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Abstract: Noble metal nanostructures, particularly those based on gold, silver, and their 

hybrids, have emerged as the most effective substrates for surface-enhanced Raman 

scattering (SERS) due to their ability to generate strong localized surface plasmon 

resonances and intense electromagnetic hot spots. Over the past decades, significant 

progress has been made in the rational design, fabrication, and optimization of these 

nanostructures to enhance their SERS performance in terms of sensitivity, reproducibility, 

stability, and selectivity. This paper systematically reviews the types of noble metal 

nanostructures commonly employed for SERS, including nanoparticles, nanorods, 

nanoshells, nanocubes, nanoplates, and bimetallic hybrids, with an emphasis on structural 

parameters that dictate plasmonic enhancement. Strategies for performance optimization, 

such as surface functionalization, hybridization, and precise geometric engineering, are 

analyzed in depth. The discussion is extended to practical applications in chemical and 

biological sensing, environmental monitoring, food safety, medical diagnostics, and 

security-related fields, highlighting how optimized substrates bridge the gap between 

fundamental research and real-world applications. The insights provided by this study not 

only summarize the current state of SERS-active noble metal nanostructures but also offer 

guidance for future research aimed at scalable fabrication, improved durability, and 

integration with portable detection platforms. These advances are expected to accelerate 

the deployment of SERS in multidisciplinary fields and establish it as a powerful analytical 

and diagnostic technology. 

1. Introduction 

Surface-enhanced Raman scattering (SERS) has emerged as one of the most powerful 

spectroscopic techniques for ultrasensitive molecular detection, owing to its ability to amplify weak 

Raman signals by several orders of magnitude. This extraordinary enhancement is primarily 

attributed to the unique optical properties of noble metal nanostructures, particularly their capacity 

to support localized surface plasmon resonances (LSPRs). Over the past few decades, SERS has 

been extensively explored for applications in chemical sensing, biomedical diagnostics, 

environmental monitoring, and security analysis, making it a cornerstone of next-generation 

analytical technologies. Despite its enormous potential, the practical implementation of SERS still 

faces significant challenges. The reproducibility, sensitivity, and stability of SERS substrates are 
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highly dependent on the precise control of nanostructure morphology, spatial arrangement, and 

surface chemistry. Conventional Raman spectroscopy provides limited detection capabilities, 

whereas optimized noble metal nanostructures can generate “hot spots” that dramatically boost local 

electromagnetic fields and, consequently, Raman signal intensity. This remarkable capability has 

spurred intense research into the design and optimization of gold, silver, and bimetallic 

nanostructures as high-performance SERS platforms. The motivation behind studying noble metal 

nanostructures and their optimization lies in bridging the gap between fundamental SERS theory 

and practical applications. By tailoring structural parameters and surface modifications, researchers 

aim to achieve substrates with enhanced signal uniformity, higher detection limits, and improved 

durability under real-world conditions. Moreover, integrating optimized nanostructures with 

portable devices and lab-on-a-chip systems opens new pathways toward scalable, cost-effective, 

and field-deployable SERS-based technologies. 

2. Noble Metal Nanostructures for SERS 

2.1 Gold Nanostructures 

Gold nanostructures represent one of the most widely studied platforms for SERS because of 

their chemical stability, tunable plasmonic properties, and excellent biocompatibility. Gold 

nanoparticles with controlled sizes can generate strong localized surface plasmon resonances, with 

their resonance frequencies determined by particle size and shape. Beyond spherical nanoparticles, 

gold nanorods offer enhanced electromagnetic field localization at their ends, enabling stronger 

SERS enhancement. Their aspect ratio provides tunability of plasmon resonance across the visible 

and near-infrared regions, making them particularly suitable for biomedical applications. Gold 

nanoshells, consisting of a dielectric core coated with a thin gold layer, introduce another level of 

tunability through variation of core size and shell thickness. Together, these gold-based 

nanostructures provide versatile SERS platforms with controllable plasmonic behavior and 

excellent functionalization possibilities for targeted sensing[1]. 

2.2 Silver Nanostructures 

Silver nanostructures are known for their superior plasmonic activity compared to gold, often 

delivering higher SERS enhancement factors. Nanocubes with sharp corners and edges act as 

effective hot spot generators due to field concentration at these geometrical features. Silver 

nanowires offer extended plasmon propagation pathways, enabling large-area enhancement and 

integration with microelectronic platforms. Nanoplates with atomically flat surfaces and tunable 

thicknesses exhibit unique plasmon modes and strong near-field coupling, making them suitable for 

ultrasensitive SERS detection. However, silver suffers from lower chemical stability, as it is prone 

to oxidation and surface degradation, which limits its long-term reliability. Surface passivation and 

coating strategies are therefore crucial for maintaining high performance in practical applications. 

2.3 Bimetallic Nanostructures and Hybrid Designs 

Bimetallic nanostructures, combining gold, silver, or other metals, leverage the advantages of 

each component to achieve enhanced SERS performance. Gold-silver core-shell structures, for 

instance, combine the stability of gold with the high plasmonic activity of silver, producing 

substrates that are both efficient and durable. Alloyed nanoparticles offer tunable electronic and 

optical properties, enabling fine adjustment of resonance frequencies to match excitation 

wavelengths. Hybrid designs incorporating noble metals with semiconductors, graphene, or 
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dielectric materials further broaden the scope of SERS by combining electromagnetic enhancement 

with chemical enhancement mechanisms[2]. These approaches also open opportunities for 

multifunctional sensing platforms capable of simultaneous optical, electronic, or catalytic 

performance. 

2.4 Structural Parameters Affecting Hot Spots 

The intensity and distribution of hot spots in noble metal nanostructures are highly dependent on 

structural parameters such as size, shape, interparticle spacing, and surface roughness. Reducing 

interparticle gaps to the nanometer or even sub-nanometer scale significantly amplifies 

electromagnetic fields, yielding orders-of-magnitude signal enhancement. Sharp features such as 

tips, edges, and facets also concentrate fields more efficiently than smooth geometries. Additionally, 

hierarchical and three-dimensional assemblies can create dense networks of hot spots, leading to 

stronger and more uniform enhancement across large areas. Careful engineering of these structural 

factors is essential for optimizing SERS substrates, balancing high enhancement with 

reproducibility and scalability for real-world applications[3]. 

3. Optimization Strategies for SERS Performance 

3.1 Control of Size, Shape, and Morphology 

Precise control over the size, shape, and morphology of noble metal nanostructures is 

fundamental for optimizing SERS performance. The localized surface plasmon resonance of 

nanostructures is highly sensitive to geometrical parameters, and even slight variations in diameter 

or aspect ratio can shift resonance frequencies significantly. Tailoring nanostructures such as rods, 

cubes, stars, or shells allows researchers to engineer hot spots at specific wavelengths, enhancing 

Raman scattering efficiency. Advances in wet-chemical synthesis, seed-mediated growth, and 

lithographic techniques have enabled high reproducibility in producing nanostructures with 

designed geometries. This level of control provides the flexibility to tune plasmonic responses 

across the visible to near-infrared spectrum, which is critical for both in vitro and in vivo 

applications. 

3.2 Surface Modification and Functionalization 

Surface chemistry plays a crucial role in enhancing both the stability and selectivity of SERS 

substrates. Functionalization with self-assembled monolayers, polymers, or biomolecules can 

prevent aggregation, reduce nonspecific adsorption, and improve analyte targeting. For silver-based 

nanostructures, protective coatings such as silica or alumina thin layers can suppress oxidation 

while maintaining plasmonic activity. In addition, molecular linkers and capture ligands enable 

selective binding of specific analytes, thereby amplifying Raman signals from target molecules 

while suppressing background interference[4]. Effective surface modification ensures that high 

enhancement factors are coupled with long-term reliability and application-specific performance. 

3.3 Hot Spot Engineering and Substrate Design 

Hot spot generation is the cornerstone of SERS optimization, and engineering substrate 

architecture is essential for maximizing their density and uniformity. Ordered nanostructure arrays 

fabricated via lithography, template-assisted assembly, or colloidal self-assembly allow for 

predictable hot spot distribution and reproducibility. Three-dimensional hierarchical structures, such 
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as nanoparticle aggregates, porous frameworks, or core–satellite assemblies, generate dense 

networks of hot spots that deliver ultrahigh enhancement. Furthermore, tunable interparticle gaps at 

the nanoscale ensure strong electromagnetic coupling, significantly amplifying Raman signal 

intensity. Rational design of such substrates balances the trade-off between enhancement factor, 

reproducibility, and scalability, which are vital for transitioning SERS into practical technologies. 

3.4 Stability Enhancement and Long-Term Reliability 

One of the persistent challenges in SERS applications is the chemical and thermal instability of 

noble metal nanostructures, particularly silver. Strategies to enhance stability include surface 

passivation with inert coatings, alloying with gold or other metals, and encapsulation within 

protective matrices such as polymers or oxides. These methods preserve plasmonic properties while 

preventing oxidation, corrosion, or reshaping under operational conditions. Stability improvements 

are especially important for biomedical and environmental applications where long-term reliability 

and consistent signal response are essential. Ensuring robust performance under diverse conditions 

directly influences the applicability of SERS substrates in real-world sensing systems[5]. 

3.5 Balancing Enhancement and Reproducibility 

While maximizing enhancement is a primary goal, achieving reproducibility across large areas 

and multiple fabrication batches is equally critical. Randomly assembled nanoparticle aggregates 

may yield exceptionally high enhancement at isolated hot spots but suffer from poor reproducibility. 

In contrast, ordered and scalable fabrication approaches such as electron-beam lithography, 

nanoimprint lithography, and self-assembly offer more uniform performance across substrates, 

albeit sometimes with lower maximum enhancement. The optimization challenge lies in balancing 

ultrahigh local enhancement with reproducibility and scalability[3]. Emerging hybrid approaches, 

combining bottom-up chemical synthesis with top-down patterning, show promise in reconciling 

these competing demands, paving the way for industrial-scale deployment of SERS technologies. 

4. Applications of Optimized SERS Substrates 

4.1 Chemical and Biological Sensing 

One of the most prominent applications of optimized SERS substrates lies in chemical and 

biological sensing, where ultrahigh sensitivity enables detection of analytes at trace or even 

single-molecule levels. Noble metal nanostructures with tailored geometries and engineered hot 

spots provide significant enhancement for Raman signals, allowing for the identification of small 

molecules, toxins, and biomolecular markers. Functionalization of substrates with antibodies, 

aptamers, or other selective ligands further enhances detection specificity, making SERS a powerful 

tool in clinical diagnostics and environmental monitoring. The rapid, label-free, and non-destructive 

nature of SERS offers distinct advantages over conventional fluorescence- or enzyme-based 

assays[6]. 

4.2 Environmental Monitoring and Hazardous Substance Detection 

SERS substrates with high reproducibility and stability have shown great potential in monitoring 

environmental pollutants, including pesticides, heavy metal complexes, and organic contaminants. 

Their ability to detect pollutants at ultralow concentrations without extensive sample preparation 

makes SERS particularly suitable for field-deployable sensors. Advances in portable Raman 
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spectrometers combined with optimized nanostructures have paved the way for on-site monitoring 

of hazardous substances. Moreover, stable surface coatings extend the durability of silver- and 

gold-based substrates under harsh environmental conditions, ensuring reliable detection in complex 

real-world scenarios. 

4.3 Food Safety and Quality Control 

Ensuring food safety and authenticity requires analytical tools capable of detecting trace 

additives, contaminants, and adulterants. Optimized SERS substrates have been applied to identify 

illegal additives, antibiotic residues, and pathogenic microorganisms in food samples. The high 

sensitivity of SERS enables rapid screening without the need for complex pretreatment, while the 

functionalization of substrates ensures selective detection of target analytes[7]. Coupling SERS with 

microfluidic platforms further enhances throughput and portability, making it suitable for 

large-scale food quality monitoring in both laboratory and industrial environments. 

4.4 Medical Diagnostics and Therapeutics 

In the biomedical field, SERS offers transformative potential in non-invasive diagnostics, cancer 

biomarker detection, and therapeutic monitoring. For example, optimized gold nanostructures with 

biocompatible coatings have been integrated into blood tests for the detection of circulating tumor 

cells and nucleic acids. In addition to diagnostics, SERS-active nanostructures have been explored 

as theranostic platforms, combining detection with photothermal therapy or drug delivery. The 

ability to provide multiplexed detection with high sensitivity positions SERS as a promising 

complement to existing medical diagnostic technologies[8]. 

4.5 Security, Forensics, and Anti-Counterfeiting 

SERS substrates are increasingly utilized in security and forensic science due to their ability to 

detect minute quantities of explosives, narcotics, or chemical warfare agents. Their integration into 

portable detection systems allows for rapid field analysis, which is essential in law enforcement and 

homeland security. Beyond detection, SERS has been incorporated into anti-counterfeiting 

technologies, such as incorporating SERS-active tags in currency, documents, and luxury goods. 

The unique spectral signatures provided by engineered nanostructures serve as unclonable 

identifiers, significantly enhancing product authentication and traceability. 

5. Conclusion 

Noble metal nanostructures continue to represent the most effective materials for SERS 

applications due to their exceptional plasmonic properties and tunable geometries. The design of 

these nanostructures, ranging from gold nanoparticles and silver nanocubes to complex bimetallic 

hybrids, directly determines the distribution and intensity of electromagnetic hot spots, which are 

the foundation of SERS enhancement. Through advances in structural engineering, surface 

functionalization, and hybridization strategies, researchers have achieved substantial improvements 

in sensitivity, reproducibility, and environmental stability of SERS substrates. 

The practical impact of these developments is reflected in a broad range of applications, from 

chemical sensing and environmental monitoring to biomedical diagnostics and anti-counterfeiting 

technologies. The ability of SERS substrates to detect trace-level analytes, combined with rapid and 

label-free analysis, underscores their potential as transformative tools in both laboratory and field 

environments. Nevertheless, several challenges remain, including scalable and cost-effective 
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fabrication, long-term durability under harsh conditions, and seamless integration with existing 

analytical platforms. 

Future directions should emphasize interdisciplinary approaches that combine materials science, 

nanofabrication, data-driven analysis, and device engineering. Particularly, the integration of noble 

metal nanostructures with microfluidics, portable Raman systems, and machine learning algorithms 

for spectral interpretation will be essential in realizing the full potential of SERS in real-world 

applications. By addressing these challenges, noble metal nanostructures are poised to establish 

SERS as a robust and versatile platform for next-generation sensing and diagnostics. 
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