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Surface-enhanced Raman scattering (SERS) spectroscopy, a
highly sensitive technique for detecting trace-level analytes,
relies on plasmonic substrates. The choice of substrate, its
morphology, and the excitation wavelength are crucial in SERS
applications. To address advanced SERS requirements, the
design and use of efficient nanocomposite substrates have
become increasingly important. Notably, magnetic—plasmonic
(MP) nanocomposites, which combine magnetic and plasmonic
properties within a single particle system, stand out as
promising nanoarchitectures with versatile applications in nano-
medicine and SERS spectroscopy. In this review, we present an
overview of MP nanocomposite fabrication methods, explore
surface functionalization strategies, and evaluate their use in

1. Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy is a
sensitive analytical technique widely used for detecting analytes
at ultra-trace levels." It relies on the significant enhancement
of Raman signals from analytes that are adsorbed onto or in
close proximity to a plasmonic surface. This enhancement is
attributed to the intense electromagnetic field generated by
localized surface plasmons (LSPs), resulting from the interaction
between plasmonic nanoparticles (NPs) such as gold, silver, and
copper, and incident light!? Consequently, even minute
quantities of analytes can be easily and rapidly identified and
quantified without the need for additional sample preparation
techniques.

While simple bare plasmonic metals of various types and
morphologies may suffice for certain SERS-based applications,
versatile and reproducible substrates with exceptional perform-
ance are crucial for practical applications. In this context,
integrating multiple elements or materials to create nanoalloy
or nanocomposite substrates emerges as a remarkable strategy.
By combining different materials, significant enhancements in
the SERS performance of plasmonic substrates can be
achieved.” Similarly, employing plasmonic-plasmonic nano-
alloys, such as Au/Ag structures with enhanced local EM fields,
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SERS. Our focus is on how different nanocomposite designs,
magnetic and plasmonic properties, and surface modifications
can significantly influence their SERS-related characteristics,
thereby affecting their performance in specific applications
such as separation, environmental monitoring, and biological
applications. Reviewing recent studies highlights the multi-
faceted nature of these materials, which have great potential to
transform SERS applications across a range of fields, from
medical diagnostics to environmental monitoring. Finally, we
discuss the prospects of MP nanocomposites, anticipating
favorable developments that will make substantial contribu-
tions to various scientific and technological areas.

sensitivity, and chemical stability, has proven to be highly
advantageous for signal amplification when compared to their
monometallic counterparts.” There is a growing prevalence of
hybrid nanocomposites, particularly those combining plasmonic
metals with different transition metals, which significantly
expand the capabilities of SERS." Among these transition
metals, those with magnetic properties are especially popular
for integration with plasmonic NPs.”! This combination allows
for the creation of nanocomposites that can be externally
excited and possess the ability to control and manipulate light.
Magnetic—plasmonic (MP) nanocomposites have found exten-
sive application in nanomedicine as theragnostic materials,”
primarily due to their biocompatibility, potential for direct
targeting, and suitability for techniques like photothermal
therapy. Moreover, their use in various SERS-based applications
broadens their potential.

For instance, in separation processes, these nanocomposites
demonstrate a unique ability to efficiently extract and isolate
analytes from complex environments, thereby streamlining
sample preparation in various analytical contexts.”” In environ-
mental monitoring, their exceptional sensitivity enables the
detection of trace-level pollutants, heavy metals, and contami-
nants in air, water, and soil. This contributes significantly to our
understanding of environmental health and pollution mitiga-
tion efforts.® Additionally, the ease of retrieving these particles
from the environment using a magnet for repeated use
highlights their eco-friendly and cost-effective nature com-
pared to SERS substrates that only exhibit plasmonic
properties.”

In biological applications, MP nanocomposites are invalu-
able due to their magnetic properties, which allow for precise
manipulation and targeting in biological systems. They are
crucial tools for drug delivery, cell sorting, and biomolecule
detection, with a particular promise in biomedical research for
the sensitive and specific detection of biomarkers, pathogens,
and cellular components. The challenges of signal repeatability
and sensitivity, often faced in systems relying solely on
plasmonic NPs, can be effectively addressed by incorporating
magnetic separation and enrichment functions.”® Furthermore,
their ability to enhance Raman signals of biological molecules
offers unprecedented insights into cellular processes and
disease diagnostics.”
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Finally, the capacity of a nanocomposite assembly, guided
by a magnetic field, to prevent uncontrollable particle aggrega-
tion common in noble metal NPs and to enhance the density of
hot spots between plasmonic entities, significantly boosts signal
amplification. With these advantages, magnetic-plasmonic
nanocomposites enable the detection of target molecules at
ultra—low concentrations, setting them up to revolutionize SERS
technology across various fields, from environmental conserva-
tion to medical research, as they become more tailored to
specific applications.

In this review, we offer a detailed summary of the most
common synthesis methods for magnetic—plasmonic (MP)
nanocomposites, their varied approaches to surface functional-
ization, and their effectiveness as substrates in Surface-
enhanced Raman scattering (SERS) applications. We have
thoroughly investigated the synthesis of MP nanocomposites,
paying special attention to how their morphology, composition,
and surface characteristics influence their magnetic and optical
properties. This analysis clarifies why certain nanocomposite
structures are preferred for different SERS-based applications,
providing readers with valuable insights into the suitability of
various structures for specific SERS methodologies. Additionally,
we delve into specific applications of SERS where these nano-
architectures demonstrate their effectiveness, highlighting their
advanced capabilities and frequent use in state-of-the-art
analytical scenarios. The review aims to present a comprehen-
sive understanding of MP nanocomposites, emphasizing how
their unique properties can be harnessed for enhanced
performance in SERS applications, thereby contributing to the
advancement of this field.
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2. Magnetic-Plasmonic Nanocomposites

Magnetic—plasmonic (MP) nanocomposites are multifunctional
structures created by integrating materials with both magnetic
and plasmonic properties. Their synthesis can be achieved
through either a single-step or multi-step process. In a single-
step process, both components are added and grown simulta-
neously within the reaction medium. In multi-step processes,
each component is synthesized separately. Typically, the first
step involves synthesizing magnetic nanoparticles (NPs), usually
derived from transition metals like iron, nickel, or cobalt."”
Plasmonic materials often consist of metals like gold or silver,
known for their plasmonic properties. These materials can be
shaped into various morphologies, such as single-crystal
nanospheres,"  nanorods  (NRs)"” nanowires (NWs),["
nanodisks,"” using different synthesis methods. In the second
step, magnetic NPs serve as the starting point, onto which
plasmonic materials are added to form MP nanocomposites.
This can be achieved in two primary ways. The first involves
synthesizing magnetic and plasmonic NPs separately and then
combining them through chemical bonding or electrostatic
interactions." This chemical bonding of plasmonic NPs onto
magnetic materials can be facilitated using surface functionali-
zation techniques or chemical binding agents. Alternatively,
physical mixing of the NPs within a polymer or inorganic matrix
can also be employed."™ The second approach involves
functionalizing the surface of magnetic NPs and then growing a
plasmonic shell using various plasmonic precursors and reduc-
ing agents."” Depending on the specific SERS application, these
nanocomposites can also be transformed into anisotropic
morphologies using post-modification methods."®

An essential aspect of MP nanocomposite production is the
interaction between the magnetic and plasmonic components.
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This interaction can affect the distribution of plasmonic material
on the magnetic core and alter the plasmonic resonance
properties. Additionally, it is crucial that the magnetic NPs
retain their magnetic characteristics after the addition of the
plasmonic component to ensure easy external manipulation.
Therefore, a careful examination of this interaction is key to
achieving optimal magnetic and plasmonic properties in the
nanocomposites for effective use in SERS-based applications.

2.1. General Synthesis Strategy for Magnetic Nanoparticles

Various approaches exist in the synthesis of magnetic NPs, with
basic methods typically including chemical approaches such as
co-precipitation,”” thermal decomposition,”® sol-gel,?" hydro-
thermal and solvothermal methods,” as well as green synthesis
approaches (Figure 1).

Since its initial report by Massart in 1982, the co-
precipitation method has been extensively used for synthesiz-
ing Fe;0, magnetic NPs.”? This method involves the simulta-
neous precipitation of two or more metal salts in an alkaline
solution.”” The process begins with the rapid mixing of metal
ion solutions under controlled conditions, leading to the
formation of a mixed metal hydroxide precipitate. This precip-

Magnetic precursors

A

itate is then subjected to additional processes such as washing,
drying, and calcination to obtain the desired magnetic NPs. The
co-precipitation method offers several advantages in the syn-
thesis of magnetic NPs. Firstly, it allows for controlled
composition by adjusting the ratio of metal salts.”” Secondly, it
enables the synthesis of NPs with specific sizes and shapes,
which are essential for achieving the desired magnetic proper-
ties. Furthermore, this method can be easily scaled up for large-
scale production. The success of the co-precipitation method
depends on multiple factors. The choice of metal salts, their
concentrations, and the pH of the reaction solution significantly
influence the properties of the resulting magnetic NPs. The
reaction temperature and duration also affect the particle size,
crystalline structure, and magnetic behavior. Precise control
over these parameters allows for customization of the size
distribution, composition, and magnetic properties of the
magnetic NPs. In addition to these primary factors, seemingly
minor variables can also significantly impact the characteristics
of the magnetic NPs synthesized using the co-precipitation
method. For example, Gahrouei et al. (2020) employed ultra-
sonic irradiation—-assisted co-precipitation to synthesize y-Fe,0;
and Fe;0, NPs? Their findings indicate that ultrasonic
irradiation produces smaller, well-dispersed magnetic NPs.
Generally, researchers opt for this method due to its simplicity

RN
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Figure 1. Schematic illustration of common synthesis strategies of magnetic NPs: A) Co-precipitation, B) Thermal decomposition, C) Sol-gel, and D)

Hydrothermal method.
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and cost—effectiveness, but it is important to note that there are
limitations, including challenges in controlling particle proper-
ties, issues with agglomeration, and potential impurities.

The thermal decomposition method is a significant techni-
que for synthesizing magnetic NPs, noted for its precise control
over particle size, shape, and composition.””” This process
involves heating metal precursors, typically organometallic
compounds, to high temperatures under conditions of inert gas
or solvent. As the temperature increases, these precursors
decompose, initiating nucleation and subsequent growth of
NPs. The method’s-controlled nature facilitates the production
of monodisperse magnetic NPs, tailored for specific magnetic
properties, and suitable for various applications, including
biomedicine and data storage. One of the key advantages of
the thermal decomposition method is the production of NPs
with a narrow size distribution, which enhances their perform-
ance across diverse technological and scientific fields. Addition-
ally, adjustable reaction parameters allow for the creation of
magnetically and thermally robust structures. This includes
core/shell configurations with combined hard and soft compo-
nents or diverse anisotropic morphologies, thus enhancing
magnetic anisotropy and enabling their use in specialized
applications. For example, Sartori etal. (2019) demonstrated
this by synthesizing onion-like ferrite core/shell/shell magnetic
NPs using a three-step thermal decomposition process.” They
achieved a structure with an Fe;—0, core and an external shell,
separated by a Co-ferrite interlayer. These NPs, with an average
diameter of 16 nm, exhibited efficient magnetic anisotropy due
to the hard-soft exchange coupling maintained by the thermal
decomposition reaction conditions.

However, despite its precise control over NP properties, the
thermal decomposition method has its challenges. It requires
careful handling due to the high temperatures and complex
process control involved. Additionally, the toxicity of organic
solvents used, difficulty in scalability, and potential misalign-
ment with green chemistry principles, particularly regarding
eco—friendliness, are notable drawbacks of this method.

The sol-gel method is a chemical process used to synthesize
magnetic NPs by converting metal oxides or other inorganic
materials from a liquid solution to a gel state.” Known for its
cost-effectiveness, simplicity, and controllability, this technique
typically operates at low temperatures. The process involves
two primary stages: initially, a solution is prepared, usually
comprising a hydrolyzed metal precursor such as a metal
alkoxide or metal salt. Then, this solution gradually undergoes
condensation, leading to the formation of a gel. Chemical
reactions within this gel result in a three-dimensional structure,
facilitating control over the size and distribution of the NPs.
Various parameters, including substitution cations,*” annealing
temperature,*" pH value,®? and other factors, play crucial roles
in determining properties such as particle size, crystalline
structure, surface characteristics, and magnetic properties. The
sol-gel method is particularly effective in synthesizing magnetic
NPs,*¥ but the selection of metal precursors is key, as it
influences the type and characteristics of the resultant magnetic
material. A study by Rahimi et al. (2017)®? illustrates this point
well. They synthesized Nd—Fe—B oxide powders using chloride

Chem. Eur. J. 2024, 30, €202303987 (5 of 23)

and nitrate precursors with varying pH values, observing that
the pH significantly affected the phase, morphology, micro-
structure, and magnetic properties of the powders. Lower pH
values led to smaller particle sizes and higher coercivity.
Notably, powders made with chloride precursors had smaller
sizes, higher saturation magnetization, and coercivity than
those made with nitrate precursors. The next stage involves
solidification through drying and sintering. Parameters associ-
ated with these steps, such as temperature, atmospheric
conditions, and duration, significantly influence the NPs’ size,
crystalline structure, and magnetic behaviour. For example, a
study by Zhou etal. (2022)®¥ found that Niy,Zn,,Mn,,Fe,0,
ferrites synthesized under nitrogen atmosphere or at higher
temperatures exhibited larger sizes and better magnetic proper-
ties. In contrast, those synthesized at lower temperatures
showed lower magnetic properties but better thermal stability.
The drying process aims to remove the liquid component from
the gel, resulting in a solid matrix. Sintering then promotes
particle bonding and crystallization, leading to a well-defined
crystal structure. By meticulously controlling the temperature,
atmosphere, and duration during these stages, researchers can
manipulate the final NP size, enhance crystallinity, and tailor the
magnetic properties of the synthesized NPs.

The hydrothermal method, similar to the sol-gel approach,
is highly effective for synthesizing magnetic NPs with custom-
izable size, crystal structure, and magnetic properties.*® Using
specialized reaction vessels, reactions are conducted under high
temperature and pressure, ensuring the production of desired
outcomes while minimizing side reactions. The hydrothermal
reaction conditions are crucial in determining both reaction
efficiency and the quality of the resultant magnetic NPs. Precise
control over parameters like precursor, temperature, and
pressure allows for fine-tuning of size, morphology, crystallinity,
and magnetic behavior.®” For example, Torres-Gémez et al.
(2019) observed that Fe;O, NPs synthesized at 120, 140, and
160°C through this method showed polyhedral or quasi-
spherical, octahedral, and cubic morphologies, respectively.®
Factors such as applied pressure, reaction time, and pH
significantly influence the magnetic characteristics in this
method.?”

The solvothermal method, another robust technique, is
used to synthesize magnetic NPs with precise control over their
size, morphology, and crystalline structure.*” In this process, a
precursor solution containing metal salts or compounds is
heated in an organic solvent medium within a high—pressure
vessel. The high—pressure and temperature conditions favor
nucleation and growth of NPs with distinct characteristics. The
selection of solvent, temperature, and reaction duration enables
the customization of the magnetic NPs’ properties. Recently,
Gavildn etal. (2023) developed an optimized solvothermal
protocol to produce ferrite NPs with varied morphologies.”*” By
altering the type of aldehyde ligand, they achieved anisotropic
shapes like nanocubes or nanostars, exhibiting narrow size
distributions and high crystallinities, which are particularly
beneficial for applications such as magnetic hyperthermia.

Lastly, green synthesis of magnetic NPs offers a promising
and environmentally friendly alternative to conventional meth-
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ods. This approach utilizes natural resources like plant extracts,
microorganisms, and biocompatible compounds as reducing
and stabilizing agents. Green synthesis reduces the use of
hazardous chemicals and energy-intensive processes, aligning
with sustainability and eco-friendliness principles. Moreover,
magnetic NPs produced via green synthesis often exhibit
excellent biocompatibility, making them suitable for biomedical
applications such as drug delivery, hyperthermia therapy, and
as MRI contrast agents."

2.2. General Synthesis Strategy for Plasmonic Nanoparticles

Several methods are available for synthesizing plasmonic nano-
particles (NPs), each offering unique advantages depending on
the desired NP properties, size, distribution, and optical
characteristics. The most used methods include chemical
reduction, hydrothermal/solvothermal methods, and green syn-
thesis approaches (Figure 2), with the choice of method being
contingent on the target NP features.

The chemical reduction method, particularly prominent in
the synthesis of plasmonic NPs, is exemplified by the Turkevich
method for Au NPs.f? This well-known procedure involves
heating aqueous gold salt, like HAuCl4, with a reducing agent
such as citric acid.® Despite being over 70 years old, the
Turkevich method remains a preferred technique for creating
spherical, small-sized Au NPs (approximately 12-13 nm)."*¥ In
contrast, the chemical synthesis of Ag NPs often involves
ascorbic acid as a reducing agent and can require the
incubation of AgNO; with a compound like NaCl.** This method
facilitates the production of monodisperse plasmonic NPs and

enables the synthesis of NPs with various sizes or morphologies
through the seed-mediated approach, where reactions occur
on the surfaces of existing plasmonic NPs.*

Hydrothermal and solvothermal methods also play a
significant role in plasmonic NP synthesis.”” These methods
involve dissolving metal salts and reactants in a solvent,
followed by processing in a hydrothermal reactor under high
temperature and pressure. The hydrothermal method allows
control over NP size, distribution, and crystal structure, while
the solvothermal method emphasizes the solvent’s role in
influencing reaction conditions and NP properties. For example,
Hao et al. (2022) demonstrated the impact of different solvents
on the size and monodispersity of Au NPs using the oleyl-
amine-reduced method."®

Green synthesis methods, using natural sources like plant
extracts, biological materials, and biodegradable polymers, are
gaining attention for their environmental sustainability.”” These
methods reduce the environmental impact and often result in
NPs with enhanced biocompatibility. Plant extracts, for instance,
act as reducing agents for metal ions, influencing the reaction
rate and controlling NP properties. Biological processes from
organisms like algae or fungi contribute to NP synthesis
through the reduction and amalgamation of metal ions."”
Biodegradable polymers in green synthesis offer control over
NP synthesis and ensure biocompatibility.*"

2.3. Fabrication of Magnetic-Plasmonic Nanocomposites

The fabrication of magnetic-plasmonic (MP) nanocomposites
encompasses a range of methods and strategies (Figure 3). A
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Figure 2. Schematic illustration of common synthesis strategies of plasmonic NPs: A) Reducing method, B) Solvothermal method, and C) Green synthesis

method.
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Additionally, in the second strategy, plasmonic precursors (C) can be grown onto magnetic NPs with the assistance of various reducing agents to form a shell.
Both strategies can result in the formation of core-shell, core-satellite, or Janus—type MP nanocomposites (D, F, H, and I). Depending on the morphology of
the initially used magnetic NPs, anisotropic core-shell nanocomposites can be obtained either in a single step (E) or novel anisotropic MP nanocomposites (G

and J) can be produced through a post-modification approach.

notable one is the one-pot approach, enabling the simulta-
neous insitu growth of multiple plasmonic and magnetic
components.®? This method is beneficial for environmental
preservation and cost efficiency, as it minimizes chemical
consumption and reduces harmful waste generation. Typically,
this process is executed through a chemical reduction ap-
proach, where selecting the right solvent and reducing/
stabilizing agents is crucial for the proper synthesis of both
components. For instance, Fan et al. (2016) successfully utilized
this method to synthesize Ag—Fe;0, nanocomposites, employ-
ing them as efficient SERS substrates.” They conducted the
reduction and growth of silver and iron precursors in an
aqueous solution with polyvinyl pyrrolidone (PVP) at 90°C,
yielding spherical iron oxide NPs adorned with small silver NPs.
Despite a non-uniform NP distribution, there was a notable red
shift in the absorption peaks due to the incorporation of both
components, enhancing SERS activity. Guardia etal. (2017)
reported a similar synthesis of monodisperse Au—Fe;O, dimers
via a one-pot approach, but in an organic solvent (1-
octadecene) with oleic acid and oleylamine, allowing the
reduction and growth of both precursors at elevated
temperatures.” Furthermore, this approach can facilitate the
growth of one-dimensional nanocomposites, such as nano-
wires, by employing suitable polyols for elongated growth
through specific crystalline facets.””

In producing MP nanocomposites, several factors must be
considered. The precursor NPs need compatible properties for
optimal nanocomposite characteristics. Four main approaches

Chem. Eur. J. 2024, 30, €202303987 (7 of 23)

are commonly employed: chemical bonding-based fabrication,
physical mixing-based production, self-assembly, and coating
methods.

Chemical bonding-based fabrication involves uniting di-
verse materials through chemical interactions.®® This method
starts with the separate preparation of magnetic and plasmonic
NP components, focusing on dimensions, shapes, and surface
attributes. Functional groups or ligands, like sulfhydryl (—SH),
amino (—NH2), or carboxyl (—COOH) moieties, are then selected
to establish robust chemical bonds with NP surfaces. For
example, a study coated Fe;O, NPs with functionalized SiO,
having —NH, groups, onto which Au NPs were deposited.””
Physical mixing-based fabrication is a simpler technique that
merges materials through physical blending.”® This method
combines magnetic and plasmonic NPs by agitation or stirring
in a suitable solvent, leading to a random distribution and
influencing the nanocomposite’s physical properties.®>* Self-
assembly utilizes the spontaneous organization of materials
based on molecular-scale interactions.® In this method,
magnetic and plasmonic components with modified surfaces
are placed in a solvent. Their self-organization is driven by
forces like electrostatic attractions or hydrogen bonds. For
example, Wang etal. (2019) used DNA origami to combine
magnetic ring-like structures with plasmonic NPs, achieving
designs beyond conventional colloidal self-assembly (Fig-
ure 4).®Y The coating method involves applying a layer of one
material onto another.*? This solution-based process applies a
plasmonic precursor onto the surface of magnetic NPs, forming
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Figure 4. A) An illustrative diagram depicts intricate magnetic plasmon NP networks meticulously assembled on DNA templates. It showcases a hexagonal NP
ring meticulously arranged on a DNA origami structure. The programmable assembly of DNA origami results in the creation of intricate magnetic plasmon
architectures, including magnetic surface plasmon polaritons B) Schematic diagrams and C) transmission electron microscopy (TEM) images are presented for
magnetic rings, which were fabricated through a sequential growth process involving Ag NPs. The scale bars in the images are 200 nm, with insets showing a
higher magpnification view at 50 nm. Adapted with permission from ref. ©” Copyright 2019 John Wiley and Sons.

a homogeneous layer. The shape of the plasmonic shell can be
manipulated to enhance SERS signals, as in the case of star-
shaped anisotropic morphologies.®® Laser-assisted synthesis is
an innovative approach, creating homogeneous noble metal-
transition metal nanoalloys at the single NP level.® This
method uses laser ablation in a liquid solution to generate
metal ions and clusters from metal targets, facilitating alloying
and nucleation. Amendola et al. (2014) and Mohan et al. (2017)
explored this approach for synthesizing Au—Fe and AuFePt
ternary alloy structures, respectively, demonstrating the influ-
ence of composition on plasmonic properties and SERS
performance %

3. Magnetic-Plasmonic Nanocomposites in
SERS-Based Applications

MP nanocomposites are integral to advancements in SERS
based applications. These nanocomposites, created by amalga-
mating magnetic and plasmonic components, provide an

Chem. Eur. J. 2024, 30, e202303987 (8 of 23)

effective substrate for amplifying SERS signals of target analytes.
The magnetic component of these nanocomposites enables
precise targeting and manipulation of the sample in a specific
area,® while the plasmonic component is crucial for enhancing
Raman signals by concentrating electromagnetic fields on its
surface. As a result, MP nanocomposites have emerged as
sensitive and powerful analytical tools in SERS spectroscopy,
with widespread applications spanning biomedicine, environ-
mental analysis, and materials science. In a broader context, MP
SERS substrates can be categorized into four main types, each
distinguished by their unique compositions, functionalities, and
application areas. These categories reflect the diverse ways in
which magnetic and plasmonic properties can be combined
and tailored to meet specific analytical needs in various fields.
Understanding these categories provides insight into the
versatility and potential of MP nanocomposites in enhancing
the sensitivity and specificity of SERS-based detection methods.
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3.1. Magnetic-Plasmonic Core-Shell Nanocomposites

Core—shell MP nanocomposites are commonly utilized in
various SERS-based applications,®” with the plasmonic shell
coating on magnetic nanoparticles enhancing their biocompat-
ibility and broadening their use in biological contexts.”® The
magnetic and plasmonic properties of these nanocomposites
can be finely tuned by adjusting the shell thickness, core/shell
morphology, or the proportion of core and shell components.
This tunability is crucial in SERS applications since slight
changes in core-shell composition can significantly impact the
magnetic and plasmonic responses. In some cases, the core
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may not necessarily be magnetic but plasmonic, with a
subsequent magnetic shell coating, potentially followed by a
second plasmonic shell to form a (core@shell)@shell structure
(Figure 5A). When organized under an external magnetic field,
these simple yet effective plasmonic structures become highly
suitable for SERS applications (Figure 5B). The SERS performance
of core-shell MP nanocomposites is notably influenced by the
thickness of the plasmonic shell on the magnetic core.™
Altering the shell thickness can significantly affect the SERS
enhancement factor (EF), but this relationship is not always
linear. For example, a study showed that the optimal SERS
performance for Ni:Au ratio core-shell substrates was achieved
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Figure 5. A) TEM images of (a) Ag@FeCo and (d) Ag@FeCo@Ag NPs, scanning transmission electron microscopy-high angle annular dark field (STEM-HAADF)
images of (b) Ag@FeCo and (e) Ag@FeCo@Ag NPs, and energy-dispersive X-ray spectroscopy (EDS) elemental mapping images of (c) Ag@FeCo and (f)
Ag@FeCo@Ag NPs. Blue, red, and green lines corresponding to the Ag, Fe, Co, respectively. Adapted with permission from ref."*” Copyright 2015 Royal
Society of Chemistry. B) Optical microscope image (a) of Fe@Au NPs deposited on a microscope glass slide in the presence of an external magnetic field, (b)
Raman spectrum obtained with 532 nm excitation of Fe@Au NPs coated with nitrothiophenol (NTP), displaying characteristic peaks associated with the ligand,
and (c) Raman spectra recorded after drop-casting malachite green (MG) onto Fe@Au NPs at various concentrations. This approach enables the detection of
the analyte at concentrations as low as 10 fmol added to the substrate. Adapted with permission from ref."*" Copyright 2019 Royal Society of Chemistry.
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at 50:50, with deviations from this ratio leading to reduced
performance.”’? The ferromagnetic properties of the nickel core
were found to impact the surface electrons, affecting the SERS
signal.

The choice of magnetic and plasmonic materials, as well as
the nanocomposite’s morphology, is critical in determining
SERS response. For instance, Yang etal. (2017) compared
branched and smooth gold-coated magnetic nanocomposite
substrates (B-GMNP and S-GMNP, respectively) with a
Fe;0,@Si0,@Au composition for detecting mitochondrial RNA-
21 (miRNA-21). They found that B-GMNPs, with their tip-
enhancement effect, were more sensitive than S-GMNPs."”
Additionally, the superparamagnetic property of the Fe;0O, core
allowed for controlled separation and enrichment.”"

The morphology of the magnetic material forming the core
can also significantly impact the properties of the core-shell
nanocomposite. Levin et al. illustrated this with their study of
nanocomposites with a faceted or tetracubic wistite (FeO)
nanocrystal core (Figure 6).7 They observed that the magnetic
properties were preserved, with changes in the plasmonic
nature of the nanocomposite due to the core’s high dielectric
constant. Such designs, compared to traditional magnetic cores,
can achieve more regular geometries and avoid aggregation
during plasmonic shell coating.”® Furthermore, certain core
morphologies, like cubic ones, provide more surface area and
sharp vertices, enhancing the SERS effect.””

3.2. Magnetic-Plasmonic Core-Satellite Nanocomposites

Core-satellite MP nanocomposites, distinct from core-shell
materials, feature a configuration where plasmonic nanopar-
ticles (NPs), smaller than the core or template, are dispersed on
its surface rather than forming a continuous shell. This arrange-
ment creates a high density of electromagnetic 'hot-spots’ due
to the proximity of these particles. Such nanocomposites, often
comprising gold on a silver core or the reverse, have been
extensively fabricated and are recognized for their effectiveness
in various SERS-based applications.”

The collaboration of different plasmonic materials in these
nanocomposites results in robust substrates capable of detect-
ing analytes at ultra—low concentrations. The specific morphol-
ogy of the nanocomposite elements plays a vital role in this
process.”® Another interesting variation of core-satellite nano-
composites involves structures where the core consists of
magnetic NPs with plasmonic NPs attached, either through
electrostatic or covalent bonding.”” The larger size of the
magnetic core compared to the satellite NPs is a key factor in
these designs. If a plasmonic material forms the core, the
dimensions may exceed the wavelength of light, transitioning
from localized surface plasmon resonance (LSPR) to surface
plasmon resonance (SPR) and potentially diminishing the
plasmonic properties.

In MP substrates designed for SERS applications, the
material constituting the magnetic part is often less critical than
achieving a substrate that combines magnetic manipulability
with strong plasmonic effects. Moreover, core-satellite MP

Chem. Eur. J. 2024, 30, 202303987 (10 of 23)

nanocomposites can be constructed not only from a single core
but also by combining multiple cores with magnetic properties.
This approach allows for the creation of a morphology that
imparts greater maneuverability to the nanocomposite. An
example of this is the work by Wang et al. (2020), where Fe;0,
NPs were initially assembled via a self-assembly protocol and
then enriched with Ag NPs after a SiO, coating.”® This MP
nanocomposite, under an external magnetic field, exhibits
rotational motion within the solution, increasing interactions
with the target analyte and facilitating SERS-based detection
(Figure 7).

3.3. Anisotropic Magnetic-Plasmonic Nanocomposites

Anisotropic MP nanocomposites can be fabricated using two
fundamental methods: (i) creating a magnetic core with an
anisotropic morphology and then coating it with a plasmonic
shell,” or (ii) inducing anisotropy in the plasmonic shell
through post-modifications.® The resulting anisotropic mor-
phology, characterized by a lack of symmetry, allows for the
focusing of the electromagnetic field onto specific points on
the plasmonic surface, thereby enhancing SERS signals.

The most commonly encountered anisotropic morphology
in MP nanocomposites is the star-shaped structure.®” This
morphology enables the accumulation of a high electro-
magnetic field at the tips of its elongated branches. The primary
distinction between star-shaped and spherical plasmonic nano-
composites lies in the tunability of the localized surface
plasmon resonance (LSPR) as the nanocomposite’s tip sizes
change. Unlike spherical nanocomposites, which typically
require proximity to each other to form hot-spots, star-shaped
MPs can independently enhance the electromagnetic field in
isolation. Due to their strong SERS capabilities, star-shaped MPs
are preferred in many studies, despite the need for sophisti-
cated production techniques.

A common method for fabricating star-shaped MP nano-
composites involves transforming a spherical core-shell struc-
ture into a star-shaped morphology. For example, in the study
by Tomitaka etal. (2020), the magnetic core was initially
synthesized using the co-precipitation method.®® This core was
then functionalized with citrate and coated with a gold shell,
which was subsequently transformed into a star-shaped
morphology using ascorbic acid and AgNO;. Alternatively, star-
shaped MP nanocomposites can be created by initially synthe-
sizing a plasmonic core and then coating it with magnetic
nanoparticles. Muzzi et al. (2022) demonstrated this approach
by producing oleylamine-capped Au nanoparticles and using
oleylamine as a nucleation center for Fe;O, forming MP
nanocomposites with a star-shaped morphology.®™ In such
structures, the thick, homogeneous coating of the plasmonic
core with a magnetic material allows for more precise control of
the plasmonic resonance energy,® often resulting in a more
pronounced redshift compared to classical magnetic@plas-
monic nanocomposites.
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Figure 6. The magnetic and plasmonic properties of the nanocomposite can be precisely tuned by adjusting the thickness of shell, morphology of core/shell
or proportion of the core and shell components individually: Solution extinction measurements were conducted for (a) faceted and (b) tetracubic Au-coated
Fe;0, NPs under various conditions. The black colour represents the uncoated cores in the spectra. It is evident from the upward trend that increasing
plasmonic shell thickness from bottom to top significantly alters the optical properties of the particles. (c) displays an optical image of the particles shown in
(a). (i) represents an uncoated magnetic core. From (ii) to (vi) depict increasing shell thickness. A theoretical colour contour (d) representation is presented,
depicting the extinction spectra for various core dielectric permittivities and shell thicknesses, all with an identical effective core radius (r.z=r, =36 nm). Each
panel showcases the extinction spectra for a constant €., while the shell radius increases from r,=50 nm to r,=70 nm. The colour scale corresponds to the
normalized extinction cross-section values relative to the maximum extinction value. A comparison of the electric field enhancement distribution in an
equatorial plane passing through the centre of three different shells. Specifically, the dipolar modes (I=1) are depicted for (e) a spherical core at 565 nm, (f) a
cubic core at 599 nm, and (g) a concave cubic core at 623 nm. Furthermore, (h) showcases the quadrupole mode (I=2) for the concave cubic core geometry
at 542 nm. Adapted with permission from ref.”? Copyright 2009 American Chemical Society.

3.4. Janus-Type Magnetic-Plasmonic Nanocomposites and micro-scale. Janus particles can incorporate materials with

different physical, chemical, and mechanical properties within a
Janus particles exhibit distinct surface properties on their  single particle, resulting in a synergistic amplification effect.®
opposite sides, offering asymmetric morphology at the nano-  Depending on the application, Janus particles may be com-
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Figure 7. A) A schematic illustration depicting the fabrication process and SERS-based sensing application of the magnetic NR-Metallic Ag Particle system.
SEM images of B) Fe;0, NPs, C) silica (SiO,)-coated magnetic NRs, and D) magnetic rod decorated with Ag NPs, respectively. E) EDS elemental mapping of
rod-like magnetic SERS probes, and SERS spectra of different concentrations of F) crystal violet (CV) and G) R6G, respectively. Adapted with permission from

ref."*? Copyright 2020 American Association for the Advancement of Science.

posed of entirely organic combinations, organic-inorganic
hybrids, or entirely inorganic combinations, with morphologies
tailored to specific requirements (Figure 8A).5

Janus-type nanocomposites with magnetic properties have
gained attention not only for their combination with plasmonic
metals but also for their integration with various other
materials.®® These nanocomposites exhibit synchronized self-
assembly properties,® aiming to achieve complex and multi-
scale organization through magnetic field—directed colloidal
assembly (Figure 8B, C).*® This capability enables the creation
of sophisticated structures using magnetic Janus particles.

In terms of MP nanocomposite properties, the directed self-
assembly feature with an external force is particularly useful.
This assembly enhances the electromagnetic field due to the
strong coupling of the plasmonic parts of the particles and the
formation of hot-spots. Additionally, Janus particles’ self-
assembly properties can be influenced by surface agents like
amphiphilic polymers, organizing MP Janus nanocomposites

Chem. Eur. J. 2024, 30, 202303987 (12 of 23)

into vesicular superstructures in a medium, thus enhancing
electromagnetic and magnetic properties. For example,
Au—Fe;O, Janus-type nanocomposites functionalized with
hydrophilic polyethylene glycol (PEG) and hydrophobic poly-
styrene (PS) exhibit different vesicular structures depending on
the grafted polymer part® (Figure 8D).®¥ This modification can
increase the SERS enhancement factor for probes like thiolated
Rhodamine (RhB—SH). Other studies have shown that Janus-
type MP nanocomposites can self-assemble based on hydro-
philic/hydrophobic behavior or through pH-triggered mecha-
nisms enabled by pH-sensitive polymers,® enhancing their
utility in SERS spectroscopy and related applications.

When using Janus-type MP nanocomposites in SERS
applications, the surface area of the magnetic and plasmonic
lobes is crucial. For instance, dumbbell-like MP Janus-type
nanocomposites may have limitations due to the small area
occupied by the plasmonic portion, resulting in weak LSPR
bands.”” Therefore, the plasmonic portion should ideally be
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Figure 8. A) Janus-type particles in different types: a) Cylindrical, b) Spherical, b) Disc-shaped, d) Different types of dumbbell-shaped Janus particles with
symmetric or asymmetric character, e) Janus vesicles or capsules. Adapted with permission from ref."** Copyright 2013 American Chemical Society. B)
Magnetic Janus-type particles (Top) randomly distributed in the absence of magnets (B,). If the magnet is applied from the top (B,,,) or the bottom (Bpgom),
the particles are rearranged according to the location of the magnet. Black colour indicates the magnetic lobe in the spherical Janus-type particle. Adapted
with permission from ref."* Copyright 2020 John Wiley and Sons. C) Besides being aggregated in the presence of magnets, magnetic Janus-type particles can
also be arranged in certain ways: a) Before magnetic field is applied, b) Staggered and c) Double chain self-assemblies obtained when ~0.15 T magnetic field
is applied. Adapted with permission from ref."*! Copyright 2009 Royal Society of Chemistry. D) Schematic illustration of the Janus-type Au—Fe;O, MP
nanocomposites grafted with the polymers, and the hierarchical self-assembly of the resulting three kinds of Janus-type amphiphilic nanocomposites into
double-layered MP vesicle 1 and 2 and mono-layered vesicle 3 in aqueous media: a—c) TEM, SEM images, and TEM-element mapping images of the DL—Ve 1,
DL—Ve 2, and ML—Ve 3, d) UV-vis spectra of the Janus—-type MP nanocomposites and self-assemble structures and, e) SERS spectra of the materials. Adapted
with permission from ref.® Copyright 2017 John Wiley and Sons. E) Schematic representation of the preparation of Janus-type MP nanocomposites: a) Au
NPs, b) Growth of an iron oxide NP through the decomposition of Fe(COs) and subsequent oxidation, c) Growth of an Au NS coated with poly
(vinylpyrrolidone) (PVP) using the NDs as seeds, d—f) TEM images of different NPs corresponding to the scheme above, g) SERS spectra of CV containing the
materials in solution (red) and after magnetic concentration (blue) for two different dye concentrations [CV] =450 nM (upper spectra) and [CV]=15 nM (lower
spectra), and (h) SERS spectra of different molecules after a magnetic aggregation. AMI: Acetoamidothiophenol, 4-MBA: 4-Mercaptobenzoic acid, 2-NAT: 2-
Naphthalenethiol. Adapted with permission from ref.®” Copyright 2016 Royal Society of Chemistry.

larger than the magnetic portion and, if possible, have an
anisotropic morphology for SERS applications. Reguera et al.
(2016) addressed this by transforming the plasmonic portion of
nanodumbbell Janus-type MP nanocomposites into a larger,
star-shaped morphology (Figure 8E).”? This modification led to
a stronger LSPR band and a red-shift in UV-vis absorbance,

of analytes like crystal violet (CV), demonstrating the potential
of Janus—type MP nanocomposites in SERS-based applications.

3.5. Magnetic-Plasmonic Nanoalloys

making these nanocomposites ideal for biological SERS applica-
tions. Additionally, under a magnetic field, particle aggregation
occurred, leading to a higher SERS signal for low concentrations

Chem. Eur. J. 2024, 30, 202303987 (13 of 23)

Plasmonic nanoalloys represent a distinct and promising class
of materials in the field of SERS substrates, differing fundamen-
tally from heterostructures. These nanoalloys are created by
amalgamating two or more different elements, resulting in a
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multifunctional structure within a single entity. A particularly
appealing strategy in SERS applications involves introducing
magnetic properties into these nanoalloys by alloying plas-
monic materials with magnetic elements such as Fe, Ni, or Co.
This approach endows the nanoparticles (NPs) with novel
physico-chemical properties and the ability to be precisely
controlled under a magnetic field, thereby enhancing their
effectiveness in SERS-related technologies. The incorporation of
magnetic properties into nanoalloys has been demonstrated to
significantly amplify the plasmon-induced local electromag-
netic (EM) field when NPs accumulate in a specific region,
facilitated by an external magnetic field."”® This enhancement
leads to improved overall performance in SERS applications.
Various nanoalloy structures, such as Au/Fe, Au/Co or Ag/Fe*"
have been developed and documented as highly efficient
magneto-plasmonic substrates. These structures have shown
remarkable SERS performance, exemplifying the potential of
combining multiple functionalities within a single, unified
framework.

4. The Surface Functionalization of Magnetic-
Plasmonic Nanocomposites

4.1. Silica

The SiO, coating procedure for various nanomaterials is
primarily undertaken for several reasons: (1) to ensure stability,
(2) to create a larger surface area for surface modification, or (3)
to enhance protection. From a SERS perspective, the SiO, shell
prevents direct contact of the Raman-active molecules with the
external environment, thus maximizing the SERS performance
of the resulting nanocomposites. In a study, Fe;0,/Ag MP
nanocomposites were first functionalized with 2-mercaptoetha-
nesulfonate (MES) before growing SiO, shells on them (Fig-
ure 9A). The findings showed that the SiO, shell acted as a
robust barrier against harsh external factors, maintaining the

stability of the SERS signal from the Raman molecule. It was
also emphasized that the presence of the SiO, shell led to a
more homogeneous distribution of the MP nanocomposites,
particularly under magnetic assembly conditions.”

Furthermore, the SiO, shell not only protects MP nano-
composites from the external environment but also acts as a
barrier that shields biological environments from potentially
toxic nanocomposites. For example, when MP nanocomposites
contain a plasmonic component like Ag, SiO, can serve as a
barrier to prevent the release of Ag* ions, which could induce
toxicity in various cell lines. Sotiriou et al. (2011) produced Ag/
Fe,O; Janus MP nanocomposites coated with SiO, to assess
their cytotoxic effects on Raji and Hela cells.®® The study
demonstrated that the SiO, coating significantly reduced the
release of Ag+ ions from the nanocomposites, minimizing
flocculation and agglomeration in the cell environment com-
pared to uncoated ones. Another significant advantage of the
SiO, shell is its ability to provide a high surface area for various
plasmonic nanoparticles or layers. For instance, Liu et al. (2023)
fabricated Fe;0,@Si0O,@Au MP nanocomposites and, using 4-
mercaptopyridine (4-MPy), conducted indirect detection of
Hg?* metal ions in water.””? The primary objective was to
protect the magnetic core from oxidation and provide ample
surface area for the plasmonic component of the nanocompo-
site, facilitated by the SiO, shell. The results enabled the
detection of Hg*" ions at parts—per-billion levels (Figure 9B). In
another study, flower-shaped MP nanocomposites were used
for the detection of a gold-standard biomarker for acute
myocardial infarction, cardiac troponin| (cTnl).*® The process
began with the synthesis of magnetic Fe;0,, followed by SiO,
coating. Subsequently, branched Ag nanoparticles were posi-
tioned on this supporting shell, enabling detection of cTnl at
femtogram levels.
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Figure 9. A) Schematic illustration of the preparation of Fe;0,/Ag@MES@SiO, nanocomposite: (a) STEM-HAADF and corresponding (b-e) STEM-EDX elemental
mapping images showing the distribution of respectively overlay of Fe +Ag+Si and individual Fe, Ag and Si. Adapted with permission from ref.”* Copyright
2021 Frontiers. B) Synthesis route of Fe;0,@Si0,@Au/4-MPy composite microspheres: (a-b) TEM images, (c) bright-field TEM image and (d-h) corresponding
elemental mapping of the composites. (I) The SERS spectra of Fe;0,@Si0,@Au/4-MPy composites before and after adding Hg** ions (10 ppm). Inserted image
is the corresponding SERS intensities of 4-MPy at 1093 cm™~'. Adapted with permission from ref.*” Copyright 2023 Molecular Diversity Preservation
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4.2. Polymers

The primary goal of incorporating a polymer-coated MP
(magnetic-plasmonic) nanocomposite is to provide mechanical
support and introduce functional side groups, the nature of
which depends on the type of polymer used.”® Similar to the
SiO, example, other objectives include ensuring the nano-
composite’s stability within its environment and providing
protection. Polymers in MP nanocomposites can be utilized in
two main ways. Firstly, functionalizing the magnetic core with a
specific polymer can effectively protect the core from oxidation,
reduce the generation of toxic free radicals, and aid in enlarging
the plasmonic shell. This role of the polymer is often referred to
as the ‘glue’.® It's crucial that the polymer serving as the glue
meets certain criteria, including biocompatibility and having
necessary metal-binding regions for forming the plasmonic
shell. However, it's important to note that not every polymer is
suitable for this role, and the choice of polymer can significantly
affect the SERS performance of the MP nanocomposites. For
example, a study by Sirgedaite et al. (2022) explored different
polymeric glues like polyethyleneimine (PEI), polyvinyl alcohol
(PVA), and PEG for decorating magnetite nanoparticles with Au
and Ag nanoparticles."™ The study found that magnetite
nanoparticles coated with PEIl, due to its positive charge,
showed a greater affinity for plasmonic nanoparticles, leading
to higher SERS intensities for the 4-mercaptobenzoic acid (4-
MBA).

In addition to using polymers as a ‘glue’ in MP nano-
composites, another approach is to coat the entire nano-
composite with suitable polymers to achieve specific applica-
tions. This coating enables the nanocomposite to acquire
functional groups such as —COOH, —NH,, —OH, and —SH. These
moieties enhance the SERS response by capturing various
molecules. In some cases, the electrostatic interaction between
the analyte and the polymer alone can be sufficient for strong
SERS detection. For instance, a study by Pinheiro et al. (2019)
demonstrated this by coating MP nanocomposites with PEI for
the SERS detection of tetracycline (TC), an antibiotic."® The
strong electrostatic interaction between the negatively charged
TC molecules and the positively charged PEI facilitated separa-
tion from the aqueous phase, achieving a detection limit as low
as 10 nM. Moreover, polymer coating not only functionalizes
the surface but can also impart hydrophilic or hydrophobic
properties to the nanocomposite, depending on the polymer
type. De la Encarnaciéon etal. (2022) illustrated this in their
production of MP nanocomposites for MRI, SERS, and fluores-
cent imaging (FI).""? They synthesized spherical magnetic cores,
deposited Au nanoparticles on them, and transformed these
plasmonic nanoparticles into spiky shells. The resultant MP
nanocomposites were then coated with an amphiphilic poly-
mer, polyisobutylene-alt-maleic anhydride (PMA), rendering
them hydrophilic and highly dispersible in water, ideal for
biological applications. The authors also noted that PMA-coated
nanocomposites could be easily functionalized with fluorescent
dyes like carboxytetramethylrhodamine (TAMRA) and DY633.

Chem. Eur. J. 2024, 30, 202303987 (15 of 23)

4.3, Biological species

Biological molecules represent another agent utilized in the
surface  functionalization of MP  (magnetic—plasmonic)
nanocomposites."” This type of functionalization is especially
relevant in medical applications."® A notable example is the
work of Zou et al. (2015), who engineered a complex composed
of Fe,0,, Au, and graphene quantum dots (QDs). This complex
was functionalized with G2 and G3 antibodies for the simulta-
neous detection of the CFP-10 antigen, a marker in tuberculosis,
using both fluorescence and SERS (Surface-Enhanced Raman
Scattering)-based methods."® A critical aspect of this approach
is the external application of a magnetic field, which aligns the
MP nanocomposites into one-dimensional (1D) structures,
forming organized nanowires (NWs). This alignment not only
amplifies the SERS effect but also enhances the metal-enhanced
fluorescence (MEF) effect, leading to strong fluorescence
exhibited by the graphene QDs. As a result, the authors
achieved successful detection of the CFP-10 antigen down to a
concentration of 0.0511 pg/mL.

Another significant advantage of functionalizing MP nano-
composites with biological agents is their capability to bind
similar or different types of nanocomposites together. This
property is crucial for creating bilayer or ‘sandwich-type’ SERS
sensors, which are increasingly popular in medical applications
due to their high-precision results."® An intriguing example of
this application is found in the study by Zhao et al. (2022)."°” In
their research, the team initially created core-satellite type MP
nanocomposites by decorating an Fe;O, core with Au nano-
particles, facilitating magnetic separation. The surface of these
Au nanoparticles was then functionalized with double-stranded
DNA (dsDNA). By integrating the functionalized Au nanospheres
with 4-MBA and another DNA strand through DNA hybrid-
ization, they successfully detected the antibiotic tobramycin at
an exceptionally low level of 0.44 fg/mL. This showcases the
remarkable sensitivity and specificity that can be achieved
through the strategic functionalization of MP nanocomposites
with biological agents.

4.4, Sieving Materials

The term ’sieving materials’ typically refers to porous materials
used as a sieve or filter to separate or extract molecules of
specific sizes. In SERS applications, coating MP nanocomposites
with such materials can effectively reduce background signals, a
common challenge in complex environments. Additionally,
precise control over the pore size and openings of the sieving
material allows targeted analytes to selectively pass through
and reach the plasmonic surface, enhancing SERS sensitivity.
Porous silica (pSiO,) is a commonly encountered sieving
material in SERS applications." Its widespread use is largely
due to its ability to isolate MP nanocomposites from the
surrounding environment, ensuring consistent performance.
Moreover, pSiO,’s porous nature allows for the deposition of
additional plasmonic structures, significantly enhancing SERS.
For example, Wang etal. (2023) utilized pSiO, in fabricating
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sandwich-type MP nanocomposites for detecting Staphylococ-
cus aureus."™ They synthesized dendritic mesoporous SiO,
nanoparticles (DMSN), filled them with Au@Ag nanoparticles,
and functionalized them with concanavalin A specific to the
bacterium. Additionally, they functionalized Fe;O,@Au nano-
particles with antibodies to create the nanocomposite, achiev-
ing a detection limit of 7 CFUmL™".

While pSiO, is essential in SERS applications, it's not without
drawbacks. The primary challenge lies in precisely controlling
its pore size, morphology, and volume.'" Its synthesis often
requires calcination at high temperatures, which can decrease
magnetic properties in structures containing magnetic compo-
nents like MP nanocomposites. Although pSiO, can achieve
high surface areas (~1500-2000 m*g~"),""" most such materials
are mesoporous and lack dynamic pore structures. Thus, there
is a need for materials with more dynamic host/guest relation-
ships, finely tuneable porosity, and higher surface areas in SERS
applications. Metal-organic frameworks (MOFs) and covalent-
organic frameworks (COFs) have emerged as significant alter-
natives in this context.

MOFs are known for their robust bonds between poly-
nuclear metal clusters and organic ’‘linkers’, forming well-
defined crystalline lattice structures. The diversity of metal ions
and organic linkers allows for the synthesis of frameworks with
varied properties and complexity levels, making MOFs ideal for
SERS applications.’ In contrast, COFs, composed entirely of
organic building blocks, offer lightweight properties and
environmental stability due to the covalent bonds in their
structure. However, COF research, especially in combination
with MP nanocomposites for SERS, is still in its infancy. A study
by Bollkbasi et al. (2022) exemplifies this, where they coated
Fe;0, nanoparticles with imine-linked COFs composed of 1,3,5-
tris(4-aminophenyl) benzene (TAPB) and 2,5-dimethoxytereph-
thaldehyde (DMTP) building blocks, and decorated them with
Au nanoparticles for electrochemical sensing."'? Another study
by Yang etal. (2022) involved synthesizing imine-linked COF
particles with DMTP and TAPB, growing Au nanoparticles in situ,
and functionalizing with concanavalin A to create sandwich-
type sensors for detecting bacteria like Escherichia coli and
Salmonella enteritidis."™

MOFs are often preferred over COFs due to their well-
documented properties. COF research, primarily focused on
imine-linked COFs, faces challenges such as particle size control
and lengthy, solvent-dependent synthesis processes."™ In
contrast, MOFs’ suitability for extracting and separating mole-
cules has been demonstrated in various studies."" Lai et al.
(2019) decorated Fe,0, nanoparticles with Au and coated them
with MIL-100(Fe) MOF, successfully extracting and detecting MG
and thiram with detection limits of 44nM and 15nM,
respectively."'® Sun etal. (2022) produced Fe;0,@Ui0-66-
NH,@Au nanocomposites for isolating the thiabendazole fungi-
cide, achieving a detection limit of 6.5 ppb (Figure 10A).""” Ge
et al. (2023) coated magnetic prickly-like nickel nanorods with
MOF-74(Ni) and enriched them with Ag nanoparticles, detecting
mycotoxins T-2 and deoxynivalenol (DON, Figure 10B).""® These
studies highlight the role of MOFs as novel and effective sieving
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materials in SERS applications, enabling the isolation of various
analytes by MP nanocomposites.

5. SERS-Based Applications of Magnetic-
Plasmonic Nanocomposites

5.1. Separation

Separation applications of MP nanocomposites are critically
important in the field of SERS, particularly for the selective
separation of analytes from complex media.””*'®! The magnetic
cores in these nanocomposites facilitate rapid binding of
analytes, enabling easy removal from solutions and preparation
for SERS analysis. This is particularly crucial in diagnosing
analytes that require molecular-level monitoring. For example,
Zhang et al. (2022) developed a magnetic fluid-based micro-
fluidic chip decorated with Ag nanoparticles for MG detection
in point-of-care (POC) testing.""” The study highlighted the
effective isolation of MG by the nanocomposites, allowing for
SERS detection at the picomolar level.

In some instances, intermediate layers are used to expedite
the separation process and direct the target molecule towards
the MP nanocomposites. One study employed Fe;O, nano-
particles coated with ZrO, and decorated with Ag nanoparticles
for the SERS detection of hexavalent chromium (Cr(Vl)) (Fig-
ure 11A).l'* The ZrO, layer functioned as an adsorbent,
selectively adsorbing Cr(VI) through Zr—O coordination bonds,
thus facilitating its isolation for low-concentration SERS
detection (1077 M). Intermediate layers also enable the develop-
ment of more sophisticated morphologies in MP nanocompo-
sites. Zou et al. (2022) produced nanocomposites with magnetic
cores and Au spikes."* They modified Fe;0,@SiO, particles
with AgNO; and PVP, creating an intermediate layer that was
further treated with HAuCl, and Dopa. The formation of a
Dopa-Ag™ complex and subsequent galvanic reactions led to
the growth of spiky Au shells, enabling the effective isolation
and detection of the model probe CV and thiram at 10 pM and
1 nM, respectively.

The enrichment capabilities of MP nanocomposites are
integral to their separation applications. Using porous and
high—surface-area sieving materials enhances the amount of
analyte 'captured’ by the nanocomposites, as opposed to non-
functionalized counterparts. This facilitates the isolation of the
analyte under a magnetic field and enhances the SERS signal.
MOFs are frequently used as sieving materials due to their
substantial surface areas, microporous structures, and dynamic
pore properties."'” They not only capture and enrich analytes
but also enable the detection and, in some cases, catalytic
degradation of various toxic molecules. Ma etal. (2020)
demonstrated this by fabricating Fe;0,@Au@MIL-100(Fe) nano-
composites for the SERS-based detection and degradation of
eight different dyes.*? The study found that the nanocompo-
sites selectively detected cationic dyes while not interacting
with anionic dyes, resulting in no SERS detection. Moreover,
these materials expedited dye degradation in the presence of
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Figure 10. A) Schematic illustration of the preparation Process for Fe;0,@UiO-66-NH,@Au, and SERS-based detection of TBZ: SERS spectra of TBZ in (a) apple
juice and (b) grape juice. Adapted with permission from ref.”** Copyright 2022 American Chemical Society. B) Schematic illustration of preparation of
NiRs@MOF-74 (Ni)/Ag for simultaneous SERS analysis of T-2 and DON: SEM images of Ni rods (a-d), NiRs@MOF-74(Ni) (b—e), and NiRs@MOF-74(Ni)/Ag (c-f).
SERS intensity (g) of T-2 and DON at different concentration. Adapted with permission from ref."'® Copyright 2023 Elsevier.

H,O,, highlighting a slower degradation process in their
absence.

5.2. Environmental Monitoring

MP nanocomposites are crucial in SERS-based monitoring of
various environmental pollutants, including drug molecules,*
heavy metals, "> pesticides,®®'* and other toxic materials.'*
Drug molecules like antibiotics and agonists, extensively used
in treating animal diseases, can accumulate in the environment
and animal bodies, posing a threat to human health through
the food chain."® MP nanocomposites offer promising solu-
tions for concentrating, detecting, and monitoring such mole-
cules. For instance, Tu et al. (2023) engineered core-satellite MP
nanocomposites using Au@Ag nanoparticles on a Fe;O, core.
They employed a lateral flow immunoassay (LFA) for SERS-
based detection of drugs such as kanamycin, ractopamine,
clenbuterol, and chloramphenicol (Figure 11B)."*" The study
achieved rapid drug detection with limits as low as pgmL™
within approximately 35 minutes. In another study, Berganza
etal. (2022) fabricated anisotropic magnetic nanorods, coated
them with SiO,, and functionalized them with Au nanoparticles
for ciprofloxacin (CIP) detection in water."® The nanocompo-
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sites enabled effective concentration of CIP under a magnetic
field, enhancing the SERS signal for detection limits as low as
100 nM.

Heavy metal ions, including As, Hg, Zn, and Cu, are
significant environmental contaminants."* Particularly, Hg2 +
ions are notorious for their neurotoxic effects.™® A study
involving CoFe,0,@Ag nanocomposites achieved remarkable
sensitivity in Hg2 + detection down to 0.84 pM.®? The nano-
composites, functionalized with thiol group-modified ssDNA,
were combined with single-walled carbon nanotubes (SWCNTs)
acting as Raman labels. In the presence of Hg>", the ssDNA
captured the ions, decreasing the SWCNT signal and enabling
low-concentration Hg?" detection via indirect SERS. Chen et al.
(2021) also focused on Hg** detection using Fe;04@Ag nano-
composites, functionalized with 2,5-dimercapto-1,3,4-thiadia-
zole (DMcT), achieving a detection limit of approximately
0.2 ppb.[31

MP nanocomposites are effective in controlling the release
of volatile molecules as well. For instance, Tian etal. (2023)
coated Fe;0, microparticles with Au nanorods and nano-
particles for the SERS-based detection of volatile nicotine from
snus products."*? By loading the nanocomposites into capil-
laries and varying storage conditions, the study found that
higher temperature and humidity significantly accelerated
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images. Adapted with permission from ref."?”! Copyright 2023 Elsevier.

nicotine release, evidenced by an increase in the SERS signal.
This showcases the versatility of MP nanocomposites in
monitoring a wide range of environmental pollutants.

5.3. Biological Applications

MP nanocomposites are extensively utilized in biological
applications,”® particularly for drug delivery, photothermal
applications, and SERS-based detection of sensitive biological
structures like proteins and DNA. Their use in viral sensing has
become increasingly popular, although it is less common
compared to traditional methods like colorimetric strip tests
due to the latter's rapid results. However, the advantages of
SERS-based detection using MP nanocomposites, such as
magnetic focusing and separation capabilities, enable the
detection of viral pathogens at very low concentrations. Lee
et al. (2018) demonstrated this by detecting influenza virus A
with MP nanocomposites, achieving a detection limit of
7.27 fgml =" |n another study, Wang et al. (2023) functional-
ized magnetic beads with ssDNA and Ag nanoparticles to
detect genes related to African swine fever virus down to
10fM.“34]

MP nanocomposites are also effective in detecting infec-
tious bacteria at low concentrations. You et al. (2020) produced
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Au nanoparticle-coated starch magnetic beads (AUNP@SMBs)
and isolated E. coli O;s;:H, bacteria from the environment,
detecting them in the range of 100 to 10° CFUmL™' (Fig-
ure 12A).* Zhao et al. (2022) utilized aptamer-conjugated MP
nanocomposites for SERS-based detection and elimination of S.
aureus, achieving a detection limit of 25 CFUmL™" and utilizing
photothermal principles for bacterial elimination."®

The dual-functionality of MP nanocomposites for both
detection and therapeutic (theragnostic) applications is increas-
ingly recognized. Kulpa-Greszta etal. (2022) investigated
Fe;0,@APTES—Ag heterostructures for SERS-based detection
and antimicrobial activity, detecting R6G dye down to 0.01 uM
and demonstrating significant toxicity against Pseudomonas
aeruginosa."*®

For disease biomarker detection, MP nanocomposites show
great promise. Alzheimer’s disease (AD), characterized by the
accumulation of amyloid B (AB) and tau proteins, is a major
health concern. Demeritte etal. (2015) used core-shell MP
nanocomposites functionalized on a graphene oxide layer for
the detection of AP and tau proteins, achieving detection limits
of 0.312ngmL™" for AB and 0.15ngmL"" for tau protein.’>”
Maurer et al. (2020) functionalized Au nanoparticles with DTNB
and monoclonal anti-tau antibodies, detecting tau protein at
concentrations of 1 ugpuL™" (Figure 12B)."*¥ Parkinson’s disease,
marked by changes in dopamine levels, can also be monitored
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Figure 12. A) Schematic presentation (a) of the synthesis of Au NP@SMBs by elec
images of SMBs and Au NPs coated SBMs particles, (c) TEM images and elementa

trostatic attachment of chitosan and chemical reduction of Au**, (b) SEM
I mapping of SMBs and AuNP@SMBs, (d) schematic depiction of the

application of immuno-AuNP@SMBs for the detection of captured bacteria strain, (e) SERS spectra of nanocomposites and SERS tags in the absence (i, ii) and

presence (iii-v) of E. coli 0157:H7, (f) SERS spectra of nanocomposites with E.coli
bacterial concentrations. Adapted with permission from ref."**
plasmonic hybrid complex for the SERS-based detection of tau proteins, (b) TEM
the different synthesize/modification stages, (d) SERS spectra of structures in the
Copyright 2020 John Wiley and Sons.

using MP nanocomposites. Michatowska et al. (2022) detected
dopamine with (Fe;0,@Au)@SiO, nanocomposites down to a
concentration of 2.3x107'° M3

6. Summary and Outlook

This review highlights the exceptional potential of magneto-
plasmonic nanocomposites in SERS applications. These nano-
composites, which integrate magnetic and plasmonic proper-
ties, provide a dynamic and versatile platform that greatly
enhances the sensitivity, selectivity, and versatility of SERS-
based detection and analysis. The synergy between the
magnetic and plasmonic components of these materials offers
numerous advantages, from precise analyte manipulation to
amplified electromagnetic field effects, thus making them
highly promising for future applications.

Chem. Eur. J. 2024, 30, 202303987 (19 of 23)

at different concentrations, (g) the intensity of SERS peak at 1380 cm™' versus

! Copyright 2020 American Chemical Society. B) Schematic illustration (a) of the magnetic—

images of the hybrid structures, (c) SERS signals of DTNB on Au NPs during
absence and presence of tau protein. Adapted with permission from ref.!'*®

The future of MP nanocomposites in SERS applications is
bright, with ongoing advancements in their synthesis, function-
alization, and tailored design. These nanoarchitectures are
poised to catalyze transformative breakthroughs across diverse
fields such as ultra-sensitive disease diagnosis, environmental
monitoring, and materials science innovation. MP nanocompo-
sites are at the forefront of groundbreaking research and offer
limitless possibilities for SERS-based technologies, potentially
paving the way for a new era in advanced analytics.

The journey of integrating MP nanocomposites into prac-
tical SERS applications is not without its challenges. One of the
primary hurdles is the synthesis and functionalization of these
nanocomposites, which requires precise control over their size,
shape, and surface properties for optimal performance. Addi-
tionally, ensuring the stability and reproducibility of SERS
signals from these nanocomposites is crucial, as variations in
synthesis can lead to inconsistent results, a critical issue for
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practical and reliable applications. In biological applications,
particularly, the biocompatibility and potential toxicity of MP
nanocomposites pose significant concerns. There is a pressing
need to develop safer and more biocompatible materials for
medical diagnostics and therapeutics. Moreover, the integration
of these nanocomposites with existing detection technologies
and platforms is another critical area that needs innovative
solutions. Efficient and user—friendly analytical devices that can
incorporate these nanocomposites are essential for their wide-
spread adoption.

Furthermore, the cost of production and scalability of MP
nanocomposites are significant challenges for their broader
application. Developing cost-effective and scalable synthesis
methods will be key to their expanded use across various
domains.

Looking ahead, MP nanocomposites have the potential to
revolutionize various fields. In disease diagnostics, they could
enable ultra-sensitive detection methods, crucial for early and
accurate diagnosis. In environmental monitoring, their applica-
tion could lead to more effective and precise detection of
pollutants and hazardous substances, significantly contributing
to environmental conservation and safety. The field of materials
science also stands to benefit from the advancements in MP
nanocomposites, potentially leading to the development of
new materials with unique properties and wide-ranging
applications. Additionally, interdisciplinary research involving
MP nanocomposites is likely to increase, merging concepts
from nanotechnology, chemistry, biology, and environmental
science. This collaborative approach could yield innovative
solutions to complex challenges, further expanding the scope
and impact of MP nanocomposites in SERS-based technologies.

In conclusion, while there are challenges to overcome, the
potential of MP nanocomposites in SERS and beyond is
immense. With continued research and development, these
obstacles can be addressed, opening the door to groundbreak-
ing advancements and a new era in analytical technology.
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