging, PAI In vivo therapy with laser irradiation
showed a 97.43 % tumor inhibition rate.
A preferential accumulation of anti-
Core — 130 BT474, BT474R (TZB In vivo: anti-HER2, PTT @ In vu:r(? and in vivo: HER2 HGNS in tumor xenografts was
. . . . X 808 nm, pulsed laser 120 dark field observed at 72 h; after pulsed laser .
Magnetite/silica  Spherical PEG-anti-HER2 Shell =10 630 resistant), MDA-MB- . .. e . [137]
fs, 1 mJ/pulse, 1 kHz, 5 microscopy and Ts- radiation, significant inhibition of
Dy = 148 213 (breast) . . . L .
min MRI proliferation and significant apoptosis of
tumor cells is observed.
In vitro: phase Macrophage-GNSs PTT was evaluated in
- . Core = 60 Shell FaDu (head and Invitro: PTT @ 810 nm, 14  contrast 3D cancer/macrophage hybrid
Sil Sph 1 PEG 805 237
rica pherica =15nm neck) W-cm ™2, 10 min microscopy and spheroids. Macrophages-GNSs had a 12371
holographic analysis good toxicology profile.
Platinum drug- Core = 88.4 HCT116, HT29 In vitro and in vivo ChT, In vitro: dark field Str;:;m;eg S:th:f Paifi rtis;l::d "
polymeric Spherical PEG Shell = 19.5Dy 620 g : PTT @ 808 nm, 1 W-em™2, " 0% ser ¢y v [95]
R LS174T (colorectal) N microscopy suppression than free drug or PTT alone
micelle = 183.0-298.6 10 min . .
with no adverse side effects observed.
Multi-d: istant
E uCollli :'Illgdr;s:uj:us In vitro and in vivo: ionic The PTT synergized with the release of
Hollow, DTTC Au-Ag - Dy = 49.5 ir.1 fected o en. ’  Ag, PTT @ 808 nm, 1 Invivo: SERS imaging  silver ions, showing an enhanced anti- [228]
P W-cm™2, 10 min microbial activity
wounds
Cells treated with anti-PD-L1-HGNS-DOX
Core = 58.29 In vitro and in vivo: ChT,
Holl B16F1 LONE -M ’ In vivo: fl NIR i iati icall
olow, Spherical PEG-anti-PD-L1 Shell = 4.89D;; 735 6F10, CLO 3 anti-PD-L1, PTT @ 808 In vivo: fluorescence  and NIR irradiation dramatically reduced ), |
Doxorubicin (melanoma) o . imaging cell viability, increased ROS, and showed
=90.3 nm, 2 W.cm™ -, 2 x 3 min. . .
a higher apoptotic effect.
' ' In vivo: PAL CT The comblr'led' ﬂ'lerapy increased HSP70
. In vivo: ChT, anti-HER2, . . levels and inhibited the pro-tumor M2
PEG, maytansine and SKBR3, MCF-7 imaging, and .
Hollow Porous TZB Dy =113 750 (breast) and PTT @ 808 nm, 3 hotothermal macrophage phenotype. The synergistic [269]
W-cm™ 2, 5 min P . effect of ChT/PTT efficiently inhibited
imaging
tumor growth.
i i o I ot 1 nd i
Core = 96 Shell anti-HER3 siRNA, anti- In vivo: NIR
PLGA, B hy HSA-ICG-TZB ? HE i i -AKT
GA/ .. ranched, SA-ICG . =10.5 730 SKBR3 (breast) HER2, PDT and PTT @ fluorescence optical . R3 .p rotein expressions a'nd P [251]
Doxorubicin porous complex; siRNA 2 . X signaling. An enhanced anti-tumor effect
Dy = 106.5 808 nm, 0.5 and 2 W-cm ™%, imaging S . R
. . without major affectation to healthy
3 min, 5 min .
tissues was observed.
Invitro: PTT @1064 nm, Octahedron-shaped GNSs exhibited a
Nanoscale metal s . . . - . . .
organic Octahedron PEG Dy core = 216 1300 MCF-10 A, 4 T1 1.5 W-cm™%, 3 min. In vivo: In vitro and in vivo: LSPR in the NIR-II window, performing [o1]
fragmework Dy = 278 (breast) PTT @ 1064 nm, 1 PAIL CT as theranostic agents with PTT, PAI and
W-cm ™2, 10 min CT contrast properties.
RGD peptide efficiently targeted the half-
_ . N - GNSs to integrins overexpressed in cervix
PLGA, paclitaxel ~ Half shell PEG, cycloRGDfk Core =72 > 1000 Hela (cervix), MDA- In vitro: ChT, PTT @ 808 In vitro: fluorescence and breast cancer cells. The combined [316]

peptide

Half Shell = 10

MB-231 (breast)

nm, 0.5 W-cm ™2, 10 min

microscopy

treatment had a synergistic cytotoxic
effect.

(continued on next page)
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Table 3 (continued)

Refs.

Outcomes

Diagnostics

Therapy

Cell line (cancer) or

model

LSPR peak (nm)

Size (nm)

Coating

Shell

Core

[220]

growth suppression with a 60 % tumor
clearance rate without noticeable

Combined ChT/PTT showed good tumor
adverse effects in the main organs.

In vitro: dark-field

microscopy

In vitro and in vivo: ChT,

PTT @ 808 nm, 1.5
W-cm‘z, 10 min

A549 (lung)

660

Core = 136.1

Shell = 19.5

Spherical

Cisplatin-HSA-

Dy = 181.8

PEI NPs

An increased accumulation in the

In vitro and in vivo: Ch-T

Listeria

=120

Core

Oligochitosan,

In vivo: real-time

Monocytogenes,
infected open

wounds

[227]

infected tissue and a synergy between
streptomycin and PTT was observed.

and PTT @ 808 nm, 0.8
W-cm‘z, 5 min

790

Spherical streptomycin, anti- Shell = 10

Silica

fluorescence imaging

Dy = 137.56

bacterial antibodies

Dy hydrodynamic diameter; ChT: chemotherapy; CW: continuous wavelength; TZB: trastuzumab; pHLIP: DTTC: 3,3-diethylthiatricarbocyanine iodide.
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precisely tuned, thus aligning the light intensities required for their use
as bioimaging and photothermal agents, which are usually quite
different in other types of GNPs.

Despite all the highlighted benefits of GNSs when compared to
alternative gold-based NPs and their promising performance in the
assessed applications, there are still many challenges related to the
implementation of these nanosystems in the biomedical field. Hence,
although gold nanomaterials are more biocompatible that other types of
inorganic NPs, in many cases elevated doses are required to reach the
desired effect in cell cultures or living organisms, potentially leading to
cytotoxicity problems. Moreover, the control over their biodistribution,
their effective targeting, and their interaction with the immune system,
that we have discussed in detail above, remains a formidable challenge
not only for GNSs, but also for practically any type of nanoplatform upon
its injection in living organisms.

Another key point to consider is that the potential harmful effects,
the precise biological pathways, and the ultimate clearance mechanisms
of GNSs are largely dependent on minor fluctuations on their physico-
chemical properties. In this way, ideally it would be necessary that each
work in this field performed exhaustive in vivo trials of the formulated
NPs. However, there are a couple of basic rules that each in vivo ex-
periments must adhere to, thus enabling a genuine comparison between
the biological performance of different GNSs and the establishment of
fundamental design principles. Firstly, the biological validation of the
designed nanostructured systems must be carried out in the long term,
since trace amounts of GNSs can remain in the organisms and the
knowledge about their potential adverse effect is essential, but still low-
explored. Conversely, following their thorough and prolonged in vivo
assessment in standard small animal models, it becomes crucial to
conduct preclinical studies involving larger mammals to elucidate the
feasibility of GNSs-based procedures in humans. In this regard, it is
worth mentioning the comprehensive study conducted by Schwartz
et al.,, in which the thermal ablation of brain tumors using silica-core
GNSs was performed in an orthotropic canine model [212]. For this
purpose, canine transmissible venereal tumors were inoculated in the
parietal lob of immunosuppressed hound dogs before the intravenous
injection of GNSs, being demonstrated the capability of the strategy to
ablate the brain tumors in large-size animals. However, and although
post-mortem histopathological analysis of brain tissues showed selective
accumulation of gold in the tumor, potential adverse effects of the
procedure on other tissues and organs were not determined.

Despite all the aforementioned concerns related with the application
of GNSs in the clinical practice, the company Nanospectra Biosciences
Inc. holds the license from Rice University to the patent and the thera-
peutic use of a GNSs-based nanoplatform commercially known as
AuroShell®, which has been categorized as a medical device by the FDA.
The clinical safety of AuroShell® was firstly evaluated in different ani-
mal models, including dogs, being established its excellent biocompat-
ibility and its potential for photothermal therapy purposes [142].
Afterwards, the safety of the nanoplatform-directed PTT was evaluated
in different groups of patients with prostate cancer who were indicated
for radical prostatectomy [317]. The dosage of AuroShell® was 7.5
mLkg ! at 2.77 x 10'' GNSs-mL ™! concentration, while an 810 nm
diode laser was used for the excitation. Patients were followed for six
months, being established that neither AuroShell® GNSs, nor the laser
treatment and nor the prostatectomy had any significant effects on pa-
tient’s chemical balance or metabolism. Next, AuroShell®-based ther-
apy was evaluated in two open-label, multicenter, pilot study in
individuals with refractory and/or recurrent head and neck tumors
(NCT00848042). In such study, a total of 11 patients were treated with
different doses and light intensities. A total of four patients presented
minor adverse effects, although remarkably the patient subjected to the
highest NP dose and laser, did not manifested any problem. Nonetheless,
an objective response against the targeted tumors was not reported in
the results. A second open-label, multi-center, pilot study the therapy
was performed to evaluate the focal ablation of neoplastic prostate tissue
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First successful synthesis
of highly monodisperse
silica-core GNSs

Proof of concept of photo-thermal
ablation of tumors in canine brain
model with Auroshell®

Pilot device study safety of AuroShell®
therapy in patients with low- or
intermediate-risk localized prostate cancer

Nanoshell-assisted
photothermal tumor
ablation in mice

Theoretical-simulation
work of metal-based
core-shell nanostructures

1989

1994 1998

2007

Clinical safety profile for the use
of gold nanoshells in patients
with human prostate cancer

2009 2012

Synthesis of GNSs
grown around gold
sulfide nanocores

In vivo combined OCT
and PTT (theragnosis)
with GNSs

Pilot study of AuroShell®-based
therapy in refractory and/or
recurrent head and neck tumors

In vitro and in vivo evaluation
of nanoshell-mediated NIR
thermal therapy of tumors

Toxicity studies upon
intravenous  injection  of
AuroShell® in animal models

Fig. 14. Timeline diagram of the main theoretical, experimental, and preclinical stages of the development of silica-core GNSs, and the clinical translation

of AuroShell®.

through the direct irradiation of AuroShell® accumulated in the tumors
(the average amount of gold in the tumors was 8.28 pg-g~', corre-
sponding to 4.24-108 GNSs-mL™!) [69]. In this case, the only reported
adverse event was a transient epigastric pain experienced by only one
patient during GNSs infusion, who did not undergo the laser treatment.
The ablation zones were negative for tumor in 62.5 % (10/16) of the
patients after three months, while this percentage increase up to 87.5 %
(14/16) after one year. The conversion of three biopsies from positive to
negative in this timelapse could be attributed to the so-called abscopal
post-ablation effect, a systemic immune response observed upon the
radiation of a tissue/organ that could require up to six months.

With this exhaustive description of the validation process performed
for AuroShell®, we intend to emphasize how long and complex is the
translation into clinical practice of all GNSs-based nanoplatforms with
promising potential in laboratory trials reviewed in this article (Fig. 14).
The next generation of biomedical strategies that exploit the diagnostic
and/or therapeutic properties of GNSs should definitely maintain the
focus on the design of nanoplatforms with the optimal physicochemical
properties, but also perform more advanced biological studies to address
the feasibility of the nanosystems in a future clinical application.

If we go back to the design of GNSs, a very wide range of parameters
has been already evaluated in order to optimize their performance in the
desired application, as we discussed during this review article. However,
there are still several areas in which the potential of complex structures
with highly tunable properties such as GNSs have not yet been fully
explored. For example, spiky morphologies and porous structures
enhance the SERS capability of gold-based nanostructures. In this way,
the design of star-shaped GNSs with high porosity and the adequate
material in the core could be an interesting approach to optimize the
SERS performance of this typology of nanomaterials. On the other hand,
another type of gold-based nanosystems whose design could be clearly
improved are the magnetoplasmonic GNSs. In most cases, the magnetic
nanocores used in the formulation of these nanoplatforms are not
carefully synthesized based on the intended application. Thus,
commercially available magnetic NPs with weak response or the typical
low-crystallinity spherical iron oxide NPs synthesized by fast and cheap
methods such as co-precipitation are typically used to grown GNSs
surrounding them. A precise design of these magnetic NPs in terms of
size, morphology and/or doping type and degree of iron oxide could
enormously improve the performance of magnetoplasmonic GNSs in, for
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example, MRI-optical multimodal bioimaging [286,318]. Moreover,
another interesting and low-explored approach would involve the
leverage of these magnetoplasmonic NPs to enhance hyperthermia
treatments, capitalizing both the photothermal capabilities of GNSs and
the magnetic hyperthermia potential of the cores [284,285]. Once again,
the careful design of the magnetic nanocores would be a critical factor
for the optimization of this strategy.

On the other hand, although gold-based nanostructures have been
predominantly investigated for cancer-related applications within the
biomedical field, there exist other promising areas for their utilization.
This is the case of tissue engineering, where the use of nanomaterials
with high electrical conductivity is a current trend for the fabrication of
scaffolds that replicate the properties of highly conductive native tissues
such as skeletal muscles, cardiac, or neural tissues [319,320]. Although
nanomaterials with higher conductivity than GNPs, such as graphene or
carbon nanotubes, are more typically used, these show lower biocom-
patibility degree than gold nanostructures. In this way, and since gold is
also a material with quite high conductivity, GNSs grown surrounding
small graphene cores could be used to reduce the amount of graphene
required to provide the scaffolds with the necessary conductivity,
thereby minimizing the associated toxicity risks. Interestingly, gold also
displays weak piezoelectric properties, so that this GNSs-based strategy
could also be leveraged to provide scaffolds with the capability to
generate electrical signals in response to mechanical stimuli observed in
different native tissues [321,322].

All these design approaches are just a few examples that we identi-
fied that the potential of GNSs for biomedical purposes is wide but still
far from being fully exploited. We expect that this review will contribute
to foster the discussion on the topic and foresee the surge of many
exciting developments in this field in the near future.
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