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1. INTRODUCTION

Chemical sensors are essential tools for detecting specific 

substances in many areas, such as environmental monitoring 

[1,2], healthcare [3,4], industrial control [5], and security [6]. 

Their performance largely depends on their ability to balance 

sensitivity, selectivity, and speed, which are critical for real-

world applications. As modern industries become more 

complex and concerns regarding the environment and public 

health increase, the demand for reliable, efficient, and easy-to-

use chemical sensors has increased significantly. Chemical 

sensors operate by detecting changes in physical or chemical 

properties such as shifts in electrical resistance, light intensity, 

or chemical interactions with target analytes [7]. Recent 

studies have shown significant progress in the development of 

chemical sensors using two complementary strategies. One 

involves structural engineering approaches aimed at 

maximizing the active surface area to enhance sensor 

reactivity and sensitivity [8,9]. The second strategy 

emphasizes the integration of novel materials such as 

biopolymers and two-dimensional (2D) structures to boost 

performance and support miniaturization [10]. These 

strategies have been effectively demonstrated in recent 

reviews on nanofiber-based gas sensors and 2D material-

integrated sensing platforms [11,12].

Traditional chemical sensors are primarily designed for 

detecting individual analytes, which limits their applicability 

in identifying complex mixtures and has led to the 

development of electronic nose (e-nose) systems [13,14]. 

These systems integrate arrays of broadly responsive sensors 

with sophisticated pattern recognition algorithms, enabling 

them to mimic the human sense of smell. E-noses do not 

identify one molecule at a time, but rather interpret the overall 

chemical patterns formed by mixtures. This unique capability 

enables e-noses to generate chemical "fingerprints" that 

represent complex mixtures [15]. Such approaches are useful 

for diverse applications, including pollution monitoring [16], 

food quality assessment [17], and disease diagnosis [18]. The 

broad responsiveness to volatile organic compounds (VOCs) 

and gases has made e-noses increasingly important tools for 

environmental protection and public health. 

As shown in Fig. 1, chemical sensors can be classified into 

three main categories based on their sensing mechanisms: 1) 
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chemiresistive sensors, 2) bio-based sensors, and 3) nanoplas-

monic sensors. Each category presents unique strengths and 

challenges that affect its effectiveness and suitability for var-

ious real-world applications.

Chemiresistive sensors, which are mostly based on 

semiconductor metal oxides, detect variations in electrical 

resistance caused by the modulation of the electron depletion 

layer when analyte molecules are adsorbed or desorbed. 

Chemiresistive sensors are highly suitable for both portable 

and large-scale applications owing to their small size, low 

Fig. 1. Introduction to chemical sensors and the advantages of nanoplasmonic sensors. Various chemical sensing platforms, including chemire-

sistive, bio-based, and nanoplasmonic sensor, are presented to highlight their distinct detection mechanisms and performance advantages 

for environmental pollutants and health-related biomarkers. Reprinted with permission from Refs. [20] and [27] Copyrights (2022, 2023)

American Chemical Society; and Refs. [15], [21], and [22], Copyright (2019, 2014, 2018) Springer Nature.
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production cost, and compatibility with scalable manufacturing 

methods such as screen printing [19,20]. However, their broad 

sensitivity to diverse chemical species often limits their 

selectivity. Methods including incorporating catalytic materials 

or selective filters have been proposed to address this issue, 

although such modifications may reduce the response speed 

and overall sensitivity [20]. In contrast, biosensors utilize 

biological recognition elements, including enzymes, 

antibodies, and whole cells, to achieve molecular specificity 

through selective binding [21,22]. Although bio-based systems 

were originally designed for liquid-phase analytes, 

technological advances have expanded their applicability to 

gas-phase sensing. For example, enzyme-based biosensors can 

selectively detect ethanol, which is a typical VOC [23]. The 

hydrated recognition layer helps to reduce humidity 

interference and ensures stable performance [23,24]. 

Furthermore, the spatial and temporal mapping of VOC 

emissions using gas-phase biosensors has demonstrated the 

potential for noninvasive health monitoring [24]. Despite these 

advantages, the practical implementation of bio-based sensors 

is limited by the inherent fragility of biological components 

that are susceptible to degradation under environmental stress, 

including temperature fluctuations, pH shifts, and organic 

solvents [25,26]. Given the persistent limitations of selectivity 

and stability observed in both chemiresistive and bio-based 

sensors, researchers have focused increasingly on 

nanoplasmonic sensors as promising alternatives owing to 

their enhanced surface sensitivity and signal amplification [25].

Nanoplasmonic sensors, including surface plasmon 

resonance (SPR), localized SPR (LSPR), and surface-

enhanced Raman scattering (SERS), have drawn considerable 

attention because of their high sensitivity and ability to detect 

chemical species at the nanoscale. SPR sensors detect 

variations in the refractive index that occur when light interacts 

with a thin metallic surface, typically made of gold or silver 

[27-29]. SPR is well suited for real-time monitoring, 

particularly for liquid or gas-phase samples, making it a 

powerful tool for biosensing and environmental monitoring 

[30]. However, the SPR configuration has some limitations. 

The sensing setup requires precise optical alignment and bulky 

components, which complicate miniaturization [31]. In 

addition, SPR systems are highly sensitive to changes in the 

bulk refractive index, making the measurements vulnerable to 

environmental fluctuations such as temperature or pressure 

variations [32]. Moreover, the relatively long decay length of 

the evanescent field (typically 100–400 nm) limits the 

detection of fine-scale molecular events that occur close to the 

surface [33]. Conformational transitions and minor interactions 

between biomolecules often fall below the sensitivity threshold 

because the signal is averaged across the larger sensing volume 

[33]. In recent studies, alternative approaches have been 

actively pursued to overcome such limitations, with particular 

emphasis on enhancing the sensitivity and enabling sensor 

miniaturization by integrating optical-fiber technology [32,34].

Compared with SPR, LSPR sensors utilize metal 

nanostructures (e.g., nanoparticles, nanorods, hollow 

nanospheres, and nanodisks) that interact with light at the 

nanoscale. These interactions generate a localized 

electromagnetic field with a much shorter decay length 

(typically 10–30 nm) [35], making LSPR more sensitive to 

surface-bound analytes and less responsive to changes in the 

bulk refractive index. Consequently, LSPR devices provide 

improved measurement stability and are less affected by 

environmental fluctuations, enabling the detection of very 

small amounts of analytes, often at the parts per billion (ppb) 

level [36]. LSPR sensors can be fabricated in compact formats 

and produce visible color changes in response to analyte 

binding, which are often observable without sophisticated 

equipment [31]. The combination of these structural and 

optical advantages enables their effective deployment in real-

time applications, including diagnostics [37], food safety [38], 

and environmental monitoring [39].

SERS amplifies Raman signals by utilizing the strong 

electromagnetic field generated at the surface of 

nanostructured metal materials [40,41]. When analytes are 

adsorbed onto these metal surfaces, localized surface 

plasmons enhance the electromagnetic field, significantly 

boosting the Raman signal. Signal enhancement occurs 

because of the interaction between the incident light and 

vibrational modes of the molecules, which shifts the 

frequency of the scattered light. The resulting spectral shift 

reveals a distinct vibrational profile that enables the precise 

identification of molecular species [42-44]. The high 

sensitivity and specificity of SERS make it ideal for chemical 

and biological sensing [42]. Although SPR and LSPR offer 

highly sensitive detection based on refractive index changes, 

SERS provides molecular-specific information via 

vibrational modes, offering a complementary approach to 

comprehensive analysis. A major advantage of nanoplasmonic 

sensors is their compatibility with integrated platforms, 

including lab-on-a-chip systems [45]. However, LSPR and 

SERS devices may experience limitations depending on the 

size and shape of the nanoparticles or substrate [42]. For 

example, elongated nanostructures, notably nanorods, exhibit 

increased responsiveness to changes in the bulk refractive 

index owing to their high aspect ratios. However, this 

improvement often comes at the cost of reduced surface 

sensitivity owing to the extended decay length of the 

localized electromagnetic field [46]. Accordingly, recent 

studies have focused on optimizing the nanostructure 
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geometry and incorporating functional materials into the 

surface layers to enhance the molecular affinity or optical 

responsiveness [47-52].

2D materials, including graphene, transition metal 

dichalcogenides (TMDs), black phosphorus, and MXenes, 

have attracted substantial attention for chemical sensing 

because of their atomically thin structures and large surface-

area-to-volume ratios [53,54]. A high density of exposed 

active sites allows for exceptional responsiveness to 

molecular-level interactions. The optical and electronic 

properties can be finely tuned by adjusting the composition, 

layer thickness, or surface functionalization, thereby enabling 

broad application potential [55,56]. Their high electrical 

conductivities, chemical stabilities, and straightforward 

integration onto various substrates have led to their increasing 

use in sensor interfaces and platforms [57]. The strong light–

matter interactions observed in many 2D systems further 

contribute to signal amplification when paired with plasmonic 

nanostructures such as metal nanoparticles or patterned films 

[58]. The combination of an ultrathin morphology and tunable 

photonic behavior makes 2D materials promising candidates 

for next-generation optical chemical sensing.

Herein, we present the integration of 2D materials with 

optical chemical sensors as a promising approach to over-

come the current limitations of sensitivity, selectivity, and 

device miniaturization. To establish the basis for this dis-

cussion, the key optical sensing mechanisms of SPR, LSPR, 

and SERS are examined. The inherent challenges associated 

with each sensing technique are identified, followed by a dis-

cussion of how the unique electronic and photonic properties 

of 2D materials, such as tunable band structures, large sur-

face areas, and strong light–matter interactions, can enhance 

the sensor performance. Recent advances in the incorporation 

of these materials into various optical sensor platforms have 

demonstrated improvements in resonance tuning, signal 

amplification, and molecular recognition. This comprehen-

sive analysis aims to offer new perspectives on the syner-

gistic combination of 2D materials and optical sensors to 

guide future research and applications.

2. CLASSIFICATION OF OPTICAL CHEMI-

CAL SENSORS: SPR, LSPR, AND SERS 

MECHANISMS

2.1 SPR

SPR sensors detect changes in the refractive index at the 

interface between a thin metal film and dielectric medium [27-

29]. Surface plasmons are collective oscillations of free 

electrons on the surface of a noble metal, and their excitation 

forms the basis of the SPR sensing mechanism. When p-

polarized light enters the system under the condition of total 

internal reflection, an evanescent electromagnetic field is 

generated along the metal–dielectric boundary. Resonance 

occurs when the in-plane momentum of the evanescent field 

matches that of the surface plasmons, causing a pronounced 

decrease in the reflected light intensity, known as the 

resonance dip, as shown in Fig. 2 (a). The position of the 

resonance dip is highly sensitive to the optical properties of the 

surrounding environment. The evanescent field typically 

penetrates only a few hundred nanometers into the adjacent 

medium, enabling the detection of subtle molecular 

interactions near the sensor surface. The adsorption of analyte 

molecules onto a functionalized surface changes the local 

refractive index and shifts the resonance angle or wavelength. 

The measurement of these shifts allows real-time sensing 

without chemical labels. Fig. 2 (b) illustrates a typical 

Kretschmann-configuration-based SPR sensor setup, where a 

gold film (~50 nm) is deposited onto a glass prism to support 

surface plasmon excitation [59]. When p-polarized light is 

incident at a specific angle, an evanescent wave is generated at 

the metal–dielectric interface, coupling with surface plasmons 

and resulting in a sharp dip in the reflected light intensity. The 

position of this resonance angle is highly sensitive to changes 

in the refractive index within a sub-500 nm detection depth 

above the gold surface. As shown in the accompanying graph, 

the binding events near the sensor surface cause a measurable 

shift in the resonance angle, providing a real-time, label-free 

method for detecting molecular interactions.

2.2. LSPR

LSPR sensors operate based on the interaction between 

incident light and the collective oscillations of electrons 

confined within metal nanostructures, typically gold or silver 

nanoparticles. When the nanoparticle size is comparable to or 

smaller than the wavelength of light, the electromagnetic field 

becomes strongly confined near the particle surface, producing 

a localized resonance effect, as illustrated in Fig. 2 (c) [35,36]. 

The detection relies on changes in the local refractive index 

near the nanoparticle surface. Analyte molecules bind to 

functional groups on the nanostructures and modify the 

dielectric environment [60]. The binding process alters the 

electron density and polarizability of the nanoparticles, leading 

to shifts in the LSPR frequency and corresponding changes in 

the extinction spectrum. The spectral shift, measured as 

changes in the peak wavelength or intensity, correlates directly 

with the analyte concentration, enabling sensitive detection 

[47]. Fig. 2 (d) shows a typical experimental setup in which a 

solid-state light source illuminates a transparent substrate 
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coated with gold nanoparticles [61]. The light transmitted 

through the sample passes through a collimating lens before 

reaching a spectrometer or photodetector that records the 

extinction spectrum. The spectrum reveals characteristic 

absorption peaks that shift upon analyte binding, providing 

quantitative information regarding the surrounding environ-

ment. This setup enables rapid, label-free sensing and offers 

straightforward potential for miniaturization. These properties 

render LSPR sensors valuable for applications requiring por-

table real-time detection.

2.3. SERS

SERS significantly amplifies Raman signals by utilizing 

nanoplasmonic structures, typically metallic nanoparticles. 

When incident light excites the nanoparticles, a highly 

localized electromagnetic field is generated near their surfaces, 

greatly enhancing the Raman scattering from nearby adsorbed 

molecules (Fig. 2 (e)) [42-44]. Regions of intense 

electromagnetic enhancement, known as “hotspots,” often 

occur with sharp features or narrow gaps between 

nanoparticles, serving as primary sites for signal amplification 

[62]. The sensing mechanism depends on the changes in the 

local dielectric environment caused by analyte binding. As the 

molecules are adsorbed onto the plasmonic surface, the 

interactions modify the electronic structure and dielectric 

properties, resulting in measurable changes in the Raman 

spectrum. These changes manifest as variations in the peak 

intensity, position, or bandwidth, providing a molecular 

fingerprint with high specificity and sensitivity. Because of its 

strong enhancement effect, SERS can achieve detection limits 

down to the single-molecule level, making it exceptionally 

powerful for trace analyses [44]. Fig. 2 (f) depicts a typical 

SERS sensing setup, in which a laser beam irradiates a 

substrate coated with metal nanoparticles [63]. The scattered 

Raman signals are collected and analyzed to generate spectra 

Fig. 2. Overview of types and sensing mechanisms of optical-based chemical sensors. (a) Schematic of the surface plasmon resonance (SPR) 

principle. (b) Typical SPR-based chemical sensing measurement setup and representative refractive index changes within a detection area 

(<500 nm) with the change in the resonance angle (RA). Reprinted with permission from Ref. [59] under a CC BY 3.0 license, Copyright 

(2014) MDPI. (c) Schematic of the localized SPR (LSPR) principle. (d) Typical LSPR-based chemical sensing measurement setup and 

representative extinction spectra. Reprinted with permission from Ref. [61] under a CC BY 4.0 license, Copyright (2018) MDPI; and 

from Ref. [80] under a CC BY 4.0 license, Copyright (2021) American Chemical Society. (e) Schematic of the surface-enhanced Raman 

scattering (SERS) mechanism. (f) Typical LSPR-based chemical sensing measurement setup and capability of the SERS sensor to enable 

label-free simultaneous detection of multiple target species within mixed samples. Reprinted with permission from Ref. [63] under a CC 

BY 4.0 license, Copyright (2021) MDPI.
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that enable the precise identification of chemical species, even 

at very low concentrations. Multivariate analysis techniques 

can further distinguish complex mixtures by comparing spec-

tral patterns, thereby enhancing the recognition accuracy. 

Strong signal enhancement, combined with molecular speci-

ficity, allows SERS systems to complement the detection prin-

ciples of SPR and LSPR, thus forming a versatile and 

comprehensive toolkit for optical chemical sensing.

3. ENHANCING SPR SENSOR PERFOR- 

MANCE WITH PLASMONIC RESONANCE

ENGINEERING

A typical SPR sensor uses a Kretschmann configuration 

consisting of a high-refractive-index prism coated with a thin 

metal film, often gold or silver. The incident light experiences 

total internal reflection at the prism interface, generating an 

evanescent wave that excites the surface plasmons at the 

metal–dielectric interface [64]. The resonance condition, 

identified by a sharp decrease in the reflected light intensity, 

shifts sensitively with changes in the refractive index near the 

metal surface caused by analyte binding. Prism-based systems 

enable real-time, label-free detection with high specificity and 

a rapid response and are widely applied in biosensing and 

environmental monitoring [65]. However, limitations include 

the large equipment size [66,67], reduced sensitivity to small 

molecules owing to long evanescent field decay lengths, and 

susceptibility to environmental factors.

To overcome these limitations, research has advanced 

towards multilayer material integration and structural 

optimization [68,69]. For example, Aliqab et al. performed 

numerical simulations of SPR sensors by integrating phase-

change materials and hafnium dioxide (HfO2) [70]. Their 

proposed multilayer structure combined a silver layer or 

nanoparticles to provide strong plasmonic resonance, the 

phase-change material Ge2Sb2Te5 (GST) for dynamic optical 

tuning through reversible phase transitions, and HfO2 to 

enhance thermal stability and dielectric control (Fig. 3 (a)) 

[70]. Simulations of the analyte–Ag–Si–HfO2–Si–GST–Si 

configuration revealed twenty resonance modes within an ana-

lyte refractive index range of 1.2–2.4, achieving a high sen-

sitivity of 1240 nm per refractive index unit (nm/RIU). This 

sensitivity level is suitable for detecting various biomolecules, 

such as glucose and hemoglobin. 

Efforts to improve SPR sensor performance have also 

focused on the integration of selective polymer sensing layers. 

Polymers doped with target-specific molecules, such as 

polystyrene combined with methane-selective cryptophane A 

(CryptA), show enhanced stability and selectivity (Fig. 3 (b)) 

[71]. CryptA possesses a unique cage-like molecular structure 

that enables the selective encapsulation of small nonpolar mol-

ecules such as methane, providing high affinity through size 

and shape complementarity. Molecular recognition by the 

polymer film enables preferential methane binding despite the 

presence of other gases, enhancing the sensor selectivity. In 

addition, polystyrene acts as a stable matrix that uniformly dis-

perses CryptA whereas a polydimethylsiloxane protective 

layer shields the sensing film from environmental fluctuations 

and enhances the signal stability. The optimization of the poly-

mer layer thickness balances the sensitivity and response time 

by controlling the evanescent field penetration and analyte dif-

fusion rates. The strategy demonstrated accurate and repro-

ducible methane detection in both the gas and aqueous phases, 

highlighting selective polymer films as promising functional 

interfaces in SPR sensing systems.

Research on alternative metal layers for SPR sensors has 

gained momentum with the aim of improving the sensitivity, 

stability, and cost-effectiveness. Aluminum stands out because 

of its high electron density, broad plasmonic response range, 

and formation of a self-limiting oxide layer (Al2O3), which 

enhances the durability and corrosion resistance. In addition, 

the low cost of aluminum has enhanced its appeal for 

commercial applications. Lambert et al. applied aluminum as a 

metal layer in SPR biosensors (Fig. 3 (c)) [72]. Finite-differ-

ence time-domain (FDTD) simulations optimized the thickness 

of the aluminum layer to 15 nm, which was then deposited 

onto glass slides via electron-beam evaporation. Experimental 

measurements revealed a sensitivity of 70,041 IU/RIU for alu-

minum sensors, which was approximately 13.9% higher than 

that of gold, and a wider linear detection range. Stability tests 

conducted with 24-h immersion in a 10× PBS solution con-

firmed negligible changes in the surface morphology or spec-

tral response, confirming the effective corrosion resistance 

conferred by the Al2O3 layer. The combined attributes of high 

plasmonic performance, excellent environmental stability, and 

antifouling capability position aluminum as a promising and 

cost-effective candidate for next-generation SPR sensors.

Following advancements in material engineering and 

structural optimization to enhance prism-based SPR sensors, 

fiber-optic SPR sensors have emerged as a promising solution 

to overcome challenges related to device size and portability 

[66,73]. In particular, transmissive fiber-optic SPR sensors 

employ a configuration similar to the Kretschmann setup, 

consisting of a light source, a fiber-based sensing region coated 

with a thin metal film, and a detector [66]. Light propagates 

through the fiber core, exciting the surface plasmons at the 

metal–dielectric interface within the sensing region. The 

resonance shows high sensitivity to local refractive index 

variations near the metal surface, which change upon analyte 

binding to the functionalized layers [66,74]. Consequently, 
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fluctuations in the SPR absorption allow for the label-free 

detection and quantification of analytes in real time. Fig. 3 (d) 

shows a multichannel fiber-optic SPR sensor [74]. The fiber-

optic bundle, functionalized with distinct biomolecular recep-

tors, allows simultaneous detection of multiple analytes. This 

design includes channels modified with staphylococcal protein 

A and ribonuclease B (RNase B) for selectively binding immu-

noglobulin G (IgG) and concanavalin A (Con A), respectively. 

An unmodified reference channel compensates for environ-

mental fluctuations and bulk refractive index changes, thus 

enhancing the measurement accuracy. A quantitative analysis 

showed a linear correlation between the signal intensity and 

analyte concentration within clinically relevant ranges. Inte-

gration with a mobile device facilitates remote data transmis-

sion and real-time monitoring, highlighting the potential for 

point-of-care diagnostics and environmental sensing.

To extend the sensing capabilities across different physical 

states, a microstructured optical-fiber-based SPR sensor was 

designed for multienvironment detection [67,75]. Fig. 3 (e) 

shows a D-shaped hollow-core photonic crystal fiber (HC-

PCF)-based SPR sensor designed for multienvironment 

detection [67]. The sensor comprises a hollow core surrounded 

by periodic air holes and features a side-polished region coated 

with a thin gold film to enable SPR excitation. Light 

propagating through the core evanescently interacts with the 

metal–dielectric interface, allowing the detection of refractive 

index changes induced by target analytes. Simulation results 

indicated that such structures can achieve wavelength 

sensitivities exceeding 12,000 nm/RUI and high amplitude 

sensitivity, with resolution limits down to the order of 10-6

RIU. Future research will focus on optimizing the relationship 

between the optical properties, sensing layer function, and 

device integration to extend the detection limits and ensure 

robustness across diverse environments [76]. The continued 

refinement of sensor designs, improvements in selectivity, and 

enhanced compatibility with compact and flexible substrates 

will facilitate the transition from experimental prototypes to 

commercial systems. 

Fig. 3. Strategies for performance enhancement and miniaturization of SPR sensors. (a) Three-dimensional schematic of the SPR sensor used 

in numerical simulations, incorporating phase-change material (GST) and HfO2. Reprinted with permission from Ref. [70], Copyright 

(2023) Springer Nature. (b) Methane sensor employing a sensing layer based on polystyrene polymer doped with cryptophane A 

(CryptA). Reprinted with permission from Ref. [71], Copyright (2024) American Chemical Society. (c) Approach to using Al as an alter-

native metal layer in SPR sensors. Reprinted with permission from Ref. [72], Copyright (2020) American Chemical Society. (d) Compact 

multichannel SPR biosensor developed based on a fiber-optic bundle architecture, with each channel functionalized to detect different 

target molecules selectively. Reprinted with permission from Ref. [74], Copyright (2015) Optica Publishing Group. (e) Cross-sectional 

view of the proposed dual-core PCF sensor. Reprinted with permission from Ref. [67] under a CC BY 4.0 license, Copyright (2024) 

Springer Nature.
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4. OPTIMIZING LSPR SENSOR PERFOR-

MANCE WITH NANOSTRUCTURES

LSPR sensors operate through the collective oscillations of 

electrons confined within noble metal nanoparticles or 

nanostructures. Compared with conventional SPR sensors, 

LSPR sensors exhibit significantly shorter plasmon decay 

lengths, offering enhanced sensitivity to analytes bound 

directly to the sensor surface, such as biomolecules. However, 

achieving high sensitivity in gaseous environments remains a 

technical challenge because of the similarity in the refractive 

indices of gases and air [47,77]. Therefore, recent research has 

focused on tuning the nanoparticle size, shape, composition, 

and interparticle coupling to sharpen the plasmon resonance 

peak and increase the sensitivity [78]. For example, Proença et 

al. fabricated quasi-hexagonally ordered arrays of gold 

nanoparticles with particle diameters controlled between 72 

and 88 nm and interparticle gaps between 18 and 29 nm to 

optimize plasmon interactions. The hexagonal arrangement, 

known for its efficient packing and uniform near-field 

Fig. 4. Strategies for performance enhancement of LSPR sensors through nanostructure arrangement and sensing layer integration. (a) High-

resolution LSPR spectroscopy setup for real-time monitoring of sensor transmittance spectra. (b) Gas exchange process on the top of 

the ellipsoidal gold nanoparticles, considering surface-adsorbed gas layers. (c) SEM images showing three types of gold nanoparticle 

(Au NP) arrangements—single, double, and triple layers—on SiO2 nanopillars. The images were obtained at a 45˚ tilt and are displayed 

from right to left in the order of single, double, and triple layers. Reprinted with permission from Ref. [47] under a CC BY 4.0 license,

Copyright (2024) American Chemical Society. (d) Schematic of Ag–WO3 hollow nanospheres (HNSs). (e) Response of Ag–WO3 HNSs 

to 50 ppm of various target gases at 230°C. Insets show low- and high-magnification FE-SEM images of Ag-WO3 HNSs. Reprinted 

with permission from Ref. [78], Copyright (2016) American Chemical Society. (f) Quasirandom array of Au nanodisks functionalized 

with polycrystalline WO3 film for high-specificity NO2 detectio. (g) Proposed NO2 detection mechanism of Au–WO3 nanoplasmonic sen-

sors. Reprinted with permission from Ref. [48] under a CC BY 4.0 license, Copyright (2022) American Chemical Society. (h) Trade-

off between sensitivity enhancement and CO-poisoning resistance provided by Au and Cu alloyants, respectively, in PdAuCu ternary 

alloy nanoparticles for plasmonic hydrogen sensing. This design achieves an optimized system with maximized sensitivity and CO-poi-

soning resistance. Insets show an SEM micrograph of the nanodisk array; the scale bar represents 500 nm. Reprinted with permission 

from Ref. [80] under a CC BY 4.0 license, Copyright (2021) American Chemical Society.
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interactions, supports strong plasmon coupling effects that 

improve the sensor performance. This high-resolution LSPR 

spectroscopy setup facilitated the real-time monitoring of 

transmittance spectra shifts under both liquid and gas-phase 

conditions (Fig. 4 (a)) [47]. In addition, the conceptual dis-

tinction between the adsorbed gas layer and bulk gas phase 

provided a foundation for more accurate sensitivity evaluation 

by addressing the limitations of conventional refractive index 

sensitivity metrics in gas sensing (Fig. 4 (b)). The scanning 

electron microscopy (SEM) images in Fig. 4 (c) show the mor-

phology of the single-, double-, and triple-layer nanoparticle 

configurations, which were systematically tested to compare 

their sensitivities. The double-layer structure yielded the high-

est refractive index sensitivity, emphasizing the critical role of 

nanoparticle morphology and precise spatial control in max-

imizing LSPR sensor responsiveness.

In addition to the morphology, the integration of 

heterogeneous nanomaterials has emerged as a promising route 

for improving both the sensitivity and selectivity. Yao Yao et 

al. synthesized Ag-WO3 hollow nanospheres via sonochemical 

methods, achieving a low operating temperature (230°C), 

ultralow detection limit (0.09 ppb), and fast response (7 s) for 

alcohol vapors [79]. The enhanced performance of the sensor 

was attributed to selective ethanol adsorption facilitated by the 

hydroxyl groups and subsequent surface oxidation, which 

enabled sensor reusability (Fig. 4 (d–e)). Similarly, ultrathin 

WO3 films deposited onto arrays of gold nanodisks offer 

spatially resolved and real-time detection of nitrogen dioxide 

(NO2) with high specificity (Fig. 4 (f–g)) [48]. Operated under 

laboratory, simulated urban, and field conditions, these nano-

plasmonic sensors exploit the temperature-dependent oxygen 

adsorption chemistry on WO3 surfaces to bind NO2 selectively. 

The charge-transfer processes between NO2, WO3, and gold 

nanoparticles modulated the localized electron density, result-

ing in measurable redshifts in the LSPR spectrum. The com-

bination of optical and chemical selectivity illustrates the 

potential of metal oxide–plasmonic nanoparticle composites 

for practical environmental sensing applications.

Material composition optimization through alloying offers 

another avenue for improving the sensor performance by 

tailoring the electronic and catalytic properties. The 

Pd65Au25Cu10 ternary alloy system exemplifies this approach, 

demonstrating enhanced hydrogen sensing with high 

sensitivity, a hysteresis-free response, and resistance to carbon 

monoxide (CO) poisoning (Fig. 4 (h)) [80]. Systematic com-

positional tuning and adherence to rigorous testing protocols 

confirmed the stability and suitability of the alloy for pro-

longed operation in challenging gas environments. This strat-

egy underscores the value of multicomponent nanoparticle 

designs in addressing complex sensing challenges beyond 

morphological or hybrid material combinations. Collectively, 

these developments reveal a clear trajectory in LSPR sensor 

innovation, progressing from controlling the nanoparticle 

shape and spatial arrangement to the incorporation of func-

tional hybrid materials and engineered alloy compositions. 

This multifaceted approach addresses fundamental sensing 

limitations, enabling highly sensitive and selective detection 

across diverse analyte environments.

5. BOOSTING SERS PERFORMANCE 

WITH NANOPARTICLES AND HYBRID 

STRUCTURES

SERS is a powerful analytical technique that amplifies 

molecular vibrational signals via plasmonic enhancement 

mechanisms. This enhancement primarily originates from two 

processes: the electromagnetic mechanism (EM), which 

intensifies the local electric field via collective oscillations of 

surface electrons on noble metals, and the chemical 

mechanism (CM), which is based on charge transfer between 

the analyte and substrate [81,82]. While the EM enhancement 

can reach a factor of 1010 and depends heavily on nanoparticle 

morphology and interparticle spacing, the CM generally 

contributes to a lower enhancement (~104) and is influenced by 

the electronic interaction between the material and target 

molecule [83,84]. Recent strategies have focused on 

engineered nanostructures that simultaneously boost EM and 

CM effects, with particular attention paid to ordered arrays and 

functional architectures (Fig. 5 (a)) [85].

A representative implementation of structural engineering is 

the three-dimensional cross-point multifunctional architecture 

(3D-CMA) proposed by Han et al. [49], which integrates 

orthogonally stacked SnO2 nanowire frameworks with surface-

decorated gold nanoparticles to enable electrical and SERS-

based optical sensing simultaneously (Fig. 5 (b)). The inter-

secting nanowires establish discrete contact points for high-

resolution electrical detection, whereas discontinuous Au 

nanoparticle coverage introduces plasmonic hotspots that 

amplify the Raman signals. Importantly, the design permits 

selective and label-free analysis of mixed aromatic gases, such 

as nitrobenzene and toluene, at concentrations below 100 ppm, 

demonstrating that hybridizing semiconducting frameworks 

with noble metals enhances multimodal sensitivity and target 

discrimination.

Enhancing the SERS functionality for gas-phase sensing 

requires not only the refinement of the nanostructure geometry, 

but also the incorporation of materials that are capable of 

analyte preconcentration and chemical discrimination. One 

promising strategy involves the integration of plasmonic 

nanostructures with porous organic frameworks to achieve 
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simultaneous analyte capture and signal amplification. In this 

context, hybrid architectures consisting of gold nanoparticles 

grown in situ on covalent organic frameworks (AuNPs@COF) 

have been developed as bifunctional SERS platforms that 

combine catalytic activity and plasmonic enhancement [86]. 

The COF matrix, constructed using a TpPa-1 backbone, pro-

vides a high surface area and tunable porosity for efficient 

molecular adsorption, whereas the densely packed gold 

nanoparticles generate abundant Raman hotspots within the 

nanoscale interparticle gaps. Fu et al. demonstrated that such 

nanocomposites exhibit reductase-like catalytic activity toward 

4-nitrophenol, enabling the sensitive and selective detection of 

inhibitory analytes that modulate the reduction pathway. With 

a detection limit as low as 0.3 pM for acetylcholine, the 

AuNPs@COF-based sensor showed excellent stability, repro-

ducibility, and selectivity in both aqueous and serum matrices, 

underscoring its potential for real-time biochemical sensing 

and its applicability to the trace-level detection of biologically 

relevant molecules under ambient conditions. 

In parallel with EM-dominant designs, efforts to maximize 

the chemical sensitivity have led to the exploration of charge-

transfer-enhanced substrates. Zhou et al. reported a sponge-like 

Cu-doped SnO2-NiO p-n heterojunction structure that achieved 

an enhancement factor of 1.46 × 1010 primarily through the 

CM (Fig. 5 (d)) [87]. The p-n junction and Cu doping syn-

ergistically facilitated interfacial electron transfer, whereas the 

porous morphology increased the analyte concentration at the 

surface. When combined with copper phthalocyanine mole-

cules to create a selective recognition layer, this platform 

enabled the detection of toxic VOCs in exhaled breath at the 

ppb level. Furthermore, the use of Raman intensity barcoding 

allowed for the intuitive visual differentiation of gas profiles, 

offering a promising avenue for early-stage disease diagnos-

tics. Progress in SERS sensor technologies reflects a growing 

emphasis on multiscale precision—spanning nanostructure 

design, interface modulation, and molecular selectivity. Inno-

vations in the structural geometry, material composition, and 

interfacial charge dynamics offer complementary pathways for 

overcoming gas-phase detection barriers. Despite advances in 

nanostructural engineering and hybrid material design, achiev-

ing consistent signal enhancement across large areas and 

ensuring chemical robustness in real-world environments 

remain ongoing challenges. Materials that combine high sur-

face activity with intrinsic chemical stability are increasingly 

being considered vital for improving the reliability and repro-

ducibility of SERS, particularly in complex sensing scenarios. 

Fig. 5. Strategies for enhancing SERS performance through novel nanoarchitecture development. (a) Categories of nanostructures with round 

tips and gaps or pores as SERS substrates, illustrating current research strategies. Reprinted with permission from Ref. [85] under a CC 

BY 4.0 license, Copyright (2022) Wiley-VCH GmbH. (b) The 3D-CMA structure depicting a cross-point junction of Au NP-decorated 

SnO2 nanowires. Reprinted with permission from Ref. [49], Copyright (2021) Wiley. (c) Schematic of the AuNPs@COF nanocomposite 

as a nanozyme for SERS-based ach detection. Reprinted with permission from Ref. [86], Copyright (2021) American Chemical Society. 

(d) Sponge-like Cu-doped SnO2-NiO p-n semiconductor heterostructure (SnO2-NiOx/Cu) functionalized with copper phthalocyanine 

(CuPc) molecules, forming a highly sensitive and selective SERS nose for VOC detection (SnO2-NiOx/Cu-CuPc). Reprinted with per-

mission from Ref. [87], Copyright (2021) Wiley.
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6. ADVANTAGES OF 2D MATERIALS IN 

OPTICAL CHEMICAL SENSORS

2D materials possess distinctive characteristics that offer 

promising solutions to long-standing challenges in optical 

chemical sensing. Atomic-scale thickness combined with a 

high surface-to-volume ratio significantly increases the 

number of available sites for analyte interactions, thereby 

enhancing the detection sensitivity of plasmonic platforms 

such as SPR and SERS [88,89]. Van der Waals (vdW) 

heterostructures, which are formed by stacking different 2D 

layers without lattice matching constraints, create hybrid 

systems with highly tunable optical and electronic properties 

(Fig. 6, top) [12,90]. Enhanced charge carrier mobility, 

interlayer tunneling, and Coulomb drag effects arise from such 

stacking, collectively improving electronic transport and light–

matter coupling at the interfaces [91,92]. Engineered hetero-

structures expand the functional scope of sensors, enabling 

applications that require enhanced sensitivity, improved selec-

tivity, and innovative sensing mechanisms.

The electronic and optical properties of 2D materials such as 

TMDs and black phosphorus exhibit strong tunability via layer 

thickness control, applied strain, and doping strategies [93-97]. 

The absence of dangling bonds in the basal plane, along with 

strong in-plane atomic bonding, supports the exceptional lateral 

charge-carrier mobility by minimizing electron scattering and 

facilitating efficient electrical transport [98]. High optical 

responsiveness arises from enhanced absorption and emission 

across a wide spectral range, specifically spanning from the 

visible (~400-700 nm, e.g., the PL peak of MoS2 near 660 nm) 

to the near-infrared (~700-900 nm, e.g., MoSe2 enhanced 

emission near 750 nm) region, depending on the material system 

and type of defect engineering applied [99]. Thickness-dependent 

bandgap modulation enables the precise tuning of electronic 

transitions and excitonic effects, directly impacting local 

electromagnetic field confinement and charge transfer processes 

[100,101]. The interaction between the electronic structure and 

optical response plays a critical role in enhancing plasmonic sig-

nals and enabling selective molecular detection (Fig. 6, right).

Surface chemical functionalization involves diverse 

techniques ranging from covalent doping and ligand 

attachment to templated metal nanostructure growth [96,102-

104]. The various modifications allow the tailored 

enhancement of electronic characteristics, introduction of 

molecular recognition sites, and improved integration with 

sensor surfaces. Notably, metal nanoparticles can be readily 

synthesized on the surface of 2D materials, which are highly 

suitable for plasmonic sensor applications. Atomic vacancies 

on the basal planes act as nucleation centers for metal 

nanoparticle formation, allowing a controlled spatial 

arrangement [103]. The intrinsically high electrical 

conductivity and chemical reactivity of 2D material templates 

promote synergistic charge transfer and catalytic interactions 

with deposited metals [104,105]. Functionalization strategies 

Fig. 6. Key properties of 2D materials and their advantages for nanoplasmonic sensor applications.
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can offer fine control over the interfacial chemistry and 

morphology, ultimately advancing the sensor selectivity, 

stability, and overall performance (Fig. 6, left) [104].

A key practical advantage arises from the exceptional 

processability of 2D materials (Fig. 6, bottom). Traditional 

chemical vapor deposition (CVD) methods yield high-quality 

films, but encounter challenges in terms of scalability and 

substrate compatibility. Recent advancements in solution-

based exfoliation and chemical synthesis have enabled the 

production of stable nanosheet dispersions with controlled 

thickness and phase purity [106]. Electrochemical intercalation 

using bulky organic ions, such as tetraheptylammonium 

bromide, expands the interlayer spacing of bulk MoS2, 

allowing gentle sonication-assisted exfoliation to produce 

uniform nanosheets. Solution-processed 2D nanosheets can be 

deposited onto various substrates using scalable coating 

methods, enabling their integration into diverse device 

architectures [107-109]. Clean vdW interfaces form between 

the stacked layers, preserving excellent charge transport 

properties comparable to those of mechanically exfoliated or 

CVD-grown films [110]. This processability broadens the 

application potential of optical sensing across the SPR, LSPR, 

and SERS platforms, advancing the development of highly 

sensitive, selective, and adaptable chemical sensors.

7. ENHANCING OPTICAL CHEMICAL 

SENSORS WITH 2D MATERIALS

Owing to the promising attributes of 2D materials, an 

increasing number of studies have integrated them into the 

SPR, LSPR, and SERS platforms in recent years. Numerous 

studies have supported the potential of 2D materials for 

addressing the specific limitations of each sensing modality 

[111,112]. Coating with heterostructures such as PtSe2 and 

BlueP–MoS2 significantly enhances the sensitivity and stability 

of SPR sensors, addressing challenges related to low analyte 

concentrations and environmental robustness (Fig. 7 (a)) [113]. 

Chowdhury et al. employed FDTD simulations to design a 

Kretschmann-configuration SPR sensor. The architecture 

features a low-refractive-index CaF2 prism, a PtSe2 layer that 

elevates the effective refractive index to boost sensitivity, an 

Au metal film for SPR excitation, and a BlueP–MoS2

heterostructure as the sensing layer that directly interacts with 

analytes. The heterostructure exploits the distinct electrical and 

optical properties of BlueP and TMDs, enabling a tunable 

photoresponse, heightened sensitivity, and greater ambient 

stability [114,115]. Plasmon–exciton coupling is intensified, 

amplifying the electromagnetic fields at the sensor interface 

and lowering the detection limits [116]. Angular interrogation 

Fig. 7. Recent advances in external enhancement of 2Dmaterial-based nanoplasmonic sensors. (a) SPR sensor based on PtSe2 and BlueP–MoS2

heterostructure, with a PtSe2 layer that increases the effective refractive index to boost sensitivity and a BlueP–MoS2 heterostructure serv-

ing as the sensing layer directly interacting with analytes. Reprinted with permission from Ref. [113], Copyright (2024) American Chem-

ical Society. (b) Overall process for surface functionalization of an optical fiber by coating an anionic 2H-phase MoS2/Au sensing layer 

via a one-step recovery hydrothermal method. Reprinted with permission from Ref. [117], Copyright (2020) American Chemical Society. 

(c) 530 nm light-assisted Au–MoS2 gas sensor utilizing the LSPR effect of Au nanoparticles (NPs). The inset shows an FE-SEM image 

of Au–MoS2. Reprinted with permission from Ref. [50], Copyright (2021) American Chemical Society. (d) SERS sensor based on 3D 

MoS2 nanoflowers combined with Au/Ag nanostructures for ratiometric analysis of pesticide residues. Reprinted with permission from 

Ref. [51], Copyright (2023) American Chemical Society. (e) Graphene-veiled SERS substrates. (f) SERS performance of normal SERS 

(top) and G-SERS regions (bottom) after annealing. Reprinted with permission from Ref. [52], Copyright (2013) Wiley.
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combined with FDTD simulations optimizes the analyte thick-

ness and field distribution, resulting in a 3.2-fold sensitivity 

improvement compared with conventional gold-based SPR 

sensors.

Fiber-optic SPR sensors also benefit from 2D material 

functionalization, which improves the VOC detection 

performance. Ashkavand et al. synthesized carboxyl (COOH)-

functionalized MoS2 nanosheets using a low-temperature 

hydrothermal method and introduced them as sensing layers 

on gold-unclad polymeric optical fibers (Fig. 7 (b)) [117]. The 

presence of the gold substrate during synthesis induces a 1T-to-

2H phase transition in MoS2, yielding semiconducting 

properties [118]. Strong chemical bonding between the COOH 

groups and gold ensures a uniform and robust nanosheet 

attachment to the curved fiber surfaces. Enhanced interactions 

with hydroxyl-containing VOCs increases the sensor sensi-

tivity and selectivity. The sensor responses were evaluated for 

ethanol, propanol, and methanol concentrations ranging from 

600 to 5000 ppm and showed excellent linearity (R2 = 0.999) 

and stable performance at 40% relative humidity.

The advantages of LSPR sensors include the integration of 

2D gold nanostructures with light illumination to boost their 

gas-sensing capabilities. A 530 nm light-assisted Au–MoS2

sensor demonstrated NO2 detection limits as low as 10 ppb at 

room temperature without external heating while maintaining 

strong resistance to humidity (Fig. 7 (c)) [50]. Optical sim-

ulations and sensor characterization confirmed that LSPR exci-

tation by 30 nm gold nanoparticles under 530 nm illumination 

significantly enhanced visible light absorption and increased 

the surface carrier concentration in MoS2, markedly improving 

the sensor sensitivity.

In SERS systems, the combination of 2D materials with 

nanostructures creates synergistic effects that amplify the 

signal enhancement mechanisms. Semiconductor-based core–

molecule–shell nanoparticles show great promise as 

quantitative SERS substrates, particularly when used alongside 

ratiometric analysis (Fig. 7 (d)) [51]. Internal standard 

molecules such as 4-mercaptobenzonitrile embedded within 

the silver shell protect against environmental perturbations and 

enhance the detection accuracy. Gold nanoparticles serve as 

cores to amplify the Raman signals, whereas MoS2

nanoflowers contribute to strong chemical enhancement and 

provide a large surface area for supporting nanomaterials and 

analytes [119]. The 3D architecture generates electromagnetic 

hotspots, facilitating the sensitive detection of pesticide 

residues [120].

Recent developments have introduced graphene as a key 

component of shell-isolated SERS substrates. Mechanically 

exfoliated graphene contacts an 8 nm-thick island-like gold 

film following thermal annealing, forming curved gold 

nanoislands coated with graphene (Fig. 7 (e)) [52]. As opposed 

to conventional substrates that rely on direct molecular 

adsorption to metal surfaces, graphene coatings offer a 

passivated surface that is favorable for Raman analysis by 

enhancing molecular interactions, reducing signal loss, and 

improving reproducibility [121,122]. Comparisons of the 

Raman signals from the graphene-covered versus gold-only 

regions revealed significantly enhanced and more consistent 

signals in the graphene areas (Fig. 7 (f)). The shell-isolation 

approach provides insights into the influence of surface 

morphology on SERS performance and clarifies the 

mechanisms underlying Raman signal enhancement.

8. CONCLUSIONS AND OUTLOOK

2D materials offer distinct advantages that align well with 

the demands of optical chemical sensing technologies. Their 

atomic-scale thickness, large surface-to-volume ratio, and tun-

able electronic and optical properties create strong synergy 

with plasmonic sensors. In recent years, efforts to integrate 2D 

materials into SPR, LSPR, and SERS platforms have led to 

notable improvements in their sensitivity, selectivity, and sta-

bility. Initial strategies focused on heterostructure assembly, 

surface functionalization, and hybrid nanostructure formation 

to enhance light–matter interactions and charge transport while 

improving sensor responsiveness under realistic conditions. 

The use of 2D materials as active sensing layers or functional 

coatings has helped to overcome challenges related to detect-

ing low-concentration analytes and operating in complex envi-

ronments.

However, challenges remain in achieving uniform large-area 

synthesis and seamless integration with diverse device 

architectures. The sensor stability and reproducibility under 

practical operating conditions require further investigation. 

Moreover, scalable fabrication techniques that are compatible 

with various substrates are essential for transitioning laboratory 

prototypes into commercial products. Future research is 

expected to focus on optimized material design, interface 

engineering, and the development of multifunctional sensing 

platforms. Addressing integration challenges via scalable and 

substrate-compatible fabrication methods is critical for fully 

leveraging the benefits of 2D materials. In this regard, 

advances in solution-based fabrication offer versatility and 

compatibility, providing a promising path towards real-world 

applications of high-performance optical chemical sensors. 

Scalable solution-based processes facilitate the production of 

high-quality 2D nanosheets and their straightforward 

integration into flexible and rigid substrates [109]. This prog-

ress can significantly lower the barriers to material integration 

and accelerate the commercialization of advanced optical 
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chemical sensing technologies. By combining material inno-

vation with scalable manufacturing, the realization (e.g., high 

performance, reliability, and adaptability) of optical chemical 

sensors is becoming increasingly attainable.
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