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Abstract: The research investigates the mechanics and uses of Surface Plasmon Resonance (SPR) in metallic 

nanoparticles for photothermal purposes. The objective is to investigate the photothermal conversion process of 

plasmonic nanomaterials and to assess their applications in the biomedical, energy and environmental sectors. 

This includes basic principles of SPR, nanoparticle synthesis strategies, characterization, and performance in 

various applications. This involves a review of theoretical models (Mie theory, Drude model) and comparative 

studies of chemical and physical synthesis methods and characterization techniques. The results reveal that 

nanoparticle size, shape, composition and the surrounding dielectric environment play a critical role in SPR and 

photothermal efficiency. Further, hybrid and core–shell nanostructures improve optical absorption and 

photothermal efficiency. The findings show that SPR-based photothermal systems are highly efficient for cancer 

photothermal therapy, solar energy harvesting, pollutant removal and biosensing. But stability, toxicity and 

scalability are key challenges. In conclusion, the research underscores the need to engineer nanoparticle design 

and synthesis for high-performance, multifunctional photothermal systems for emerging technologies. 

1. Introduction 

Nanoplasmonics is a high-level interdisciplinary science, combining the principles of optics, nanotechnology 

and materials science, to examine the interaction of electromagnetic radiation and free electrons at the 

nanoscale. In its most basic form, plasmonics deals with the excitation of collective oscillations of conduction 

electrons, which are called plasmons, in response to light interacting with metallic nanostructures (Sukmanee et 

al., 2023). In comparison to traditional optics, nanoscale optics allows confinement of light to lengths smaller 

than the diffraction limit, and offers the ability to manipulate electromagnetic fields with dimensions much 

smaller than the wavelength of light. This ability enables increased light-matter interactions, which has resulted 

in important contributions to subwavelength imaging, optical sensing, and nanoscale energy transfer (Ou et al., 

2021). Nanoplasmonic systems are highly tuneable to a wide variety of applications due to their unique optical 

properties that are a result of size, shape, and the local environment. Surface Plasmon Resonance (SPR) is a 

fundamental concept in plasmonics, whereby conduction electrons in a metal-dielectric interface resonate to the 

incidence of light. This resonance happens at certain wavelengths, and is very sensitive to alterations in the 

refractive index of the medium around it. The two main types of SPR are propagating surface plasmons (on thin 

films) and localized surface plasmon resonance (LSPR) in nanoparticles. The importance of SPR is that it 

enhances the electromagnetic fields around the metal surface, thereby providing the capacity to detect the 

molecular interactions with ultrasensitivity. As a result, SPR has become a cornerstone in biosensing, chemical 

detection, and optical diagnostics (Kesharwani et al., 2023). 

The metals nanoparticles are of importance in nanoplasmonics because they have strong plasmonic responses. 

The most common materials studied among them are gold (Au), silver (Ag), and copper (Cu). Gold 

nanoparticles are biocompatible, highly stable and can be tuned to have optical properties that make them useful 

in biomedical applications. Silver nanoparticles have the best plasmonic enhancement and find wide 

applications in sensing and spectroscopy, but are less chemically stable. Copper nanoparticles are a cheaper 
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alternative and have good plasmonic performance, but are subject to oxidation. The size, shape and dielectric 

environment of these nanoparticles can be manipulated to provide control over the optical behavior of such 

nanoparticles, allowing the precise fabrication of plasmonic devices (Huang et al., 2022). Nanoplasmonic 

materials have become quite popular in photothermal applications because they can effectively convert the 

absorbed light into heat. Plasmonic nanoparticles have been used in biomedical therapy, especially in cancer 

treatment, as photothermal therapy (PTT), where local heating destroys malignant cells by selectively heating 

them. These materials are used in solar energy systems to increase light absorption and efficiency of solar 

thermal conversion. Also, plasmonic sensing platforms use temperature sensitive optical property variations to 

sense biological and chemical species. The application of nanoplasmonics to photothermal applications can 

therefore be considered to hold bright futures in energy, healthcare and environmental monitoring applications 

(Dement’eva & Kartseva, 2023). 

2. Fundamentals of Surface Plasmon Resonance 

Surface Plasmon Resonance (SPR) is a collective oscillation of free electrons in metallic structures in the 

presence of incident electromagnetic radiation. It can be broadly divided into Localized Surface Plasmon 

Resonance (LSPR) and Propagating Surface Plasmon Resonance (PSPR). LSPR can be found in metallic 

nanoparticles in which electrons vibrate locally within the particles and cause a high degree of confinement of 

an electromagnetic field around the particles. It is very sensitive to the particle size and the medium around it 

and thus can be used in sensing and imaging. Propagating SPR, on the other hand, takes place on long metal 

dielectric interfaces, like thin films, where surface plasmon waves propagate along the interface. PSPR is 

popular in optical biosensors because it is sensitive to changes in refractive index (Kesharwani et al., 2023). 

 

 

Figure 1. LSPR and PSPR Mechanisms 

The fundamental distinction between localized and propagating plasmons is illustrated in Figure 1, where the 

confinement of electron oscillations in nanoparticles (LSPR) and their propagation along metal–dielectric 

interfaces (PSPR) are schematically compared to highlight differences in field distribution, resonance behavior, 
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and application domains. Plasmonic interactions produce the characteristic optical properties of metal 

nanoparticles. These properties are absorption, scattering and extinction. Absorption is the transformation of 

incident light to other types of energy usually in the form of heat which is pivotal in photothermal applications. 

Scattering is a light diversion process that improves the image and sensing systems by increasing their visibility. 

The absorption and scattering are referred to as the extinction, which is the total loss of the incident light. These 

are highly wavelength-sensitive and can be manipulated by changing the properties of nanoparticles. 

There are a number of parameters affecting SPR behavior. Resonance wavelength and intensity depend on size 

and shape of nanoparticles; e.g. anisotropic shapes like rods or prisms have multiple resonance modes. The 

composition is also a factor, with various metals having varying electron densities, damping characteristics. 

Conditions of resonance in the dielectric environment of the nanoparticle are strongly influenced, which forms 

the foundation of refractive index sensing (Abith & Girisun, 2024). Also, the distance between particles affects 

plasmon coupling: closely spaced particles may exhibit amplified electromagnetic fields through near-field 

coupling, called hot spots. The Mie Theory and the Drude Model are examples of theoretical models that 

support the understanding of SPR. Using Mie Theory, the precision of the analytical solution to light scattering 

and light absorption in spherical nanoparticles, the optical response of nanoparticles varies with size. The Drude 

Model is a model of the behavior of free electrons in metals, which relates optical properties with electrical 

conductivity. The combination of these models lies at the basis of predicting and optimization of plasmonic 

processes in nanostructures (Tiburski & Langhammer, 2023). 

The most common method of metal nanoparticles production is chemical synthesis because of its simplicity, 

scalability, and cost-effectiveness. The reduction method is the most widespread in which the chemical reducing 

agents, e.g., sodium borohydride, citrate, or ascorbic acid, reduce the metal ions (e.g., Ag +, Au +). To reduce 

aggregation and regulate the growth of the particles, stabilizing or capping agents are usually included. 

Nanoparticles of specific sizes and shapes are realized by modulating parameters like pH, temperature and 

concentration of reactants (Mal et al., 2024). The use of chemical techniques is especially beneficial in the 

creation of uniform and monodisperse nanoparticles. Synthesis of metal nanoparticles by chemical methods 

includes numerous reduction-based methods which vary in terms of reaction mechanisms, reagents, and reaction 

conditions. These techniques facilitate the accurate regulation of particle size, morphology and the stability of 

dispersion. Table 1 gives a comparative overview of the most important methods of chemical synthesis, their 

representative reactions and properties. 

Table 1. Chemical Methods for Synthesis of Metal Nanoparticles 

Method Representati

ve Reaction / 

Formula 

Reducin

g Agent 

Stabilizi

ng Agent 

Key 

Features 

Advantage

s 

Limitatio

ns 

Reference 

Chemical 

Reduction 

Au³⁺ + 3e⁻ → 

Au⁰ (e.g., 

HAuCl₄ + 

NaBH₄ → Au 

+ 

byproducts) 

NaBH₄, 

Citrate 

Citrate, 

PVP, 

CTAB 

Reduction 

of metal 

ions in 

solution 

Simple, 

scalable 

Residual 

chemicals 

possible 

(Szczyglews

ka et al., 

2023; 

Jamkhande 

et al., 2019; 

Marinescu et 

al., 2020; 

Zahoor et 

al., 2021) 

Seed-

Mediated 

Growth 

Au⁰ (seed) + 

Au³⁺ + e⁻ → 

Au (growth 

on seed 

surface) 

Ascorbic 

acid 

CTAB Controlled 

nucleation 

and 

anisotropic 

growth 

Precise 

size/shape 

control 

Multi-step 

synthesis 

(He et al., 

2023; 

Capek, 

2017; 

Malassis et 

al., 2016) 

Polyol 

Method 

Mⁿ⁺ + e⁻ → 

M⁰ (Ethylene 

Ethylene 

glycol 

PVP Solvent 

acts as 

Uniform 

particles 

Requires 

high 

(Fiévet et 

al., 2018; 

Reverberi et 
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glycol: HO–

CH₂–CH₂–

OH → 

oxidized 

products + 

e⁻) 

reducing 

agent 

temperatu

re 

al., 2016; 

Marinescu et 

al., 2020) 

Microemulsi

on Method 

Mⁿ⁺ + 

Reducing 

agent → M⁰ 

(within 

micelles 

acting as 

nanoreactors) 

NaBH₄, 

Hydrazi

ne 

Surfactan

ts 

Reaction 

confined in 

nanoscale 

droplets 

Narrow size 

distribution 

Complex 

purificatio

n 

(Marinescu 

et al., 2020; 

Zahoor et 

al., 2021) 

 

Sol–Gel 

Method 

M–OR + 

H₂O → M–

OH → M–

O–M (gel 

network 

formation) 

Alcohol-

based 

reducers 

Organic 

stabilizer

s 

Hydrolysis 

and 

condensati

on 

reactions 

Good 

compositio

nal control 

Time-

consumin

g 

(Parashar et 

al., 2020; 

Nikam et al., 

2018; 

Alhalili, 

2023) 

 

Chemical synthesis methods provide a lot of flexibility in regulating the properties of nanoparticles by means of 

controlled reaction pathways and stabilizing strategies as seen in Table 1. To reduce functional impurities, the 

choice of the right reducing and capping agents is also important in order to achieve acceptable functional 

functionality. 

Physical techniques are the top-down production of nanoparticles using bulk materials without any chemical 

reagents. Laser ablation and thermal evaporation are among the techniques that have been used. In laser 

ablation, a laser pulse of high energy is focused on a metal target in a liquid or gas medium to produce 

nanoparticles by vaporizing and condensing the material. Evaporation techniques entail heating the metals in the 

vacuum until they evaporate and then condense back to nanoscale particles (M. et al., 2025). These methods are 

very pure and less contaminated but are usually demanding with a complex equipment and increased energy. 

Unlike chemical techniques, physical techniques use top-down or energy-driven reactions to produce 

nanoparticles out of bulk materials (Singaravelu et al., 2025). The processes are controlled by several basic 

physics phenomena and generally yield high-purity nanoparticles, with no chemical impurities. Table 2 lists the 

key physical synthesis techniques and their equations of state. 

Table 2. Physical Methods for Synthesis of Metal Nanoparticles 

Method Governing 

Formula / 

Principle 

Medium 

Used 

Key Features Advantages Limitations Reference 

Laser 

Ablation 

E = hν (Photon 

energy drives 

ablation); ΔT ∝ 

Laser fluence 

Liquid / 

Gas 

Laser-induced 

vaporization 

and 

condensation 

High purity, 

no chemicals 

High cost, 

low yield 

(Jiang et al., 

2022; Krishna 

Podagatlapalli, 

2025;  

Thermal 

Evaporation 

Rate ∝ 

exp(−ΔH_vap / 

RT) (Clausius–

Clapeyron 

Vacuum 

/ Inert 

gas 

Metal 

vaporization 

followed by 

nucleation 

High-quality 

nanoparticles 

High energy 

requirement 

(Muthukrishnan 

et al., 2025; 

Alhalili, 2023) 
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relation) 

Arc 

Discharge 

I²R heating → 

T↑ (Joule 

heating 

principle) 

Inert gas High-

temperature 

plasma 

vaporizes 

metal 

Rapid 

synthesis 

Poor size 

control 

(Dhand et al., 

2015; Tavakoli 

et al., 2007) 

Ball Milling E_k = (1/2)mv² 

(Mechanical 

energy induces 

particle size 

reduction) 

Solid-

state 

Mechanical 

fragmentation 

Simple and 

scalable 

Broad size 

distribution 

(Rane et al., 

2018; Dhand et 

al., 2015) 

Sputtering Y ∝ (E_i − 

E_th) 

(Sputtering 

yield depends 

on ion energy) 

Vacuum Plasma ions 

eject atoms 

from target 

High purity, 

controlled 

deposition 

Requires 

vacuum 

setup 

(Muthukrishnan 

et al., 2025; 

Nyabadza et al., 

2023) 

 

Table 2 indicates that physical methods of synthesis are beneficial in the manufacture of clean nanoparticles that 

have controlled composition. They are, however, frequently restricted in their practical use by excessive power 

requirements, equipment complexity, and difficulties in obtaining uniform size distribution. Green synthesis is 

an alternative to the conventional method that is environmentally friendly by using biological agents like plant 

extracts, bacteria, fungi, or algae as reducing and stabilizing agents. These environmentally-friendly methods do 

not require the use of toxic chemicals or severe conditions, so they could be applied in the biomedical and 

environmental contexts. Phytochemicals that are found in plant extract, flavonoids and phenolics are important 

in reducing metal ions and stabilizing nanoparticles. Green synthesis is environmentally friendly, economical 

and complies with the tenets of green chemistry. The optical and plasmonic properties of nanoparticles can only 

be tuned by controlling their size and morphology (Hamida et al., 2025). Depending on a careful adjustment of 

reaction conditions, surfactants, and templates, it is possible to produce different nanostructures, including 

nanorods, nanoshells, and nanostars. An example is nanorods, which possess anisotropic properties with 

multiple plasmon resonance modes, and nanoshells with tunable optical response depending on core and shell 

size. Nanostars have sharp ends that form high localized electromagnetic fields. Accurate manipulation of these 

structures allows optimization to be used in sensing, imaging and photothermal therapy. The photothermal effect 

in plasmonic nanomaterials starts with the interaction of light with metallic nanoparticles. Incident photons of 

certain energies generate collective oscillations of conduction electrons, called plasmons, on the surface of the 

nanoparticle. This happens when the photon frequency is equal to the natural frequency of the electron 

oscillations, leading to effective absorption of electromagnetic waves (Arellano-Galindo et al., 2022).  

The strength of this process is governed by the size, shape and material of the nanoparticles, which affects the 

resonance wavelength. Localized Surface Plasmon Resonance (LSPR) results in a high increase of the 

electromagnetic field on the surface of the nanoparticle, enhancing light absorption and allowing for effective 

energy transfer on the nanoscale. Once a plasmon is excited, the energy from incident light is quickly transferred 

to heat energy via relaxation processes. The most common pathway is non-radiative decay of the excited 

plasmon. This process creates "hot" electrons, and these electrons then scatter with each other, transferring 

energy between electrons within femtoseconds (Jiao et al., 2024). These "hot" electrons then dissipate energy to 

the lattice via electron-phonon interactions, causing lattice vibrations and thermal energy. Heat then dissipates to 

the medium through phonon–phonon interactions. This complex process underpins efficient conversion of 

optical energy to heat, enabling photothermal applications like cancer treatment and solar thermal energy 

collection. Photothermal conversion efficiency depends on a number of factors. The choice of material is 

important because metals such as gold and silver have high plasmonic absorption due to their free electron 

https://ijerst.org/index.php/ijerst


 ISSN 2319-5991 

 

  
 

Vol. 22, No. 2(1), 2026                  https://ijerst.org/index.php/ijerst              2349 

concentrations. The size and shape of nanoparticles influence the relative contributions of absorption and 

scattering; smaller particles promote absorption, leading to increased heat production (Yoo et al., 2022). 

Dielectric medium affects the resonance conditions, affecting energy absorption efficiency. Moreover, spectral 

matching between the incident light and plasmon resonance peak is crucial for energy conversion efficiency. 

Surface coatings, aggregation and inter-particle interactions can also increase or decrease efficiency through 

modulation of electromagnetic fields. In summary, fine-tuning these factors is crucial for developing efficient 

photothermal systems for biomedical, environmental and energy technologies (Campu et al., 2024). 

3. Characterization Techniques 

The structural characterization is necessary in order to interpret the morphology, size, crystallinity, and surface 

characteristics of metal nanoparticles. Transmission Electron Microscopy (TEM) is a high-resolution imaging 

technique that can be used to determine the size, shape, and internal structure of particles at the nanoscale. It is 

especially applicable in the determination of morphology like nanorods, nanostars, and core shells. SEM is a 

technique that is used to complement TEM and provide a detailed surface topology and distribution of particles, 

particularly of aggregated or bulk samples. X-ray Diffraction (XRD) is used to identify the crystalline structure 

and phase composition of nanoparticles. It also allows the determination of crystallite size by the Debye-

Scherrer equation, which proves the presence of metallic phases and detects any impurities or oxides.The optical 

properties of plasmonic nanoparticles are commonly studied with the help of UV Vis Spectroscopy (UV Vis) 

that is essential in the investigation of Surface Plasmon Resonance (SPR). The magnitude, shape, and size of the 

particles can be learned using the SPR peak position, intensity, and width. An example of this is that a red shift 

of the SPR peak is commonly a signal of increased particle size or aggregation whereas a blue shift indicates 

smaller dimensions of the particles (Li et al., 2021). The broadening of the peaks can be an indication of 

polydispersity or surface interactions. The popularity of UV Vis analysis is based on its simplicity, quickness of 

measurement and its capability to track the production of nanoparticles in real time. Thermal Characterization 

involves assessing the photothermal activity of nanoparticles. Photothermal efficiency measurements 

Photothermal efficiency measurements are performed by illuminating suspensions of nanoparticles with a light 

source (usually a laser) and recording the temperature change with time. The efficiency is calculated by 

comparing the rates of heat generation and dissipation typically through energy balance equations. Performance 

is determined by parameters like maximum temperature increase, heating rate, and cooling profile. This 

discussion is essential to applications such as photothermal therapy and solar energy conversion, which demand 

the efficient conversion of light to heat. These characterization methods together help to gain a complete picture 

of the properties of the nanoparticles and their functional performance (Pini et al., 2022). 

4. Applications of SPR-Based Photothermal Systems 

Photothermal systems based on SPR have found great relevance in biomedical applications, especially in cancer 

photothermal therapy (PTT). This method involves the delivery of plasmonic nanoparticles, namely gold 

nanorods or nanoshells, into the tumor tissues and excitation by near-infrared (NIR) light. These nanoparticles 

have high SPR absorption, thus efficiently converting light into heat, and thereby triggering localized 

temperature increases targeting the destruction of cancer cells with limited activity on healthy tissues. Moreover, 

SPR-active nanoparticles find extensive applications in drug delivery systems, serving as vectors of therapeutic 

agents. Controlled drug release that is induced by the heat created in the process of photothermal effects can be 

used to increase treatment efficiency and minimize side effects in the system. Photothermal materials based on 

SPR are very important in solar thermal conversion in the energy sector. Plasmonic nanoparticles are able to 

increase light absorption in a wide spectral range, which enhances solar collector efficiency and photothermal 

devices. These systems are able to change solar radiation into heat that can be used as electricity or stored as 

thermal power (Tiburski & Langhammer, 2023). In addition to that, the implementation of SPR-based systems 

can be utilized in the water purification area, where localized heating provided by plasmonic materials can be 

used to achieve efficient solar-driven desalination and evaporation. The method is sustainable and energy 

efficient as it can be used in generating pure water especially in areas where resources are scarce. Photothermal 

systems based on SPR can also be used in the degradation of pollutants. Localized heating of plasmonic 

nanoparticles speeds up chemical reactions and increased catalytic efficiency, which makes it possible to treat 

organic pollutants, including dyes, pharmaceuticals, and industrial pollutants. Photothermal effects are 
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synergistic with photocatalysis in certain systems, leading to enhanced reaction kinetics and efficiency of 

degradation. This renders SPR-based materials very promising in wastewater treatment and environmental 

clean-up (Zhang et al., 2021). The optical and thermal peculiarities of SPR-active nanoparticles render it 

suitable to be used in biosensing and imaging. The detection of biomolecules, pathogens or chemical analytes in 

biosensors can be detected with high sensitivity by changes in SPR signals caused by molecular interactions. 

Also in biomedical imaging, plasmonic nanoparticles have been used as contrast agents, as they have good light 

absorption and scattering capabilities. A combination with photothermal effects allows the use of advanced 

imaging modalities and real-time tracking of biological processes using these nanoparticles. Altogether, SPR-

based photothermal systems are versatile and high-performance in healthcare, energy, environmental, and 

sensing fields (Yoo et al., 2022). 

5. Recent Advances and Research Trends 

The advancement in SPR-based photothermal systems has revolved around enhancing the performance through 

material innovation. Bimetallic nanostructures, such as metal-semiconductor and metal-polymer hybrids, have 

shown improved absorption and stability through hybridisation. Core-shell structures like Au@SiO₂ and 

Au@Ag nanoparticles allow greater control over optical properties and plasmon resonance, resulting in 

enhanced photothermal efficiency (Chavda et al., 2023). Furthermore, AI-driven nanoparticle design, employing 

machine learning to predict the best sizes, shapes, and compositions for specific applications, allows for 

accelerated and cost-effective experimentation. Finally, there is a focus on improving photothermal performance 

by designing anisotropic nanoparticles and controlling inter-particle interactions. These innovations are helping 

with energy conversion efficiency, stability and versatility, enhancing the use of plasmonic systems for 

biomedical, environmental and energy applications (Smolková et al., 2023; Yoo et al., 2022). 

6. Challenges and Limitations 

While considerable advances have been made, various factors limit the use of SPR-based photothermal systems. 

A key challenge is stability and aggregation, where nanoparticles aggregate over time, affecting their optical 

properties and consistency. Toxicity, especially of silver (Ag) and copper (Cu) nanoparticles, restricts their 

biomedical applications because of the potential for harmful biological consequences. The expenses associated 

with using noble metals like gold limit their widespread use. Additionally, large-scale production for industrial 

applications is a crucial consideration, as it is challenging to retain consistent particle size, shape and 

performance. Optical and thermal properties may vary due to changes in synthesis parameters. To overcome 

these challenges, stable, biocompatible and low-cost nanoparticles together with scalable synthesis methods are 

needed (George et al., 2022; Zamora-Perez et al., 2021). 

7. Future Perspectives 

The next frontier of SPR-based photothermal research will involve green nanomaterials, such as 

environmentally-friendly and cost-effective substitutes for precious metals. Multifunctional nanoparticles that 

can sense, image and treat will also enhance utility. Coupling with intelligent systems, including AI-based 

platforms and smart materials, will allow for real-time monitoring and optimization of photothermal 

applications. Furthermore, the focus on clinical translation and commercialization will prioritise safety, 

scalability and regulatory considerations. These innovations will help translate research from the lab bench to 

practical applications in health care, energy, and environmental applications. 

Conclusion 

This study offers a detailed review of Surface Plasmon Resonance (SPR) in metal nanoparticles for 

photothermal applications. The research shows that SPR is a valuable mechanism for efficient photothermal 

conversion through plasmon excitation and non-radiative relaxation. The study confirms that factors like size, 

shape, composition and surrounding dielectric medium significantly influence optical and thermal 

characteristics. Different synthesis techniques, such as chemical, physical, and green synthesis, allow flexibility 

in nanoparticle design, while state-of-the-art characterization techniques enable accurate measurement of 

structural, optical and thermal properties. Biomedical therapy (cancer photothermal treatment), solar energy 
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conversion, water purification and environmental purification are some of the applications of SPR-based 

systems. Despite such developments, challenges include nanoparticle stability, toxicity, cost of material, and 

scalability. Sustainable materials, multifunctional nanostructures and smart system integration are likely to 

overcome these challenges in future. In conclusion, SPR-based photothermal systems have great potential for 

practical use, as long as research continues to address the challenges of translating nanotechnology innovations 

from the lab bench to commercial production. 
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