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ABSTRACT  

Due to the unique nature of localized surface plasmon resonance (LSPR), LSPR has attracted 

extensive attention in the field of biochemical sensing. However, compared with other sensors, the 

LSPR biosensor has lower sensitivity which has the limitation of insufficient repeatability and 

greatly limits its application and further promotion. Many researchers have invested a lot of 

energy in various ways to investigate different methods to improve sensitivity. This review 

summarizes these methods from the three aspects of structure, material, and interface modification, 

LSPR signal observation. Meanwhile, it can be predicted that strategies to improve the 

performance of LSPR biosensing.  

A R T I C L E I N F O 
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1. Introduction 

Biosensors have always played an important role in medical diagnosis and environmental 

monitoring (Chao et al., 2016; Mehrotra, 2016; Rissin, n.d.). Among them, plasmonic-based 

sensors have received widespread attention for their excellent performances because the 

evanescent wave has an enhanced electric field in the penetration depth and is extremely sensitive 

to the changes in the refractive index of the medium. Therefore, plasmonic-based sensors also are 

typically sensed by amplifying the signal of the target analyte, such as plasmonic-enhanced 

fluorescence (PEF) (Bauch et al., 2014; L. Wang et al., 2015), surface-enhanced Raman scattering 

(SERS) (Campion and Kambhampati, 1998; Fleischmann et al., n.d.; Langer et al., 2020), 

surface-enhanced infrared absorption (SEIRA) (Leidner et al., 2016), and plasmonic-based 

colorimetric analysis (Tang and Li, 2017); biosensing can also be performed by detecting changes 

in the relevant frequency of the surface plasmon resonance in the presence of the target analyte, 

such as surface plasmon resonance (SPR) biosensors (Lesuffleur et al., 2007; Liu et al., n.d.) and 

localized plasmon resonance (LSPR) biosensors (Chuang et al., 2015; Takei et al., 2014). 
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Relatively speaking, SPR and LSPR systems were put into commercial use earlier (Oliverio et al., 

2017a). 

Broadly speaking, the detection limit of SPR biosensor is insufficient due to surface plasmon 

polaritons (SPP) requires prism or grating coupling and the detection depth is greater than 200nm 

which is bulk effect detection (Chen, 2012). It is difficult to quickly analyze and detect 

micro-molecule with low concentrations, which hinders it to keep up with the trend of 

miniaturization, convenience, and integration of end-to-use equipment. Comparing with the 

working principle of LSPR and SPR, LSPR biosensors seem to match these new trends better. The 

corresponding equipment of LSPR is small in size, which could be easily integrated. Therefore, 

different LSPR biosensors or testing setups were developed for different application fields, 

especially for the detection of small molecules and very low concentration samples (Chien et al., 

2018; Nunna, 2019; Sagle et al., 2011; Willets and Van Duyne, 2007). Since the LSPR frequency 

depends on the size, shape, interparticle spacing, and dielectric properties of the material, as well 

as the dielectric properties of the local environment that surrounds the nanostructures, which can 

work flexibly in a wide spectral range (Chen et al., 2018; Langer et al., 2015). However, with the 

development of related disciplines and the needs of early diagnosis for major diseases, the 

requirements for measurement accuracy of LSPR biosensor have become higher and higher. Many 

results on LSPR sensing technology have shown that traditional LSPR biosensors have exposed 

some shortcomings, such as small resonance peak (valley) shift, insufficient resonance strength, 

wide linewidth characteristics, small peak-to-valley ratio, and so on (Chen et al., 2011a; Liang et 

al., 2017), which limit its application in high precision detection of the biochemical sensor. For 

example, a single protein molecule in an aqueous solution could only cause LSPR resonance peak 

shifts below 0.1 nm on average (Chen et al., 2011a). If the signal amplification mechanism is not 

introduced, the LSPR peak shift caused by the binding of the molecule to the metal-nanostructure 

substrate is usually less than 1 nm (Chuang et al., 2015). Compared with SPR biosensing using 

SPP on a metal film, the sensitivity of LSPR biosensing is at least one order of that of SPR 

biosensing (Chen et al., 2018). Therefore, to improve the sensitivity of the LSPR biosensor is an 

urgent requirement for the detection of very low concentrations of samples or early detection of 

biomarkers of key diseases. 

LSPR is an optical phenomenon generated by a light wave trapped within conductive 

nanoparticles (NPs) smaller than the wavelength of light. The phenomenon is a result of the 

interactions between the incident light and surface electrons in a conduction band. The noble metal 

nanostructure absorbs photon energy to produce obvious extinction characteristics and near-field 

enhancement characteristics. The extinction spectrum of the noble metal nanostructure would peak 

when the LSPR is excited. The wavelength corresponding to the peak is called the resonance 

wavelength (λmax), and how many peaks depend on the size of the nanostructure and resonant 

mode. The resonance wavelength is sensitive to the refractive index change at the interface 

between the nanostructure and surrounding media when LSPR occurs. 

In general, if the refractive index of the surrounding medium increases, the extinction spectrum 

redshift and the resonance wavelength increase. The opposite can also happen if the refractive 

index of the surrounding medium decreases. This phenomenon means that the LSPR extinction (or 

scattering) wavelength maximum, λmax, is sensitive to the dielectric constant ε (or refractive index, 

n; both are related by ε = n2). The wavelength-shift at λmax is given by equation (Jung et al., 

1998):∆���� ≅ �(∆	)[1 − exp (−2ℎ ��⁄ ). Here m is the bulk refractive-index response of the 
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nanostructures；Δn is the change in the environmental refractive index; h is the effective adsorbate 

layer thickness; Ih is the electromagnetic field decay length (approximated as an exponential 

decay). This feature is the basis of the LSPR biosensor for sensing measurements. The LSPR shift 

induced by the adsorbates, ����� was rewritten as ����� = �����(�����) − �����(������). 

Therefore, LSPR can become an ideal refractive index sensing platform. This kind of refractive 

index sensing depends on the shift of the resonance peak. Therefore, to judge the sensing 

performance of this sensor needs to start from the spectrum, and also needs to have corresponding 

parameters to judge. The main parameters for evaluating the sensing performance of LSPR 

sensors are sensitivity. 

Sensitivity (S) is determined by the offset of the resonance wavelength (��) and the variation of 

the refractive index (�	) at the interface, defined as the ratio of the offset of the resonance 

wavelength to the variation of the ambient refractive index (Chung et al., 2011):  = ∆� Δ	⁄ . 

Where the unit of �� is the nm; the unit of �	 is the RIU; the unit of S is the nm/RIU (nanometers 

of peak shift per refractive index unit).  

The LSPR sensing precision that can be achieved concerning changes in the refractive index 

depends on the sensitivity, S, and the peak line width. The size of the nanostructure affects the 

sensitivity and peak line width. For example, larger nanoparticles tend to have high sensitivities, 

but their peaks are broadened by multipolar excitations and radiative damping. A figure of merit 

(FOM) is determined by the sensitivity and the resonance line width (d, the unit: nm), defined as 

the ratio of sensitivity to resonance line width (Chung et al., 2011), "#$ =  %⁄ , which is widely 

used to characterize the sensing capabilities of LSPR biosensor. 

In the actual biochemical sensor detection, it also involves a more important indicator: the limit 

of detection (LOD). The LOD is defined as the smallest detectable signal (spectral change) caused 

by the interaction of the detected analyte (Homola, n.d.). By definition, this indicator has two 

determinants: one is the size of the spectral change caused by analyte interaction, and the other is 

the resolution of the detection spectrum of the device. The former is the sensitivity and FOM 

introduced above and the latter, resolution (also called the minimum resolution), is usually defined 

as the minimum detection limit of the sensing instrument.  

To improve the performance of LSPR biosensor, it is necessary to cooperate in many aspects 

such as structure design, sensitizing materials, surface modification of sensor elements, to satisfy 

the sensing detection of extremely low concentration samples. Although there are many works on 

LSPR sensing technology, the methods of LSPR enhance-technology have not been systematically 

summarized in essence. Therefore, this paper would summarize the methods of the LSPR 

sensitization technique from the following aspects. 

Firstly, we reviewed the method of changing the nanostructure to increase sensitivity and how 

to affect the performances of LSPR biosensors. Secondly, the effect of changing biosensor 

materials on sensitivity, especially metamaterials and two-dimensional materials, was presented, 

summarized, and compared. Thirdly, the method of increasing sensitivity from modification at the 

interface between nanostructures and environmental media were reviewed and summarized. 

Finally, the processing method of the LSPR biosensor signal is described. Meanwhile, the methods 

to enhance sensitivity and research direction are also presented. 

2. Strategy to Enhance the Performance of LSPR biosensor 

2.1. Enhance performance by change nanostructure to create hot-spot 
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2.1.1. Changing nanoparticle shape in disorder or single 

The sensitivity of the biosensor based on LSPR is directly related to the local electric field 

intensity of the nanoparticles, which is positively correlated with the intensity of the local electric 

field. Nanoparticles with different shapes produce different local electric field intensities when 

light excited LSPR. Spherical nanoparticles with their extreme symmetry characteristics would 

present uniform electric field distribution, in other words, there is no obvious “hot spot”, which 

result in low sensitivity of the LSPR biosensor. If increasing the aspect ratio of the nanoparticles 

and breaking the symmetry of the nanoparticles, the electric field enhancement improves 

effectively (Chung et al., 2011). Therefore, it is feasible to increase the sensitivity of the sensor by 

changing the shape of the nanoparticles, such as nano-crescent shape(Lu et al., 2005; 

Shumaker-Parry et al., 2005), nano-triangle(Jensen et al., 1999; Sherry et al., 2006), spherical shell 

(Averitt et al., 1997; Hirsch et al., 2003; Sun and Xia, 2002; Tam et al., 2004), nanodisk(Dahlin et 

al., 2009; Haes and Van Duyne, 2002), nanostar (Nehl et al., 2006), nanohole (Escobedo, 2013; 

Prikulis et al., 2004; Rindzevicius et al., 2005), etc. For example, in 2019, Hangsong et al. proved 

experimentally that the local electric field intensity of triangle silver nanoparticles is 10 times 

stronger than that of spherical silver nanoparticles. The extinction efficiency of triangle silver 

nanoparticles is 4 times bigger than that of spherical silver nanoparticles (Song et al., 2019). This 

is due to the three angles are "sharper" than that of the sphere. According to the principle of tip 

discharge, the surrounding electrons would gather near the tip, which makes the electric field 

stronger at the protruding point. If nano-triangle particles are thinner, the electrons distribute on 

the edge of the nano-triangle particles. When the polarization direction of the incident light is 

parallel to the edge of the nano-triangle particles, the electric field intensity on the surface is 

greater than that of other cases. Meanwhile, the light absorption at the resonance wavelength is 

also stronger. The experiment results illustrate that triangular nanostructures (less than 100nm in 

size) can generate strong electric fields and are relatively sensitive, however, this is highly 

dependent on the direction of polarized light. If a large number of triangular nanostructures are 

arranged in order, the sensitivity is relatively high. The full-width at half-maxima (FWHM) would 

be significantly increased. Therefore, it is necessary to implement LSPR sensing by using 

triangular nanoseconds: 1) Triangular nanoseconds should be arranged orderly with uniform and 

uniform structure; 2) The size is less than 100nm, and the distance among nanostructures is less 

than 100nm; 3) The polarization direction of the incident light should be parallel to one side of the 

triangle; 4) The metal thickness is less than 100nm. The challenge lies in the high cost of 

nanostructure fabrication and the difficulty of large-area preparation.  

For rapid and low-cost fabrication, chemosynthetic methods are widely used to fabricate 

nanostructures, for example, nanorice structures. Nanorice structure consists of nanorod and 

nanoshell (Wang et al., 2006). The material of the innermost nanorod is iron oxide. The material of 

the outside nanoshell is a thin gold film. Nanorice structures exhibit a strong local field 

enhancement which can also be tuned. The sensitivity based on longitudinal and transverse 

plasmas is 801.4 nm/RIU and 103.0 nm/RIU, respectively, which is very attractive for surface 

enhancement spectra or highly sensitive measurements. Experiments show that the sensitivity is 

higher when the polarization of incident light is consistent with the length direction of nanorice, 

which is not convenient in the use process. Therefore, higher requirements are put forward for the 

detection scheme.  

Nanostructure pairs can effectively modulate electromagnetic field distribution to achieve 
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higher sensitivity. For example, in 2015, Hu et al. studied two heterodimers with different 

materials of the same size (Hu et al., 2015). They found that Au-Ag nanometer rice-type dimers 

have a good optical response: Fano resonance has an “enhancement” effect for the circular 

dichroism (CD). During the change of the surrounding refractive index from 1.1 to 1.4, the 

heterodimer shown FOM values up to 21.6 due to Fano assisting the CD. This kind of method can 

realize light field regulation by changing the spacing between materials and nanostructures, to 

achieve a higher LSPR sensing technology. However, due to the high cost, it cannot be widely 

used in the field of biochemical sensing. 

Au-nanostar (AuNS) is also a typical nanostructure that can effectively improve the sensitivity 

of the LSPR sensor. Au nanostar particle has multiple sharp corners that can produce the “hot spot” 

of the electric field. Therefore, when the refractive index of the medium changes, the extinction 

spectra of the nanostar shift tremendously. It has been reported that AuNS exhibited 5 times higher 

sensitivity than that of sphere particles (Yuan et al., 2013). Park et al. proposed AuNS clusters 

formed by self-assembly of affinity ligands based on AuNS particles (Park et al., 2015). Firstly, 

the experimenters proved that AuNS exhibited superior refractive index sensitivity and higher 

FOM value than AuNP. Secondly, the AuNS dimer was simulated. AuNS dimers are a simplified 

form of clusters. The results showed that the energy density of this dimer was 460 times higher 

than that of the gold nanosphere dimer. And the spectral shift produced by binding to the ligand 

was significantly larger than the spectral shift produced by binding of a single gold nanostar 

particle to the ligand. It can be concluded that this structure has great application potential in 

biosensing. 

If the angle between the spherical nanoparticles and the substrate is continuously increased by 

fine-tuning the particle shape, the particle shape would slowly transition from a spherical shape to 

a disc shape. If the included angle is less than 90°, the smaller the angle, the closer the shape is to 

a spherical shape; if the included angle is greater than 90°, the larger the angle, the closer the 

shape is to a disc (Chung et al., 2019). The shape of the disc and the shape changed on this basis 

have also attracted the attention of many researchers. E. Hanarp et al. introduced the flat nanodisk 

structure and compared it with the ordinary nanodisk, pointing out that increasing the aspect ratio 

can improve the sensitivity of the particle extinction spectrum to the change of the refractive index 

in the external environment (Hanarp et al., 2003). Ai et al. also improved the sensitivity of the 

sensor by changing the aspect ratio of the structure. They proposed an elliptical hole based on the 

circular hole (Ai et al., 2017). Incident polarized light had different transmission spectrums in the 

long and short axis directions of this structure. Because a highly confined electric field is 

generated on the metal surface, SPR is more sensitive to the changes in the surrounding refractive 

index that it can produce a larger response. The results showed that the elliptical nanohole-based 

plasma sensor had a sensitivity of 775 nm/RIU and a FOM value as high as 705 RIU-1. Changing 

the aspect ratio introduces asymmetry. Here the asymmetry is combined with changing the particle 

shape. Compared to the previous introduction, which only changed the shape of the particles to 

other symmetrical shapes, the sensitivity was improved again. This is a simple and effective way 

to increase sensitivity. 

Chung et al. introduced in the article a nano-crescent structure with large field enhancement at 

the tip of the structure(Chung et al., 2011). While the location where there is local field 

enhancement is usually called “hot-spot”, molecular sensing at the hot spot can provide high 

sensitivity. Generally speaking, most nano-crescent structures are prepared by physical methods. 
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Among them, it is still very challenging to synthesize an asymmetric structure like a crescent in 

the solution phase. Although this structure does not adopt the method of changing the aspect ratio, 

it also introduces asymmetry. And to some extent, its asymmetry is more obvious. 

Throughout the years of research on the shape of particles to affect the sensitivity of LSPR 

sensor, there are clear trends in the shape of the particles under study. In the beginning, the 

spherical nanoparticle was replaced with other three-dimensional shapes for adding the "tip". Then, 

on the basis of adding the "tip", there are two trends: One was to change the aspect ratio of the 

particles that the symmetry of the particles was changed limitedly; another is to change the 

positional distribution of part of the particle structure that the symmetry of the particles was 

changed greatly. Here present a few simple shapes as an example, as shown in Figure 1. The 

comparison of different nanostructures LSPR sensors with different shapes also presented in Table 

1. 

The size of the particle also affects the sensing performance of the sensor to a certain extent by 

affecting the resonance peak shape. Take a spherical particle as an example. When the particle size 

is small, it can be regarded as a pair of dipoles. Dipole resonance is the main cause of plasmon 

resonance at this time, so the cross-section of light absorption (the volume of the particle) is 

proportional to the resonance intensity. However, when the diameter of the particles is greater than 

60 nm, the retardation effect and the contribution from higher vibration modes would cause the 

resonant peak to broaden (Yockell-Lelièvre et al., 2015), making the FOM smaller and affecting 

the sensing performance. 

Table 1: The comparison of different nanoparticle LSPR sensors of different shapes. 

Author Name Shape Material Sensitivity Ref. 

Helene, et al. Sphere 
 

Au 
83 nm/RIU 

FOM: 1.3 

(Yockell-Lelièvre 

et al., 2015) 

Hang, et al. Triangle  Ag 
1116.8 

nm/RIU 
(Song et al., 2019) 

Wang, et al. Rice  Au, Fe2O3 801.4nm/RIU 
(Wang et al., 

2006) 

Hu, et al. 
Double-r

ice  
Au FOM: 21.6 (Hu et al., 2015) 

Park, et al. Star 
 

Au 
250-500nm/RI

U 
(Park et al., 2015) 

Ai, et al. 
elliptical 

hole  Ag 775nm/RIU (Ai et al., 2017) 

Jang, et al. Crescent 
 

Au - 
(Chung et al., 

2011) 

No matter which nanostructure is used, if the nanostructure is arranged in a disordered manner 

and the distance between the nanostructures is far beyond the resonance wavelength, the 

transmission or reflection spectrum would be broadened, the FWHM would be larger, and the 

spectral shift with the refractive index would be small, which is essentially the average effect of 

the transmission or reflection spectrum of each nanostructure. As a result, the resonance 

wavelength shifts small and repeatability is poor, which makes it difficult to get the real clinical 

application. Therefore, the disordered nanostructures are utilized as spectral-resolved 
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single-particle detection (SPD) methods for biological analysis and disease diagnosis. 

Single-particle acts as a signal probe and each particle are considered as an independent signal 

output, which can effectively avoid the interference of the ensemble averaging effect and improve 

spatiotemporal resolution, which makes it possible to sensitively detect sample at a single-particle 

(or-molecule) level under a dark-field microscope (DFM). Up to now, many single plasmonic 

resonant nanoprobes have been developed and employed in the DFM-based SPD assay because of 

their prominent optical properties originated from LSPR such as a silver nanoparticle, gold 

nanorod, gold nanoparticle (AuNP), gold prism, and gold nano-flower. DFM-based SPD assay can 

combine spectroscopy and fluorescence to greatly improve the accuracy of each test, and the 

analysis method of a single nanostructure can make sample consumption very small. However, in 

the detection of biochemical sensing, the spectrum needs to be measured several times. In the case 

that in-situ detection is not possible, it is difficult to accurately determine that multiple 

measurements before and after the measurement are for the same nanostructure, which requires 

high requirements for accurate positioning and nanostructure identification, and it is also difficult 

to achieve. Therefore, this method can be used in the laboratory, but it is difficult to be widely 

used in clinical practice, or it is difficult to use the detection results of single nanostructure LSPR 

technology as a criterion for clinical application. 

 
Figure 1. Strategy to change nanostructure shape for enhancing the performance of LSPR. 
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Figure 2. Development trend based on the plasmonic biochemical sensor: from zero-dimensional 

nanostructure to three-dimensional metal nanostructure, and extending to metamaterial or metasurface. 

2.1.2. Array structure 

To improve the repeatability, accuracy, feasibility, and uniformity of single nanostructures or 

disorderly arranged nanostructures in the test, uniform array nanostructures become an alternative 

solution to enhance the sensitivities of LSPR sensing technology. The electron oscillations are 

consistent uniform array nanostructures, which is beneficial to the optimization of resonance 

intensity and resonance peak linewidth (Liu et al., 2020). This uniform array structure and 

consistent electronic oscillation ensure consistent test results at different test points on the same 

biochemical sensor chip, which improves the test repeatability and accuracy and promotes this 

sensing method to a solid step towards clinical application.  

Development trends based on the plasmonic biochemical sensor was described in Figure 2. 

Metal nanostructures range from 0 to 3 dimensions, also extending to metamaterials and 

metasurfaces. The detailed example would be described as following. The light source is gradually 

changed from the original normal incident mode to the multi-angle incident. The detection method 

is gradually changed from the original transmission and reflection test to the multi-angle, 

multi-spectral reflection, and transmission detection. Multiple measurement data can be obtained 

simultaneously in multi-angle and multi-spectral testing methods, which can realize 

self-calibration or self-reference during testing or data processing. 
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Figure 3. Comparison of LSPR and SLR in transmission spectra. (a) transmission spectra of 

single-particle; (b) transmission spectra of a periodic 1D chain. Reproduced from (Kravets et al., 2018). 

� Plasmonic surface lattice resonance nanostructure in 1 demention 

The most typical array metal nanostructures are plasmonic surface lattice resonance (SLR) 

which is to arrange metal nanoparticles in orderly arrays (Kravets et al., 2018). Diffraction waves 

generated by array scattered light are coupled with local plasmon resonances associated with 

individual metal nanostructure, resulting in an exciting phenomenon, the drastic narrowing of 

plasmon resonances, down to 1-2 nm in spectral width, namely, sharp edges of plasmon resonance. 

The resonance line width is much lower than that of the single nanostructure, which increases the 

quality factor and the value of the resonance peak. For example, gold nanoparticles with a radius 

of 80 nm are linear uniform arrangement in one dimension with a regular period of 620 nm. The 

excitation light incident perpendicularly. And the electric field direction of the incident light is 

perpendicular to the linear chain. In its transmission spectrum (Figure 3), a very sharp 

transmission valley at about 620nm wavelength and the transmittance here is as low as about 30%; 

the transmission spectrum of traditional single gold nanoparticles has a wide trough at about 550 

nm, the corresponding transmittance is about 78%. Plasmonic SLR observed in the chain of 

nanoparticles is much stronger than that of individual nanoparticles and much narrower. FHMW is 

an almost 10-fold improvement of resonance quality compared with that of single nanoparticle or 

nanoparticles arranged at random or disorderly. In the case of SLR, near-field coupling leads to the 

hybridization of the plasmonic modes, which generate antisymmetric modes and provide slightly 

narrower resonances (FWHM∼50 nm). However, these modes cannot easily be excited by 

incident light. Therefore, A significant improvement in the quality of localized plasmon 

resonances becomes possible with the involvement of far-field coupling of SLR. By using the 

right combination of nanoparticle size and shape, coupled with an appropriate array, it is possible 

to arrange the planar array of light scattered by each nanoparticle with the plasma resonance 

induction phase in the adjacent incident light, thereby enhancing the resonance of the adjacent 

particles. Plasmonic SLR (diffractively coupled local surface plasmon resonance) produces a 

significant narrowing of the resonance width, as well as associated phenomena such as absorption 

and significant enhancement of local electric fields near nanostructures. These phenomena are 

important for a variety of biochemical sensing applications. 

� Uniform array nanostructures 

Several kinds of research on Uniform Array Structure (nanoparticle, nanodisk, nanorod, 
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nanohole, nanoshell, nanoantennas, nanoribbons, etc.) based on plasmonic biochemical sensing 

have been carried out, and a series of achievements have been applied to detect the bio-sample, 

resulting in better repeatability of transmission and reflection spectra, which is helpful to get high 

performances of the plasmonic biosensor.  

Common periodic nanostructures are shown in Figure 4. The period, metal material, and 

substrate of each array nanostructure would be arranged according to the requirements of the test 

process, and the preparation would be adjusted to achieve the effect of high sensing. 

 

Figure 4. Uniform array nanostructure of nanoparticle (1), nanoshell (2), nanorod (3), nanohole (4), 

nanodisk (5). 

A uniform array nanostructure composed of ordinary spherical nanoparticles is the simplest type 

of array structure (Figure 4(1)). Compared with a disordered array or a single particle, its sensing 

performance is more stable and better. This is because the polarization direction of the incident 

light is consistent with each unit structure of the uniform array, therefore, the resonance modes at 

each location are coupled very uniformly and strongly. Although the spherical nanoparticle array 

has the advantages of high sensitivity and narrow linewidth brought by the array structure (Auguié 

and Barnes, 2008), and also easy fabrication, it is limited by the defect of the shape of the 

spherical nanoparticle itself. The improvement of sensing performance of uniform nanoparticle 

array is limited. 

As mentioned above, by increasing the contact angle between the particles and the substrate, the 

spherical nanoparticles would gradually become disc-shaped. For example, in 2019, X. Wang et al 

developed a kind of disk array to improve sensitivity. The nano-disk array structure consists of a 

glass substrate, a gold film, a quartz spacer, and a grating from the bottom to the top (Figure 

5(1)(a)) (X. Wang et al., 2019). The characteristic was explored with FDTD solution software. 

Due to the strong coupling effect, the surface plasma is effectively excited, and three resonance 

modes appear in the reflection spectrum (Figure 5(1)(b)). The resonance intensity of Mode 2 and 

Mode 3 is extremely large, and the value at the resonance valley almost reaches zero. More 

importantly, Mode 2 also has a very narrow FWHM, which is very beneficial for RI sensing. 

Therefore, the RI sensitivity is 853 nm/RIU and FOMmax is 126 RIU−1. The results show that the 

LSPR effect of multi-mode resonance can be detected by sensing from multiple resonance peaks, 

and the shift of multiple peaks is different, which can be verified by each other. The resonance 

peaks can also be different according to different test samples. The sensitive resonance peak can 

be chosen as an important criterion to ensure the validity of each test result.  
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When the transverse size of nanoparticles is much larger than their height, the nanostructure 

gradually changes into a nanodisk, and the resonance effect would also change accordingly [56–

59]. For example, Khateb et al. proposed an LSPR biosensor based on a gold nanodisk (100 and 

200 nm disks) array in 2020 (Khateb et al., 2020b). The results have shown that the thickness of 

the sensing layer was critical with a significantly larger response for the thinner sample layer. 

Comparison of differently sized metal nanostructures showed a significantly higher sensitivity for 

200 nm diameter compared to 100 nm diameter disk structures resulting from both increases in 

bulk refractive index sensitivity and the extent to which the local field extends out from the metal 

surface. These findings confirmed that the developed gold nanodisk-based LSPR sensing chips 

could facilitate the sensitive detection of bio-samples. 

If the nanodisk is elongated longitudinally, the nanodisk gradually evolved into nanorod or 

nanoantennas. For the sub-wavelength metal nanorods array, the plasmonic Fano resonance or the 

basic dipole resonance of a single nanorod cannot be simply used to explain its resonance behavior. 

In 2016, Huang et al. investigated the tightly arranged gold nanorod array (Huang et al., 2016). 

They proved through simulation that the resonance of the gold nanorod array is caused by the 

lattice coupling of the multipolar plasma mode. Therefore, the surface electric field strength is 

greatly improved, which helps to improve the sensitivity in nanoscale from the visible to the 

mid-infrared. Marae-djouda et al. also discussed the plasma properties of tilted gold nanorod 

arrays (Marae-Djouda et al., 2018). Since these nanorods are not perpendicular to the substrate, 

they can detect the coupled plasmon mode in both the vertical and horizontal directions under the 

illumination of incident light perpendicular to the substrate downward. Coupled with the 

anisotropy of nanorods, the various plasma modes are coupled with each other, and the gap 

between adjacent nanorods is extremely sensitive to changes in the refractive index. 

The nanoshell array structure has also received a lot of attention from researchers due to its 

excellent properties. Different shell shapes would have different effects on specific sensing 

performance, especially the thickness change of the shell layer would directly affect the coupling 

strength and electric field strength (Zhang et al., 2019). Niu et al. studied a simple gold nanoshell 

structure (Niu et al., 2020, p. 20). This structure is equivalent to a hollow shell structure formed by 

removing the middle of spherical nanoparticles (Figure 4(2)). Because both the inner and outer 

surfaces of the nanoshell structure have the properties of surface plasmon resonance, the surface 

electric field of the hollow gold nanoshell structure is greatly enhanced. The researchers placed 

this hollis ow gold nanoshell array structure on the gold film. Thanks to the re-coupling between 

the array and the gold film, the electric field at the hot spot is further enhanced and the sensitivity 

is further improved. The results show that the sensitivity of the D-type fiber SPR sensor based on 

the hollow nanoshell array and the gold film reaches 3064nm/RIU, which is more three times than 

that of the sensor with only the gold film structure under the same conditions. Paria et al. proposed 

a silver core-dielectric shell-gold shell (HMCS) multilayer shell structure in the same year (Paria 

et al., 2019). For better stability and biocompatibility of the gold, the gold shell is set as the 

outermost layer. In comparison with solid nanoparticles and different shell structures, the 

researchers also pointed out that adding more shell layers is not conducive to the enhancement of 

the electric field. From the performance point of view, HMCS is the best choice among the current 

shell structures. However, due to its relatively complex structure, the time and economic costs 

would be higher when preparing large areas. There is also a special nanoshell that is different from 

the above structure. This kind of nanoshell structure is usually called a nanocap, which is a layer 
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of the metal structure covering the upper part of spherical nanoparticles. W. Cao et al. designed a 

silver nanoshell array based on microflow injection (Figure 5(2)) (Cao et al., 2019a). They 

investigated the spectral characteristics and the sensitivity of the silver nanoshell array. Seen from 

the spectrum in multiple resonance modes, the incident light irradiates the silver nanoshell array to 

produce LSPR and the surface plasmon wave generates plasma interference when it propagates to 

the gap between the unit structures of the array. Both of these are sensitive to changes in the 

refractive index. The results have shown that the sensitivity of the two peaks appearing in the 

spectrum reached 527.07 nm/RIU and 922.25 nm/RIU, respectively. The quality factor is also very 

considerable. 

Nanohole arrays are usually prepared by perforating a metal film supported on a substrate. Like 

other array structures, the electric field enhancement of the nanohole array also benefits from the 

strong coupling of localized and propagating SPR modes. In addition, it also has a special property: 

the extraordinary optical transmission (EOT) effect (Tokel et al., 2014a). After the incident light is 

irradiated on the array, removing the part irradiated on the surface, there is a small part of the light 

through the hole and energy coupling with the SP on the lower surface. The electric field intensity 

at the hot spot is further increased. On the other hand, the existence of holes also allows 

environmental media (such as a liquid) to penetrate the structure and the sensitivity of sensing 

changes in the refractive index is relatively improved (Jia et al., 2020). Jia et al. demonstrated a 

low-sink method for the preparation of nanohole arrays based on template transport technology 

(Jia et al., 2013). By repeating the evaporation and transfer of gold, this method makes it easy to 

prepare a large number of nanohole arrays (Figure 4(3)). Finally, the sensor sensitivity measured 

in the experiment was 522 nm/RIU. Based on the original work this year, Jia et al. proposed a 

refractive index sensing platform with a nanohole array on a flexible transparent substrate (Jia et 

al., 2020). In the experiment, the researchers tested the performance of this sensing platform using 

different concentrations of sodium chloride solution and deionized water. The results showed that 

the sensing platform achieved the highest sensitivity of 706nm/RIU and FOM of 52RIU-1. This 

kind of flexible substrate has good adhesion, disordered surface treatment, more versatile and 

lower cost, which opens up new application prospects for plasma sensing applications. Jo
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Figure 5. Panel (1) (a) Schematic diagram of the composite structure (the red arrow indicates the 

direction of propagation and the blue arrow indicates the polarization direction). (b) The reflection 

spectrum of the composite structure. Reproduced from (X. Wang et al., 2019). Panel (2) (a) Schematic 

diagram of the lattice structure of gold nanorod arrays in the simulation. (b) Corresponding 3D surface 

charge distributions, indicating the lattice coupling of six-pole plasmon modes. Reproduced from 

(Huang et al., 2016). Panel (3) (a) SEM image of the nanohole array. The scale bar is 200nm. (b) (b) 

Refractive index sensitivity measurement with water and NaCl solutions of different concentrations. 

Inset: linear fitting the peak shifts around 830 nm, 860 nm, and 900 nm for respective sensitivity 

calculation. Reproduced from (Jia et al., 2020). Panel (4) (a) Transmission spectrum of the D-type 

fiber/gold film/Au nanoshell (50/40 AuNS) SPR sensor in different environmental media. Reproduced 

from (Niu et al., 2020). (b) Comparison of enhancements for the different cases. The inset shows the 

enhancement at the higher energy peak (zoomed in). Reproduced from (Paria et al., 2019). (c) Sample 

reflectance spectroscopy and tunable mechanism diagram. Reproduced from (Cao et al., 2019b). 

The periodicity of the nanostructure array is a key factor to affect the sensitivity of the LSPR 

biosensor. The appropriate periodicity relates to the strength of the coupling between the array 

nanostructures. The smaller period, the closer particle spacing, the stronger electric field at the 

nanogap could produce a “hot-spot”. As a result, the electric field strength would increase 

exponentially at a local place (Chung et al., 2019). However, when many particles are very close, 

the resonance peak may be greatly broadened because of the coupling or overlapping together 

between the adjacent resonance peaks to form a wide resonant peak, which can guide to 

reasonably control particle spacing in the design of LSPR biosensing chip. 

The light energy scattered by a nanostructured unit cell would be captured by neighboring 

nanostructures as plasmons rather than attenuated as light traveling in free space, which was used 

in the coupling between structural units to improve the electric field intensity and hot spot 

distribution. Therefore, the Q value, wide linewidth characteristic, peak signal ratio, sensitivity, 

and resonance intensity were greatly improved. However, the array structure requires many 

Jo
urn

al 
Pre-

pro
of



structural units and higher accuracy of nanostructure morphology, which is more complex in the 

fabrication of nanostructure array LSPR chip. It is comforting that today's micro-nano processing 

technology continues to develop and advance, which provides a strong possibility to fabricate 

large area, uniform nanostructure array to improve the sensitivity of LSPR biosensor. Meanwhile, 

the combination of nanostructure array and microfluidic technology can achieve high-throughput 

LSPR biosensing. The chip has multiple microfluidic channels and each channel can have multiple 

nanostructure arrays, which make array-based LSPR biosensor very suitable for multiplexed 

on-chip detection. 

2.1.3. Plasmonic cavity nanostructure 

The peak-to-peak signal ratio of LSPR spectra is not large enough, and the resonance peak line 

width in the characteristic spectrum is too large, which has always restricted its development. To 

solve this problem, a microcavity structure appeared in the field of vision of researchers. The main 

reason for the wide spectral linewidth is the existence of radiation damping and energy waste. The 

microcavity structure can retain the photons entering it to the greatest extent and reduce the 

scattering loss of excitation light. This allows the photon density to reach a very high level in a 

small space, suppressing radiation damping, thereby increasing the peak-to-valley ratio of the 

resonant peak and reducing the line width of the resonant peak; the electric field strength is 

increased, and the sensor sensitivity is improved. Microcavities are mainly divided into three types, 

namely Fabry-Perot cavity, photonic crystal microcavity, and whispering gallery mode 

microcavity. The structures and properties of common plasmonic cavities were presented in Figure 

6. 

 

Figure 6. The structures and properties of common plasmonic cavities. (a) Trapped standing wave-type 

surface plasmon polariton cavities; (b) Localized modes; (c) Dipole antenna and even coupled systems 

for ultimate EM- field confinement in (d) Gap plasmon systems. 

The traditional Fabry-Perot cavity is large and not easy to integrate. Therefore, no further 

introduction is given here. The photonic crystal microcavity is formed by introducing fine defects 

into the periodic medium. Its structure is flexible and variable, the manufacturing process is 

relatively simple and it is also suitable for integration. In 2018, Jung et al. proposed an integrated 
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label-free detection platform that includes a plasma cavity (Kwon et al., 2018). The incident light 

is focused by the plasmonic cavity and energy-coupled with the nanoparticle array, resulting in a 

strong near-field enhancement. Compared with other situations where colloidal gold nanorods or 

spheres are used to produce LSPR, the plasmonic cavity of the gold and silver cavities is amplified 

approximately 5-6 times. Hasan et al. designed a cross bow-tie plasma cavity structure that 

resembles two mutually orthogonal bow knots (Hasan et al., 2015), and the "butterfly wings" part 

artificially leaves a triangular void. Due to its unique shape, this structure can not only enhance the 

electric and magnetic fields but also improve the Fano-like dipolar resonance contrast. The results 

showed large wavelength shifts of 777.5 and 904 nm per refractive index unit (RIU) in dipole 

resonance and magnetic resonance, respectively. 

The whispering gallery mode microcavity, by confining the light in the cavity with total internal 

reflection and stably spreading. It causes the energy density in the cavity to be extremely large so 

that high-quality factor can be obtained, while the volume is small and the preparation is relatively 

simple. Based on the micro-cavity structure of the sensor, the generation of its sensing signal is 

not from the change of the refractive index of the environment, but the change of the optical path. 

The molecular binding event increases the length of the optical path in the cavity which in turn 

causes the resonance wavelength to shift, resulting in a sensing signal that can be recognized by 

the analytical instrument. Kang et al. studied the gold nano-disk array applied to sensor chips in 

2017 (Kang et al., 2017). The nanodisk is located under and in contact with the microcavity 

structure. The electric field at the contact point is enhanced: the near-field hot spots of ordinary 

single nanodisk and double nanodisks are increased by about 14 times and 18 times. The energy 

coupling with the nanodisk can be optimized by controlling the polarization direction of the 

sensor. 

The LSPR sensor based on the microcavity structure has higher sensing performance than the 

ordinary nanostructured LSPR sensor. This is because the microcavity structure can concentrate 

the energy of the incident light to the greatest extent and limit this energy to a very small space. 

This makes the energy density in the space very large and the induced field enhancement is 

stronger. At the same time, the microcavity structure also improves the energy utilization rate and 

reduces the radiation loss, so that the LSPR resonance peak has a narrower line width. However, 

when the microcavity structure is fabricated in a large area, more sophisticated nano-processing 

technology is required, which puts forward higher requirements for the current nano-processing 

technology.  

2.1.4. Metal–insulator–metal (MIM) nanostructure  

The metal-insulator-metal (MIM) structure is a very common structure and is often used as the 

basis of high-sensitivity sensors. This is because the MIM structure exhibits perfect absorption of 

light when LSPR occurs (Ghobadi et al., 2017). And its LSPR has nothing to do with the incident 

angle and light polarization in the infrared region (Ding et al., 2015). When incident light shines 

on the first layer of metal, the first layer of metal absorbs part of the energy; and the transmitted 

light passing through the first layer of metal would be absorbed by the second layer of technology. 

Therefore, the resonance peak-to-valley ratio in the spectrum would be large, and the line width 

would be relatively narrow. After absorbing the energy of incident light, plasmon resonance occurs 

in both layers of metal. The two layers of metal are separated by an appropriate distance by the 

insulating layer in between, so that the resonance coupling between the two can be more 
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harmonious and stronger. This makes the hot-spots in the structure stronger and the sensor more 

sensitive. 

For example, J. Nan et al. designed a sandwich structure of gold film-interval layer-gold 

nanohole array, and made an ultrasensitive plasmon scaler platform based on this structure (Figure 

7(1)(a)) (Nan et al., 2020). When testing, simply place the object in the middle layer. And the 

detection platform is clever not only to focus on the refractive index changes but also to flexibly 

make use of changes in the thickness of the spacer lain by the absorption of biomolecules (Figure 

7(1)(b)), which increases the flexibility of the sensing path and makes the sensing more accurate. 

Thanks to the plasma coupling and the Bloch planar wave surface polaritons., the platform showed 

ultra-high sensitivity both in the FDTD simulation and in the serum sample detection test. Chang 

et al. reported a biosensor based on MIM on a flexible substrate in 2018 (Chang et al., 2018). The 

structure as a whole is a nanodisk array. However, the disk as a unit structure is composed of 

gold-silica-gold (Figure 7(2)). This sensor can be integrated into a microfluidic chamber to obtain 

a sensitive microfluidic biosensor. Since the structural parameters of the nanodisk array would 

greatly affect the sensing performance of the sensor, the researchers optimized the geometric 

structure of the MIM nanodisk through testing, and thus obtained a sensitivity as high as 

1500nm/RIU. Y. Lin et al. proposed two designs of plasmonic metamaterial mid-infrared (MIR) 

sensors, which are composed of metallic nanograting on SiO2 layer with a bottom mirror to form 

metal-insulator-metal (MIM) configurations (Liang et al., 2019). The average S values are 

approximately constant as 4980 and 4140nm/RIU for MIM-S2 and MIM-D2, respectively. 

Moreover, the maximum FOM can be reached 241.98 for MIM-S2 and 420.04 for MIM-D2. Those 

devices to be used as a compact and multifunctional device integrated into one single chip for 

wide-spread applications. However, the fabrication is costs high. Lisa P. et al. proposed a 

multi-layer MIM structure in 2018 (Hackett et al., 2018). The structure is composed of 

gold-titanium dioxide-gold metal-insulator-metal plasmonic nanocup array (Figure 7(4)(a)). When 

plasmon resonance occurs, the coupling of the plasmon cavity occurs in the multilayer structure, 

making its spectral characteristics very sensitive to resonance transmittance and refractive index 

changes (Figure 7(4)(b)). Through simulation and experiments, this structure has a sensitivity of 

800nm/RIU and a detection limit of 10ng/ml. 

From the ordinary three-layer MIM structure, multi-layer metal-dielectric layers structure also 

were presented in the research. A very representative object is the hyperbolic metamaterials 

(HMMs). Hyperbolic metamaterials have hyperbolic dispersion characteristics because one of 

their main dielectric constants is opposite to the other two signs (Figure 7(5)(b)) (Sreekanth et al., 

2016a). The most important characteristic of this multilayer structure material in sensing is field 

enhancement: it is extremely sensitive to any change in dielectric constant within the attenuation 

range of the superstrate. This is because each double-layer structure can excite a propagating SPP 

wave and the SPP wave would couple with the adjacent double-layer structure. The result of the 

coupling in turn supports the propagating surface polaron, enabling it to propagate on the interface 

of each double-layer (Sreekanth et al., 2017). This wave is called volume plasmon. 

 In 2017, K. Sreekanth et al. proposed a plasma sensor with single-molecule sensitivity based on 

HMM (Sreekanth et al., 2017). The selected materials for the metal-dielectric layer are gold and 

aluminum oxide respectively. There are 8 layers in such a double-layer structure. There is an array 

of nanoholes on the HMM, which acts as a two-dimensional grating to excite the HMM's plasmon 

resonance (Figure 8(5)(a)). In the experiment, the surface mode of the grating was coupled with 
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BPP, which made this sensor have extremely high sensitivity from visible light to near-infrared. 

The structure showed that the sensor achieves maximum spectral and angular sensitivity (around 

30000 nm/RIU and 2500°/RIU) at 1300nm and minimum values (13333 nm/RIU and 2333°/RIU) 

at 530nm. In 2020, Giovanna Palermo and others also took advantage of the excellent 

performance of HMM for sensing (Palermo et al., 2020). The materials of their double-layer 

structure are indium tin oxide (ITO) and Ag. They combined HMM with a chiral material with a 

helical structure (Figure 7(6)(a)) and achieved a maximum sensitivity of 545.5nm/RIU within a 

refractive index change range of 0.068. 

 
Figure 7. Various MIM structures. Panel (1) (a) Schematic of the sandwich structure. (b) Reflection 

spectra of sandwich structures with different spacer thicknesses. Reproduced from (Nan et al., 2020). 

Panel (2) Schematic diagram of the flexible MIM-disk LSPR refractive index sensor integrated into a 

PDMS fluidic chamber. Reproduced from (Chang et al., 2018). Panel (3) Three-dimensional 

geometric structure of multi-layer MIM sensor (a) MIM-S and (b) MIM-D. Reproduced from(Liang et 

al., 2019). Panel (4) (a) Schematic and camera image of a wafer-scale MIM nanocup array. (b) 

Experimental transmission spectra with increasing RI values. Reproduced from(Liang et al., 2019). 

Panel (5) (a) A schematic representation of the fabricated miniaturized diffraction grating coupled 

HMM sensor. (b) Iso-frequency diagram of two types of HMM (type I HMM and type II HMM). 

Reproduced from (Sreekanth et al., 2017). Panel (6) (a) Schematic diagram of the sensor structure. The 

picture on the left is the gold spiral structure in the upper part of the sensor structure and the right is the 
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HMM in the lower part of the sensor. Reproduced from (Palermo et al., 2020). 

2.2. Enhance sensitivity by material adjustment 

Different materials have different physical and chemical properties due to their microstructure. 

Therefore, the sensing performance of LSPR sensors would cause huge differences due to 

different materials. In 2019, Doiron et al. evaluated four types of materials: noble metals, 

refractory (high temperature stable) metals, transition metal nitrides, and conductive oxides 

(Doiron et al., 2019a). In the water environment (n = 1.33), they relied on the following two 

equivalent formulas for calculation: "( = ∆� ")*$(⁄  �	%  "+ = ∆, ")*$(+⁄  . Where 

FWHM refers to full-width half-maximum. The result was shown in Figure 8. It has shown the 

refractive index sensitivity in frequency units (Fω) and wavelength units (Fλ) with silver 

outperforming all other materials. As seen from the above calculations, silver as the material of the 

LSPR sensor is beneficial to the sensitivity of the sensor. However, silver is easy to be oxidized 

and its instability brings unreliability to LSPR sensing technology. With the advent of new 

material systems. The high sensitivity of LSPR can be achieved by changing or optimizing 

sensitive materials. Therefore, we would summary materials to enhance the sensitivity of LSPR 

sensors from three aspects: metamaterials, two-dimensional materials, and material doping. 

 
Figure 8. Refractive index sensitivity is calculated in terms of frequency and wavelength. Reproduced 

from (Doiron et al., 2019b) 

 

Figure 9. Enhance sensitivity of LSPR based on metamaterials. Panel (1). The sensing principle of 

typical structure based on LC resonance. Panel (2). The sensing principle of typical structure based on 

dipole resonance. Panel (3). The sensing principle of typical structure based on the 
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electromagnetically induced transparency (EIT) effect. Panel (4). The sensing principle of typical 

structure based on Fano resonance. Panel (5). The sensing principle of typical structure based on 

HMM . 

2.2.1. Enhance sensitivity of LSPR based on metamaterials 

Metamaterials are artificial materials, with optical properties that cannot be achieved using 

naturally occurring optical materials, can exhibit some amazing phenomena including negative 

refractive index, strong chiral, and uncertain dielectric constant (Dolling, 2006; Hoffman et al., 

2007; Smith, 2004). Metamaterials have strong field localization and enhancement capabilities, 

which can overcome the limitations of traditional plasmonic sensors and provide a unique 

platform for biosensing applications (Chen, 2012). Generally, the resonant responses based on 

metamaterials are mainly divided into four categories: LC resonant mode, dipole resonant mode, 

and electromagnetic induced transparent (EIT) effect mode, and Fano resonant mode. Therefore, 

researchers often design and develop many sensors based on metamaterial structure.  

� Based on the LC resonance mode 

Most of the LC resonance modes appear in the open ring structure and the circular ring structure. 

The fracture of this structure is equivalent to a capacitor (C) and the remaining parts form an 

equivalent inductance (L), which together form an LC resonance circuit. The metamaterial based 

on this structure has a simple structure and its characteristic spectrum is highly adjustable, which 

can be easily achieved by adjusting the structural parameters (Xiao et al., 2017). Coupled with the 

localization of the strong electric field in the nano-scale gap of the metamaterial, the LSPR sensor 

based on the metamaterial can show higher sensitivity than ordinary integrated optical sensors. In 

2010 Hu Tao et al. Designed a square resonant ring structure with openings on both sides and 

connected diagonally, called split-ring resonator (SRR) (Tao et al., 2010). The SRR is prepared on 

the substrate of different thicknesses and materials using micro-nano processing technology. And 

it is made of gold and 200 nm thick. And in subsequent experiments, the good sensitivity of the 

sensor based on the silicon nitride substrate was measured., which was significantly improved 

compared to the sensitivity prepared on the silicon (Si) bulk substrate. And a sensitivity of 

2GHz/nm was obtained. But most of the light sources used in the experiments are broadband 

visible light sources, and broadband light sources are usually non-polarized. This makes the 

excitation efficiency of the SPP structure based on the LC resonance mode low (Tobing et al., n.d.). 

Due to the strong polarization dependence, the low efficiency of resonance mode excitation has 

always affected the full application of the split-ring resonator (SRR). To solve this problem, Xiao 

et al. proposed a metamaterial composed of four rotating SRRs (Xiao et al., 2017). Due to the 

rotation of the SRR, this metamaterial introduces asymmetry, so that even and odd resonance 

modes can be excited at the same time (Figure 10(1)). Three resonance peaks sensitive to changes 

in the refractive index of the environment appear in the spectrum. Among them, the resonance 

mode based on the LC model achieved a sensitivity of 1000 nm/RIU. 

� Based on dipole resonance mode  

The most classical resonant unit to excite this mode is a metal bar structure. This structure is 

like an electric dipole. When it is affected by an external electromagnetic field, it is easy to 

produce an electric dipole resonance phenomenon. In 2015, Wang et al. designed a dual-band 

material consisting only of gold strips and a dielectric layer (Figure 10(2)(a)) to overcome the 

shortcomings of many metamaterials that absorb only in a single band (B.-X. Wang et al., 2015). 
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They put this material on the gold substrate below. The fundamental frequency resonance excited 

from a single structure overlaps with the high-frequency resonance generated between the 

structures. This overlap and the coupling of the plasmon resonance energy of the gold film make 

the sensor highly sensitive to changes in the refractive index. In the experiment, the fundamental 

resonance absorption peak was at 1.45THz and the higher-order resonance absorption peak was at 

3THz (Figure 10(2)(b)). The FOM and sensitivity corresponding to the two peaks are 1.5, 0.3 

THz/RIU, and 34, 2.2THz/RIU respectively, which have great potential for application in practice.  

 

Figure 10. Sensor structures based on different metamaterials. Panel (1). (a) Three quad-supercells of 

the SRRs with different mutual rotation angles. (b) Electric field enhancement at the angle of 45◦ of an 

LC mode (N = 1), plasmon mode (N = 2), and quadrupole mode (N = 3) (c) Transmission spectra of 

metamaterial arrays with different mutual rotation angles. Reproduced from (Xiao et al., 2017). Panel 

(2). (a) The structural schematic of the proposed metamaterial structure. (b) unit cells. Reproduced 

from (B.-X. Wang et al., 2015). Panel (3). Schematic of the planar metamaterial design and the incident 

light polarization configuration. Reproduced from (Liu et al., 2010). Panel (4). (a) Scanning electron 

microscopy image of a typical fabricated FRAMM. Reproduced from (Wu et al., 2012) (b) Schematic 

diagram of two metamaterials based on Fano resonant mode and simulated zero-order transmission 

spectra for different refractive indices of the background in the near infrared band. Reproduced from 

(Huang et al., 2017). Panel (5). (a) Schematic of the HMM-based sensor and Reflectance spectra when 

distilled water and 0.5% glycerol in distilled water as the superstrate. Reproduced from (Sreekanth et 

al., 2016a). (b) Schematic of the HMM-based sensor and refractive index sensing of proposed 

plasmonic absorption sensor using different weight percentages of glycerol in DI water. Reproduced 

from (Sreekanth et al., 2016b). Panel (6). Different structures for metasurfaces. (a)Nanohole; (b) 

L-shaped; (c)U-shaped; (d)T-shaped; (e)Active MM; (f)Fishnet; (g)G-shaped; (m)Multi-V-shaped. 

Reproduced from(Glybovski et al., 2016). 
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� Based on electromagnetic induced transparency effect  

The electromagnetically induced transparency (EIT) effect is a quantum interference 

phenomenon. When two beams of light that are close in frequency and are strongly absorbed by a 

medium at the same time work together on this medium, the medium's absorption of light in a 

certain frequency band is greatly weakened and becomes transparent. This transparency is often 

accompanied by great dispersion. However, when this phenomenon occurs, resonance with an 

extremely narrow linewidth of the absorption spectrum is allowed, which is very meaningful for 

improving sensor sensitivity and FOM. In 2010, Liu et al. proposed a method to realize EIT using 

planar complementary metamaterials and applied it to LSPR sensors (Liu et al., 2010). This 

metamaterial consists of a gold film with an array of cuts on a glass base (Figure 10(3)). Since 

light excites a bright mode of a dipole and a dark mode of a quadrupole, the induced reflection 

peaks with narrow spectral characteristics are coupled to produce. Besides, the sensing medium 

can enter the gap that the performance of the refractive index sensor is further improved. Obvious 

coupling-induced reflection peaks were observed in the wide resonance spectrum in the 

experiment, and the sensor sensitivity reached 588nm/RIU. However, EIT-based sensors have 

certain shortcomings: due to the inherent loss and weak tunability of metals, the quality factor and 

tunability of EIT in the plasma system would be limited (Lu et al., 2018).  

� Based on Fano resonance mode 

The excitation of Fano resonance is due to the coupling of a discrete localized state to a 

continuous state (Limonov et al., 2017, p. 2). When Fano resonance occurs, there would be a 

significant near-field enhancement near the nanostructures, and sharp resonance peaks would 

appear in the spectrum. When molecular binding events or other events that cause changes in the 

refractive index of the medium occur, the detection signal would be amplified due to the strong 

near-field enhancement. This is of great significance for ultra-sensitive detection. C. Wu and 

others introduced a biosensor technology based on Fano resonance asymmetric metamaterials 

(FRAMMs) and the detection platform built using this sensing technology break through the 

limitations of traditional detection (Wu et al., 2012). The metamaterial structure is shown in 

Figure 10(4): the structure consists of two parallel nano-antennas and one of which has a 

horizontal coupler. This asymmetric structure makes the excited sub-radiation and super-radiation 

modes coupled with each other and a strong field enhancement is obtained that the detection 

signal is also enhanced accordingly. FRAMM arrays provide the possibility for fast biosensor. In 

2019, Jung et al. also studied similar structures (Jung et al., 2019). The dark mode excited by the 

coupler produces a strong spectral response. The dielectric nano pedestal increases the sensing 

area. The experimental results show that the structure on the nano-substrate obtains a SEIRA 

signal of more than 7% of the reflection difference, which is 1.7 times the SEIRA signal of the 

control structure. In 2017 Huang et al. proposed such a metamaterial that its basic unit consists of 

a narrow slit and two parallel rectangular holes on the same side of the slit (Figure 10(4)(b)) 

(Huang et al., 2017). Thanks to the interference effect between the coupled SPP with the narrow 

slit and the coupled SPP with the rectangular hole, the SPP on the metamaterial is enhanced. The 

resonance peak has an intensity and line width, and they obtained a sensitivity of about 1200 nm / 

RIU and a FOM value of about 92 in experiments. 

� Based on hyperbolic metamaterials  

Because each two-layer structure can produce SPP and the coupling between adjacent SPPs can 

also occur, which makes the field enhancement gain brought by HMMs far higher than other 
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structures. K. Sreekanth et al. proposed a plasmonic biosensor (Figure 10(5)(a)) based on 

hyperbolic metamaterials (HMMs) to break through the shortcomings of current plasma 

biosensors (Sreekanth et al., 2016a). The two-dimensional grating with adjustable parameters was 

used to excite the high-K mode of the hyperbolic metamaterial, and it has a very high sensitivity 

of 30,000 nm / RIU and a FOM value of 590. In the experiment, reflection spectra were collected 

in deionized water and deionized water with 0.5% glycerol. The results show that when the 

refractive index of the external environment changes only slightly from 1.333 to 1.3336, the 

sensor can still sense it sensitively. It got rid of the huge drawbacks of conventional Kretschmann 

configuration instruments and provided support for the miniaturization of equipment. In the same 

year, they also proposed a plasma sensor based on HMM and absorption (Sreekanth et al., 2016b). 

The structural composition is still grating-dielectric layer-HMM (Figure 10(5)(b)). To increase the 

sensitivity of the sensor to the environment, the researchers added a microfluidic channel on the 

top of the structure. Since the SPP generated by the excitation of the HMM and the SPP on the 

grating surface are coupled with each other, the sensitivities of the three modes of the structure are 

23333nm/RIU, 13333nm/RIU and 10000nm/RIU; FOM is 1415, 1287 and 901, respectively. 

Table 2: The comparison of different metamaterials sensors. 

Author Structure 
Modes of 

resonance 
Sensing performance Ref. 

Xiao et al. 
Four rotating 

SRRs 
LC resonant mode Sensitivity:1000nm/RIU 

(Xiao et al., 

2017) 

Wang et al. Rectangular strip  
Dipole resonant 

mode 

Sensitivity: 2.2THz/RIU; 

FOM:22.7 

(B.-X. Wang 

et al., 2015) 

Liu et al. Multi-cuts EIT# Sensitivity: 588nm/RIU 
(Liu et al., 

2010) 

Huang et al. 
Narrow slits and 

holes  

Fano resonant 

mode 

Sensitivity: ~1200nm/RIU, 

FOM: 92 

(Huang et al., 

2017) 

Kandammat

he et al. 

Gold and alumina 

films 
Multi-resonance 

Sensitivity: 30000nm/RIU 

FOM:590 

(Sreekanth et 

al., 2016a) 

Kandammat

he et al. 

Gold and alumina 

films or Silver 

and titanium 

dioxide films  

Multi-resonance 
Sensitivity: 23333nm/RIU 

FOM:1415 

(Sreekanth et 

al., 2016b) 

#EIT: Electromagnetically induced transparency 

Table 2 summarizes and compares the characteristics of the above structures. 

Metamaterial-based sensors usually provide excellent sensing performance, but some issues need 

to be addressed urgently. For example, the LC resonance-based sensor usually does not have a 

high Q value, which limits the further improvement of sensitivity. Most metamaterials have 

complex structures and small sizes, which would be affected by the precision of the processing 

methods. But the surprise brought to us by metamaterial sensors is still impressive. It is believed 

that with the further development and deepening of research, the potential of metamaterial-based 

refractive index sensors in the fields of high sensitivity and high accuracy sensing and detection 

would be further explored. 

� Based on plasmonic metasurface 
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The plasmonic metasurface is a two-dimensional metamaterial system based on sub-wavelength 

nano-elements with specifically designed geometry, size, and orientation assembled into arrays to 

locally control electromagnetic fields(n.d.). Common metasurface structures are shown in Figure 

10 Panel 6 (not limited to Figure 10 Panel 6) (Glybovski et al., 2016), which need uniform 

periodic nanostructures, fine features, and large-area patterns via a low-cost and reproducible 

fabrication process. The unique properties of plasmonic metasurface in the changing dielectric 

environment would extend the application in biosensing with high sensitivity compared with 

traditional LSPR biosensor chip(Zhu et al., 2020). Many efforts have been carried out to improve 

the performance of LSPR biosensors by using various nanostructured metasurfaces (Cai et al., 

2019; Glybovski et al., 2016; Narasimhan et al., 2020; Siddique et al., 2019; Tittl et al., 2019; Z. 

Zhang et al., 2020; Zhu et al., 2020). Considerable progress has been made in label-free 

biomolecular sensing based on plasmonic metasurface, which benefits from the nanoscale 

near-field enhancement with high sensitivity and non-destructive operation for high-throughput 

real-time detection. For example, in 2020, J. Zhu, et al. presented the low-cost flexible 

bio-functionalized plasmonic metasurfaces with periodic gold nanobumps on a flexible 

lightweight polycarbonate substrate for highly sensitive label-free detection of tumor marker in 

human serum samples. The sensitivity reaches 454.4 nm/RIU. The results illustrated that the 

flexible plasmonic metasurfaces demonstrate promising potential for future portable medical 

devices/systems in point-of-care diagnosis and mobile healthcare. In 2019, et al. used a plasmonic 

metasurface composed of aluminum nanocavity antennas to overcome the disadvantage of 

aluminum-based nanoantennas with poor plasmon performance in the visible light range (Siddique 

et al., 2019). When resonance occurs, there were hybrid multipolar lossless plasmonic modes in 

the cavity, which greatly enhances the local field. It made these nano-antennas highly efficient in 

the visible light range, which greatly increased the sensitivity. The results showed that in the 

visible wavelength range, the plasmonic metasurface structure can increase the detection ability of 

molecules by more than 1000 times compared with the glass control sample. Usually, the 

structures of plasmonic metasurface have a distinguishable spectrum and an LSPR mode that can 

be addressed individually and simultaneously, showing the potential of 3D sensing, which imply a 

direction for jumping out of the limitation of only being able to detect processes occurring in the 

plane of the array. 

2.2.2. Enhance sensitivity of LSPR based on 2D materials & transition metal 

dichalcogenides (TMDs) 

Despite uniform array nanostructure with “hot spot” could be used as an effective means of 

increasing the reaction surface and generating a very confined localized surface plasmon mode, 

and therefore, enhancing a polarized field-nanoparticle interaction, new method to enhance 

sensitivity is still on the way. For example, because two-dimensional (2D) material has the 

characteristics of a high surface-area-to-mass ratio and some special properties that are different 

from conventional materials, to improve the sensitivity, in addition to the methods mentioned 

above, two-dimensional (2D) nano-layers also has been applied to enhance sensitivity (Koppens et 

al., 2011). The large surface area of two-dimensional material allows more sensing molecules to 

be fixed on it, which illustrated that it is a very high potential biosensor platform (Kaul, 2014; Li 

et al., 2014; Tang and Zhou, 2013; Zhang and Xie, 2013). The most typical LSPR sensor chip 

structure combining two-dimensional materials and nanostructures is shown in Figure 11. One 
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structure is to prepare various nanostructures on the two-dimensional material surface (Figure 

11(a)). Another structure is in the nanostructure table covered with a layer of two-dimensional 

material (Figure 11(b)). 

Graphene is the best-researched as well as the oldest 2D nanomaterial and has the same 

properties as precious metals in the infrared and terahertz bands (Gan et al., 2012; Wang et al., 

2008), which can excite the surface plasmon to support the propagation of SPP waves. What’s 

more, graphene has a stronger ability to bind plasmons to the surface than that of metals. And it 

can regulate the surface plasmons excited on the surface by regulating the applied electric and 

magnetic fields (Lu et al., 2013; Woessner et al., 2015a). Meanwhile, graphene was considered as 

a very promising new kind of material with possible applications in bio-plasmonics (Woessner et 

al., 2015b). Therefore, many scholars have carried out researches on sensing properties based on 

the combination of graphene and metal (gold or silver) nanostructures (Cen et al., 2018a; El 

barghouti et al., 2018a; Tsai et al., 2011; Woessner et al., 2015b; Zhao et al., 2013a), and the main 

structure is shown in Figure 11. The sensor sensitivity is shown in Table 3. Some scholars have 

even introduced micro-nano fluid technology into such sensors to reduce sample consumption and 

increase their sensitivity to miniaturize chips. For example, Peng et al combined graphene films 

and aluminum substrates to propose a tunable absorbent material that can be used as a refractive 

index sensor (Zhou and Zheng, 2018). Graphene was used to enhance the intensity of evanescent 

waves, thus strengthening the energy coupling and improving the sensitivity. In the same year, 

Cen et al. designed a plasma refractive index sensor for graphene nanobelt arrays (Cen et al., 

2018b). The sensitivity can be improved by adjusting the length of the banded structure. The 

research results presented in numerous literatures indicate that the variation of metal type, 

structure and layer number of two-dimensional materials, or relative position of both, are 

frequently discussed factors in the study of LSPR sensing characteristics. 

 

Figure 11. Schematic diagram of the LSPR sensor based on two-dimensional materials. (a) Metal 

nanostructure on the surface of 2D material; (b) 2D material covers the metal nanostructure. 

Broadly speaking, transition metal dichalcogenides (TMDs) also is two-dimensional material, 
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which has good rigidity and abrasion resistance, and molybdenum disulfide has received wide 

attention as representatives. Therefore, TMDs were used to enhance the sensitivity of LSPR. 

Metal nanostructures combine with TMDS to form LSPR sensors, and MoS2 is the most typical 

TMDS material due to the good bonding between S (sulfide atom) and metal atoms (gold or 

silver). For example, Liu et al. used an angle-resolved reflectivity method to illustrate that there is 

a strong coupling effect in the single-layer MoS2 integrated silver nano-disk array: strong 

exciton-plasmon coupling (Liu et al., 2016). This strong coupling significantly improves the light 

absorption properties of the nanoparticles. Mohamed El Barghouti and others developed a new 

configuration method of LSPR ultra-sensitive biosensor based on MoS2 film: separation of gold 

nanoparticles and detected dielectric media using MoS2 film as the spacer (Barghouti et al., 2018). 

This configuration method results in the strong coupling between the gold nanoparticles and the 

thin film, and the resonance peak of the gold nanoparticles appears a significant redshift. In the 

experiment, the corresponding plasmon resonance wavelength increases by 333.7 nm when the 

thickness of the MoS2 film is 3.90 nm. Based on the good characteristics of MoS2, their team 

quantitatively studied the sensitivity of the coating thickness of MoS2/AgNPs/glass on MoS2 in 

their subsequent work (El barghouti et al., 2019). It is found that when the thickness of the MoS2 

coating reaches 13.2nm, the sensitivity can reach 121nm/RIU due to the strong plasma coupling 

between the silver lattice and the MoS2 layer. In 2015, Butun et al. found that the nanodisk array 

on the MoS2 film would be coupled with the MoS2 film due to plasmon resonance, which greatly 

enhanced the electric field (Butun et al., 2015). This is a good reference for improving sensor 

sensitivity. 

Table 3: The comparison of sensors based on graphene. 

Author The way to use graphene Sensitivity Ref. 

Mohamed et al 

AgNPs deposited on a glass 

substrate and coated with a 

graphene 

106 nm/RIU 
(El barghouti et al., 

2018b) 

Zhao et al. 

Graphene was located on the 

substrate in direct contact with 

biomolecules in the sensing 

medium. 

1697nm/RIU (Zhao et al., 2013b) 

Wei et al. 
Graphene sheet covered the 

top of the nanochannel. 
1920nm/RIU (Wei et al., 2014) 

Peng et al. 
Graphene was coated on 

alumina spacer 
223nm/RIU 

(Zhou and Zheng, 

2018) 

Cen et al. 

Nanoring-strip graphene 

arrays were placed on sensing 

media 

2970nm/RIU (Cen et al., 2018b) 

2.3. Enhance sensitivity by interface modification 

The surface modification methods of gold nanostructures are also different according to the 

different test targets. The active area of the LSPR biosensor enables the recognition element to be 

stable and allows them to interact with the target analytes. There are several surface modification 

techniques such as physical adsorption, chemical adsorption, covalent binding, and affnity-based 

interactions to immobilize the recognition element, which is relative to the sensitivity, specificity, 
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and limit of detection. Besides these common methods, recent advances in surface 

functionalization and antifouling agents to minimize nonspecific binding are also reviewed in the 

following subsections. Due to space limitation, this paper is limited to important methods to 

improve the sensitivity of LSPR sensor. Table 4 summarizes the interface modification methods 

to enhance the sensitivity briefly. To increase sensitivity, surface modification methods would be 

briefly introduced one by one. 

2.3.1. Modified on metal nanostructure to enhance LSPR sensing signal 

To effectively improve the sensitivity, gold nanoparticles (AuNPs) are often used as a means of 

signal amplification because it further enhances the plasmon resonance coupling and enhances the 

detection limit (Cao et al., 2011; Ertürk et al., 2016; Hong and Hall, 2012; Huang et al., 2018; 

Wang et al., 2009; Yuan et al., 2007). R.P. Van Duyne et al first proposed using nanoparticles to 

amplify signals (Hall et al., 2011). In 2011, he and co-authors developed a method to amplify the 

wavelength shift observed from LSPR bioassays by using gold nanoparticle-labeled antibodies, 

which involves detecting surface-bound analytes using gold nanoparticle conjugated antibodies, 

provides a way to enhance LSPR shifts for more sensitive detection of low-concentration analytes. 

The results have shown that there were 400% amplification of the shift upon antibody binding to 

the analyte. The amplitude of the signal increased by two times, and the detection limit increased 

by three times (Figure 12(1)). Ko et al. introduced gold nanoclusters (AuNCs) composed of 

AuNPs aggregates as signal amplifiers in the experiment (Figure 12(2))(Ko et al., 2019a). The 

presence of AuNCs enhances the coupling between AuNPs at the LSPR interface and leads to an 

increase in the number of specific target molecules bound to the bioassays, significantly 

improving the intensity and displacement of the LSPR resonance spectra.  

 
Figure 12. Experiment schematic and LSPR spectra of LSPR chip by using nanoparticles to amplify 

signals. Panel (1). (A) Biotin is covalently linked to the nanoparticle surface using EDC coupling agent, 

and anti-biotin labeled gold nanoparticles are subsequently exposed to the surface. LSPR spectra are 

collected before and after each step. (B) LSPR spectra before (solid black) and after (dashed blue) 

binding of native anti-biotin, showing a Δλmax of 11 nm. (C) LSPR spectra before (solid black) and after 

(dashed red) binding of anti-biotin labeled nanoparticles, showing a Δλmax of 42.7 nm. Reproduced 

from (Hall et al., 2011). Panel (2). (A) Schematic representation of plasmonic coupling in terms of 

gold nanoparticle-based clusters on AuNP-based LSPR biochip. change for the immunoassay without 
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(B) and with (C) conjugation of AuNCs aggregated from AuNPs 10 nm in size. Reproduced from (Ko 

et al., 2019a).  

The observed enhancement in LSPR shift is produced by a combination of two mechanisms: (1) 

An overall increase in refractive index change upon antibody binding due to the presence of a gold 

nanoparticle, and (2) plasmonic coupling between the gold, nanoparticle label, and the 

nanostructure substrate. The degree of plasmonic coupling depends on several factors including 

nanoparticle size, Interparticle short, and nanoparticle orientation. Many researchers hope that the 

observed LSPR displacement can be further enhanced by increasing the size of the nanoparticle 

marker or by controlling the orientation of the antibody to bring the marker closer to the 

nanoparticle substrate. Thus, the use of gold nanoparticle tags provides a way to meet the growing 

sensitivity needs of diagnostic equipment. When applied to related biological systems and 

biomarkers, this technique can significantly improve the detection limit of disease diagnosis. 

The principle of modifying metal nanostructure to improve the sensitivity of the sensor is very 

simple: the coupling between the modified metal material and the precious metal nanoparticles 

used for sensing strengthens the electric field strength and enhances the plasma resonance, thereby 

amplifying the sensing signal. It is a common and effective method for improving the sensitivity 

of sensors and reducing the detection limit. 

Table 4: Methods to improve the sensitivity of LSPR sensor by interface modification. 

Interface modification Method Principle of increased sensitivity 

Modified metal 

nanostructure 

Gold nanoparticle 

conjugated antibodies 

Enhanced coupling and increased electric field 

strength. 

Modified on different 

biological samples to 

link the target sample 

Adding protein G. 
Increase the number of detection antibodies on 

the sensing surface. 

ELISA 

Enzymatic reaction generates high refractive 

index precipitation, which greatly changes the 

refractive index of the environment near the 

surface of the LSPR biosensor. 

Adding secondary 

antibody 

Increase molecular binding events, amplify 

signals, and improve selectivity. 

Aptamer 
Small size that the location of molecular 

binding events is closer to the sensing surface. 

Thiolated DNA 

molecule 

Increase the number of detection molecules. 

2.3.2. Modified different biological samples to link the target sample to enhance LSPR 

sensing signal 

The chemical conjugation of the active surface of LSPR biosensor to increase its selectivity or 

specificity determines the effective and extensive application of LSPR biosensors in biological 

analyses since the extraction of the target analyte from the biological solution by means of 

consolidated protocols suffers great limitations at low analyte concentrations(Cohen and Walt, 

2019; Culver et al., 2018; Ha et al., 2019; Hall et al., 2011; Kalia and Raines, 2010; Ko et al., 

2019b; Masson, 2017; Oliverio et al., 2017b; Reimhult and Höök, 2015; Saha et al., 2012; Tokel 

et al., 2014b; Vashist et al., 2014). The typical working mechanism of an LSPR biosensor chip 
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and the pivotal role of the surface functionalization are shown in Figure 13. 

Usually, the LSPR sensing signal is proportional to the metal surface coverage, which is 

dependent on the concentration in the added sample after equilibrium has been established and 

therefore a uniform coverage is preferred. Hence, the functionalization of nanostructures with 

molecular complexes able to interact with the target analyte concentration drastically improves the 

sensitivity, defined as the variation of the biosensor signal as a function of the variation of the 

analyte and selectivity, identified as a difference in the response of the device to different analytes. 

These new platforms may revolutionize the field of biosensing if effectively combined with the 

proper surface chemistry able to capture the analytes directly from raw biological fluids. 

Therefore, in terms of inter-surface modification, the specificity of analyte recognition, the 

orientation of the immobilized biomolecules acting as the analyte receptor, the selectivity of 

surface coverage, the efficiency of target sample bonding, the metal active area, and the inert area 

should be effectively considered or appropriate treated, which is related to the performance of the 

LSPR sensor (sensitivity, repeatability, reliability). Immobilizing biomolecules in the correct 

direction on the surface of the sensing metal can effectively improve the recognition efficiency 

between molecules and reduce the specific recognition of other non-target molecules. The 

specificity between the recognition element and the target detection object means strong 

intermolecular affinity, which implies that the target analyte can be detected more sensitively 

under the same conditions. It also ensures the accuracy of sensing. To isolate the non-sensing part 

of the sensor to reduce the interference of the non-sensing part to the sensing part directly or 

indirectly affect the detection sensitivity of the LSPR biosensor.  

In the process of fixing biomolecules on the sensing metal surface, in addition to the small 

number of fixed biomolecules (such as antibodies), their poor orientation would also directly 

affect the detection sensitivity of the sensor. First, for the orientation of the modified molecule, the 

most widely used and effective strategy is to use an intermediate connector to connect the sensing 

surface and the biometric original. According to the different principles, this strategy is divided 

into two types: the coupling method based on covalent bonding and the coupling method based on 

affinity. The former usually use bifunctional thiol as a linker to create molecular self-assembly 

(SAM) on the metal surface and then connects the linker to the complementary functional groups 

on the biomolecule through organic chemical reactions.  

Affinity-based surface functionalization technology is also often used to immobilize 

biomolecules due to its advantages of not affecting biological structure and function. In the 

process of fixing biomolecules on the sensing metal surface, in addition to the small number of 

fixed biomolecules (such as antibodies), their poor orientation would also directly affect the 

detection sensitivity of the sensor. Adding protein G is an effective way to solve these problems. 

Protein G is an immunoglobulin (IgG)-binding bacterial cell wall protein isolated from group G 

streptococci. In 2012, Wang et al. found in experiments that the addition of the Protein G allowed 

more antibodies to be immobilized on the surface; and in terms of antibody binding, Protein 

G-based surface chemistry significantly improved the capture efficiency (Wang et al., 2012). 

Therefore, the results illustrated that the sensitivity and detection limit of the sensor can be 

improved in this method.  
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Figure 13. Pictorial description of six aspects of LSPR biosensor functionalization. 

Using enzymatic reactions to amplify the LSPR resonance peak shift can effectively improve 

the sensor sensitivity. Enzyme-Linked Immunosorbent Assay (ELISA) is an important method for 

studying protein antibodies. Si Chen et al., based on the progress of enzyme protein signal 

enhancement in biosensors (Lee et al., 2011; Pita et al., 2008), combining local plasmon resonance 

and ELISA techniques, successfully demonstrated that the peak shift for LSPR resonance peaks 

caused by one or more horseradish enzyme activities can be measured increasing the sensing 

sensitivity close to the single-molecule limit (shown in Figure 14) (Chen et al., 2011a). The 

experiments first biotinylated gold nanoparticles shaped like a round table, using biotin can 

combine the characteristics of anti-pectin- horseradish peroxidase (HRP) enzyme molecules 

conjugate, gold nanoparticles, and conjugates can be linked together, and then through this 

conjugate can catalyze the particle surface reaction to produce high refractive index precipitation, 

resulting in an increase in LSPR resonance peak shift, thus improving the sensitivity of the sensor. 

Many studies have shown that the LSPR effect of gold nanoparticles combined with the 

modification of ELISA for colorimetric display can more effectively and intuitively apply the 

sensing technology of LSPR effect (Chen et al., 2015, 2011b; Gao et al., 2020; Kaewwonglom et 

al., 2019), and even combined with the lateral flow technology can make the LSPR-ELISA 

composite detection method based on gold nanoparticle materials to the clinical application (Gao 

et al., 2020). 

In immunological detection, the presence of secondary antibodies can effectively improve the 

antigen-binding efficiency, thereby reducing the detection limit (Lee et al., 2013); the specific 

binding events between the target molecules are increased at the same time and the shift of the 

resonance peak is amplified, thereby improving the sensitivity of the LSPR sensor.  
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Figure 14. Schematic of the experimental process for typical LSPR chip combined with ELISA. (a) 

Gold nanostructure surface modification process. (b)-(c) Detection and recording of signals. (d) The 

test results under different steps of the experimental process. Reproduced from (Chen et al., 2011a).  

The traditional antigen-antibody detection method modification process is described as 

following: firstly, gold or other metal nanostructures modify thiol; secondly, using EDC to activate 

the carboxyl group of thiol and connect with the antibody. Finally, the specific binding of 

antigen-antibody is used to detect the target molecule. Although this modification process is not 

complicated, the whole process takes a long time, and the chemical reaction conditions of each 

step are strict. Therefore, the reaction time needs to be reduced and the modification process 

simplified. Surface modification aptamers for gold nanostructures would be the simplest method. 

Therefore, aptamers are also frequently used as a recognition element. Aptamers are capable of 

specifically binding an analyte with an affnity comparable to antibodies. To fix the aptamer on the 

surface of gold nanostructure to obtain the detection target molecule, it only needs to connect the 

gold nanostructure and the aptamer through thiol, without activation. Moreover, the LSPR 

biosensor modified with aptamers is more sensitive than the traditional sensor modified with 

antibodies. The LSPR biosensor uses the principle that the change of the refractive index of the 

surrounding environment can cause the corresponding spectrum to shift. However, when LSPR 

occurs, the electric field near the gold nanostructure decays exponentially in the vertical direction. 

Therefore, when the position where the change of the environmental refractive index occurs is far 

away from the sensing part, the sensitivity of the LSPR sensor would be greatly reduced (Doiron 

et al., 2019a). For example, Seongjae et al. developed an LSPR biosensor modified with an 

aptamer. Schematic illustration of the steps involved in the sampling of salivary cortisol and 

detection of salivary cortisol using the LSPR aptamer-sensor shown in Figure 15(a). The spectral 

shift caused by the target molecule (the spectral peak shift of the sensor modified with aptamer 

was greater than that of the sensor modified with antibody (Figure 15(b) and (c)). Meanwhile, the 

authors measured the physical sizes of the nanoparticles after modification (Figure 15(d) and (e)). 

The results illustrated that the average height of the antibody and aptamer in the experiment and 

found that the average height of the antibody to aptamer was about six times that of the aptamer. 

Therefore, after binding the target molecule, the binding site of the modified antibody would be 

farther from the sensing part than the binding site of the modified aptamer. The relative sensing 
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volume of the modified antibody is smaller than that of the modified aptamer. This leads to better 

sensitivity of the modified aptamer LSPR sensor. Moreover, due to the large size of the antibody, 

the number of modifications on the gold nanostructure is also less than that of the aptamer. This is 

also why the aptamer-modified LSPR sensor is more sensitive than the modified antibody.  

 
Figure 15. Schematic illustration of the experimental steps and results. (a) Schematic illustration of the 

steps involved in the sampling of salivary cortisol and the detection of salivary cortisol using the LSPR 

aptamer-sensor. (b) Extinction spectra showing the extinction peak shift of AuNPs immobilized via the 

aptamer or antibodies, before and after cortisol treatment. (c) Normalized extinction peak shift (Δλmax) 

of AuNPs immobilized via the aptamer and antibodies following cortisol treatment. (d)AFM images of 

antibodies and aptamer (Scale bars: 250 nm). (e) Height analysis of antibodies and aptamer. 

Reproduced from (Jo et al., 2020).  

 

Figure 16. (a) Schematic illustration of directional assembly and surface modification of nanoparticles. 

Inset: the principle of transmission darkfield microscopy. Reproduced from (Sönnichsen et al., 2005). 

(b) Schematic illustration of the hybridization process of the DNA-functionalized LSPR chip with 

unlabeled complementary DNA and gold-nanostructures labeled DNA molecules. Reproduced from 

(Spadavecchia et al., 2013). 

The rational use of aptamer reaction conditions seems to be a suitable solution. The binding of 

the aptamer to the target molecule on the sensor is reversible. When the sensor is used, the 

reaction condition becomes the positive direction condition that is favorable for the binding 

reaction between the aptamer and the target molecule; when the sensor is recovered, the control 

reaction condition becomes the negative direction condition that is favorable for the dissociation 

reaction (Cathcart and Chen, 2020). Therefore, a reasonable adjustment of the detection 

environment is also the key to improving the strength of the sensing signal. 
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The modification of DNA molecules on gold nanostructures is also a simple and practical 

method. For example, Carsten et al. performed real-time tracking of the directional assembly of 

gold and silver nanoparticle dimers and investigated the kinetics of individual DNA hybridization 

events in the process (Sönnichsen et al., 2005). They bonded single-stranded DNA (ssDNA) on 

the second particle of the dimer (Figure 16 (a)), found that the spectral offset did occur apparently 

after DNA hybridization, and verified that the reason for the spectral offset was DNA 

hybridization by comparing the spectral positions before and after the addition of complementary 

and non-complementary DNA. Jolanda et al. used thiolated DNA molecules as an amplifier for 

DNA hybridization detection in 2013, combined with gold nanostructures, successfully improved 

their detection sensitivity several times higher than that of unlabeled DNA systems (Spadavecchia 

et al., 2013). Figure16 (b) is a schematic diagram of the hybridization process. 

Table 5: Comparison of different modification methods. 

Author Modifier Performances Ref. 

Ko et al. AuNCs Detection limit: 3.8 ng/mL (Ko et al., 2019a) 

Si Chen et al. 
Streptavidin-HRP 

conjugate 
Bulk sensitivity: 100nm/RIU 

(Chen et al., 

2011a) 

Jo et ai. aptamer LOD: 0.1 nM (Jo et al., 2020) 

Loyez et al. aptamer LOD: 10 cells / mL. 
(Loyez et al., 

2020) 

Spadavecchia 

et al. 
DNA hybridization Detection limit: 0.2 nm 

(Spadavecchia et 

al., 2013) 

2.4. The observation methods of LSPR signals 

To realize LSPR highly sensitive sensing detection, in addition to the optimization of the metal 

nanostructure, material, and modification method, the processing method of LSPR sensing signal 

also directly affects the sensitivity or detection limit of LSPR biosensor. Observing or collecting 

the LSPR signal with the binding event information is an important bridge to explore the 

characteristics of LSPR biosensing. Different signal processing methods for the same LSPR 

phenomenon may result in certain differences. Especially for the detection of very low 

concentration samples, the signal processing method of LSPR sensing detection becomes very 

important. Therefore, suitable and simple LSPR signal observation methods should be adopted 

reasonably for different needs. 

In the above description of the means to increase the sensitivity of the biosensor, the 

corresponding LSPR signal observation methods are basically 

 To measure the shift of the LSPR resonant peak is the most common detection method. In 

most cases, the LSPR signal often comes from the average of multiple nanoparticles. Each 

nanoparticle can be used as a separate detection biosensor, which can provide a signal output with 

a good signal-to-noise ratio. Here, the supplemental methods of LSPR signal observation were 

reviewed from two aspects of darkfield detection and colorimetric biosensing. 

2.4.1. Dark field microscopy (DFM) to record the LSPR testing results 

For LSPR biosensing detection for ultra-sensitivity, how to distinguish the desired LSPR signal 

from the underlying background signal had always been a challenge that would directly affect the 
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results of the LSPR biosensing. However, when the observation object is from a small area or 

needs to reach the level of a single nanoparticle being interrogated, darkfield microscopy 

measurement technology based on light scattering would be very effective (D. Zhang et al., 2020), 

and did not require fluorescent labels and is not affected by photobleaching and blinking 

(Ortega-Arroyo and Kukura, 2012; Zijlstra and Orrit, 2011). Even DFM could provide resolution 

beyond the diffraction limit in some cases. 

The darkfield microscope uses a strong and narrow beam to illuminate the sample at a high 

angle and then collects weak scattered light at a low angle (Chazot et al., 2020; Willets and Van 

Duyne, 2007). In this way, by avoiding strong and useless background signals (reflected light, 

transmitted light) into the eyepieces, the signal-to-noise ratio successfully increased, therefore, 

DFM can achieve a single particle detection level. However, as the size of the observation object 

is further reduced, the scattering cross-section rapidly drops with the particle diameter to the 

power of six (Luo et al., 2016; Weigel et al., n.d.). This makes the relatively weak scattered light 

weaker, and the detection contrast and sensitivity of single particles would be reduced. 

The excellent light properties of precious metal nanoparticles in the scattering domain seem to 

make up for this: When LSPR occurs, the collective oscillation of their conduction band electrons 

makes the absorption band at the resonance wavelength strong, and the intensity of scattered 

photons far exceeds its physical cross-section (Luo et al., 2016). And the evanescent surface 

plasmon wave is not captured in the far-field, whereas can be scattered into a far-field mode by 

objects in the surface plasmon field, resulting in a dark background and bright targets. High 

signal-to-noise ratio and sensitivity make it develop rapidly (Gu et al., 2019). In 2019, Feng et al. 

prepared a silver nanoparticle coated with a thin silica layer as an internal reference (Feng et al., 

2019). The introduction of this internal reference can simultaneously calibrate slow and weak 

reactions that are not obvious or some reactions that coexist with fast reactions. It has greatly 

improved the confidence level of DFM imaging analysis. Wang et al. and Gu et al. achieved 

high-sensitivity detection by selecting the noble metal nanoparticles of appropriate shape and 

combining them with DFM (Gu et al., 2019; F. Wang et al., 2019). Jin et al. applied density 

functional theory analysis that they analyzed the interaction of carbohydrates and proteins in 

real-time and high-throughput based on DFM. (Jin et al., 2015). Those experiment results 

illustrated that the sensitivity of DFM detection was very high. The enhancement of signal 

brightness and suppression of background noise were the two main factors that determine the 

contrast and sensitivity of DFM. In recent years, the research on improving the performance of 

DFM based on LSPR detection and observation has revolved around these two points or combined 

some data analysis and algorithm optimization. The traditional dark-field detection technology 

often uses a combination of a focused ring beam and a low numerical aperture objective lens to 

improve performance. However, the residual stray light and the low spatial resolution brought by 

the low numerical aperture have become obstacles hindering its development. On the other hand, 

although LSPR increases the intensity of scattered light, DFM is not enough to rely on intensity to 

identify small-sized nanoparticles in a complex noise environment. And when performing reliable 

analysis, a dedicated, huge microscope system or some expensive accessories are indispensable, 

which is not conducive to integration. Therefore, the integration of DFM devices for LSPR 

biosensing became an important research direction. For example, Chazot et al. proposed a 

luminescent photon substrate with a controlled-angle emission profile in 2020, which simplified 

and reduced the size of the device (Chazot et al., 2020); Sun et al. combined smartphones with 

Jo
urn

al 
Pre-

pro
of



dark-field microscope analysis to create a cheap, portable and robust DFM system (Sun and Hu, 

2018). 

2.4.2. Colorimetric sensing based on nanoplasmonic nanoparticles 

The nanoplasmonic colorimetric method is a relatively simple and reliable universal testing 

method in molecular diagnosis (Paterson and de la Rica, 2015; Zheng and Jiang, 2016). This 

method uses the color change of the detection environment caused by the occurrence of molecular 

binding events as the LSPR biosensor signal to transmit information to the outside. The 

nanoplasmonic colorimetric method usually does not require large, expensive equipment to collect, 

but can be easily distinguished by the naked eye with some simple conditions (King et al., 2015; 

Reinhard et al., 2020; Q. Zhang et al., 2020). The color change is divided into chromaticity change 

(a collective term for hue and saturation, indicating the type and depth of the color) and brightness 

change (representing the brightness of the color). In the same event, the sensitivity corresponding 

to different color parameters would also vary greatly (Reinhard et al., 2020). Therefore, 

optimizing experimental conditions and finding the best match is particularly important in 

nanoplasmonic colorimetric sensing. The observation methods of LSPR signal are shown in Figure 

17. 

In this field, the most classic case is to induce the formation of plasmonic nanoparticles by 

cross-linking or aggregation and control the shape or size of plasmonic nanoparticles to achieve 

chromaticity changes (Tang and Li, 2017). The former is to change the plasmonic coupling 

between the particles by inducing the aggregation and dispersion between the nanoparticles so that 

the color of the solution caused by the LSPR frequency shift can change visibly (Peng et al., 2014). 

For example, in 2015, Xianyu et al. used horseradish peroxidase (HRP) to regulate the aggregation 

and dispersion of gold nanoparticles (Xianyu et al., 2015). The color would change with or 

without HRP. The red-blue color conversion signal caused by the target at 1 ng/ml can be easily 

read directly by the human eye. Through precise control of the morphology or size of plasmonic 

nanoparticles, small differences can be easily revealed due to changes in the optical properties of 

LSPR (Tang and Li, 2017). For example, Zhang et al. reported an ultra-sensitive multicolor 

colorimetric biosensor in 2020 (Q. Zhang et al., 2020). The results illustrated that omethoate (the 

target detection object) can indirectly inhibit the metallization of silver ions and its concentration 

has a linear relationship with the shift of the nanorod LSPR peak. The detection limit of the LSPR 

biosensor can reach 83.2 ng/L. Since the human eye is most sensitive to blue-green, the sensing 

method that uses chromaticity changes as a signal is fundamental. Therefore, researchers tune the 

sensing peaks with narrow line width and high-intensity characteristics to the blue-green 

counterparts, which shown that the color changes caused by molecular binding events to be 

sensitively recognized by the eyes.  
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Figure 17. The observation methods of LSPR signal. Panel (1). Schematic illustration of DFM. Panel 

(2). Two signal observation methods in colorimetric sensing: (a) Chromaticity (hue and saturation) 

change, (b) Brightness change. 

For normal humans, the sensitivity of their visual systems to changes in brightness is much 

higher than that of color shades. Therefore, in colorimetric sensing, the method of transmitting 

information through the brightness change as a signal is also very common. In 2016, Wang et al. 

used the LSPR excited by the nano Lycurgus cup array to enhance the electric field strength at the 

resonance wavelength, which greatly increased the absorbance of the dye bound to the protein 

(Wang et al., 2017). They extracted the light intensity from the images taken by the smartphone 

and normalized them with the standard color around the sample area, and obtained a detection 

limit close to 0.01 mg/ml through following image processing. Combined with the notch filter, 

there is also a sensing method based on brightness changes that can be directly observed by the 

human eye. Earlier, Yanik et al. obtained a resonance peak with an extremely narrow linewidth 

based on Fano resonance for sensing (Yanik et al., 2011). They tuned the notch filter to the band of 

the sensing peak, and let the notch filter block all light except the transmitted light of the sensing 

peak. At that time, the transmitted light of the sensing peak passed through the filter, and the CCD 

image was very bright. When a single layer of mouse lgG antibody to be detected was captured on 

the surface structure of the sensor, the sensing peak had a redshift of 22 nm, which significantly 

reduced the intensity of the transmitted light passing through the filter. This detection method does 

not require a dark environment, and can be directly observed and detected with human eyes in a 

routine laboratory environment. 

Colorimetric sensing is a method of transforming LSPR signals into color changes that can be 

directly recognized by the human eye, which has the advantages of convenience, quickness, and 

responsiveness. However, there needs large and expensive spectroscopic detection equipment. The 

human eye's ability to perceive colors is uneven, therefore, colorimetric sensing can amplify the 

limited detection signal to a color change which can be recognized easily. It means that this 

method relies on a reliable signal amplification method to make the final color change sufficiently 

obvious. In other words, it also puts forward higher requirements for the sensitivity of contrast 

color sensing. 

3. Conclusions and Outlook 
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LSPR sensors have shown great potential in the fields of portable detection and early diagnosis 

due to their small system size, high spectral resolution, label-free, and fast response speed. 

However, low sensitivity has become the main reason for limiting its application. To overcome the 

problem of insufficient sensitivity, many research teams have explored the issue of improving the 

sensitivity of LSPR sensors. Herein we review some sensitization methods from the three aspects 

of structure, material, and modification based on LSPR sensors and explain some related 

experiments. And the proceeding methods of the LSPR sensing is described from the perspective 

of signal observation in the end. The so-called increase of sensor sensitivity is divided into three 

points from the results based on spectra technology: First, the peak (or valley) value of the 

resonance peak (or valley) increases, the quality factor improves, and it is easier to reach the 

detection limit; Second, the shift of the resonance peak (or valley) increases, the changes are more 

obvious, and it is easier to be captured by the sensor, thereby achieving an increase in sensitivity; 

Third, the width of the resonance peak (or valley) is narrowed that it can improve the sensing 

performance. It is worth mentioning that we believe that only composite structures that combine 

multiple methods of sensitivity increase are the general direction of future sensitivity development. 

The composite structure can usually combine a variety of single sensitization methods. This leads 

to it being superior to other sensitization methods both in the degree of improving sensitivity and 

in the stability of improving sensitivity. More importantly, it can adjust the specific structural 

parameters according to the specific requirements in the experiment to better match the actual 

situation. The composite structures mentioned in this article are relatively simple. Complex ones 

include, for example, microfluidics, metamaterials, and biological modifications. This means that 

its scope of application is very wide, and it can be applied to various fields. In other words, it can 

be better invested in actual production practice. In the future, LSPR biosensors with high 

sensitivity and high sensing performance, combined with miniaturization, automation, and other 

latest technologies, would inevitably promote the development and progress of medical care, food 

inspection and other fields. 

Based on the review and discussion in this paper, four important strategies to improve 

sensitivity are given below (shown in Figure 18). 

Direction 1: Artificial intelligence assisted the design of highly sensitive LSPR sensor chip 

Artificial intelligence (AI), and machine learning in particular, have fundamentally changed 

many aspects of science and technology, redefining the way large data sets are processed and 

enabling structural inferences from systems that are difficult to model. The design method of 

LSPR sensor chip based on machine learning and the working principle of high sensitivity sensors 

is designed. To understand the interaction and coupling mechanism among sensing parameters, 

different LSPR biosensors, and different sensing parameters, and to optimize and improve the 

reliability, repeatability and stability of the LSPR biosensor system and other key scientific issues. 

The strategy based on AI to design the LSPR chip is shown in Figure 19. 

The neural network was used to analyze metal nanostructure, transmission and reflection 

electric field distribution, spectral structure distribution, forward and reverse pair sensing chip 

design. Machine learning to obtain accurate results against a large number of sensor data and 

simulation structures is helpful for accurate testing of cancer markers. It provides a new method 

and technique for the high specificity and sensitivity detection of various tumor markers in 

complex clinical samples. 
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Figure 18. The methods mentioned in this article to improve the sensitivity of LSPR sensors. 

Direction 2: Integrated microfluidic LSPR sensor chip 

The integration of plasma and microfluidics technologies can potentially serve global health, 

primary care, and point-of-care (POC) applications, providing a model for affordable, robust, and 

portable healthcare technologies. The fusion of optical technology and the microfluidic system has 

a broad application prospect in the sensor field and can be used in lab-on-chip (LOC) system for 

darkfield, single-particle reflection and transmission spectrum measurement. Microfluidics 

manipulates fluids on a micro-scale to minimize the use of expensive reagents. At the same time, 

surface modification in a microfluidic environment can also greatly improve the binding speed 

between molecules, avoid all kinds of noise interference and non-specific adsorption. Moreover, 

cheap microchip manufacturing makes it possible to mass-produce. As sample enrichment and 

separation, mixing and separation function on the same chip integration, to achieve single 

multi-function, multi-channel, many units, many parameters, the combination of a variety of 

detection methods, to achieve diversity in this test should pass each other, greatly improved the 

detection accuracy and reliability of these features would ideally microfluidics and plasma 

technology together, in the POC and primary care medical solutions. 
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Figure 19. Machine learning for LSPR biosensor and sensing. (a) The initial populations of 

nanostructure geometries, material, modification method, and their calculated spectra can be used to 

train deep neural networks capable of predicting the spectral response of unknown designs; (b) 

Different parameter input into electric field neural network to obtain optimized nanostructures and 

spectra with high Q and sensitivity; (c) Intensity and spectra neural network was applied to get the best 

performances of LSPR biosensor. 

Direction 3: A novel strategy for surface modification 

The chemical modification and physical properties of lipid molecules enable lipid bilayers to be 

applied in LSPR biosensor (surface sensitive biosensor), including the detection of biomolecules, 

proteins, and nucleic acids. Biotinylated-lipid membranes were immobilized to detect streptavidin 

molecules on the surface of gold nanorods by monitoring the spectral shifts using a 

fast-single-particle spectroscopy instrument coupled with dark-field microscopy. Using single 

nanoparticles track detection method, to study the lipid-double membrane modified gold 

nanoparticles in molecular interactions on the cell membrane, based on membrane lipid molecules 

in the liquid ultrasensitive detection platform. The lipid-bilayer-incorporated biosensing platforms 

improve molecular interactions and form a support layer for the integration of biological cognitive 

elements. Therefore, this new surface functionalization strategy can be used for membrane related 

molecular biosensors and cancer biomarkers screening analysis. 

Polymer-mediated surface functionalization is also another strategy. Polymers are used for 

hybridization with the plasmonic nanostructure. Meanwhile, polymers can be modified with 

biorecognition elements to capture target molecules, which play a key role in improving the 

reliability and sensitivity of biosensors. Therefore, the dynamic and functional structure of 

polymers can be used to develop three-dimensional binding substrates for biosensors applications. 

Direction 4: High-throughput multichannel nanoplasmonic colorimetry 

To improve the accuracy and reliability of LSPR detection, multiple-sample combined testing is 

one of the main development directions, and the testing results of multiple biological samples 

should be verified by each other. Multi-parameter detection of trace samples based on LSPR is 

mainly to realize multi-channel detection on a single LSPR chip, and the concentration of the 

detected samples in each channel is consistent. Meanwhile, multi-detection points (more than 10) 

are distributed in each channel to ensure the accidental error of testing results, thus greatly 
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improving the reliability of test results. If the spectral detection method is adopted, the detection 

speed will not be too fast. the colorimetric method or darkfield fluorescence detection method, 

combined with intelligent software, can realize rapid photo-taking and rapid recognition, and can 

realize multiple synchronous detections and obtain detection results synchronously, which has 

great advantages in detection speed and throughput. If combined with smart terminal devices 

(such as smartphones), a miniaturized mobile terminal detection system can be realized, which can 

be connected with the Internet to realize synchronous uploading of detection results to the network 

and real-time synchronous checking of detection results. 

The thiol exchange process is an interesting strategy to selectively immobilize antibodies on the 

edges of triangular gold nanoplates that are used for the LSPR sensing platform. The thiol 

exchange process is an interesting strategy in which antibodies can be selectively anchored to the 

edges of triangular gold nanoplates used for the LSPR sensing platform. Patterning nanoplasmonic 

nanostructures with special geometric shapes, such as holes and edges, may be used for 

site-specific surface modifications, therefore, improving the practicality and specificity of 

nanoplasmonic platforms. To immobilize biorecognition elements. Thiol chemistry also shows 

wide variations in length, saturation degree, and terminal groups to better immobilize 

biorecognition elements (such as proteins, nucleotides, and carbohydrates) in the plasmonic active 

region. The thiols at the edge of the nanoplate are more easily exchanged with the thiols in 

solution than that at the flat surfaces due to decreased steric hindrance at high-curvature sites. In 

the future, this functionalization strategy would play a key role in improving sensitivity and 

developing multivariate analysis through specific modifications of plasma active sites. In general, 

surface functionalization is one of the key parameters for the development of sensitive, reliable, 

and accurate biosensors. 
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The sensing and detection technology based on Localized Surface Plasmon Resonance (LSPR) develops 

rapidly. However, it has not been popularized in clinical application, which is mainly due to the low sensitivity, 

low repeatability and low reliability of LSPR sensor. Although there are many literatures summarizing the 

work of LSPR, LSPR has attracted the attention and research of many scholars due to its unique properties. In 

our years of research, we have found that three aspects are important factors for studying the clinical 

application of LSPR biosensors. Therefore, several aspects of LSPR sensitization (structure, material, surface 

modification, and the proceeding methods of LSPR biosensor) are systematically analyzed in this paper. A 

comprehensive analysis of the achievements in enhancing the sensitivity of LSPR biosensor is mainly reflected 

in the following highlights: 

 

1. The sensing mechanism to enhance sensitivity of LSPR sensor under different metal nanostructures is 

summarized and the array nanostructures that can improve the repeatability of LSPR sensor are 

summarized. The strategy of structure sensitization is obtained. 

2. The different materials (metal, 2D materials & transition metal dichalcogenides (TMDs) ) or structure 

work in different principles such as LC resonance mode, dipole resonance mode, electromagnetic 

induced transparency effect, Fano resonance mode, hyperbolic metamaterials, plasmonic metasurface 

were reviewed and the strategy to enhance sensitivity in materials was presented in detail. 

3. Enhancing sensitivity by interface modification were reviewed. The perspective of LSPR biosensor 

integrated with microfluidics and the design with help of Artificial intelligence were proposed.  

4. The proceeding methods of the LSPR bio-sensor were review and proposed the method to improve 

the performances. 
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