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A B S T R A C T   

Surface plasmon resonance sensors have found wide applications in optical sensing field due to 
their excellent sensitivity to the slight refractive index change of surrounding medium. However, 
the intrinsically high optical losses in metals make it nontrivial to obtain narrow resonance 
spectra, which greatly limits the performance of surface plasmon resonance sensors. This review 
first introduces the influence factors of plasmon linewidths of metallic nanostructures. Then, 
various approaches to achieve narrow resonance linewidths are summarized, including the 
fabrication of nanostructured surface plasmon resonance sensors supporting surface lattice 
resonance/plasmonic Fano resonance or coupling with a photonic cavity, the preparation of 
surface plasmon resonance sensors with ultra-narrow resonators, as well as strategies such as 
platform-induced modification, alternating different dielectric layers, and the coupling with 
whispering-gallery-modes. Lastly, the applications and some existing challenges of surface plas-
mon resonance sensors are discussed. This review aims to provide guidance for the further 
development of nanostructured surface plasmon resonance sensors.   

1. Introduction 

Under the illumination of resonant wavelength, noble metals (such as Au and Ag) can support the coherent oscillations of electrons 
in metals. These excitations, called as surface plasmon resonances (SPR), can greatly increase the optical extinction cross section of the 
nanostructure and produce significant near-field enhancement due to the high localization of electromagnetic field beyond the 
diffraction limit [1–4]. Therefore, noble metal plasmonic nanostructures can be served as SPR sensors by utilizing the high sensitivity 
of local electromagnetic field to the change of surrounding dielectric environment. In the past decade, benefited from the rapid 
development of nanofabrication technologies (such as nanosphere lithography and nanoimprint lithography), SPR sensors have found 
wide applications for the label-free and real-time detection of bio-/chemical species in numerous fields [5–9]. 

A typical SPR sensing process is shown in Fig. 1, where the resonance spectrum of a SPR sensor shifts to longer wavelength as the 
refractive index of surrounding environment increases from n to n+Δn. The sensing performance of various SPR sensors can be 
evaluated by figure of merit (FOM), which is defined as spectral shift (Δλ) per refractive index unit (RIU) divided by resonance 
linewidth (full-width at half-maximum, FWHM), namely FOM = Δλ/(Δn × FWHM). A high FOM has therefore become an important 
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indicator for the excellent sensing performance of a SPR sensor [10,11]. To improve FOM, there are two main directions: 1) enhancing 
the near-field intensity of SPR sensors to obtain a large spectral shift per refractive index and 2) decreasing the linewidths of SPR 
sensors. The former can be realized through the fabrication of SPR sensors with strong near-field enhancement [12–15], while the 
latter requires reducing plasmonic loss of sensor structures [16,17]. For the widely used propagating surface plasmon polaritons (SPP) 
sensors using prism coupling strategy, it is difficult to realize the flexible tuning of optical properties of the sensor, and the existence of 
optical components in the device makes it difficult to realize miniaturization and portability, which greatly limits their practical 
applications [7]. As for localized surface plasmon resonance (LSPR) sensors which are usually based on metallic plasmonic nano-
particles, they do not need to meet momentum matching conditions and the preparation of nanoparticles are relatively simple with low 
cost [18–20]. The resonant frequency of the sensors can also be flexible tuned by adjusting the material, shape and size of plasmonic 
nanoparticles. Nevertheless, owing to strong radiative damping of metallic plasmonic nanoparticles, LSPR sensors usually exhibit 
broad resonance spectra, which greatly limit their sensing performance [10,17]. 

Recent progresses in micro-/nanofabrications have encouraged the development of metallic plasmonic substrates and numerous 
nanostructured SPR sensors, such as metallic nanohole [8,21], nanoring [22–24] and nanomushroom arrays [10], have been proposed 
for sensing applications. Compared with the conventional SPR sensors based on prism coupling configurations and plasmonic nano-
particles, these nanostructured SPR sensors are easy to integrate with imaging and microfluidic systems. In addition, their plasmonic 
resonances can be excited directly without additional coupling structures, beneficial for the multiplex and high-throughput sensing 
analysis and the miniaturization and portability of sensing devices. More importantly, various ingenious and flexible structural designs 
endow the nanostructured SPR sensors with rich optical properties, providing possibilities to enhance near-field intensities and reduce 
resonance linewidths and therefore improve FOM. Benefited from these characteristics, nanostructured SPR sensors have been widely 
used for medical diagnosis [25–27], food safety analysis [28–30] and environment monitoring [28,31], etc. 

In this review, we aim to introduce effective strategies to improve sensing performance of SPR sensors. We here focus on the current 
approaches for reducing resonance linewidths instead of the enhancement of near-field intensities. This paper is organized as follows. 
In section 2, we will introduce the influence factors of plasmon linewidth to facilitate readers of different fields to understand relevant 
background. In section 3, we focus on the developed strategies for obtaining narrow resonance linewidths. In section 4, the appli-
cations of SPR sensors in different fields are reviewed. Lastly, we will discuss in depth the future development of nanostructured SPR 
sensors. 

2. Plasmon linewidth 

Plasmon linewidth is associated with the dephasing of the coherent electron oscillation originating from radiative and non- 
radiative damping [16,32]. Large linewidth can be attributed to a rapid loss of the motion of coherent electron, while narrow line-
width corresponds to a slow dephasing time, namely a long lifetime of surface plasmon oscillation. Generally, the relation between the 
homogeneous linewidth Γ and the dephasing time T2 can be expressed as Eq. (1) [17,32], 

Γ =
2ℏ
T2

(1) 

Specifically, the contributions to plasmon dephasing can be written as a sum of several damping terms and plasmon linewidths is 
therefore described as Eq. (2) [33–35]: 

Γ = γb + Γrad + Γe− surf + Γinterface (2)  

where γb is called bulk damping and is characteristic of material. It originates from electron scattering in metal and can be well 
described by dielectric function dependent on the incident wavelength [32,33]. The second term Γrad is radiation damping. It illustrates 
the energy loss mechanism due to the coupling of plasmon oscillation to radiation field. For plasmonic nanoparticles with large volume 

Fig. 1. Illustration of the spectral shift of a SPR sensor as the environmental refractive index changes from n to n+ Δn.  
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(V), Γrad can significantly widen plasmon linewidths following its relation with V as Γrad = 2ℏκradV, where κrad denotes radiation 
damping constant varying from 4 × 10− 7 to 12 × 10− 7 fs− 1 nm− 3 [17,36]. The third term Γe− surf is the damping contribution from 
electron surface scattering and its influence on plasmon linewidth should be considered when the size of a plasmonic nanostructure is 
smaller than electron mean free path [32,37]. Usually, the relationship between Γe− surf and the dimensions of plasmonic nano-
structures can be described as Γe− surf = SAVF

Leff
, where SA, VF and Leff are the surface scattering constant, Fermi velocity, and effective path 

length of the electrons, respectively. The last term Γinterface is called interface damping. Γinterface describes the influence of interface 
effects originating from the interactions between metals and surrounding medium on spectral linewidths of plasmonic nanostructures 
[32]. For example, when a plasmonic nanostructure is coated with surface bound molecules, energy or electrons can inevitably transfer 
from the structure to molecules. It can provide surface plasmons an additional relaxation approach, resulting in a smaller dephasing 
time and therefore broadening plasmon linewidth [34,35,38]. 

From the above discussions, it can be seen that the key to obtain narrow plasmon linewidth is to reduce damping [33,39]. As the 
electron-phonon scattering in non-radiative processes is highly dependent on the temperature, plasmon damping can be therefore 
reduced by lowering temperature [40]. For example, Liu et al. measured the scattering spectra of single Au bipyramids vs their 
resonance energies at 77 K (red open circles) and 293 K (blue squares), as illustrated in Fig. 2A [41]. Obviously, the plasmon linewidths 
measured at 77 K are obviously smaller than their room-temperature counterparts by about 24 meV. And in the work of Xu’s group, 
they investigated the dark-field scattering spectroscopy of a single Au nanowire-Au film nanostructure under different temperature 
(see Fig. 2B) [42]. It can be seen that the spectral linewidth can be reduced from about 168 to 156 nm when the temperature decreases 
from 150 to 5 K. Plasmon damping can also be reduced by changing the size of nanostructures. For example, the plasmon bandwidth of 
spherical Au nanoparticles would be reduced with the decrease of particle size [16]. This phenomenon can be explained by the 
expression of Γrad and is regarded as an extrinsic size effect [16]. In addition to reducing damping, there are also attempts to narrow 
linewidths from the point of loss compensation [43,44]. For example, Luca and coworkers investigated the absorbance spectra of a 
nanoparticle composed of Au core and silica shell without and with a gain material adding into the shell [45]. The gain medium can 
partially compensate the intrinsic losses of metal material and lead to a small decay rate, therefore the particle with gain shows a 
narrower linewidth than the counterpart without gain. 

Although these strategies mentioned above can show partial effects on decreasing FWHM, the achievement of desired narrow 
linewidths (down to a dozen or even a few nanometers) is still difficult, which severely limits the performance in SPR sensing. 
Therefore, the pursuit of more powerful methods for reducing plasmon linewidths has attracted wide attentions. 

3. Solutions for achieving narrow linewidths 

The vast development on micro-/nanofabrication techniques has made it possible to obtain arbitrary structural morphologies and 
configurations. Therefore, the optical performance of plasmonic nanostructures, such as the peak position and intensity of resonance 
spectra, and the linewidths of interest in this review, can be designed and tailored in a targeted manner. In this section, we will 
systematically introduce various approaches for obtaining narrow plasmon linewidths. 

3.1. Constructing plasmonic nanostructures that support surface lattice resonance (SLR) 

SLR, also called collective resonances, is an optical phenomenon due to the coupling between LSPR and diffractive modes [46,47]. 
If plasmonic nanoparticles are organized in an ordered way, they can scatter incident light and thus result in diffraction. When one of 
the diffracted light is coupled to the localized plasmon resonances of individual nanoparticle, SLR can occur and greatly suppress the 
radiative damping of the plasmonic nanostructure, resulting in an ultra-narrow spectral linewidth that even reaches 1–2 nm. Benefited 
from the excellent characteristics, SLR has attracted wide attentions in the field of SPR sensing [48,49]. 

Fig. 2. A) Plasmon linewidths of scattering spectra of single Au bipyramids as a function of resonance energy (linearly fitted) when the temperature 
is 293 K (blue) and 77 K (red). Reproduced with permission [41]. Copyright 2009, American Physical Society. B) Plasmon linewidths (orange dots) 
and dephasing time (solid black line) of the Au nanowire-Au film nanostructure under a temperature ranging from 0 to 150 K. The inset displays the 
structural diagram consisting of a Au-nanowire over a Au mirror. Reproduced with permission [42]. Copyright 2020, De Gruyter. 
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The theoretical elucidation of SLR phenomenon can be achieved by utilizing coupled dipole approximation [46,50]. In the method, 
each nanoparticle is treated as a dipole and thus an array composed of N nanoparticles can be regarded as an array of electric dipoles. 
In an infinite array, the effective polarizability (αeff ) of different nanoparticle is considered to be the same and can be expressed 
through Eq. (3) [46,47], 

αeff =
1

(
1
αs
− S

) (3)  

and the corresponding extinction cross-section (Cext) can be described as Eq. (4): 

Cext = 4πkIm
(
αeff

)
(4)  

where αs is polarizability of an isolated plasmonic nanoparticle, S is retarded dipoles sum originating from other nanoparticles, and k 
denotes the wavenumber of incident light. It is clear that when S equals to 1

αs
, Cext achieves infinite, indicating that SLR mode occurs. 

SLR can be achieved in various plasmonic nanostructures, including one dimensional (1D) chains, 2D arrays and 3D substrates 
through the elaborate adjustment of size, morphology and arrangement of nanoparticles and the period of nanoarrays [46]. For 
example, by using dipole sum approach, Zou et al. investigated the extinction spectra (Fig. 3A) of a 1D chain and a 2D hexagonal array 
composed of Ag NPs with diameter of 100 nm [51]. As the separation distance between nanoparticles increased, they found the 
resonance spectra of the two structures both narrowed significantly and shifted to longer wavelength. Specifically, the calculated 
linewidth of chain can reach 3.7 nm and even 1.5 nm when the period is 470 nm and 500 nm, respectively, much smaller than that of 
single Ag nanoparticle (dotted line in Fig. 3A–i). However, the resonance intensity decreased dramatically when the chain period 
increased. The similar phenomena can also be observed for the 2D array when the nanoparticle spacing distance increased, albeit with 
linewidths that are slight larger (Fig. 3A–ii). Experimentally, Offermans et al. fabricated several Au square arrays on quartz substrate 
(Fig. 3B–i) by utilizing e-beam lithography and ion-milling [52]. It is clear that as the lattice constants increased from 300 to 600 nm, 
transmittance spectrum of the Au array narrowed considerably and the resonance peak shifted toward lower frequency simultaneously 
(Fig. 3B–ii). These phenomena can be explained by the more negative retarded dipole sum of the array as the lattice constant increased, 
leading to the partial cancellation of damping and therefore a smaller resonance linewidth. In addition to the lattice constant, the size 
of plasmonic nanoparticle also shows significant influence on the position and width of resonance spectra. As shown in Fig. 3B–iii, the 

Fig. 3. A) Calculated extinction spectra of (i) a 1D AgNPs chain and (ii) a 2D hexagonal AgNPs array over different spacing distances. Reproduced 
with permission [51]. Copyright 2004, American Institute of Physics. B) (i) SEM images of AuNPs arrays with different diameters and lattice 
constants. (ii,iii) Transmittance spectra of the AuNPs arrays under different lattice constants (a) and particle diameters (d). Reproduced with 
permission [52]. Copyright 2011, American Chemical Society. C) Measured extinction spectra of AgNPs arrays with different arrangements. The 
insets show the SEM images of a square array (top), a triangular array (middle) and a honeycomb array (bottom). Reproduced with permission [53]. 
Copyright 2014, American Physical Society. 
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resonance spectra of the Au square array shifted to longer frequency and narrowed significantly with the decrease of the nanoparticle 
diameter from 165 nm to 95 nm. Finally, by optimizing the two parameters, SLR in the Au square array can offer an improvement in 
sensing performance by more than one order of magnitude than that of localized plasmon resonance of disordered Au nanoparticle 
arrays. In addition to structural parameters, the influence of nanoparticles arrangement in plasmonic arrays on SLR is also investigated. 
As shown in Fig. 3C, Humphrey and Barnes fabricated square, triangular and honeycomb arrays composed of Ag nanoparticles by using 
electron-beam lithography [53]. They found that the differences in spectral linewidths of these arrays are very small, demonstrating 
SLR can be generated in various plasmonic arrays with no one configuration showing a distinct advantage in terms of resonance 
linewidth. 

3.2. Constructing plasmonic nanostructures that support plasmonic Fano resonance 

Fano resonance originates from spectral interference between a discrete state and a broad continuum resonance [54–56]. Different 

Fig. 4. A) Diagram view of Fano resonance as a superposition of a discrete state with a continuum. Reproduced with permission [57]. Copyright 
2010, American Physical Society. B) (i) 3D schematic of a single Au split nanodisk. (ii) SEM images (left) and calculated transmittance spectra (right) 
of the fabricated split nanodisks under different radius from 75 nm to 200 nm. Reproduced with permission [60]. Copyright 2016, American 
Chemical Society. C) (i) Reflection spectra of concentric (red) and asymmetric ring/disk cavities (black) with Δx = 30 nm. (ii) The spectral change of 
the asymmetric ring/disk cavities after the introduction of protein A/G (blue) and IgG antibody (red). Reproduced with permission [66]. Copyright 
2012, American Chemical Society. D) (i) Normalized scattering of a Al nanocluster with different satellite particle number (N). (ii) Experimental 
spectra of a nanocluster (N = 10) placed in different environments. The colorimetric phenomena are shown in the right of each plot. Reproduced 
with permission [69]. Copyright 2015, American Chemical Society. 
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from a Lorentzian lineshape, Fano resonance shows a distinctly asymmetric spectrum (illustrated in Fig. 4A), which can be described 
by famous Fano formula as Eq. (5) [56,57], 

σ(E)=D2(q + Ω)
2

1 + Ω2 (5)  

where E is the energy, D2 = 4 sin2 δ (δ denotes the continuum phase shift), q = cot δ denotes the parameter determining asymmetry 
degree. Ω =

2(E− E0)
Γ , where Γ and E0 are the resonance width and energy, respectively. 

Plasmonic Fano resonance with narrow resonance linewidth and high spectral contrast have been obtained in various plasmonic 
nanostructures through ingenious structural designs [54,58,59]. Plasmonic Fano resonance can be first generated in a single disk 
nanostructure [60–63]. For example, Zhang et al. fabricated a single plasmonic split nanodisk (shown in Fig. 4B–i) with an extremely 
narrow split gap down to 15 nm [60]. The structure can support pronounced Fano resonance due to the mode interference between the 
bright antibonding dipole mode of the split disk and the subradiant mode supported by the narrowsplit gap. Fig. 4B–ii shows the 
transmittance spectra of the split nanodisk with different sizes, where the split length of structures equals to their respective radius. It 
can be seen that as the radius varies from 75 nm to 200 nm, the spectra exhibit significant change and the linewidth (red dashed line) 
increases simultaneously, indicating the stronger radiative loss when the structure becomes larger. Alternatively, plasmonic Fano 
resonance is also supported by heterogeneous dimer disk nanostructures [64–66]. As shown in Fig. 4C, Cetin and Altug used 
electron-beam lithography and fabricated an asymmetric ring/disk structure on a Au layer [66]. The structural asymmetry degree is 
determined by the shift amount (Δx) of the disk from the center of the concentric system along the polarization direction (see the right 
part in Fig. 4C–i). Compared with the concentric ring/disk structure, it is clear that the asymmetric ring/disk structure exhibited 
distinctly different spectral characteristics with a narrow resonance linewidth as small as 9 nm (indicated by a blue arrow in Fig. 4C–i). 
By using the asymmetric nanostructure, they experimentally achieved a high FOM value of 72 for reliable detection of mono-
layer/bilayer proteins. Furthermore, plasmonic Fano resonance can also be observed in clusters of plasmonic nanoparticles [67,68]. In 
Fig. 4D, Halas et al. fabricated a Al nanocluster consisting of a core disk surrounded by N satellite disks (N is the number of the 
satellites) [69]. By adjusting the satellite nanoparticle size and number, the spectrum of the nanocluster can be tuned from the near-UV 
into the visible region (Fig. 4D–i). The characteristic enables the structure for plasmonic colorimetric sensing, where the presence of 
analytes can be detected directly from observable color changes without the need of photodetectors and spectral analyzers (Fig. 4D–ii). 
However, the linewidth of the cluster structure is a little broad, which limits the sensing performance. In addition to the mentioned 
configurations, many other structures supporting Fano resonance have also been proposed recently. Kazanskiy et al. developed a 
side-coupled circular cavity (SCCC) and a ring encapsulated circular cavity (RECC) [70]. Due to the strong coupling of electromagnetic 
waves in the cavity, the RECC configuration offers a Fano resonance, which results in a higher FOM (691/RIU) than the one offered by 

Fig. 5. A) (i) The phase shifts occurring at one roundtrip of an electromagnetic wave in the Au nanorod-microcavity structure. (ii) Comparison of 
the experimental spectra for Au nanorods alone and Au nanorods combined with a cavity. Two environments (n = 1.3198 and 1.3594) are used. 
Reproduced with permission [74]. Copyright 2010, American Institute of Physics. B) (i) Diagram view of the U-cavity structure. (ii) Simulated 
electric field density distributions of the coupling of the ridge mode to the hollow U-cavity. (iii) Simulated reflection and absorption spectra of the 
U-cavity structure. Reproduced with permission [77]. Copyright 2014, Wiley-VCH. C) (i) Illustration of the trench plasmonic resonator. (ii) 
Transmitted light outcoupled by the slit aperture under the illumination of an open side of the cavity with incoherent white light. Reproduced with 
permission [76]. Copyright 2017, American Association for the Advancement of Science. 
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SCCC (18.74/RIU) in biosensing application. 

3.3. Constructing plasmonic nanostructures coupled with photonic cavities 

The broad resonance spectrum of a plasmonic nanostructure can also be narrowed by coupling with a photonic cavity [71–73]. 
Generally, the radiative loss of the formed photonic-plasmonic system can be greatly reduced when Eq. (6) is fulfilled [74,75], 

Δφtot = 2Δφprop + Δφrefl + Δφexc = 2πN (6)  

where Δφtot is the total phase shift of light accumulated during one roundtrip in the cavity, Δφprop is the phase shift resulting from the 
light propagation through the cavity and is closely related to the thickness of the cavity, Δφrefl denotes the phase shifts upon reflection 
at the cavity mirror and can be obtained through Fresnel equations, Δφexc originates from the resonance mode of the plasmonic 
nanostructure, and N is an integer. It is clear that the linewidth of the coupled system can be flexibly tuned by simply adjusting the 
cavity thickness. 

Experimentally, Giessen’ group placed the Au nanorods array at Bragg distance above a Au mirror, as shown in Fig. 5A–i [74]. The 
refractive index and thickness of the dielectric cavity are 1.4 and 380 nm, respectively. Through the structural design, they can 
decrease the resonance linewidth of the substrate from 600 nm to 90 nm (Fig. 5A–ii) and increase the FOM value by a factor of 3.1, 
allowing for a much more sensitive detection of the change of surrounding environment. In addition to vertical direction, the cavity 
system can also be achieved in horizontal direction [76,77]. For example, Delaunay et al. proposed a Au U-cavity structure composed 
of Au nanofins on a Au film, as shown in Fig. 5B–i [77]. Ridge mode coupled U-cavity with mirrored surface plasmons supports an 
intense optical vortex, leading to a full light trapping (Fig. 5B–ii). Therefore, a linewidth of 14 nm (Fig. 5B–iii) can be experimentally 
observed in the far field spectra with a sensing sensitivity as high as 791 nm/RIU. Similarly, Zhu et al. designed a trench plasmonic 
nanostructure consisting of an opaque Ag film forming two vertical Ag sidewalls and a horizontal floor (Fig. 5C–i) [76]. Under the 
illumination of white light, SPP can be launched and propagate across the cavity and reflect efficiently by the sidewalls. A sub-
wavelength slit parallel to the sidewalls is fabricated in the cavity floor, allowing for efficient coupling between the SPP field in cavity 
and the fundamental propagating mode of the slit. Finally, the structure can produce a Lorentzian lineshape with a narrow FWHM of 
2.1 nm and a high quality factor of about 310 (Fig. 5C–ii). 

3.4. Constructing plasmonic nanostructures inherent with ultra-small resonators 

Although the methods in above sections have been widely adopted to obtain narrow linewidths, the challenge is that they require 

Fig. 6. A) (i) SEM images of five hexagonal arrays with nanoholes and nanoslits of different depths. (ii) Reflectance spectra of array 4 under 
different incident angles (θ). Plasmon linewidth down to 3 nm can be obtained at incident angle (θ) of 55.1◦. Reproduced with permission [11]. 
Copyright 2018, Wiley-VCH. B) (i) AFM images and (ii) resonance spectra of Au orthorhombic nanohole arrays with a shallow hole depth (right) and 
a deep hole depth (left). Reproduced with permission [7]. Copyright 2021, Wiley-VCH. 
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elaborate structure designs to achieve effective couplings of different optical modes. Alternatively, resonance linewidth can be reduced 
by minimizing the size of resonators of plasmonic nanostructures to prolong the lifetime of resonance modes, therefore narrow spectral 
peaks can be achieved according to Eq. (1) mentioned in section 2. 

In the work of Ren’s group, they fabricated a series of Au hexagonal arrays under the assistance of a tunable holographic 
lithography method, as shown in Fig. 6A–i [11]. By minimizing the feature sizes of nanoholes and nanoslits of these array structures, 
they can achieve a narrow linewidth smaller than 8 nm over a wide optical range from 600 nm to 960 nm and a minimum linewidth 
down to 3 nm at 960 nm (Fig. 6A–ii). Benefited from the ultra-narrow and almost perfect Lorentzian lineshape of the resonance 
spectrum, a high sensitivity of 5833 nm/RIU and FOM value of 730 can be achieved. In addition to the hexagonal array, plasmonic 
nanostructures with other morphologies can also produce narrow resonance spectra through this strategy (namely reducing the feature 
sizes of resonators). As illustrated in Fig. 6B–i, Ren et al. recently fabricated two Au orthorhombic arrays with different hole depths [7]. 
It is clear that the plasmon linewidth of the array with shallow depth is much smaller than that of the deep one (Fig. 6B–ii), 
demonstrating the universality of the method for obtaining narrow resonance spectra. 

3.5. Other methods to obtain narrow linewidths 

In addition to the abovementioned methods, there are also many other approaches for achieving narrow resonance spectra. In this 
section, a brief introduction of these strategies is provided. 

Platform-induced modification: Usually, metallic SPR sensors need to be fabricated on supporting platforms, therefore the 
interaction between metal nanostructures and platforms may greatly influence the resonance spectra, providing the possibility for 
reducing linewidths [78,79]. As illustrated in Fig. 7A–i and ii, Halas’s group observed that the dipolar plasmon resonance linewidth of 
a Al nanoparticle narrows remarkably when it coupled to an underlying Al film [80]. The phenomena are generated due to the 
reduction in radiative loss originating from the Al film-mediated hybridization of the dipolar and quadrupolar plasmons of Al 
nanoparticle. Similarly, by replacing a silica platform with a Au film (Fig. 7A–iii), Lei et al. realized pronounced linewidth shrinking 
(Fig. 7A–iv) in a Au nanosphere dimer [81]. Using this structure, they achieved a photoluminescence intensity enhancement up to 
nearly 200 times with a much narrower emission linewidth than the silica-supported dimer. 

Alternating different dielectric layers: In 2007, Kaliteevski et al. theoretically discovered a plasmon-polariton state called as 
Tamm plasmon-polaritons (TPPs) in the nanostructure formed between a metal and a dielectric distributed Bragg reflector [82]. The 
Bragg mirror consists of alternating dielectric layers of different refractive indices. Through the design, a photonic bandgap can be 
formed and hence achieve the confinement of TPPs in the structure. Due to the low dissipation losses of dielectric layers, TPPs can 
produce a narrow and intense spectral feature [83–85]. For example, Kumari et al. investigated the reflectance property of the Tamm 
plasmon system consisting of a layer of Au film and periodic multilayers of TiO2 and SiO2 [86]. The structure exhibits a distinctive 

Fig. 7. A) (i) Schematic of a Al nanoparticle positioned on a Al film and (ii) the measured dark-field scattering spectra of a 180 nm Al nanoparticle 
(top) and a 100 nm Al nanoparticle (bottom) when placed on a Al film of thickness T = 35 nm (gray) or directly placed on a silica substrate (blue). 
Scale bar: 100 nm. (iii) Diagram of two cetyltrimethylammonium bromide-coated (blue) Au nanosphere dimers placed respectively on a thin Au film 
(yellow) and on a glass substrate (gray). (iv) Scattering spectra of the Au dimers on the Au film (orange) and on silica (blue). (i,ii) Reproduced with 
permission [80]. Copyright 2015, American Chemical Society (iii,iv) Reproduced with permission [81]. Copyright 2017, American Chemical So-
ciety. B) Coupling a Au nanorod with the whispering gallery cavity of a silica microfiber for a dramatic reduction in plasmon linewidth. (i) 
Schematic of the hybrid structure. (ii) Scattering spectra of single Au nanorod coupled to a silica microfiber with a diameter of 1.46 μm (red solid 
line) or directly placed on a glass slide (black dotted line). Reproduced with permission [93]. Copyright 2015, American Chemical Society. 
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narrow spectral feature at 658 nm when Au thickness is 60 nm and the number of unit cells of Bragg mirror is 10. 
Coupling with whispering-gallery-mode: Through total internal reflection, whispering-gallery-mode (WGM) can confine light 

energy effectively and achieve resonances with high quality [87–89]. Therefore, the combination of plasmonic nanostructures with 
WGM can compensate the intrinsic damping loss of metal materials, providing possibilities for the reduction of plasmon linewidths 
[90–92]. In the work of Tong’s group, they reported a significant narrowing in resonance linewidth of a single Au nanorod through 
coupling with a WGM of a silica microfiber [93]. Fig. 7B–i shows the schematic diagram of the hybrid structure. Compared with the 
broad resonance spectrum of a Au nanorod placed on a glass slide, the Au nanorod in the coupling system shows an extremely narrow 
plasmon linewidth down to 2 nm with a significant enhancement in the scattering peak intensity (Fig. 7B–ii). 

4. Applications of SPR sensors 

Benefited from the significantly enhanced near-field under resonance wavelength, SPR nanostructures can effectively covert the 
variation in refractive index of surrounding medium into the change of resonance spectra (such as the shift of peak position). 
Therefore, SPR sensors have found wide applications in numerous fields [94–99]. In this section, the applications of SPR sensors in 
medical diagnostics, food safety analysis and environmental monitoring are briefly introduced. 

4.1. Medical diagnostics 

SPR sensors have attracted wide attentions in the field of medical diagnosis for rapid and sensitive detection of various targets, such 
as cancer markers, allergy markers and drugs [25,26,100–105]. For example, microRNAs (miRs), as a typical analyte, can modulate 
numerous biological processes by targeting with specific mRNA moieties for translational repression or degradation. Therefore, the 
level of miRs in plasma and other biological fluids can serve as diagnostic and prognostic disease biomarkers [106–108]. In the work of 
Sardar’s group, they described a direct hybridization approach for the detection of miR-X (X = 21 and 10b) in human plasma of 
pancreatic cancer patients [107]. The sensor substrate is composed of Au nanoprisms attached onto a glass substrate. The sensing 
mechanism is to change the local environment around the sensor through the hybridization between complementary single-strand 
DNA (ssDNA) pre-modified on the surface of nanoprisms and the target miR-X, thus the resonance peak can shift to a longer wave-
length. Finally, they achieved the sensitive detection of miR-21 with a limit of detection (LOD) of 23–25 fM and miR-10b with a LOD of 
50 fM. In another example, Altug et al. fabricated a Au nanohole array for the real-time analysis of vascular endothelial growth factor 
(VEGF) secretion [109], which plays a key role at various stages of cancer development, such as angiogenesis, progression and 
metastasis. The sensor surface was first modified with PEGylated alkanethiol to covalently bond with streptavidin. Then the bio-
tinylated anti-VEGF was immobilized by the robust streptavidin-biotin interaction for capturing VEGF secreted by cancer cells. By 
monitoring the change of the extraordinary optical transmission (EOT) spectrum before and after binding, the sensor shows an 
outstanding sensitivity of 145 pg/mL (5.37 pM) for VEGF detection. Recently, SPR sensors were also widely used for the detection of 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants, which caused the global pandemic of coronavirus disease 
2019 (COVID-19) [110,111]. For example, in the work of Kim’ group, they developed a bioresponsive nanogel-based SPR platform for 
the rapid detection of SARS-CoV-2 in buffers and human blood [110]. Compared with other commercial methods, the proposed 
strategy shows a better selectivity and sensitivity. 

4.2. Food safety analysis 

The increasing attention to food safety has driven considerable development of SPR sensing for food quality analysis. Many 
analytes, such as pathogens, toxins and allergens, have be targeted by SPR sensors [28,30,112–114]. For example, in the work of Yu’s 
group, they proposed a dielectrophoresis (DEP)-SPR sensor for the sensitive detection of Escherichia coli [115]. The dually functional 
DEP-active interdigitated electrodes were used to sustain strong SPR and simultaneously increase the mass transport of bacterial cell to 
the sensing surface through DEP. Through proper chemical modification, the sensor device provides a LOD of 3.0 × 102 CFU/mL in the 
detection of E. coli, nearly 5 orders of magnitude higher than that of traditional SPR chip. In addition to the single species analysis, SPR 
sensors can also be used for multiplex detection [116,117]. For example, Tabrizian’s group introduced a SPR microarray for the 
analysis of 16S rRNA analytes from three pathogenic species simultaneously: Legionella pneumophila, Pseudomonas aeruginosa, and 
Salmonella typhimurium [116]. During the sensing process, the 16S rRNA to be measured was first modified on the sensor by 
surface-bound DNA probes. Then, the Au nanoparticles-grafted DNA probes were introduced and hybridized with the desired region of 
16S rRNA, forming the sandwich assemblies of long DNA− RNA and hence increasing SPR signals. The developed system shows a high 
selectivity for the sequences analysis of 16S rRNA in total RNA mixed samples extracted from the three pathogenic strains with a LOD 
of 10 pg/mL and a large detection range of 0.01–100 ng/mL. 

4.3. Environmental monitoring 

Due to the significant development of industry, SPR sensors have also served as important platforms for the monitoring of various 
environmental pollutants, such as toxic/dangerous gases and heavy metals [31,118–122]. For example, Zaghloul et al. fabricated a 
Cu-benzenetricarboxylate (Cu-BTC) metal organic frameworks (MOF)-coated Au nanohole array for the analysis of acetone and 
ethanol vapors [123]. The 3D framework of Cu-BTC consists of pores of different sizes and shapes, facilitating the adsorption of gas 
molecules. Thus, the peak intensity of the nanohole array can be changed due to the increased refractive index of local environment. In 
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this way, the sensor can response to 500 nmol/mol (ppb) of acetone or ethanol vapors under room temperature. In addition to flexible 
external modifications, the inherent properties of materials used in sensors can also be utilized to achieve the analysis of targets [118, 
120,124]. For example, in the work of Jin’s group, they fabricated a palladium nanogroove array for hydrogen sensing because 
palladium can absorb hydrogen and undergo a lattice expansion with a phase transition from a metal to a metal hybride [124]. On the 
one hand, each palladium groove on an elastic substrate can act as a mechanically reconfigurable plasmonic cavity. On the other hand, 
the presence of the flexible substrate can not only amplify the change of SPR signal but also improve the reliability and life of the 
sensor. Finally, they can realize the sensitive detection of hydrogen with an LOD (in N2) of 0.1% and a sensing resolution of 0.013%. In 
addition, a quick response time (on a time scale of seconds), an excellent recyclability (>10 cycles), and a long-term stability (90% of 
original spectral shift after 24 days) can also be achieved simultaneously, demonstrating the great potential of the hydrogen sensor for 
practical applications. 

In addition to the examples mentioned above, SPR sensors can also serve as an ideal tool for sensitive detection of many other 
targets [28,31,125]. Table 1 shows some typical applications of SPR sensors [100,126–129]. The interested readers are suggested to 
refer to other articles on this topic for more details. 

5. Summary and outlook 

In the past few decades, nanostructured SPR sensors have obtain significant development due to the great progresses in theoretical 
researches and fabrication technologies. Various sensor structures with excellent performance have been proposed and manufactured 
to meet the needs in different application fields. In this review, we have introduced the influence factors of plasmon linewidths and the 
effective strategies to obtain narrow FWHM, as well as several practical applications of nanostructured SPR sensors. In addition to the 
contents discussed here, there are also several important issues remaining for the development of SPR sensor structures in the future. 

Machine learning-assisted structural design for higher fabrication efficiency. Generally, the design of a nanostructured SPR 
sensor is usually hindered by a convoluted and iterative process, involving tedious modeling, fabrication and characterization 
[130–132]. It is challenging and time-consuming, which seriously limits the preparations and applications of SPR sensors. In recent 
years, the rapid development of machine learning has redefined the way for the processing of large data sets and enabled structural 
inferences from systems that are difficult to model. Therefore, machine learning shows great potential for structural designs of 
plasmonic substrates [133–137]. For example, Muskens et al. proposed an approach that combines the coupled dipole approximation 
with deep artificial neural networks for accelerate universal electrodynamical simulations of 3D nanostructures by many orders of 
magnitude [138]. This work provides a generalized accurate prediction for near-/far-fields of arbitrary 3D plasmonic and dielectric 
nanostructures with a small error in the order of around five percent. Indeed, there is still numerous works can be done in this direction 
to obtain nanostructured SPR sensors with extremely narrow linewidths and excellent sensitivity [139,140]. 

Low loss structural system for better sensing performance. Despite the low loss of widely used noble metals (such as Au and 
Ag), the optical properties of plasmonic nanostructures are still fundamentally limited by the intrinsic damping of the metallic 
resonator elements. Therefore, there is a persistent pursuit of low-loss materials for the construction of plasmonic nanostructures 
[141–143]. Recently, Zhu et al. took advantage of the low melting point of sodium and developed a thermal-assisted spin-coating 
method for the fabrication of stable sodium-based plasmonic nanostructures [144]. After systematical comparison, the structure shows 
better plasmonic performance than the noble-metal based counterpart primarily because of the ultralow interband damping rate of 
alkali metals. In addition, the recent development of hybrid plasmonic-dielectric nanostructures has attracted wide attentions and 
many interesting phenomena, such as strong coupling and bound states in the continuums (BICs) [145–150], have been observed in 
these structures, providing possibilities for the performance improvement of nanostructured SPR sensors. For example, Görrn et al. 
fabricated a large scale hybrid waveguide consisting of a flat Ag film embedded in a dielectric core with dielectric cladding [151]. They 
provided the experimental evidence for the existence of hybrid BICs and theoretically demonstrated that the sensor can achieve a FOM 
as high as 1.43 × 105/RIU, nearly one order of magnitude higher than that of dielectric BICs despite of the introduction of a lossy metal. 
These works demonstrate that there is a plenty of room for improving the performance of nanostructured SPR sensors unattainable by 
using conventional noble metals. 

High-throughput, portable sensing system for practical applications. High-throughput and multi-channel detection is an 
important topic for the application of SPR sensors because it involves not only the fast detection of large number of samples but also the 

Table 1 
Typical applications of SPR sensors.  

Device Material Sensing application Characteristics References 

periodic nanohole 
array 

Au exosomes high throughput for massively parallel detection [100] 

periodic nanohole 
array 

Au extracellular vesicles multiplexed profiling [126] 

nanoparticle Au, Pd, 
Cu 

hydrogen good long-term stability [127] 

nanoparticle Au Anti-receptor binding domain 
antibodies 

revealing both the amount and binding kinetic profiles information, 
short time-to- result 

[128] 

nanoparticle Ag, Fe3O4 Leukocyte cell-derived 
chemotaxin 2 

excellent binding efficiency, high sensitivity [129]  
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accuracy and reliability of the results through mutual verification. Recently, the vast development of integrated microfluidic SPR chip 
with multiple-channel has spurred a series of progresses toward this direction [152–154]. For example, Yavas et al. presented a SPR 
sensor platform integrated with state-of-the-art microfluidics for simultaneously self-calibrating, automated and multiplexed real-time 
detection of four breast cancer protein markers in human serum [155]. Similarly, Sugai et al. proposed a multichannel microfluidic 
SPR sensing system for damage-free characterization of cells by pattern recognition [156]. In addition to ensuring the speed and 
accuracy of detection process, the integration of SPR sensors into portable devices is another key to the technology in daily applications 
[157–159]. Actually, great efforts are being made to achieve the solution [160,161]. For example, Liu et al. developed a portable 
fiber-optic SPR biosensor using a smart phone as a sensing platform [162]. The fiber-optic SPR structure as a sensing element can 
greatly enhance the simplicity and flexibility of the optical alignment and light coupling. The smart phone is used as the light source 
and detector. The proposed cost-effective and portable SPR sensor platform shows great potential for applications in the fields such as 
point-of-care tests, ubiquitous healthcare and environmental monitoring. These works indicate that more relevant efforts are necessary 
for the further practical applications of nanostructured SPR sensors. 

Last, nanostructured SPR sensors with chiral plasmonic configurations have also attracted wide attentions in bio-/chemical sensing 
fields [163–166]. Usually, the circular dichroism response of chiral SPR sensors to the change of surrounding environment is superior 
than that measured from conventional measure methods (extinction, scattering and reflectance spectroscopies) [167–169]. It means 
that the sensing performance of SPR sensors may be greatly improved through flexible structural design and appropriate measurement 
tools. 

Overall, the on-going emergence of new structural designs, processing and characterization techniques can continually boost the 
development of nanostructured SPR sensors and thus meet the new demands in different applications. We expect the SPR sensing 
technology to play an increasingly significant role in various interdisciplinary fields in the future. 
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