REVIEW

W) Check for updates

ADVANCED
OPTICAL
MATERIALS

The Role of Porosity in SERS

www.advopticalmat.de

Miguel A. Correa-Duarte,* |. Brian Becerril-Castro, and Ramon A. Alvarez-Puebla*

Porosity serves as a critical design parameter in advancing surface-enhanced
Raman scattering (SERS) spectroscopy by simultaneously addressing two
fundamental challenges: analyte concentration and electromagnetic field
enhancement. This review systematically examines how precisely engineered
porous architectures including intrinsic nanoporous metals, functional
polymer matrices, mesoporous silica hybrids, and crystalline metal-organic
frameworks (MOFs), create synergistic platforms that significantly boost
SERS performance. The unique pore structures of these materials provide
three key advantages: 1) enhanced molecular enrichment near plasmonic
surfaces through size-selective trapping, 2) increased density of
electromagnetic hotspots via nanoscale cavity engineering, and 3) improved

substrate stability and reusability.

1. Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy is a
powerful analytical technique that significantly amplifies the Ra-
man scattering signal of molecules adsorbed on metallic nanos-
tructures, enabling the detection of ultralow-concentrations of
analytes.[!] Over the last 50 years, SERS has undergone trans-
formative advancements, not only in the development of in-
strumental techniques (i.e., surface-enhanced hyper-Raman scat-
tering (SEHRS) spectroscopy,!?! tip-enhanced Raman scatter-
ing (TERS) spectroscopy,®) widefield SERS microscopy, SERS
holography,®! time-resolved SERS,!®! or even handheld SERS
devices!”)) but also in the design and fabrication of plasmonic
substrates.['%®]
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Porous plasmonic materials offer a versatile
platform for significantly enhancing the
performance of SERS substrates through
multiple synergistic mechanisms. Their
high surface-to-volume ratio provides a
wealth of active sites for analyte adsorption,
directly amplifying the Raman signal.’!
Functioning like a sponge, the porous
structure efficiently traps and concentrates
analyte molecules within its voids, a fea-
ture particularly advantageous for detecting
trace analytes in dilute solutions.!* This lo-
calized enrichment increases the likelihood
of interaction with the SERS-active surface,
enhancing sensitivity for low-abundance
molecules in complex matrices such as bio-
logical fluids or environmental samples.[!!]
A key advantage of metallic porous
materials lies in their nanoscale features, such as gaps and
crevices between nanoparticles, which generate localized regions
of intense electromagnetic fields, known as hot spots.'?l The
high density of these hot spots within the porous framework
significantly boosts SERS sensitivity. The irregular and intercon-
nected nature of the pores maximizes the number of hot spots,
which are critical for achieving strong SERS enhancement.!™’!
Moreover, the porous architecture ensures that analyte molecules
remain near the SERS-active surface, even for weakly adsorbing
species. This proximity stabilizes the SERS signal, improving re-
producibility and reliability.*! The design flexibility of porous
materials further extends to their selectivity. By engineering the
size, shape, and chemical functionality of the pores, specific
molecules can be selectively adsorbed. This is achieved by match-
ing pore dimensions to the analyte or functionalizing pore walls
with specific chemical groups. Such tailored porosity enables the
detection of target analytes in complex mixtures, minimizing in-
terference from other molecules. This capability is particularly
valuable in applications such as drug detection, environmental
monitoring, and biosensing.'" Additionally, the porous struc-
ture serves a protective role, shielding SERS-active sites from
contamination or degradation. The pores act as barriers to larger
molecules or environmental factors, while the ability to remove
trapped analytes facilitates substrate regeneration. This enhances
the longevity and reusability of SERS substrates, making them
more practical for real-world applications.

Porosity in plasmonic materials can be either intrinsic to the
metal or introduced through the combination of the plasmonic
element with porous coatings or supports, such as porous poly-
mers, mesoporous silica, porous carbon, or metal-organic frame-
works (MOFs) as outlined in Figure 1. Herein, we will discuss
the unique advantages and drawbacks of each of these families
of materials for their application in SERS spectroscopy.
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Figure 1. Schematic representation of porous plasmonic materials and their role in SERS enhancement. Intrinsic porous metals exhibit inherent porosity
that facilitates strong plasmonic coupling between their nanostructured features, generating a high density of electromagnetic hotspots critical for
SERS. These metals can also serve as plasmonic cores within composite architectures, where they are integrated with functional porous matrices to
synergistically combine plasmonic activity with tailored material properties. Plasmonic porous polymers offer colloidal stability and stimuli-responsive
behavior; mesoporous silica hybrids provide size-selective molecular access, thermal and mechanical resistance and enhanced surface area; and metal-
organic frameworks (MOFs) combine extraordinarily precise pore distribution with molecular-level chemical selectivity and targeted analyte enrichment
through their crystalline architectures. Together, these composite designs address key challenges in SERS, including stability, selectivity, and controlled

molecular trapping near plasmonic surfaces.

2. Intrinsic Porous Metals

Intrinsic porous metals are a class of materials in which porosity
is an inherent feature of the metal itself, often achieved through
advanced fabrication techniques such as dealloying, templating,
or electrochemical deposition. These methods create a network
of nanoscale pores and voids within the metal, resulting in a
high surface area and abundant plasmonic hot spots.['! While
the synthetic methods to obtain porous metals may vary de-
pending on the format of the plasmonic material (e.g., colloidal
nanoparticles or thin films), intrinsic porous plasmonic mate-
rials are generally produced using either template-free or tem-
plating methods. Template-free methods generate porosity di-
rectly from the metal without the use of additional materials
such as polymers. Key strategies include dealloying, galvanic re-
placement, electrochemical degradation, and spontaneous cold
welding. Dealloying involves selectively removing one compo-
nent from an alloy through a corrosion process, where the more
electrochemically active elements are dissolved, leaving behind
a nanoporous structure composed of the more noble elements.
For example, nanoporous gold films are commonly produced
by dealloying gold-silver alloys under acidic conditions, where
silver is oxidized and dissolved while gold remains metallic
(Figure 2A).'% This method has been extended to other alloys,
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such as AgAl, by selectively dissolving aluminum under appro-
priate acidic conditions.['”] The initial composition of the alloy
allows for some control over the resulting pore sizes. Galvanic
replacement is a redox process driven by the difference in reduc-
tion potentials between two metals. In this process, one metal
is oxidized and dissolved, while the ions of a second metal are
reduced and deposited. Popularized by Xia,!'®! this method often
employs sacrificial nanoparticles of copper, silver, or palladium in
contact with solutions containing metal ions with higher reduc-
tion potentials such as Au(I1I) or Pt(I1).I"] While galvanic replace-
ment reactions typically preserve the overall morphology of sac-
rificial colloidal templates, recent advances demonstrate that pre-
cisely controlled synthesis conditions can enable the “a la carte”
generation of tailored porosity. A representative example of this
approach (Figure 2B) begins with well-defined Au octahedra as
starting templates, which undergo a sophisticated several trans-
formation process:[1*?! i) site-specific Pt deposition preferentially
at octahedral edges to create catalytic nucleation sites; ii) con-
trolled etching of interior Au regions to establish an initial porous
framework; iii) concentric Au regrowth to reinforce the nanos-
tructure while maintaining porosity; iv) asymmetric Ag deposi-
tion to introduce compositional gradients; and v) a final galvanic
exchange reaction that produces hollow, highly porous Au octa-
hedral nanosponges (AuOhNSs) with tunable cavity sizes. This
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Figure 2. Intrinsic porous metals. A) Cross-section and plan view of a AuAg thin film dealloyed with nitric acid. The porosity is open, and the ligament
spacings are of the order of 10 nm. Adapted with permission from ref. [16]. Copyright 2001, Nature. B) Process for the obtention of Au octahedral
nanosponges (AuOhNSs). Using Au octahedra as a starting template, multiple chemical steps were applied, including (step 1) edge-selective deposition
of Pt, (step 2) selective etching of inner Au, (step 3) concentric growth of Au, (step 4) eccentric growth of Ag, and (step 5) galvanic exchange reaction.
Adapted with permission from ref. [19¢]. Copyright 2023, American Chemical Society.

multistep methodology illustrates how conventional galvanic re-
placement can be strategically modified to create complex porous
architectures with precisely engineered plasmonic properties for
enhanced SERS applications.

The oxidation of silver nanoparticles by gold ions is particu-
larly relevant for SERS. The similar lattice parameters of gold
and silver allow them to form solid solutions, but differences
in surface tension cause silver to migrate outward while gold
moves inward.!?"! Since the reduction of one gold atom oxidizes
three silver atoms, an excess of gold ions generates nanoporosity
throughout the structure while tuning the localized surface plas-
mon resonances (LSPR).2!] Initially demonstrated in colloidal
particles, this process has been adapted to solid thin films, such
as by physically evaporating a silver film on a substrate and im-
mersing it in a gold ion solution.[??!

Electrochemical degradation serves as an effective method
for inducing controlled porosity in plasmonic nanostructures
through redox reactions. This approach has deep historical
roots in surface-enhanced Raman spectroscopy (SERS), dating
back to the seminal 1974 work of Fleischmann, Hendra, and
McQuillan.[?3] Their initial observation of enhanced pyridine
Raman signals on roughened silver electrodes, originally at-
tributed to increased surface area from oxidation-reduction cy-
cling, laid the foundation for understanding how electrochemical
processes can generate nanostructured surfaces. While we now
recognize that electromagnetic enhancement from nanoscale
features dominates the SERS effect, these electrochemical meth-
ods remain valuable for creating nanoporous plasmonic ma-
terials. A contemporary example includes the formation of
nanoporous gold surfaces through oxidation of carbon monox-
ide with ozone,[**! where controlled electrochemical cycling pro-
duces tunable pore structures ideal for plasmonic applications.

An alternative template-free approach involves spontaneous
cold welding of nanoparticles at interfaces. This phenomenon is
particularly well-documented for gold nanoparticles functional-
ized with weakly bound ligands. When these nanoparticles self-
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assemble at air-water interfaces, they form uniform monopar-
ticulate films that can be transformed into 3D porous architec-
tures through mild thermal treatment or cold welding.[°! The
cold welding process preserves nanoscale porosity while creat-
ing mechanically robust, interconnected plasmonic networks,
making this method particularly attractive for fabricating SERS
substrates with both high enhancement factors and structural
stability.

Templating methods are highly relevant for fabricating plas-
monic materials with intrinsic porosity, as they provide control
over structural and morphological features. Templates not only
guide microstructure design but also support gelation and main-
tain structural integrity.[">) Common sacrificial templates include
polymer sponges, polystyrene microspheres,[? dextran,?’] and
polyurethane.[?8] After depositing plasmonic metals (e.g., gold or
silver) or mixing their precursors with the template, the template
is removed through solvent dissolution or calcination, leaving
behind a porous metal framework. However, high-temperature
processes often result in larger feature sizes and reduced spe-
cific surface areas, which can limit plasmonic performance.
An alternative approach involves ice templating, where freezing
and drying concentrated nanoparticle solutions produce mono-
lithic foams with intrinsic porosity.??°! This method relies on
freezing-induced phase separation, nanoparticle accumulation,
and ice sublimation to form porous networks.**! While effective
for creating lightweight, porous plasmonic materials, ice templat-
ing requires high precursor concentrations and often yields ma-
terials with lower specific surface areas.

The unique nanoscale roughness and interconnected pore
networks of intrinsic porous metals generate a high density
of electromagnetic hotspots, which are essential for achieving
strong SERS signals.['*] As demonstrated in Figure 3A, opti-
cal simulations of surface charge and near-field distributions re-
veal significant charge localization and dramatically enhanced
near-field intensities at the tips of porous metal structures
(right panels) compared to their non-porous counterparts. These
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Figure 3. Plasmonic distributions in intrinsic porous metals. A) Surface charge distributions (top) and near-field enhancements (bottom) at 785 nm
excitation comparing three gold morphologies: solid octahedra (left), tip-modified octahedra (center), and porous octahedra (right), demonstrating
enhanced electromagnetic fields in porous structures. Scale bars: 50 nm. Adapted with permission from ref. [19¢]. Copyright 2023, American Chemical
Society. B) High-resolution TEM revealing nanoscale porosity in gold architectures (adapted with permission from ref. [28]. Copyright 2010, American
Chemical Society) and boundary element method (BEM) simulations of structure under 785 nm excitation, showing localized field enhancements at

interparticle junctions.

simulations clearly illustrate how the porous architecture fa-
cilitates plasmonic coupling, with experimental studies show-
ing that intrinsic porous metals consistently achieve SERS en-
hancement factors at least two orders of magnitude greater than
solid nanostructures.’") When the size of the branches increase,
such in the case of gold lace nanoshells,[?®! the intricate porous
morphology creates a complex network of plasmonically active
branches and gaps. The boundary element method (BEM) sim-
ulations (Figure 3B) of these nanostructures under 785 nm ex-
citation, clearly shows the intense electric field enhancements
(hotspots) concentrated at the interbranch junctions. This re-
markable field confinement, combined with the structural re-
producibility of these materials, enables highly sensitive single-
particle SERS spectroscopy,?®) making them exceptional sub-
strates for molecular detection applications.

Plasmonic metals including gold, silver, and copper have
emerged as particularly advantageous for constructing porous
SERS substrates due to their unique combination of intrinsic
optical properties, chemical stability, and structural robustness.
Gold stands out for its exceptional resistance to oxidation and
corrosion, maintaining its plasmonic performance even under

Adv. Optical Mater. 2025, 13, e01376 e01376 (4 Of14)

harsh environmental conditions or prolonged laser exposure. Sil-
ver, while slightly more chemically reactive, exhibits superior
plasmonic activity in the visible spectrum due to its strong op-
tical response and lower optical losses compared to other metals.
Copper represents a more economical alternative that, despite
its greater susceptibility to oxidation, demonstrates satisfactory
plasmonic behavior when properly protected, making it viable
for cost-sensitive applications. These inherent material proper-
ties collectively enable the development of intrinsic porous metal
substrates capable of withstanding demanding SERS measure-
ment conditions, including high laser power densities and ag-
gressive chemical environments, while maintaining long-term
signal stability and reproducibility.

A key advantage of intrinsic porous metals lies in their self-
contained plasmonic functionality. These monolithic metallic
structures generate electromagnetic hotspots through their in-
herent nanoscale porosity. Practical implementations of these
SERS substrates have demonstrated exceptional capabilities for
noninvasive disease diagnosis (Figure 4A).’"] The Au@Ag-Au
porous nanoframes (PNFs), functionalized with cysteine (Cys,
Figure 4Aa), enables selective detection of benzaldehyde (BA)
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Figure 4. Performance evaluation of porous metal SERS substrates under challenging conditions. A) Use of porous nanoframes (PNFs) for the eval-
uation of lung cancer markers in breath exahalates. a) Structural overview of galvanically displaced PNFs; b) Reaction scheme between cysteine (Cys)
and benzaldehyde (BA); c,d) SERS spectra tracking molecular modifications on Cys- and aminothiophenol (ATP) functionalized surfaces; e,f) Power-
dependent stability assessment; g,h) Specificity analysis against potential interferents. Adapted with permission from ref. [31]. Copyright 2025, Wiley
VCH. B) Thiram detection in waters using gold porous films: a) Cold-welded film morphology; b) SERS spectra of thiram in water, contaminated with
different concentrations of the analyte, on the porous cold-welded film; c) correlation of the peak area of the CS stretching with the thiram concentration.

Adapted with permission from ref. [25]. Copyright 2019, Wiley VCH.

and related aldehydes in exhaled air—key biomarkers elevated
in cancer patients (Figure 4Ab). The substrate’s 3D porous archi-
tecture facilitates efficient gas transport, while the L-Cys mod-
ification specifically captures BA via Schiff base reactions, ev-
idenced by characteristic C=N peaks at 835 and 1001 cm™!
(Figure 4Ac). Comparative studies with aminothiophenol (ATP)
modified substrates revealed superior stability of Cys under
laser irradiation (Figure 4Ae,f), with minimal interference from
other volatile organic compounds (Figure 4Ag,h). Similarly, cold-
welded porous gold films overcome intrinsic limitations for de-
tecting thiram, a pesticide with an inherently small SERS cross-
section (Figure 4B),.%>] Unlike conventional substrates that sam-
ple microliter volumes, these films first adsorb and concentrate
thiram molecules onto nanoparticles, which then migrate to
form a porous interfacial layer (Figure 4Ba), amplifying local an-
alyte concentrations by orders of magnitude. The cold-welding
process creates homogeneous hotspots across the entire sur-
face, eliminating signal variability seen in randomly assembled
cast/evaporated films. The linear correlation between CS stretch-
ing intensity (1369 cm™!) and thiram concentration enables ul-
trasensitive quantification (Figure 4Bb,c).

Despite their advantages, intrinsic porous metals have several
limitations. First, while their plasmonic properties are excellent,
controlling pore size and distribution with high precision re-
mains a significant challenge. Variations in pore geometry can
lead to inconsistent electromagnetic field enhancement, limit-
ing their selectivity for specific analytes, particularly in complex
mixtures. Second, because the entire material is optically active,
the porosity cannot be exploited as a size-selective barrier to fil-
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ter or sieve analytes based on molecular dimensions. Finally, the
reliance on precious metals such as gold and silver can be cost-
prohibitive for large-scale applications. Additionally, the fabrica-
tion processes for these materials—such as dealloying, templat-
ing, or electrochemical deposition—are often time-consuming
and resource-intensive, further limiting their scalability.

3. Plasmonic Porous Polymers

Plasmonic porous polymers combine polymer matrices with
plasmonic nanoparticles to significantly enhance Raman signal
intensity for adsorbed analytes. The porous polymer matrix pro-
vides a high surface area, increasing adsorption sites for tar-
get molecules and improving sensitivity.??) These polymers can
be tailored to selectively adsorb molecules based on size, polar-
ity, or chemical affinity, enhancing SERS specificity and reduc-
ing interference from non-target substances.33! Additionally, em-
bedding nanoparticles within the polymer matrix prevents ag-
gregation and oxidation, ensuring substrate stability and pro-
longed functionality.>*] The polymer also imparts mechanical ro-
bustness, facilitating applications in laboratory, field, or clinical
settings.

These materials typically adopt two structural configura-
tions: single nanoparticles coated with a porous polymer shell
and polymer frameworks embedding plasmonic nanoparticles
within their porous structures. In the first configuration, a
porous polymer layer encapsulates individual nanoparticles,
preserving their plasmonic properties while providing a pro-
tective, functional coating. The synthesis involves nanoparticle
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Figure 5. Plasmonic porous polymers. A) SERS spectra of 1-naphthol on Au@pNIPAM core-shell particles, as a function of the solution temperature
in two different cooling-heating cycles: a) from 4 to 60 to 4 °C; and, b) from 60 to 4 to 60 °C. Excitation line 780 nm, acquisition time 2 s. Reproduced
with permission from ref. [38]. Copyright 2009, Wiley VCH. B) Top-view SEM images a,b) at different magnifications of the e-LBL AgNP film after 24 h of
immersion. Cross-sectional TEM and STEM images c,d) of the film after focused ion beam (FIB) preparation. €) SERS spectrum and imaging of a dioxin
on the film, measured with a 633 nm laser line. Reproduced with permission from ref. [45]. Copyright 2009, Wiley VCH.

formation, functionalization with polymerization Iinitiators,
and in situ polymerization. The plasmonic core can be tai-
lored to various morphologies—such as spheres, cubes, rods,
or stars—depending on the application. For instance, spher-
ical nanoparticles, which require high particle densities for
SERS signals, are commonly used in colloidal form for av-
erage SERS.I®! In contrast, nanostarsi®*! or single-particle
aggregates®®) can deliver single-particle SERS signals and
are often employed in isolated or patterned films.’”] Poly-
mer coatings may include functional materials like poly(N-
isopropylacrylamide) (PNIPAM),3238]  polymethacrylic acid
(PMAA)-polyethylene glycol (PEG),I**! or poly(styrene-alt-maleic
acid).[*o

Gold nanoparticles coated with poly(N-isopropylacrylamide)
(PNIPAM) exhibit temperature-responsive behavior due to the
polymer’s reversible phase transition near its lower critical so-
lution temperature (LCST, ~32 °C).[*!l Below the LCST, the hy-
drophilic, swollen PNIPAM keeps the nanoparticles dispersed,
yielding weaker SERS signals. Above the LCST, hydrophobic col-
lapse brings nanoparticles closer, increasing local analyte con-
centration and enhancing SERS intensity. These systems can
be implemented as single-coated nanospheres measured in col-
loidal suspension or as single-particle hot-spot configurations
using nanostars as plasmonic cores. Figure 5A demonstrates
this thermoresponsive concept with gold nanospheres in two
different temperature cycles. Alternatively, solid thin films can
be fabricated by coating continuous plasmonic substrates with
PNIPAMI*] or organizing PNIPAM-coated particles into pat-
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terned surfaces.*”] Similar stimuli-responsive effects are achiev-
able with pH-sensitive systems, such as PMAA-PEG hybrids.*"]

Beyond conventional designs, nanoparticle-polymer compos-
ites can be precisely engineered through layer-by-layer (LbL) as-
sembly to create hierarchically structured platforms with alter-
nating plasmonic and polymer strata. These sophisticated multi-
layered architectures offer tunable molecular selectivity through
three key mechanisms: i) size-exclusion via controlled interlayer
spacing, ii) polarity-dependent partitioning through tailored poly-
mer chemistries, and iii) specific chemical interactions with func-
tionalized interfaces.[*3! For enhanced plasmonic performance,
exponential LbL (e-LbL) growth techniques!**! enable precise con-
trol over the density and spatial distribution of plasmonic ele-
ments within the polymer matrix. A demonstration of this ap-
proach is shown in Figure 5B, where infiltration of e-LbL films
with silver nanoparticles (AgNPs) creates a percolating 3D net-
work of electromagnetic hot spots.[*] This design achieves excep-
tional SERS enhancement factors (exceding10®) across a broad
spectral range (400-1200 nm), making it particularly valuable for
near infrared-SERS applications where reduced background in-
terference and deeper tissue penetration are critical. Incorporat-
ing plasmonic nanoparticles into polymeric matrices produces
advanced SERS substrates that merge the optical properties of
metals with the structural advantages of 3D networks. These hy-
brid materials outperform rigid substrates in sensitive molec-
ular detection, particularly for biomedical and environmental
applications, ! due to the synergy between electromagnetic en-
hancement and molecular sieving.
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Two primary synthetic approaches dominate: in-situ nanopar-
ticle formation and post-synthetic infusion. Hydrogels embed
pre-formed nanoparticles during polymer cross-linking, ensur-
ing uniform distribution for biomolecular interactions.!*’] Aero-
gels employ sol-gel chemistry with metal precursors before su-
percritical drying, allowing precise control over nanoparticle size
and distribution.['°>#8] Recent advances include photo-patterning
for spatially controlled hotspots and microwave-assisted synthe-
sis for rapid nanoparticle deposition.[*]

Hydrogels excel in aqueous-phase detection due to their hy-
drated, porous structure. Tunable mesh sizes selectively con-
centrate analytes near plasmonic hotspots while maintaining
biocompatibility.l’®) Gold nanoparticle-enriched poly(acrylamide-
co-acrylic acid) hydrogels achieve clinically relevant detection lim-
its for cancer biomarkers with rapid response times,>!l mak-
ing them suitable for wearable diagnostics and microfluidic sys-
tems. Bulk hydrogel-based nanocomposites demonstrate excep-
tional potential as molecular concentrators for ultratrace SERS
detection, as exemplified by silver nanoparticle-loaded agarose
systems. These porous architectures function as mechanically re-
sponsive traps that reversibly concentrate analytes through gel
collapse upon drying, a process that simultaneously enhances
SERS sensitivity by forcing plasmonic nanoparticles into closer
proximity, thereby generating dynamic electromagnetic hotspots.
The hydrogel’s rehydration capability enables remarkable recycla-
bility, as embedded silver nanoparticles remain physically con-
strained within the polymer network while analytes can be com-
pletely removed through simple dialysis. This unique combina-
tion of properties was successfully employed for the first reported
SERS detection of dichlorodiphenyl-trichloroethane (DDT), over-
coming the traditional challenges associated with this non-ideal
SERS analyte. The system’s reversible sequestration capability,
coupled with its tunable hotspot generation mechanism, estab-
lishes aerogel composites as a promising platform for environ-
mentally persistent pollutant monitoring with potential for mul-
tiple reuse cycles.[1%

Conversely, aerogels are ideal for gas-phase sensing due
to their exceptional porosity (>90%) and ultralow density
(<0.1 g cm?).5% Silver-functionalized aerogels detect volatile or-
ganic compounds at picomolar levels, offering superior envi-
ronmental monitoring capabilities.l*”! Their robust yet porous
framework prevents nanoparticle aggregation, ensuring long-
term stability.*] Gas monitoring can be also achieved using
a plasmonic aerogels. For example acrylamide/bis-acrylamide
polymerization in gold nanocube solutions, followed by freeze-
drying to create a macroporous (=100 pm) 3D scaffold with
a surface area of160 m? g with embedded nanoparticles. This
lightweight architecture demonstrates exceptional SERS en-
hancement, enabling sensitive optical detection when function-
alized with iron porphyrin to create a reversible CO sensor. The
system shows linear response across the critical 10-40 ppm con-
centration range, covering health-relevant thresholds, with rapid
30-second recovery, making it particularly suitable for real-time
environmental monitoring applications.l>*

Plasmonic particle-polymer composites offer high sensitivity,
enhanced Raman signals, design flexibility, and cost-effective
scalability. Applications span environmental sensing, biomed-
ical diagnostics, food safety or catalytic monitoring. However,
challenges remain, including stability under harsh conditions,
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nanoparticle uniformity, batch-to-batch reproducibility, and lim-
ited optical access in densely loaded structures.

4. Plasmonic Mesoporous Silica

Mesoporous silica-coated plasmonic nanoparticles combine the
strong electromagnetic field enhancement properties of plas-
monic metal cores (typically gold or silver) with the high sur-
face area, tunable porosity, and robust surface chemistry of meso-
porous silica shells. Unlike conventional dense silica coatings,
mesoporous silica can contain an ordered network of nanopores
(typically 2-6 nm in diameter),I arranged in a uniform, sponge-
like matrix with surface areas ranging from 300 to 1000 m?/g.
This unique architecture enables not only enhanced plasmonic
signal amplification but also the adsorption, storage, and con-
trolled release of small molecules—making these particles ideal
for SERS, drug delivery, catalysis, and biosensing.

The synthesis of these nanoparticles typically involves a multi-
step process to ensure uniform coating and controlled pore for-
mation. First, plasmonic metal cores are synthesized via chem-
ical reduction methods and then functionalized with a stabiliz-
ing agent, such as cetyltrimethylammonium bromide (CTAB) or
(3-aminopropyl)triethoxysilane (APTES), to promote adhesion of
the silica shell.[®! A thin, dense silica layer is often deposited
first to prevent metal-mesopore interactions and ensure uni-
form growth of the subsequent mesoporous shell. The meso-
porous silica coating is then formed via a sol-gel process us-
ing tetraethyl orthosilicate (TEOS) as the silica precursor and
CTAB as a structure-directing agent. The CTAB micelles act as
templates for pore formation, and their removal via calcination
(400 °C, 4 h) or solvent extraction (e.g., acidic ethanol reflux)
leaves behind an open, accessible pore network. By carefully ad-
justing reaction parameters such as surfactant concentration,
TEOS addition rate, and reaction time, the pore size, shell thick-
ness, and overall particle morphology can be tuned for specific
applications.

Mesoporous silica-coated particles can consist of single parti-
cles of any morphology, including nanospheres, nanorods and
nanotriangles (Figure 6A).5¢! Although these were the first to be
prepared, they suffer from several limitations. First, only spe-
cific particle shapes can sustain electromagnetic fields strong
enough to provide sufficient SERS enhancements for detection,
and the silica coating often passivates part of the plasmonic sur-
face. As a result, such particles are primarily used for encoding
applications,®®! such as labeling micro-objects (e.g., cells),®! or
macro-objects (e.g., anti-counterfeiting tags).[®!! An alternative to
overcome these drawbacks is the use of yolk-shell structures with
efficient plasmonic cores, such as nanostars in Figure 6B.°7] This
configuration allows for greater analyte loading while the nanos-
tar acts as a single-particle hot spot. However, these particles re-
main below the Rayleigh diffraction limit and thus cannot be ob-
served under conventional optical microscopes used in micro-
Raman systems. Notably, submicro- and micro-objects, such as
polystyrene beads, can be coated with plasmonic nanoparticles!®?!
and subsequently encapsulated in mesoporous silica. The poly-
meric core can then be removed via dissolution or calcination,!®3!
yielding a hollow porous capsule with an inner plasmonic layer
or a network of interacting nanoparticles (Figure 6C). This archi-
tecture provides selective permeability: small analyte molecules
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Figure 6. Plasmonic porous silica. A) 2D and 3D TEM characterization of hybrid nanostructures containing gold nanoparticles with various shapes:
nanospheres a,e), single-crystal nanorods b,f), pentatwinned nanorods c,g), and nanotriangles d,h). Reproduced with permission from ref. [56]. Copyright
2015, American Chemical Society. B) Yolk-shell gold nanostars coated with mesoporous silica. Reproduced with permission from ref. [57]. Copyright
2019, Royal Society of Chemistry. C) a) Fabrication of plasmonic hollow capsules (gold deposition on polystyrene beads, mesoporous silica coating and
polystyrene calcination, and gold overgrowth); b—e) TEM images of the fabrication process; f,g) SEM-FIB characterization; and, EDAX chemical analysis
of the capsules. Reproduced with permission from ref. [55]. Copyright 2019, Wiley VCH. D) Mesoporous silica coating of gold nanorod supercrystals.
Reproduced with permission from ref. [58]. Copyright 2016, Nature Publishing Group.

diffuse through the pores to interact with the metal surface or em-
bedded chemosensors, while larger biomolecules, cells, or con-
taminants are excluded (Figure 7A). Such molecular sieving is
particularly advantageous in complex biological or environmen-
tal samples, where interfering species could otherwise quench
the signal or foul the nanoparticle surface.”>! The plasmonic
layer generates a dense array of hot spots (Figure 7B),[%%] rem-
iniscent of plasmonic island films,[% which can be further over-
grown if desired.®®] Notably, LSPR excitation inherently pro-
duces heat.[%] In plasmonic hollow shells, this heat is confined
within the silica capsule, leading to a localized temperature in-
crease inside the cavity while leaving the external environment
unaffected (Figure 7C).1%%2 This internal heating also induces
convective flow, enhancing the exchange of small molecules be-
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tween the capsule’s interior and exterior. Thanks to these proper-
ties, plasmonic hollow capsules have been employed as nanoreac-
tors for thermally controlled Diels-Alder reactions, with operando
SERS monitoring reaction kinetics (Figure 7D),[? and as intra-
cellular sensors for real-time tracking of nitric oxide production
in living organisms (Figure 7E).[%]

Finally, plasmonic films can be also coated with mesoporous
silica (Figure 6D).’®%7] In such a cases, the final goal, as in
the previous materials, is to create selective permeability: where
small analyte molecules diffuse through the pores to interact
with the metal surface or while larger biomolecules, cells, or
contaminants are excluded. Applicability of these materials had
been demonstrated in the SERS quorum sensing of the growth
of bacteria colonies, where the molecules responsible of such
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Figure 7. A) a) SERS spectra and b) molecular structure of SERS probes with differnt molecular volumes used for the exploration of the porous structure
of the capsules. c) Sorption kinetics of the different probes onto the inner gold films of the capsules (circles and solid lines) or onto bare PS@Au
beads (crosses and dotted lines). d) Comparison of the sorption rate constant of the different probes on the capsules with their molecular volume
ad their molecular cross-sectional area. Reproduced with permission from ref. [55]. Copyright 2019, Wiley VCH. B,C) Theoretical calculations of near
electromagnetic field and the temperature of a plasmonic hollow capsule upon excitation with 785 nm laser line. D) a,b) SERS monitoring of a Diels-Adler
reaction occurring inside the nanocapsule over the time. c) Comparison of the reaction yields after 30 min determined by "H NMR for our system and
controls including the diene and dienophile in the presence and absence of capsules and light. Reproduced with permission from ref. [63a]. Copyright
2013, American Chemical Society. E) a) Optical and SERS (mapped at 1548 cm~', as marked below) images of 3T3 cells in the presence of plasmonic
hollow capsules. The SERS spectra (bottom) show the signals for the colored circles in the image (top). b) Optical images and intracellular nitric oxide
(NO) formation over time (obtained through the 11583 /(11583+11548) relation) for three different samples upon NO induction with oxygen peroxide
(H,0,). A control sample without the presence of H,0, is also shown for comparison. Representative normalized SERS spectra obtained at different
times are shown. Reproduced with permission from ref. [66]. Copyright 2013, Wiley VCH.

quorum sensing have low SERS cross/section and thus requires
of highly efficient plasmonic materials to be detected,*® or in the
operando SERS monitoring of the atmospheric nitrogen reduc-
tion to ammonia photocatalysis.[®]

5. Plasmonic Metal-Organic Frameworks

MOFs represent a class of highly ordered; porous crystalline ma-
terials formed through the coordination of metal ions with or-
ganic linkers. These hybrid materials combine exceptional poros-
ity with remarkable structural diversity, offering surface areas
that can exceed 5000 m? g — far surpassing traditional porous ma-
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terials like mesoporous silica (%1000 m? g) or polymeric frame-
works. This unique combination of properties has positioned
MOFs as ideal candidates for SERS applications, where they serve
to both amplify and refine the detection capabilities of plasmonic
nanostructures.[®! The fundamental advantage of MOFs in SERS
applications lies in their precisely tunable architecture. Unlike
mesoporous silica with its fixed pore size distribution (typically
2-50 nm), MOFs enable exact control over pore dimensions —
from micropores (<2 nm) to mesopores (2-50 nm) — through
careful selection of metal nodes and organic linkers. This tun-
ability permits size- and shape-selective molecular recognition,
allowing for the selective enrichment of target analytes while ex-
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cluding potential interferents from the plasmonic hotspots.[®>7]

Moreover, the chemical environment within MOF pores can be
precisely engineered through functional group modification of
the organic linkers, enabling tailored interactions with specific
analyte classes.

The integration of MOFs with plasmonic nanoparticles has led
to the development of several hybrid architectures, each designed
to optimize SERS performance. Core-shell configurations, where
plasmonic nanoparticles are completely encapsulated within a
MOF matrix, represent the most common design.”! In these
structures, the MOF shell serves multiple functions: it physically
protects the metal core from oxidation and aggregation, provides
selective molecular access to the plasmonic surface, and can par-
ticipate in charge-transfer processes that complement the electro-
magnetic enhancement mechanism. The high porosity of MOFs
ensures rapid analyte diffusion to the active sites while main-
taining structural stability.l”?! To address the challenge of achiev-
ing sufficient electromagnetic field enhancement, nanostar-core
structures can be used to generate intense local fields at sharp
metallic tips,!”?! yolk-shell designs incorporating bilayered MOFs
for controlled release and detection,[”* and plasmonic arrays as-
sembled on polymer bead templates that provide high-density hot
spots.!1373]

The fabrication of MOF-coated plasmonic nanoparticles em-
ploys several established methods, each offering distinct advan-
tages depending on the desired application. The direct growth
method is a one-pot approach involving simultaneous presence
of plasmonic nanoparticles and MOF precursors in solution
under carefully controlled conditions. For instance, ZIF-8 coat-
ings can be grown on gold nanoparticles by combining HAuCl,,
Zn’* jons, and 2-methylimidazole in methanol. This method
allows for straightforward scalability; however, its effectiveness
requires precise optimization of temperature, pH, and solvent
composition.”®l Layer-by-layer assembly initiates with function-
alization of plasmonic particles using charged polymers or spe-
cific ligands that enhance MOF precursor adhesion, enabling
nanometer-scale control over coating thickness as demonstrated
in MOF-199 (HKUST-1) shells on silver nanocubes.’”! Seed-
mediated growth attaches pre-synthesized MOF nanocrystals to
plasmonic particles through electrostatic interactions or covalent
bonding before further growth, producing uniform coatings as
seen in UiO-66-NH, shells on gold nanorods.’%78] The template
sacrifice method creates hollow MOF shells encapsulating plas-
monic cores through sacrificial layer removal, exemplified by
Au@ZIF-8 yolk-shell structures where silica templates are dis-
solved using sodium hydroxide.[”l While architecturally sophis-
ticated, this multi-step technique poses scaling challenges.

Recent advances have demonstrated the successful integra-
tion of plasmonic MOFs into SERS-based detection systems. A
notable example includes MOF-functionalized silver nanoparti-
cles that achieved ultra-sensitive pesticide analysis in agricultural
samples.® Similarly, innovative 3D MOF architectures have
shown exceptional potential for continuous atmospheric moni-
toring of CO,, highlighting their environmental sensing capabil-
ities even remotely (Figure 8A).8! Recent advances in stand-off
SERS spectroscopy now enable real-time, multiplex detection of
airborne species by integrating long-range optics with Ag@MOF
core—shell nanoparticle assemblies. These 3D plasmonic archi-
tectures create micrometer-thick SERS hotspots that actively sorb
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and detect aerosols, gases, and VOCs at parts-per-billion concen-
trations across distances up to 10 m. The platform demonstrates
remarkable sensitivity to atmospheric changes, as evidenced by
cyclic CO,; monitoring and outdoor quantification of polycyclic
aromatic hydrocarbons under daylight interference. By combin-
ing micron-scale analyte capture with remote Raman detection
(2-10 m range), this technology overcomes traditional limitations
in stand-off spectroscopy, establishing new paradigms for envi-
ronmental monitoring, disaster prevention, and security applica-
tions where molecular-level air surveillance is critical.

The engineered hydrophobicity of MOFs plays a pivotal
role in SERS enhancement. By strategically modifying MOF
structures, for instance, through hydrophobic ligand incorpora-
tion, these materials can effectively concentrate non-polar an-
alytes near plasmonic hotspots.[®#2] This molecular trapping
mechanism significantly boosts detection sensitivity for typi-
cally SERS-inactive hydrophobic compounds.[®”) An emerging
paradigm in transition metal sensing utilizes MOF-tethered ion-
selective dyes as indirect SERS reporters.[®] This approach cap-
italizes on MOFs’ molecular recognition properties to selec-
tively capture target ions, thereby amplifying plasmonic cou-
pling and Raman signal generation.['*] The convergence of MOFs
and plasmonics has spawned multifunctional hybrid platforms.
One breakthrough application combines hydrophobic MOFs
with photothermally active gold nanostars, enabling concurrent
drug delivery and SERS-based release monitoring under single-
wavelength excitation.!”] Synergistic material combinations fur-
ther expand SERS functionality. Integrating MOFs with comple-
mentary nanomaterials like conductive carbons or catalytic metal
oxides creates systems with enhanced sensing performance and
additional capabilities.”2#* Particularly noteworthy are operando
configurations where plasmonic excitation simultaneously drives
photocatalytic reactions and enables real-time mechanistic stud-
ies through SERS monitoring (Figure 8B).l”]

6. Conclusions and Outlook

The integration of porous architectures into SERS substrates has
revolutionized the field by simultaneously addressing two fun-
damental challenges: analyte concentration and electromagnetic
field enhancement. As demonstrated throughout this review, the
strategic design of porosity, whether in intrinsic nanoporous
metals, functional polymer matrices, mesostructured silica hy-
brids, or crystalline MOFs, enables unprecedented control over
molecular enrichment and plasmonic coupling. These materi-
als leverage their unique structural features to create synergistic
platforms that significantly outperform conventional SERS sub-
strates in sensitivity, selectivity, and reproducibility. However, to
fully realize their potential and transition from laboratory proto-
types to real-world applications, several critical challenges must
be addressed through focused research efforts.

Looking ahead, the field must prioritize the development of
porous substrates with precisely engineered architectures. Fu-
ture work should explore advanced fabrication techniques ca-
pable of producing pores with atomic-scale uniformity, such as
MOF-templated growth or optimized dealloying protocols, to
ensure reproducible hotspot generation. The creation of gradi-
ent porous structures, combining meso- and macroporous do-
mains, could optimize the balance between molecular diffusion
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Figure 8. A) Remote MOF-SERS platform. a) SEM image showing Ag@MOF particles, b) cross-sectional SEM image showing the side view of mul-
tilayered Ag@MOF platform, and c) Scheme showing remote tracking of CO2 in real time for several cycles using multilayered Ag@MOF platform.
d) Time-resolved SERS intensity profile of 1360 cm~ band, showing the absorption and detection of CO, in several cycles. Reproduced with permis-
sion from ref. [81b]. Copyright 2019, American Chemical Society. B) Fabrication and TEM/STEM images of plasmonic-MOFs. a) Schematic procedure
followed for the synthesis. b) TEM images of PS beads and AgNPs and STEM images (bright and dark field) for PS@Ag, Ag@ZIF-thin, and thick
plasmonic-MOFs. c) Operando SERS spectra for the photocatalytical degradation of rhodamine B under 532 nm illumination. d) Degradartion curves
for the diferent materials PS@Ag, Ag@ZIF-thin, and thick plasmonic-MOFs. Reproduced with permission from ref. [75]. Copyright 2024, Wiley VHC.

and trapping efficiency. Additionally, incorporating stimuli-
responsive components, such as thermosensitive polymers or
pH-tunable MOFs, would enable dynamic control over analyte
capture and release, opening new possibilities for reusable or pro-
grammable SERS platforms.

Scalability remains another crucial consideration for the prac-
tical deployment of porous SERS substrates. While techniques
like ice templating and colloidal crystal templating have shown
promise for creating monolithic porous structures, further in-
novation is needed to enable large-area, cost-effective manufac-
turing. Moreover, standardized protocols for characterizing pore
size distributions and their correlation with SERS performance
must be established to facilitate meaningful comparisons across
different material systems.

From an applications perspective, porous SERS substrates
hold immense potential for operando studies and real-time mon-
itoring. Their inherent molecular enrichment capabilities make
them ideal for investigating catalytic processes within confined
nanoreactors or tracking transient species in complex environ-
ments such as biological or environmental fluids. The devel-
opment of stand-off SERS sensors based on porous plasmonic
materials could also transform environmental monitoring by
enabling remote detection of trace gases and pollutants. How-
ever, challenges related to long-term stability, particularly for
polymer- and MOF-based substrates, and signal reproducibility

Adbv. Optical Mater. 2025, 13, e01376 e01376 (11 Of'|4)

across batches must be systematically addressed to ensure reli-
able performance under operational conditions.
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