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Abstract: Localized surface plasmon resonance (LSPR) is a phenomenon that is unique to plasmonic 

nanomaterials and has been the subject of considerable scientific interest due to the material's 

optical, electronic, thermal and physicochemical properties. In particular these nanostructures are 

characterized by exciting interactions with electromagnetic radiation, which allows for a wide range 

of applications in the field of sensing, catalysis, biomedicine, environmental treatment, and solar 

energy conversion. The synthesis techniques have advanced significantly in recent years which has 

resulted in better control over the size, morphology, composition, and surface functionalization of 

the nanoparticles, and in more stable and tunable plasmonic properties. Moreover, application of 

plasmonic nanomaterials with semiconductors, polymers, and hybrid nanostructures have 

provided the enhanced photocatalytic activity, photothermal conversion, and biosensing sensitivity. 

In the biomedical field, plasmonic nanoparticles have proven to play a promising role in targeted 

drug delivery, cancer photothermal therapy, molecular imaging and diagnostic biosensors. 

Moreover, their physicochemical properties are helpful for the charge transfer process, hot electron 

generation and better catalytic reaction process in environmental and energy-related technologies. 

Nevertheless, issues concerning toxicity, large-scale fabrication, reproducibility, and long term 

stability are still major concerns to address for practical and clinical implementation. The present 

review emphasizes the recent advances on plasmonic nanomaterials with respect to their 

physicochemical properties, synthesis methods and novel multifunctional applications in diverse 

fields of science and technology. 

Keywords: Plasmonic Nanomaterials, Localized Surface Plasmon Resonance, Photothermal 

Therapy, Photocatalysis, Nanobiosensors 

1. Introduction 

Plasmonic nanomaterials occupy a prominent position among nanostructured 

materials, enabling surface catalytic reactions, sensing of trace molecular species or disease 

markers, increased efficiency in solar energy harvesting and storage for sustainable energy 

conversion, and biomedicine. Nevertheless, many fundamental aspects of their interaction 

with matter at the nanoscale are unresolved, restricting their usage in advanced 

applications. Plasmonic phenomena emerge from the collective oscillation of conduction-

band electrons. Surface plasmon resonance (SPR) manifests at a metal/dielectric interface, 

while localized surface plasmon resonance (LSPR) arises in individual metal 

nanostructures or closely spaced assemblies. The LSPR frequency depends on the size, 
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shape, and surrounding dielectric; closed porous systems provide a versatile means of 

tuning. Only a few materials exhibit SPR and LSPR in the visible to near-infrared 

range:Molecular plasmons are surface-bound excitations at a lower dimension like 

monolayers or polymers. LSPR adheres to Maxwell's theory, yet quantum-size and 

nonlocal effects remain areas of extensive investigation [1]. The ability of plasmonic 

nanomaterials to concentrate and detect light locally at the single-molecule level facilitates 

detection in the parts-per-quadrillion range 2. Intensified processes driven by non-

radiative electron and energy transfer to adjacent reactants have also been observed [2]. 

Physicochemical interface catalysis, digital information transmission at the 

nanoscale, enhancement of light absorption and exciton generation in solar cells, and 

photothermal therapy are recognized as important applications of plasmonic 

nanomaterials. Important criteria for distinct physicochemical applications include 

material composition, structure, spatial configuration, size, and shape, which influence 

plasmon resonance, degradation pathways, and toxicity. Significant figures -of-merit have 

been established to rationalize and optimize these systems [3]. 

Fundamentals of Plasmonic Nanomaterials 

Plasmonic nanomaterials leverage collective excitations of free electrons to produce 

optical effects that are sensitive to size, shape, composition, and the dielectric environment. 

These excitations are governed by Maxwell’s equations and arise from the polarization of 

conduction-band electrons in metallic materials. In small particles, the excitation is known 

as localized surface plasmon resonance (LSPR); in extended structures, the excitation is 

termed surface plasmon resonance (SPR). Nanoplatelets produce several collective modes 

associated with distinct LSPR and SPR bands. Collective interactions scale with n1/3, 

where n is particle number density. Changes in dielectric environment are quantitatively 

analyzed using effective medium theory; particle-particle coupling is described using 

coupled-dipole theory [4,5]. 

Plasmonic nanomaterials can be broadly classified into noble metals (silver, gold, 

copper, platinum), metal alloys (silver-gold, silver-copper, and gold-copper), transition 

metal nitrides (TiN, NbN), and doped semiconductors (ZnO, TiO2, SnO2, TiN). The 

combination of low loss and high field enhancement makes noble metals the standard 

benchmark in plasmonics [6]. Absorption loss depends on the interband transition and is 

more significant in materials with a small band gap. Common synthesis routes include 

chemical and physical methods and templated preparations. Morphology control is 

achieved through seed-mediated growth, etching, and simple chemical reactions. Figures  

of merit (efficiency, stability, toxicity) are used to choose suitable materials for 

physicochemical applications [7,8]. 

Surface Plasmon Resonance Principles 

Surface plasmon resonance (SPR) refers to the electronic oscillation of free electrons  

within a continuous metallic structure excited by incident electromagnetic radiation at the 

interface between a metal and a dielectric medium. In contrast, localized surface plasmon 

resonance (LSPR) describes the collective electronic oscillation of free electrons confined to 

nanometric metallic structures. When the energy of incident photons matches the energy 

of inter-band electronic transitions, the excitation of collective electron oscillation occurs 

and leads to electronic transitions that can be observed as additional optical response 

[9,10]. The SPR phenomenon predominantly occurs in the ultraviolet region, while the 

LSPR phenomenon can be activated in the entire ultraviolet-visible near-infrared (UV-Vis -

NIR range) region. These excitation modes are intrinsic properties of metallic materials 

and are strongly influenced by the material type, shape, size, and dielectric environments  

of metallic particles 9. Plasmonic nanoparticles have been extensively investigated as 

optical structures due to their localized surface plasmon resonance (LSPR), which can be 

excited by light at wavelength ranging from ultraviolet to infrared [11,12]. 
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Graphene has been widely used as a plasmonic material. It can excite a plasmonic 

resonance peak ranging from its UV-Visible NIR (near infrared) and electromagnetic 

enhancement can be perceived from first principle simulation. However, the lack of 

adequate accessibility of dielectric molecules to graphene and highly spontaneous 

oxidation as well as surface modification limit the utilization of the material in photo-

thermal applications. Nevertheless, plasmons excited from the two-dimensional carbon 

nanomaterials and plays an important additional role in enhancing the light-matter 

coupling in these materials [13]. Plasmonic nanomaterials possess an unexplored capacity 

for novel applications such as photocatalysis, chemical transformations, wide-field 

imaging/photothermal therapy and SERS. Plasmonic nanomaterials utilize hot carriers 

from enhanced local electromagnetic field in the accessible UV-Vis-NIR. An exciting 

application of plasmonic nanomaterials is the detection of chemical vapour and the 

detection limit is among the requirement for application for sensor. Moreover, these 

nanoparticles can also act as stable SERS substrates at elevated temperature. Thus, 

addressing the key gaps in the understanding of fundamental and material aspects of 

plasmonic nanomaterials enables the exploration of the unique functionalities. It can also 

extend their applications to catalysis and chemical transformations [14,15]. 

Material Classes and Optical Properties 

Plasmonic nanomaterials encompass metals and other materials supporting 

addressed localized surface plasmon resonance (LSPR) modes. Plasmonic LSPRs appear 

when free charge carriers exist at certain frequencies. Hence, plasmonic nanomaterials 

must also have suitable electronic band structures and engineering principles allow some 

semiconductors to meet these criteria 16. All plasmonic materials exhibit sharp and strong 

optical resonances, while materials that do not support plasmons exhibit weak, broad, and 

adjacent nonlinear optical responses [16,17]. 

Noble metals such as silver and gold are well-established plasmonic materials for 

confined surface plasmons and supported Au, Ag, and their alloy nanoprisms [18,19]. 

Conductive oxides and oxides of noble metals with sufficient free charge carriers fall into 

this category but remain underexplored. First-order phase transition metal-nitride 

plasmonic nanocrystals of titanium nitride (TiN) exhibit unique hot-carrier generation as 

well as stable LSPRs that can be tailored by alloying Fe and co-fabrication of controlled 

TiO2-semiconductor-precursor oxide plasmonic TiN. Composite plasmonic Ag–TiN 

nanocrystals further combine multiple functionalities detected in locally captured 

photothermal activities in Cu2O and TiO2 plasmon-enhanced photocatalysis, UV–Vis – 

NIR CO2 plasmonic nanodot and hydride sunlight, and enhanced catalysis with plasmon -

induced titania coupling plasmonic TiN and TiN/substrate Cu0 boron-doped nanocrystals 

[20,21]. 

Synthesis and Morphology Control 

Plasmonic nanomaterials are materials that can support plasmonic or plasmon -like 

excitations, which also include phononic, excitonic, and magnonic modes [22]. Plasmonic 

nanomaterials are classified as metal-like systems (noble metals, alloys, transition metal 

nitrides, doped semiconductors) and metal-free systems (metal oxides, carbon 

nanomaterials, dielectrics, semiconductors), before becoming a generic term including 

materials that can be synthesized in controlled manner at nanoscale [23,24]. Metal -

nanostructure-based plasmonic and molecular self-assembly approach as well as growth 

of size-controlled plasmonic metal core from self-assembled nanodots develop great 

interest in nanomaterial synthesis. Synthesis procedure can be divided into chemical 

(solution-based or gas-phase approach), physical (vapor-phase, wet-chemical and in-situ 

growth) templated top-down (moulding, etching, and lithography), and secondary growth 

methods [25,26]. 
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2. Materials and Methods 

According to the review article methodology, it was a literature-review methodology 

for the purpose of reviewing on the developments related to plasmonic nanomaterials and 

its physicochemical applications. Plasmonics: The relevant peer-reviewed researches, 

reviews, and scientific reports were systematically identified followed by integration to 

gain a better understanding of plasmonic nanomaterials with an emphasis on localized 

surface plasmon resonance (LSPR). This review focused on the aspects such as bas ic 

principles of surface plasmon resonance, classification of materials, synthetic strategies , 

morphology modulation techniques followed by physicochemical characterization 

methods and computational modeling methods from the selected literature. Optical, 

thermal, electronic and catalytic properties of studies addressing noble metals, metal 

alloys, transition metal nitrides and doped semiconductors and hybrid plasmonic systems 

were examined. Special consideration has been given to different synthesis methods  like 

chemical, physical, templated and seed-mediated approach and characterization 

techniques such as UV–Vis–NIR spectroscopy, FTIR, Raman spectroscopy, SEM, TEM, 

AFM and electron energy-loss spectroscopies. Over the years, this information was 

analyzed to correlate nanoparticle composition, size and shape with their plasmonic 

performance in various dielectric environments. Moreover, you were also surveyed to find 

the new trends and developments in photocatalysis, electrocatalysis, 

biosensing   photothermal therapy, biomedical imaging, solar energy conversion as well 

as hydrogen evolution and carbon dioxide reduction. Other aspects include toxicity, 

environmental compatibility, stability over time, reproducibility and scalability were also 

evaluated 13. The methodology allowed a comprehensive assessment of the status and 

progress of plasmonic nanomaterials, covering major breakthroughs, bottlenecks for 

implementation, and research outlooks necessary to advance their use towards scientific, 

industrial, environmental or biomedical applications by synthesizing results from multiple 

different studies. 

3. Results and Discussion 

Physicochemical Characterization Techniques 

Physicochemical characterization techniques are essential for understanding the 

fundamental principles underlying plasmonic nanomaterials and relevant information can 

be extracted using various methods [27,28]. Approaches can be broadly classified into 

spectroscopic techniques, imaging techniques, and surface/interface studies. 

Characterization with ultraviolet-visible-near-infrared (UV-Vis-NIR), Fourier-transform 

infrared (FTIR), Raman, and pump-probe spectroscopies aims to extract the plasmon 

energy, lifetime, and nonradiative losses of plasmonic nanomaterials. Microscopy 

techniques such as transmission electron microscopy (TEM), scanning electron microscopy 

(SEM), atomic force microscopy (AFM), and electron energy loss spectroscopy (EELS) 

allow the morphology and crystallinity of the materials to be analyzed and enable 

mapping of the plasmonic field [29,30]. Surface chemistry and interface studies involve the 

investigation of ligand binding, charge transfer at the interface, work function, and surface 

passivation, influencing the stability and reactivity of plasmonic materials [31]. 

Spectroscopic Methods 

Plasmonic materials have drawn extensive interest due to their strong light 

confinement and scattering at sizes smaller than the excitation wavelength [32]. Early on, 

considerable efforts focused on characterization of collective oscillation modes of free -

electron gas in metallic systems, later termed surface plasmon polaritons (SPPs), localized 

surface plasmon resonances (LSPRs), and nanoplasmonics, respectively [33]. Plasmon 

resonances can be coupled via various exterior stimuli, covering the entire electromagnetic 

spectrum from microwave to terahertz. A broad spectrum of new designs exploiting 

wavelength, duty cycle, and symmetry has further emerged. Electrons in high -
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dimensional materials can be confined in nanoscale metallic particles and two-dimensional 

materials, enabling light-matter interaction on a single-atom level [34]. Converted energy 

loss can trigger chemical reaction and energy transfer, always monitoring behavior 

evolution. Reactions related to polymeric organic materials, catalytic processes, biomass 

conversion, and target by-products achieved in the last decade have uncovered plasmonics 

chemistry that greatly widen preparation limit and fabrication capability. Many fields, 

including catalysis, energy, biomedicine, chemical detection, and imaging, can benefit 

from a broad choice metallic nanoparticles, film, nanowires, and porous structure—to 

facilitate system development [35]. 

Absorption wavelength, lifetime, and loss rate reflect the intrinsic information of 

materials without any modification and apply to either material screening or device 

service. Numerous spectroscopic methods, which provides both temporal and spectral 

resolution from femtosecond to microsecond, are established to achieve such capability. 

Plasmonic nanomaterials have demonstrated their tremendous potential in various 

applications ranging from chemical sensing, biomedicine, photocatalysis, and 

photocurrent generation. Plasmonic sharing can remarkably enhance the efficiency of 

these systems, yet the structure and morphology exhibit substantial influence on the effect 

and are regulated by multiple tuning parameters. Plasmonics evolves to non-thermalized 

light-matter science. Direct coupling strength of nanolights is governed by superradiance 

and subradiance play a more deterministic role to predict complex physicochemical 

platforms [36]. 

Microscopy and Structural Analysis 

The interaction of light with plasmonic nanostructures leads to multiple phenomena, 

such as localized surface plasmon resonances, surface-enhanced Raman scattering, guided 

surface-plasmon waves, and many more. A combined understanding of their morphology 

(size, shape, structure, agglomeration degree, etc.) and their optical responses is critical for 

a rational design of plasmonic devices. The characterization of such objects, particularly at 

the nanoscale, remains challenging [37,38]. Therefore, a thorough examination of 

established and emerging techniques is of paramount importance. Several studies propose 

a classification of plasmonic phenomena based on the dimensionality of structures (zero-, 

one-, two, and three-dimensional). In this context, zero-dimensional (0D) particles includes 

isotropic systems, like spherical nanoparticles, which support size-dependent plasmonic 

colouration. Conversely, elongated objects such as nanorods or nanowires that exhibit 

shape-dependent surface plasmon resonances correspond to one-dimensional (1D) objects . 

Two-dimensional (2D) systems encompass different geometries like solid or 

nanopatterned films, which control the propagation of surface plasmons [39,40]. Finally, 

three-dimensional (3D) hollow structures allow for the study of multilayered materials 

and a greater number of surface plasmon modes and coupling between different layers 

[41]. 

Surface Chemistry and Interface Studies 

Surface chemistry and interface studies of plasmonic nanostructures play a vital role 

in applications such as plasmonic sensors, molecular spectroscopy, and catalysis. These 

studies investigate ligand–metal interactions, charge transfer, work function modulation, 

and passivation effects. Controlling the formation and distribution of hotspots during 

nanostructure fabrication enables precise optimization for enhanced surface-enhanced 

Raman scattering (SERS) responses, which support early diagnosis of liver ca ncer. High-

fidelity fabrication of complex geometries is therefore crucial, yet conventional techniques  

such as electron-beam lithography remain time-consuming and may introduce unwanted 

contaminants that hinder the performance of nanoscale devices [42,43]. 

Thermal and Optical Nonlinearities in Plasmonic Systems 

Collective electron oscillations (surface plasmons) may be coupled to 

electromagnetic waves. Surface plasmon polaritons are coupled modes that propagate 
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laterally along the metal/dielectric interface. Surface plasmon polaritons on bulk metals 

exist at infra-red wavelengths, whereas materials for visible wavelengths typically rely on 

localized surface plasmon resonances. These are supported by nano-dimensional metal 

particles instead of macroscopic interfaces. The resonance condition depends on particle 

size, shape, and dielectric environment, which control the particle geometry also dictates  

the particle geometry [44,45]. The dependences have been characterized experimentally 

for spheres (1 nm–1 µm)/spheroids (1 nm–10 µm) and nanorods (4–300 nm) [44]. The 

abundant phenomena lend themselves to a range of applications across catalysis, chemical 

sensing, energy conversion, and bio-imaging/therapy. Specific plasmonic material systems 

(gold, silver, and copper; supplementary alloys; certain transition meta l nitrides; n-

type/semiconductor detailed synthesis routes also underpin subgenus, complemented by 

templated approaches that exploit shadowing/projection deposition [46]. 

Plasmonic Nanomaterials in Catalysis and Chemical Transformations 

Plasmonic nanomaterials play a significant role in catalysis and chemical 

transformations, related to hot-electron generation within metals absorbing visible light. 

Well-defined plasmonic systems can attain plasmon lifetimes longer than 100 fs, 

permitting hot-electron transfer to surrounding species which significantly enhances 

reactions. Plasmonic field-driven photocatalytic activity is often linked to the formation of 

hot electrons that are injected into the conduction bands of the semiconductor, while hot 

holes are injected into semiconductor valence bands. In this case, plasmonic-supported 

semiconductor systems can also enable plasmonic photothermal selenium electrocatalysis. 

Accordingly, a competitive tandem photoelectrocatalytic H2 evolution route is a lso 

reported in CoP/CoP2 heterostructured catalysts, where the CoP2 plays a crucial role in 

hot-carrier transport and CoP in subsequent H2 evolution [47,48]. 

Electrocatalysis and photoelectrochemical applications also benefit from plasmonic 

materials, supporting charge routing in electrocatalytic processes. Plasmon-induced 

charge separation within purely metallic Au nanocrystals and subsequently deposited 

catalysts also enables the transport of separated surface hot electrons toward catalytic 

reaction sites and adjustment of the effective overpotential. Charging–discharging 

processes and enhanced charge routing are crucial for boosting methanol oxidation and 

hydrogen evolution in plasmonic-elevated energy-storage systems. Furthermore, Co–Ni 

alloy-decorated plasmonic nanostructures enhance the light-activated electrochemical 

CO2 transformation efficiency of low-concentration CH4 in vapor–liquid–solid synthetic 

processes. The hierarchy of plasmonic cationic nanoparticles on large-area semiconducting 

matrices promotes efficient sunlight-conversion water-splitting systems via parallel hot-

electron-transfer pathways and accelerates H2 generation [49]. 

Photocatalysis Mechanisms 

Localized surface plasmon resonances (LSPRs) in metal nanoparticles can be excited 

by incident light, leading to collective oscillations of conduction electrons. Plasmonic 

nanomaterials support energetically accessible LSPR modes in the ultraviolet, visible, and 

near-infrared regions, which can couple to molecular vibrations, thereby facilitating light–

matter interactions. Nanostructured systems such as metal/semiconductor composites or 

metal-coated semiconductor nanoparticles offer additional pathways for the efficient 

transfer of photogenerated electrons and elicit high photocatalytic activities [50]. Such 

systems exploit plasmonic charge separation, whereby electron transfer occurs from a 

plasmon-excited state in a noble metal to a semiconductor conduction band 50. Ultrafast 

spectroscopy has revealed that plasmon-induced charge carriers exhibit hot-electron 

characteristics and that the excited-state lifetime is similar to that of the LSPR. Hot carriers 

can participate in various follow-up processes, including further interfacial transfer, 

scattering back to the metal, or recombination with holes, and thus determine the overall  

efficiency of plasmonic-mediated photocatalytic processes [51,52]. 

Electrocatalysis and Photoelectrochemical Applications 
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Plasmonic nanomaterials have been shown to enhance the performance of multiple 

catalysed reactions by participating in photochemistry and photoelectrochemical 

processes [53]. Two mechanisms direct plasmon coupling and the generation of hot charge 

carriers have been proposed to describe the fundamental pathways involved in the 

participation of plasmonic materials in such processes. Because hot charge carriers possess 

excess energy, they can participate in thermodynamically unfavourable charge-transfer 

reactions. For instance, plasmonic nanomaterials have been demonstrated to increase the 

formation of hydroxyl radicals from the decomposition of superoxide radicals when they 

are coupled to TiO2 in visible light photocatalytic degradation systems. Plasmonic 

materials catalyse hydrogen generation from water splitting systems where hot electrons  

migrate from a gold surface to the conduction band of TiO2. Such an approach is effective 

because the band-edge energy of TiO2 combined with plasmonic nanomaterials creates  a 

driving force for charge transfer at the interface. Chemical species such as oxygen and 

hydrogen facilitate the transfer of the other corresponding charge at the interface, and 

chemical and catalytic processes become decoupled, limiting the overall stra tegy to the 

transfer of the support charge [54]. A similar approach can be developed for plasmon -

enhanced electrochemical reactions, but the involvement of an additional layer of chemical 

complexity makes it more complicated than photocatalysis. Interfacia l energetic 

engineering, charge transport, and tandem photoactive mechanisms have been proposed 

as means of plasmonic enhancement in electrochemical and photoelectrochemical 

reactions [55,56]. 

Sensing, Imaging, and Biomedical Applications 

Plasmonic nanomaterials have recently gained increased attention for their potential  

applications in sensing, imaging, and biomedicine. Devices such as surface plasmon 

resonance (SPR) biosensors exploit refractive index changes, while other setups leverage  

plasmon-enhanced scattering for single-molecule detection. Nanomaterials used in these 

sensing applications can be tailored to achieve low-detection limits in complex media 58. 

When modified with plasmon-sensitive chemical components, they can also interrogate 

local conditions, providing complementary yet still highly desired real-time information 

on selectivity and concentration [57]. 

Photothermal therapy is a widely studied concept in the biomedical community. 

Noble metal nanomaterials offer tunable optical absorption, enabling applications ranging 

from thermal-release drug delivery to DNA-release systems. In addition, photothermal 

agents that absorb in the near-infrared biowindows minimize photodamage to adjacent 

healthy tissue, and this infrared hydrophilic core-shell structure has also been 

incorporated for enhanced 2D and 3D imaging of photothermal therapy effect [58,59]. 

Biosensing Platforms 

Recently, plasmonic nanostructures, including nanoparticles, nanodisks, nanoplates, 

and nanorods, have emerged as promising sensing platforms for biomolecules. These 

nanostructures undergo localized surface plasmon resonance (LSPR), depending on their 

size and shape, resulting in significant electromagnetic field enhancement that is sensitive 

to refractive index variations [60]. Consequently, they can act as highly selective refractive 

index and colorimetric biosensors, with detection limits down to 10–15 M 61. Furthermore, 

noble metal nanoparticles can accelerate surface-enhanced elastic scattering (SEES) and 

surface-enhanced Raman scattering (SERS), enabling detection of biomolecules like DNA, 

proteins, and viruses down to the single-molecule level. These sensors record bounce-back 

signals from LSPR and SERS, allowing precise analysis of target biomolecules [61,62]. 

Plasmonic nanostructures also serve as transducers to couple photoluminescence 

from quantum dots or organic dyes into the substrate through surface plasmon-coupled 

emission (SPCE) 63. Additionally, they optimise quantum-dot–metal and dye–metal 

separation distances by exploiting the long-range propagation of surface plasmon 

polaritons (SPPs). Plasmonic sensors based on optical waveguides and photonic circuits 
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enable real-time, pluggable, and ultra-compact sensing platforms. Diverse fabrication 

options facilitate the integration of these devices with microfluidics or other lab-on-a-chip 

systems for on-site analysis beyond the laboratory setting [62]. 

Photothermal Therapy and Biomedical Imaging 

Plasmonic nanoparticles can absorb and convert light energy into localized heat 

when illuminated at their resonance frequencies, making them useful for photothermal 

therapy [64]. Gold, a noble metal, is highly inert and suitable for PTT because of its low 

cytotoxicity and high photostability. Combining different nanostructures into 

nanohybrids enhances properties and functionalities for diagnostics, imaging, and cancer 

treatment. Stability, biocompatibility, and precise heating control are critical for clin ical 

applications. Regulatory considerations are evolving to ensure safety before commercial 

use, providing a framework for the responsible development and application of plasmonic 

photothermal technologies [65,66]. 

Plasmonic nanoparticle-based PTT can induce localized and irreversible damage to 

tumors by hyperthermia without harming surrounding healthy tissue [67]. A platform 

combining single-particle analysis and PET imaging quantifies heat generation and 

assesses therapeutic effectiveness. In vitro measurements of heat generation and 

absorption cross-section are compared to theoretical predictions. In vivo experiments  

monitor heat produced by irradiated nanoparticles in tumor xenografts with PET imaging. 

Near-infrared resonant silica–gold nanoshells demonstrate superior heating performance 

compared to colloidal spherical gold nanoparticles. PET imaging reliably indicates early 

treatment response. This approach benchmarks the photothermal efficiency of various 

plasmonic nanoparticles for cancer therapy [68]. 

Energy Conversion and Storage Implications 

Plasmonic nanomaterials can also facilitate solar energy conversion processes that 

directly utilize energy from the sun or convert waste heat into electricity. In general, 

enhancing the activity of energy-related plasmonic processes remains one of the most 

active research directions in the field. Hot electron injection can drive plasmon-enhanced 

photocatalytic hydrogen evolution and CO2 reduction reactions at plasmonic interfaces, 

creating a pathway for solar energy storage or valorization in chemical feeds tock. Recent 

advancements in this area centre on new structures, functionalization with additional 

catalysts or co-catalysts, or the additional engineering of carrier dynamics [69]. 

Plasmonic nanoparticles and other structures that support confined plasmons can 

create electromagnetic fields that facilitate the absorption of light in two-dimensional 

materials or semiconductor nanocrystals. This additional harvesting can be achieved via  

photothermal heating, hot-electron transfer, or the field versus energy-transfer 

mechanisms characteristic of energy-transfer processes. Picosecond laser pulses can also 

cause plasmonic nanostructures to generate electromagnetic pulses to couple to 

intersubband transitions in certain quantum wells, enhancing individual absorption in the 

far-infrared region beyond the fundamental limit of the two-dimensional material itself 

[70]. 

Plasmonic-Enhanced Photoelectrochemical Cells 

Adding plasmonic nanostructures to photoelectrochemical cells can increase 

efficiency and expand the range of materials that function as semiconductors. Plasmonic 

nanomaterials improve light harvesting by enhancing near-field intensity and 

subsequently improving photocurrent generation at semiconducting 

photoanode/electrolyte interfaces [71,72]. Moreover, photogenerated hot electrons in 

plasmonic materials can be injected into the conduction band of a semiconductor, where 

they contribute to water-splitting reactions. For instance, gold nanoparticles incorporated 

into titanium dioxide or ferric oxide photoanodes enhance photocurrent via these 

mechanisms. CO2 reduction, previously limited to semiconductor catalysts, can now be 



 301 
 

  
Central Asian Journal of Medical and Natural Science 2026, 7(3), 293-306.        https://cajmns.centralasianstudies.org/index.php/CAJMNS 

performed at plasmonic deposits on ferroelectric photoanodes. Nanostructured copper, 

gold, and silver electrodes catalyze multi-step pathways, and the catalytic activity varies  

significantly with nano-morphology [73,74]. 

Hydrogen Evolution and CO2 Reduction Interfaces 

Plasmonic nanomaterials show great potential in isolating and harvesting solar 

energy through hybrid plasmonic/co-catalytic materials for hydrogen evolution reaction 

(HER) and CO2 conversion routes. Plasmonic hybrid catalysts reduce solar-to-chemical-

energy conversion overpotentials. Plasmonic catalysts generate hot carriers that can either 

promote surface reactions or be transferred to an adsorbate to drive surface reactions far 

from equilibrium. Complex hybrid structures facilitate the separation of the energized 

carrier from the plasmonic material and further transport it to the co-catalyst [75]. 

Stability, Toxicity, and Environmental Considerations 

Plasmonic nanomaterials, owing to their unique properties, have found many 

applications in different fields. In biomedical applications, human exposure to their toxic 

side effects has been highlighted through ecotoxicity and theranostic studies. Various  

studies have identified toxic effects and cellular responses of gold and silver plasmonic 

nanomaterials in bacterial, fungi, viruses, and mammalian cell systems, as discussed in 

[76]. These findings should be taken into consideration when using plasmonic 

nanomaterials for further applications. 

Research studies have shown that plasmonic nanomaterials are capable of enhancing 

the performance of solar energy, photocatalysis, and batteries by overcoming bandgap 

limitations. Options for preventing such limitations are the use of other photocatalysts,  

dye sensitizing, and surface functionalization, the latter increasing lifetime through 

stabilization and decreasing transport and recombination efficiency. All chemical reactions 

and processes produce wastes at the end, highlighting the importance of life cycle 

assessment for new systems involving plasmonic material or devices. In addition to direct 

input and output, materials and solvents used for cleaning substrates and devices must 

also be accounted for in a comprehensive analysis [77,68]. 

Computational Modelling and Design Strategies 

Plasmonic phenomena advance the development of next-generation devices and 

systems by offering new strategies to manipulate light at the nanoscale. Computational 

modelling provides a versatile toolbox to predict, design, and explore plasmonic 

nanomaterials and devices. Recent progress in understanding the fundamental principles 

of linear and nonlinear light-matter interactions enables advanced design methodologies  

for plasmonics. Computing power has made it possible to address large, complex systems 

of practical interest, significantly contributing to high-throughput screening and 

uncertainly quantification of material systems [79]. 

Computational electromagnetic modelling simulates the interaction of 

electromagnetic waves with nanoplasmonic structures to obtain relevant experimental 

measures, allowing theory-to-experiment work flow. Optical scatter and extinction spectra 

are two key targets obtained by modelling, from which comparison with experiment 

serves as one of the preliminary tests of accuracy of the model. Analyses of time-dependent 

near-field of the structure provide additional insight into the underlying mechanics of the 

system of interest, guiding further experiments for high-impact applications [80]. 

The wavelength scale of plasmonic systems requires consideration of large 

mesoscale systems of industrial relevance, leading to a shift toward atomistic modelling. 

The embrace of a wider variety of materials in plasmonic research motivates investigation 

of doped semiconductors and the incorporation of explicit solvent and ligands to access 

the aquatic environment and extend modelling to surface-enhanced Raman scattering 

systems [81,82]. 

Future Directions and Emerging Trends 
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Plasmonic nanomaterials, which harness localized surface plasmon resonances 

(LSPRs) to couple optical fields on the nanoscale, have become increasingly important for 

applications in catalysis, sensing, energy, and biomedicine. The relevant physicochemical 

phenomena at nanoscale interfaces have therefore received considerable attention, 

supported by advances in fabrication capabilities that allow systematic tuning of size, 

shape, composition, and architecture. Although substantial progress has been achieved in 

various areas, several critical challenges remain. Methodologies for quantifying optical 

properties and plasmonic figures of merit remain underdeveloped, particularly for 

innovative materials. Robust structure–function relationships that bridge composition, 

morphology, and electronic structure to plasmonic behavior have yet to be established for 

many emerging systems [83]. 

Catalysis continues to be a prominent area of plasmonic research, with 

photocatalysis and electrocatalysis demanding improved understanding of plasmon -

driven mechanisms and plasmon-enhanced energy conversion pathways. Plasmonic 

materials also play essential roles in novel processes such as selective hydrogenation, 

polymerization, and CO oxidation and monitoring the dynamics of catalytic systems on 

the nanoscale remains a critical question. Although understanding the fundamental 

mechanisms of plasmon-assisted energy harvesting has advanced greatly in recent years, 

design criteria for efficient plasmonic nanostructures in photoelectrochemical cells, 

photocatalysis, and CO2 reduction remain illdefined. Meanwhile, demands for large-scale 

manufacture and eco-friendly materials push the application focus toward stable, non-

toxic metals and environmentally benign ligands [84,85]. 

4. Conclusion 

In conclusion, the development of the plasmonic nanomaterials has created many 

new opportunities for their physicochemical and technological applications in various 

scientific areas such as catalysis, biosensing, photothermal therapy, environmental 

remediation and solar energy conversion. Localized surface plasmon resonance (LSPR) has 

unique optical and electronic properties that have enabled unprecedented light harvesting, 

hot electron generation, stronger electromagnetic field modification, and photocatalytic 

efficiency. Recent developments in synthesis of nanoparticles, surface engineering, and 

hybrid plasmonic-semiconductor systems have further improved the stability, tunability 

and multifunctional properties of these materials. Nevertheless, there are key issues that 

need to be addressed for mass production, storage, biocompatibility, toxicity studies, and 

basic understanding of the plasmon-mediated processes. Further interdisciplinary 

research is needed to fine-tune plasmonic nanomaterials, and speed up their progression 

toward clinical, industrial, and environmental applications. 

Funding 

There is no funding 

Declaration of Competing Interest 

The authors say they don't have any known personal or financial relationships or 

financial interests that could have seemed to affect the work in this study. 

 

REFERENCES 

[1] Lu R, Ni J, Yin S, Ji Y. “Responsive Plasmonic Nanomaterials for Advanced Cancer Diagnostics.” 

Nanomaterials. 2021;11(8):2011. 

[2] Li Y, Liao Q, Hou W, Qin L. “Silver-Based Surface Plasmon Sensors: Fabrication and Applications.” 

Biosensors. 2023;13(4):455. 

[3] Wang M, Ye M, Iocozzia J, Lin C, Lin Z. “Plasmon-Mediated Solar Energy Conversion via Photocatalysis 

in Noble Metal/Semiconductor Composites.” Advanced Science. 2016;3(8):1600024.  



 303 
 

  
Central Asian Journal of Medical and Natural Science 2026, 7(3), 293-306.        https://cajmns.centralasianstudies.org/index.php/CAJMNS 

[4] Lebedev VS, Kondorskiy AD. “Optics of Plasmon-Exciton Nanostructures: Theoretical Models and 

Physical Phenomena in Metal/J-Aggregate Systems.” Physics-Uspekhi. 2025;68(2):115-138. 

[5] Babicheva VE. “Optical Processes Behind Plasmonic Applications.” Nanomaterials. 2023;13(5):892.  

[6] Gogoi P, Roy P, Vasudeva N, Jayasinghe A. “Excitons and Plasmons at the Nanoscale: From Fundamental 

Physics to Functional Nanophotonics.” ACS Applied Optical Materials. 2026;4(1):55 -74. 

[7] Akbari-Moghanjoughi M. “A Collective Quantum Theory of Surface Plasmon Resonance Effect.” Physics 

of Plasmas. 2025;32(1):012101. 

[8] Sarkar A, Koble MKM. “Plasmon-Driven Chemistry.” Annual Review of Physical Chemistry. 2025;76:201-

228. 

[9] Wang H, Wang T, Yuan X, Wang Y, et al. “Plasmonic Nanostructure Biosensors: A Review.” Biosensors. 

2023;13(7):690. 

[10] Bousiakou LG, Gebavi H, Mikac L, Karapetis S, et al. “Surface Enhanced Raman Spectroscopy for 

Molecular Identification: A Review on Surface Plasmon Resonance and Localized Surface Plasmon 

Resonance in Optical Nanobiosensing.” Sensors. 2019;19(18):3980. 

[11] Habibi Masheli M, Eyvazi S, Aghdaee MR. “LSPR of Nanoparticles Inside Strong Absorbent Medium.” 

Journal of Quantitative Spectroscopy and Radiative Transfer. 2023;301:108512. 

[12] Lv S, Du Y, Wu F, Cai Y, et al. “Review on LSPR Assisted Photocatalysis: Effects of Physical Fields and 

Opportunities in Multifield Decoupling.” Nanoscale Advances. 2022;4(10):2318 -2337. 

[13] Sovizi M, Aliannezhadi M. “Localized Surface Plasmon Resonance of Coupled Metal Nanospheres in 

Longitudinal, Transverse and Three-Dimensional Coupling Configurations.” Optik. 2022;258:168823. 

[14] He W, Huang X, Ma X, Zhang J. “Significant Temperature Effect on the LSPR Properties of Noble Metal 

Nanoparticles.” Journal of Optics. 2022;24(7):075002. 

[15] Abbasi MZ, Rehman AU, Sheraz M, Tareen WUK. “Enhancing the Performance of Lead-Free CsInCl3 

Perovskite Solar Cells with Ag and Au Plasmonic Nanoparticles: A DFT and SCAPS-1D Analysis.” Results 

in Physics. 2025;62:107890. 

[16] Cao J, Balachandran R, Keswani M, Muralidharan K, et al. “New Plasmonic Materials in Visible Spectrum 

Through Electrical Charging.” Applied Physics Letters. 2013;103(8):081903. 

[17] Comin A, Manna L. “New Materials for Tunable Plasmonic Colloidal Nanocrystals.” Chemical Society 

Reviews. 2014;43(11):3957-3975. 

[18] Mcoyi MP, Mpofu KT, Sekhwama M, Mthunzi-Kufa P. “Developments in Localized Surface Plasmon 

Resonance.” Plasmonics. 2025;20(1):45-67. 

[19] Farooq S, Zezell DM. “Advances in Metallic-Based Localized Surface Plasmon Sensors for Enhanced 

Tropical Disease Detection: A Comprehensive Review.” Plasmonics. 2024;19(3):1159 -1184. 

[20] Pang C, Li R, Wang X, Kong W, et al. “Engineering Localized Surface Plasmon Resonance of Nanoparticles 

in Transparent Materials for Advanced Optical Applications.” Laser & Photonics Reviews. 

2026;20(2):2500184. 

[21] Zhang P, Hou H, Xu S, Wen Y, et al. “Localized Surface Plasmon Resonance Sensing Based on 

Monometallic Gold Nanoparticles: From Material Preparation to Detection of Bioanalytes.” Analytical 

Methods. 2025;17(4):522-539. 

[22] Vinnacombe-Willson G, Conti Y, Stefancu A, Weiss PS, et al. “Direct Bottom -Up In Situ Growth: A 

Paradigm Shift for Studies in Wet-Chemical Synthesis of Gold Nanoparticles.” Chemical Reviews. 

2023;123(14):8910-8952. 

[23] Thi Tu Nguyen O, Ha Le C, Duy Pham L, Sy Nguyen H, et al. “Synthesis and Optical Characterization of 

Building-Block Plasmonic Gold Nanostructures.” Journal of Nanomaterials. 2017;2017:1 -10. 

[24] Yu T, He W, Zhang Q, Ma D. “Advanced Nanomaterials and Characterization Techniques for Photovoltaic 

and Photocatalysis Applications.” Accounts of Materials Research. 2023;4(8):615 -628. 

[25] Takekuma H, Sato R, Iida K, Kawawaki T, et al. “Intrinsic Visible Plasmonic Properties of Colloidal PtIn2 

Intermetallic Nanoparticles.” Advanced Functional Materials. 2024;34(15):2312014.  

[26] Baffou G, Bordacchini I, Baldi A, Quidant R. “Simple Experimental Procedures to Distinguish 

Photothermal from Hot-Carrier Processes in Plasmonics.” Light: Science & Applications. 2020;9(1):108. 

[27] Cortés E, Grzeschik R, Maier SA, et al. “Experimental Characterization Techniques for Plasmon -Assisted 

Chemistry.” Nature Reviews Methods Primers. 2022;2:52. 



 304 
 

  
Central Asian Journal of Medical and Natural Science 2026, 7(3), 293-306.        https://cajmns.centralasianstudies.org/index.php/CAJMNS 

[28] Munaweera I, Madhusha MLC. “Characterization Techniques for Nanomaterials.” Materials Today: 

Proceedings. 2023;80:2480-2487. 

[29] Prasad RD, Prasad RS, Prasad RB, et al. “A Review on Modern Characterization Techniques for Analysis 

of Nanomaterials and Biomaterials.” ES Energy & Environment. 2024;23:45 -68. 

[30] Khan MM. “Introduction to Characterization Methods.” In: Synthesis and Characterization Methods of 

Nanomaterials. Singapore: Springer; 2025. p. 1-32. 

[31] Alekseeva S, Nedrygailov I, Langhammer C. “Single Particle Plasmonics for Materials Science and Single 

Particle Catalysis.” Materials Today Advances. 2019;1:100002. 

[32] Amirjani A, Amlashi NB, et al. “Plasmon-Enhanced Photocatalysis Based on Plasmonic Nanoparticles for 

Energy and Environmental Solutions: A Review.” ACS Applied Nano Materials. 2023;6(5):4020 -4052. 

[33] Duan H, Wang T, Su Z, Pang H, et al. “Recent Progress and Challenges in Plasmonic Nanomaterials.” 

Nanotechnology Reviews. 2022;11(1):1120-1145. 

[34] Cai M, Li C, An X, Zhong B, et al. “Supra-Photothermal CO2 Methanation over Greenhouse-Like Plasmonic 

Superstructures of Ultrasmall Cobalt Nanoparticles.” Advanced Functional Materials. 2024;34(9):2308471. 

[35] Hamza ME, Othman MA, Swillam MA. “Plasmonic Biosensors.” Biology. 2022;11(4):621.  

[36] Koen KA. “Sub-Diffraction Limited Morphology Characterization in Single Noble Metal Nanoparticles and 

Single Conjugated Polymer Chains Using Optical Microscopy Techniques.” PhD diss. University of 

Groningen, 2017. 

[37] Sedoglavich N. Development and Characterisation of Plasmonic Devices for Sensing Applications. PhD 

diss. University of Canterbury, 2009. 

[38] Maccaferri N. Time-Resolved Investigations and Biotechnological Applications of Plasmonic 

Nanostructures. PhD diss. University of Padua, 2019. 

[39] Kant K, Beeram R, Cao Y, Dos Santos PSS, et al. “Plasmonic Nanoparticle Sensors: Current Progress, 

Challenges, and Future Prospects.” Nanoscale Advances. 2024;6(2):550 -589. 

[40] Minopoli A, Acunzo A, Della Ventura B, et al. “Nanostructured Surfaces as Plasmonic Biosensors: A 

Review.” Advanced Materials Interfaces. 2022;9(15):2102172. 

[41] Taheri-Ledari R, Ganjali F, Zarei-Shokat S, et al. “Plasmonic Porous Micro- and Nano-Materials Based on 

Au/Ag Nanostructures Developed for Photothermal Cancer Therapy: Challenges in Clinicalization.” 

Nanoscale. 2023;15(12):5211-5244. 

[42] Zhao X, Wen J, Zhu A, Cheng M, et al. “Manipulation and Applications of Hotspots in Nanostructured 

Surfaces and Thin Films.” Nanomaterials. 2020;10(7):1316. 

[43] Neira AD, Olivier N, Nasir ME, Dickson W, et al. “Eliminating Material Constraints for Nonlinearity with 

Plasmonic Metamaterials.” Nature Communications. 2015;6:7757. 

[44] Khurgin JB, Sun G. “Plasmonic Enhancement of the Third Order Nonlinear Optical Phenomena: Figures  

of Merit.” Optics Express. 2013;21(22):27460-27480. 

[45] Li S, Yang J, Ruan X, Cui X, et al. “Plasmonic Nanomaterials in Photothermal Catalysis and Artificial 

Photosynthesis: Hot Electron Dynamics, Design Challenges, and Future Prospects.” Advanced Functional 

Materials. 2026;36(3):2508821. 

[46] Elias RC, Linic S. “Elucidating the Roles of Local and Nonlocal Rate Enhancement Mechanisms in 

Plasmonic Catalysis.” Journal of the American Chemical Society. 2022;144(15):6817 -6828. 

[47] Verma R, Sharma G, Polshettiwar V. “The Paradox of Thermal vs. Non -Thermal Effects in Plasmonic 

Photocatalysis.” Nature Communications. 2024;15:1452. 

[48] Raja Mogan T, Zhang J, Ng LS, Boong SK, et al. “Harmonizing Plasmonic and Photonic Effects to Boost 

Photocatalytic H2 Production.” Angewandte Chemie International Edition. 2024;63(18):e202401115.  

[49] Ma XC, Dai Y, Yu L, Huang BB. “Energy Transfer in Plasmonic Photocatalytic Composites.” Light: Science 

& Applications. 2016;5:e16017. 

[50] Ghosh U, Pal A, Pal T. “Plasmon Induced Near-Infrared Active Photocatalysts: A Review.” Advanced 

Materials Interfaces. 2022;9(10):2101780. 

[51] Jiang L, Zhou S, Yang J, Wang H, et al. “Near-Infrared Light Responsive TiO2 for Efficient Solar Energy 

Utilization.” Advanced Functional Materials. 2022;32(14):2110928. 

[52] Ezendam S, Herran M, Nan L, Gruber C, et al. “Hybrid Plasmonic Nanomaterials for Hydrogen Generation 

and Carbon Dioxide Reduction.” Nanomaterials. 2022;12(19):3381. 



 305 
 

  
Central Asian Journal of Medical and Natural Science 2026, 7(3), 293-306.        https://cajmns.centralasianstudies.org/index.php/CAJMNS 

[53] Subramanian P, Meziane D, Wojcieszak R, Dumeignil F, et al. “Plasmon -Induced Electrocatalysis with 

Multi-Component Nanostructures.” Catalysts. 2018;8(11):517. 

[54] da Silva AGM, Rodrigues TS, Wang J, et al. “Plasmonic Catalysis with Designer Nanoparticles.” Chemical 

Society Reviews. 2022;51(17):7094-7148. 

[55] Tong F, Liang X, Bao X, Zheng Z. “Photocatalysis on Hybrid Plasmonic Nanomaterials: From Catalytic 

Mechanism Study at Single-Particle Level to Materials Design.” ACS Catalysis. 2024;14(5):3120 -3154. 

[56] Zhan C, Yi J, Hu S, Zhang XG, et al. “Plasmon-Mediated Chemical Reactions.” Nature Reviews Methods  

Primers. 2023;3:66. 

[57] Zhang W, Zi X, Bi J, Liu G, et al. “Plasmonic Nanomaterials in Dark Field Sensing Systems.” Biosensors. 

2023;13(9):844. 

[58] Zhang Z, Yang S, Su H, Qian K. “Porous Noble Metal-Based Nanomaterials in Biomedical Applications.” 

Advanced NanoBiomed Research. 2024;4(2):2300117. 

[59] Dement'eva OV, Kartseva ME. “Noble Metal Nanoparticles in Biomedical Thermoplasmonics.” Colloid 

Journal. 2023;85(5):531-547. 

[60] Simone G. “Trends of Biosensing: Plasmonics Through Miniaturization and Quantum Sensing.” 

Biosensors. 2023;13(10):910. 

[61] Miranda B, Rea I, Dardano P, De Stefano L, et al. “Recent Advances in the Fabrication and 

Functionalization of Flexible Optical Biosensors: Toward Smart Life-Sciences Applications.” Biosensors. 

2021;11(6):203. 

[62] Mohan Ganesh K, Bhaskar S, Sai Krishna Cheerala V, Battampara P, et al. “Review of Gold Nanoparticles 

in Surface Plasmon-Coupled Emission Technology: Effect of Shape, Hollow Nanostructures, Nano-

Assembly, Metal–Dielectric and Heterometallic Nanohybrids.” Nanomaterials. 2024;14(3):412. 

[63] Debnath M, Kumar Debnath S, Vishnu Talpade M, Bhatt S, et al. “Surface Engineered Nanohybrids in 

Plasmonic Photothermal Therapy for Cancer: Regulatory and Translational Challenges.” Pharmaceutics. 

2024;16(2):245. 

[64] Tranekjær Jørgensen J, Norregaard K, Tian P, Martin Bendix P, et al. “Single Particle and PET -Based 

Platform for Identifying Optimal Plasmonic Nano-Heaters for Photothermal Cancer Therapy.” Scientific 

Reports. 2016;6:30076. 

[65] Biswas A, Lemcoff N, Weizmann Y. “Let There Be Heat: Silica-Coated Gold Nanoparticles as Photothermal 

Reactors for Chemical Synthesis.” Accounts of Chemical Research. 2025;58(4):756 -768. 

[66] Kim J, Park C, Kim Y. “Hollow Au Nanoparticles -Decorated Silica as Near Infrared-Activated Heat 

Generating Nano Pigment.” Journal of Industrial and Engineering Chemistry. 2022;108:210 -219. 

[67] El Hajj J, Ledoux G, Merabia S. “Thermoplasmonics of Gold-Core Silica-Shell Colloidal Nanoparticles 

under Pulse Illumination.” The Journal of Physical Chemistry C. 2025;129(6):3321 -3332. 

[68] Boriskina SV, Ghasemi H, Chen G. “Plasmonic Materials for Energy: From Physics to Applications.” 

Materials Today. 2013;16(10):375-386. 

[69] Fan W, Leung MKH. “Recent Development of Plasmonic Resonance-Based Photocatalysis and 

Photovoltaics for Solar Utilization.” Molecules. 2016;21(2):180. 

[70] Wang Z, Cao D, Wen L, Xu R, et al. “Manipulation of Charge Transfer and Transport in Plasmonic -

Ferroelectric Hybrids for Photoelectrochemical Applications.” Advanced Materials. 2016;28(34):7440 -7445. 

[71] Jia H, Tsoi CC, Abed AE, Yu W, et al. “Metallic Plasmonic Nanostructure Arrays for Enhanced Solar 

Photocatalysis.” Laser & Photonics Reviews. 2023;17(7):2200972. 

[72] Wang J, Zhou L, Xia S, Luo Z, et al. “One-Step Electrochemical Fabrication of 3D Gold Nanotrees with 

Enhanced Broadband Plasmonic Excited Carriers for Photoelectrochemical Reactions.” Advanced 

Functional Materials. 2024;34(8):2310257. 

[73] Jia H, Li Z, Wang B, Xing G, et al. “Plasmonic Nanohole Arrays with Enhanced Visible Light 

Photoelectrocatalytic Activity.” ACS Applied Nano Materials. 2022;5(11):16142 -16151. 

[74] Liu C, Geng L, Xiao T, Liu Q, et al. “Recent Advances of Plasmonic Nanofluids in Solar Harvesting and 

Energy Storage.” Journal of Energy Storage. 2023;72:108379. 

[75] Huan X, Wang W, Wang C, Tian Z, et al. “Plasmonic Nanomaterials for Versatile Solar Energy Conversion 

Applications.” ACS Omega. 2025;10(3):2854-2875. 

[76] Shin SW, Song IH, Um SH. “Role of Physicochemical Properties in Nanoparticle Toxicity.” Nanomaterials. 

2015;5(3):1351-1365. 



 306 
 

  
Central Asian Journal of Medical and Natural Science 2026, 7(3), 293-306.        https://cajmns.centralasianstudies.org/index.php/CAJMNS 

[77] Ahmad Gatoo M, Naseem S, Yasir Arfat M, Mahmood Dar A, et al. “Physicochemical Properties of 

Nanomaterials: Implication in Associated Toxic Manifestations.” BioMed Research International. 

2014;2014:498420. 

[78] Varas A. Modeling Linear and Non-Linear Light-Matter Interactions: From Classical to Atomistic 

Nanoplasmonics. PhD diss. Universidad Autónoma de Madrid, 2017. 

[79] Das CM, Yang F, Yang Z, Liu X, et al. “Computational Modeling for Intelligent Surface Plasmon Resonance 

Sensor Design and Experimental Schemes for Real-Time Plasmonic Biosensing: A Review.” Advanced 

Theory and Simulations. 2023;6(9):2300194. 

[80] Chaparro D, Goudeli E. “Design of Engineered Nanoparticles for Biomedical Applications by 

Computational Modeling.” Nanoscale. 2025;17(5):2101 -2127. 

[81] Xu X, Aggarwal D, Shankar K. “Instantaneous Property Prediction and Inverse Design of Plasmonic 

Nanostructures Using Machine Learning: Current Applications and Future Directions.” Nanomaterials. 

2022;12(21):3834. 

[82] Furube A, Hashimoto S. “Plasmonic Hot-Electron Transfer and Nanofabrication.” Nanoscale. 

2021;13(1):52-68. 

[83] Sajna MS, Vimal G, Sadasivuni KK. “Plasmonic Catalysis for Energy Conversion —An Overview and 

Recent Trends.” Topics in Catalysis. 2025;68(2):145-169. 

[84] Hang Y, Wang A, Wu N. “Plasmonic Silver and Gold Nanoparticles: Shape- and Structure-Modulated 

Plasmonic Functionality for Point-of-Care Sensing, Bio-Imaging and Medical Therapy.” Chemical Society 

Reviews. 2024;53(5):2140-2188. 

[85] Wu JZ, Ali Ghopry S, Liu B, Shultz A. “Metallic and Non -Metallic Plasmonic Nanostructures for LSPR 

Sensors.” Sensors. 2023;23(11):5090. 

 


