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ABSTRACT

Due to the unique nature of localized surface ptasmesonance (LSPR), LSPR has attracted
extensive attention in the field of biochemicalsag. However, compared with other sensors, the
LSPR biosensor has lower sensitivity which has limgation of insufficient repeatability and
greatly limits its application and further promatioMany researchers have invested a lot of
energy in various ways to investigate different lmoels to improve sensitivity. This review
summarizes these methods from the three aspestriofure, material, and interface modification,
LSPR signal observation. Meanwhile, it can be mtedi that strategies to improve the
performance of LSPR biosensing.
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1. Introduction

Biosensors have always played an important rolenedical diagnosis and environmental
monitoring (Chao et al.,, 2016; Mehrotra, 2016; Ris$.d.). Among them, plasmonic-based
sensors have received widespread attention for tbecellent performances because the
evanescent wave has an enhanced electric fielteipdénetration depth and is extremely sensitive
to the changes in the refractive index of the meditiherefore, plasmonic-based sensors also are
typically sensed by amplifying the signal of thegkt analyte, such as plasmonic-enhanced
fluorescence (PEF) (Bauch et al., 2014; L. Wang.e2015), surface-enhanced Raman scattering
(SERS) (Campion and Kambhampati, 1998; Fleischmainm@l., n.d.; Langer et al., 2020),
surface-enhanced infrared absorption (SEIRA) (Leidet al.,, 2016), and plasmonic-based
colorimetric analysis (Tang and Li, 2017); biosegstan also be performed by detecting changes
in the relevant frequency of the surface plasm@omance in the presence of the target analyte,
such as surface plasmon resonance (SPR) biosdhsstdfleur et al., 2007; Liu et al., n.d.) and
localized plasmon resonance (LSPR) biosensors (@Chuwe al.,, 2015; Takei et al., 2014).



Relatively speaking, SPR and LSPR systems werafmutommercial use earlier (Oliverio et al.,
2017a).

Broadly speaking, the detection limit of SPR biasenis insufficient due to surface plasmon
polaritons (SPP) requires prism or grating coupling the detection depth is greater than 200nm
which is bulk effect detection (Chen, 2012). It ddficult to quickly analyze and detect
micro-molecule with low concentrations, which hirgleit to keep up with the trend of
miniaturization, convenience, and integration ofd-émuse equipment. Comparing with the
working principle of LSPR and SPR, LSPR biosensemsm to match these new trends better. The
corresponding equipment of LSPR is small in sizkictv could be easily integrated. Therefore,
different LSPR biosensors or testing setups weneeldped for different application fields,
especially for the detection of small molecules aad; low concentration samples (Chien et al.,
2018; Nunna, 2019; Sagle et al., 2011; Willets ¥ad Duyne, 2007). Since the LSPR frequency
depends on the size, shape, interparticle spaamydielectric properties of the material, as well
as the dielectric properties of the local environtrtbat surrounds the nanostructures, which can
work flexibly in a wide spectral range (Chen et 2018; Langer et al., 2015). However, with the
development of related disciplines and the needeasfy diagnosis for major diseases, the
requirements for measurement accuracy of LSPR msoséhave become higher and higher. Many
results on LSPR sensing technology have showntithditional LSPR biosensors have exposed
some shortcomings, such as small resonance pebdyjvshift, insufficient resonance strength,
wide linewidth characteristics, small peak-to-waltatio, and so on (Chen et al., 2011a; Liang et
al., 2017), which limit its application in high mision detection of the biochemical sensor. For
example, a single protein molecule in an aqueolugiso could only cause LSPR resonance peak
shifts below 0.1 nm on average (Chen et al., 201fL&#)e signal amplification mechanism is not
introduced, the LSPR peak shift caused by the bindf the molecule to the metal-nanostructure
substrate is usually less than 1 nm (Chuang e2@l5). Compared with SPR biosensing using
SPP on a metal film, the sensitivity of LSPR biadeg is at least one order of that of SPR
biosensing (Chen et al., 2018). Therefore, to im@rie sensitivity of the LSPR biosensor is an
urgent requirement for the detection of very lomaentrations of samples or early detection of
biomarkers of key diseases.

LSPR is an optical phenomenon generated by a hginte trapped within conductive
nanoparticles (NPs) smaller than the wavelengthight. The phenomenon is a result of the
interactions between the incident light and surfgleetrons in a conduction band. The noble metal
nanostructure absorbs photon energy to producewos\éxtinction characteristics and near-field
enhancement characteristics. The extinction spaatfithe noble metal nanostructure would peak
when the LSPR is excited. The wavelength correspgntb the peak is called the resonance
wavelength 4., and how many peaks depend on the size of thestracture and resonant
mode. The resonance wavelength is sensitive torefractive index change at the interface
between the nanostructure and surrounding media WBER occurs.

In general, if the refractive index of the surrommgdmedium increases, the extinction spectrum
redshift and the resonance wavelength increase.oppesite can also happen if the refractive
index of the surrounding medium decreases. Thisgmnenon means that the LSPR extinction (or
scattering) wavelength maximubng,, is sensitive to the dielectric constarfpr refractive index,

n; both are related by = n?). The wavelength-shift aty.x iS given by equation (Jung et al.,
1998)AA a0 = m(An)[1 — exp(—2h/I;). Herem is the bulk refractive-index response of the



nanostructures4n is the change in the environmental refractive xythas the effective adsorbate
layer thickness]; is the electromagnetic field decay length (appr@ated as an exponential
decay). This feature is the basis of the LSPR bissefor sensing measurements. The LSPR shift
induced by the adsorbated4,,,, was rewritten adi, ., = A ac(after) — Ad . (before).
Therefore, LSPR can become an ideal refractivexiramsing platform. This kind of refractive
index sensing depends on the shift of the resonaeed. Therefore, to judge the sensing
performance of this sensor needs to start fronspleetrum, and also needs to have corresponding
parameters to judge. The main parameters for etadudhe sensing performance of LSPR
sensors are sensitivity.

Sensitivity §) is determined by the offset of the resonance leagth ¢1) and the variation of
the refractive index4n) at the interface, defined as the ratio of theseiffof the resonance
wavelength to the variation of the ambient refraetindex (Chung et al., 2011¥. = AA/An.
Where the unit ofa1 is the nm; the unit adn is the RIU; the unit o§is the nm/RIU (nanometers
of peak shift per refractive index unit).

The LSPR sensing precision that can be achievedecoimg changes in the refractive index
depends on the sensitivitg, and the peak line width. The size of the nancsire affects the
sensitivity and peak line width. For example, larganoparticles tend to have high sensitivities,
but their peaks are broadened by multipolar exoitatand radiative damping. A figure of merit
(FOM) is determined by the sensitivity and the meswe line widthd, the unit: nm), defined as
the ratio of sensitivity to resonance line widtth(@g et al., 2011)FOM = S/d, which is widely
used to characterize the sensing capabilities &R Biosensor.

In the actual biochemical sensor detection, it asolves a more important indicator: the limit
of detection (LOD). The LOD is defined as the sewtlidetectable signal (spectral change) caused
by the interaction of the detected analyte (Homald,). By definition, this indicator has two
determinants: one is the size of the spectral ahaagsed by analyte interaction, and the other is
the resolution of the detection spectrum of theidevThe former is the sensitivity and FOM
introduced above and the latter, resolution (a#dled the minimum resolution), is usually defined
as the minimum detection limit of the sensing imstent.

To improve the performance of LSPR biosensor, itdsessary to cooperate in many aspects
such as structure design, sensitizing materiatéacse modification of sensor elements, to satisfy
the sensing detection of extremely low concentnasiamples. Although there are many works on
LSPR sensing technology, the methods of LSPR emi@ahinology have not been systematically
summarized in essence. Therefore, this paper weuldmarize the methods of the LSPR
sensitization technique from the following aspects.

Firstly, we reviewed the method of changing theasaémicture to increase sensitivity and how
to affect the performances of LSPR biosensors. i@gothe effect of changing biosensor
materials on sensitivity, especially metamateréid two-dimensional materials, was presented,
summarized, and compared. Thirdly, the method afiasing sensitivity from modification at the
interface between nanostructures and environmentdia were reviewed and summarized.
Finally, the processing method of the LSPR biosesgmal is described. Meanwhile, the methods
to enhance sensitivity and research direction lae@esented.

2. Strategy to Enhance the Performance of LSPR biosensor

2.1. Enhance performance by change nanostructure to créa hot-spot



2.1.1. Changing nanopatrticle shape in disorder or single

The sensitivity of the biosensor based on LSPRirsctly related to the local electric field
intensity of the nanoparticles, which is positivetyrrelated with the intensity of the local electri
field. Nanoparticles with different shapes produii#erent local electric field intensities when
light excited LSPR. Spherical nanoparticles witkithextreme symmetry characteristics would
present uniform electric field distribution, in ethwords, there is no obvious “hot spot”, which
result in low sensitivity of the LSPR biosensorintreasing the aspect ratio of the nanoparticles
and breaking the symmetry of the nanoparticles, dlextric field enhancement improves
effectively (Chung et al., 2011). Therefore, ifaasible to increase the sensitivity of the seigor
changing the shape of the nanoparticles, such am-cr@scent shape(Lu et al.,, 2005;
Shumaker-Parry et al., 2005), nano-triangle(Jersah, 1999; Sherry et al., 2006), spherical shell
(Averitt et al., 1997; Hirsch et al., 2003; Sun afid, 2002; Tam et al., 2004), nanodisk(Dahlin et
al., 2009; Haes and Van Duyne, 2002), nanostar|(Bkeal., 2006), nanohole (Escobedo, 2013;
Prikulis et al., 2004; Rindzevicius et al., 200&). For example, in 2019, Hangsong et al. proved
experimentally that the local electric field intépsof triangle silver nanoparticles is 10 times
stronger than that of spherical silver nanopariclEhe extinction efficiency of triangle silver
nanoparticles is 4 times bigger than that of sphésilver nanoparticles (Song et al., 2019). This
is due to the three angles are "sharper" thanahtte sphere. According to the principle of tip
discharge, the surrounding electrons would gattear the tip, which makes the electric field
stronger at the protruding point. If nano-triangkerticles are thinner, the electrons distribute on
the edge of the nano-triangle particles. When thlarjzation direction of the incident light is
parallel to the edge of the nano-triangle partictee electric field intensity on the surface is
greater than that of other cases. Meanwhile, tji® @bsorption at the resonance wavelength is
also stronger. The experiment results illustragg thangular nanostructures (less than 100nm in
size) can generate strong electric fields and aefatively sensitive, however, this is highly
dependent on the direction of polarized light. llaege number of triangular nanostructures are
arranged in order, the sensitivity is relativelghi The full-width at half-maxima (FWHM) would
be significantly increased. Therefore, it is neagssto implement LSPR sensing by using
triangular nanoseconds: 1) Triangular nanosecohdsld be arranged orderly with uniform and
uniform structure; 2) The size is less than 100ang the distance among nanostructures is less
than 100nm; 3) The polarization direction of theigent light should be parallel to one side of the
triangle; 4) The metal thickness is less than 1Q0mhe challenge lies in the high cost of
nanostructure fabrication and the difficulty ofgararea preparation.

For rapid and low-cost fabrication, chemosynthetiethods are widely used to fabricate
nanostructures, for example, nanorice structuremoNce structure consists of nanorod and
nanoshell (Wang et al., 2006). The material ofitimermost nanorod is iron oxide. The material of
the outside nanoshell is a thin gold film. Nanorisiguctures exhibit a strong local field
enhancement which can also be tuned. The sensitddsed on longitudinal and transverse
plasmas is 801.4 nm/RIU and 103.0 nm/RIU, respelstiwvhich is very attractive for surface
enhancement spectra or highly sensitive measuremerperiments show that the sensitivity is
higher when the polarization of incident light snsistent with the length direction of nanorice,
which is not convenient in the use process. Thezeftugher requirements are put forward for the
detection scheme.

Nanostructure pairs can effectively modulate etentrignetic field distribution to achieve



higher sensitivity. For example, in 2015, Hu et sludied two heterodimers with different
materials of the same size (Hu et al., 2015). Toeyd that Au-Ag nanometer rice-type dimers
have a good optical response: Fano resonance hdsnhancement” effect for the circular
dichroism (CD). During the change of the surrougdmefractive index from 1.1 to 1.4, the
heterodimer shown FOM values up to 21.6 due to Easasting the CD. This kind of method can
realize light field regulation by changing the spgcbetween materials and nanostructures, to
achieve a higher LSPR sensing technology. Howelter, to the high cost, it cannot be widely
used in the field of biochemical sensing.

Au-nanostar (AuNS) is also a typical nanostructheg can effectively improve the sensitivity
of the LSPR sensor. Au nanostar particle has ntelibarp corners that can produce the “hot spot”
of the electric field. Therefore, when the refraetindex of the medium changes, the extinction
spectra of the nanostar shift tremendously. Itheen reported that AUNS exhibited 5 times higher
sensitivity than that of sphere particles (Yuaralet 2013). Park et al. proposed AuNS clusters
formed by self-assembly of affinity ligands basedAuNS particles (Park et al., 2015). Firstly,
the experimenters proved that AUNS exhibited sopeaefractive index sensitivity and higher
FOM value than AuNP. Secondly, the AuNS dimer wiesikated. AuNS dimers are a simplified
form of clusters. The results showed that the gndemsity of this dimer was 460 times higher
than that of the gold nanosphere dimer. And thetsgleshift produced by binding to the ligand
was significantly larger than the spectral shifoquced by binding of a single gold nanostar
particle to the ligand. It can be concluded thas structure has great application potential in
biosensing.

If the angle between the spherical nanoparticlestha substrate is continuously increased by
fine-tuning the particle shape, the particle shapald slowly transition from a spherical shape to
a disc shape. If the included angle is less thantheé smaller the angle, the closer the shape is t
a spherical shape; if the included angle is grethian 90°, the larger the angle, the closer the
shape is to a disc (Chung et al., 2019). The sbafiee disc and the shape changed on this basis
have also attracted the attention of many reseesche Hanarp et al. introduced the flat nanodisk
structure and compared it with the ordinary narqdiinting out that increasing the aspect ratio
can improve the sensitivity of the particle extiontspectrum to the change of the refractive index
in the external environment (Hanarp et al., 20@3)et al. also improved the sensitivity of the
sensor by changing the aspect ratio of the streciiliey proposed an elliptical hole based on the
circular hole (Ai et al., 2017). Incident polarizkght had different transmission spectrums in the
long and short axis directions of this structureec&ise a highly confined electric field is
generated on the metal surface, SPR is more sengitithe changes in the surrounding refractive
index that it can produce a larger response. Thateeshowed that the elliptical nanohole-based
plasma sensor had a sensitivity of 775 nm/RIU af®M value as high as 705 RtUChanging
the aspect ratio introduces asymmetry. Here thenamtry is combined with changing the particle
shape. Compared to the previous introduction, wbicly changed the shape of the particles to
other symmetrical shapes, the sensitivity was iwgdoagain. This is a simple and effective way
to increase sensitivity.

Chung et al. introduced in the article a nano-@esstructure with large field enhancement at
the tip of the structure(Chung et al.,, 2011). Whie location where there is local field
enhancement is usually called “hot-spot”, moleciansing at the hot spot can provide high
sensitivity. Generally speaking, most nano-cressémictures are prepared by physical methods.



Among them, it is still very challenging to syntlmesan asymmetric structure like a crescent in
the solution phase. Although this structure dodsadopt the method of changing the aspect ratio,
it also introduces asymmetry. And to some exténasymmetry is more obvious.

Throughout the years of research on the shape rtitlpa to affect the sensitivity of LSPR
sensor, there are clear trends in the shape opdncles under study. In the beginning, the
spherical nanoparticle was replaced with otheretttienensional shapes for adding the "“tip". Then,
on the basis of adding the "tip", there are twods2 One was to change the aspect ratio of the
particles that the symmetry of the particles waanged limitedly; another is to change the
positional distribution of part of the particle wstture that the symmetry of the particles was
changed greatly. Here present a few simple shapem axample, as shown in Figure 1. The
comparison of different nanostructures LSPR sensithsdifferent shapes also presented in Table
1.

The size of the particle also affects the sensarfppmance of the sensor to a certain extent by
affecting the resonance peak shape. Take a sphggitizle as an example. When the particle size
is small, it can be regarded as a pair of dipdBpole resonance is the main cause of plasmon
resonance at this time, so the cross-section ot kdpsorption (the volume of the particle) is
proportional to the resonance intensity. Howevéremvthe diameter of the particles is greater than
60 nm, the retardation effect and the contribufram higher vibration modes would cause the
resonant peak to broaden (Yockell-Lelievre et2015), making the FOM smaller and affecting
the sensing performance.

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

Author Name Shape Material Sensitivity Ref.
83 nm/RIU (Yockell-Leliévre
Helene, et al. Sphere Au
FOM: 1.3 et al., 2015)
i 1116.8
Hang, et al. Triangle Ag (Song et al., 2019)
nm/RIU
Wan et al,
Wang, et al. Rice > Au, FeO; 801.4nm/RIU (Wang
2006)
Double-r
Hu, et al. , Au FOM: 21.6 (Hu et al., 2015)
ice
i 250-500nm/RI
Park, et al. Star [ 4 Au U (Park et al., 2015)
elliptical
Ai, et al. P - Ag 775nm/RIU (Ai etal., 2017)
hole B
(Chung et al.,
Jang, et al. Crescent Au -
2011)

No matter which nanostructure is used, if the nanoture is arranged in a disordered manner
and the distance between the nanostructures isbdgond the resonance wavelength, the
transmission or reflection spectrum would be broade the FWHM would be larger, and the
spectral shift with the refractive index would beadl, which is essentially the average effect of
the transmission or reflection spectrum of eachostuocture. As a result, the resonance
wavelength shifts small and repeatability is pednjch makes it difficult to get the real clinical
application. Therefore, the disordered nanostresturare utilized as spectral-resolved



single-particle detection (SPD) methods for biotadi analysis and disease diagnosis.
Single-particle acts as a signal probe and eadicigaare considered as an independent signal
output, which caneectively avoid the interference of the ensembleayiag elect and improve
spatiotemporal resolution, which makes it possiblsensitively detect sample at a single-particle
(or-molecule) level under a dark-field microscopd=iD). Up to now, many single plasmonic
resonant nanoprobes have been developed and emhpiotree DFM-based SPD assay because of
their prominent optical properties originated frdtBPR such as a silver nanoparticle, gold
nanorod, gold nanoparticle (AuNP), gold prism, gottl nano-flower. DFM-based SPD assay can
combine spectroscopy and fluorescence to greathrawe the accuracy of each test, and the
analysis method of a single nanostructure can rmakgle consumption very small. However, in
the detection of biochemical sensing, the spectraeds to be measured several times. In the case
that in-situ detection is not possible, it is diffit to accurately determine that multiple
measurements before and after the measuremenoratieef same nanostructure, which requires
high requirements for accurate positioning and sanoture identification, and it is also difficult
to achieve. Therefore, this method can be useddnaboratory, but it is difficult to be widely
used in clinical practice, or it is difficult to @$he detection results of single nanostructureR.SP
technology as a criterion for clinical application.
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Figure 1. Strategy to change nanostructure shape for entmtiwenperformance of LSPR.
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Figure 2. Development trend based on the plasmonic biochérmsieasor: from zero-dimensional
nanostructure to three-dimensional metal nanostrecand extending to metamaterial or metasurface.

2.1.2. Array structure

To improve the repeatability, accuracy, feasihilaypd uniformity of single nanostructures or
disorderly arranged nanostructures in the testpumiarray nanostructures become an alternative
solution to enhance the sensitivities of LSPR sensechnology. The electron oscillations are
consistent uniform array nanostructures, which esdficial to the optimization of resonance
intensity and resonance peak linewidth (Liu et 2D20). This uniform array structure and
consistent electronic oscillation ensure consistesit results at different test points on the same
biochemical sensor chip, which improves the tepeatability and accuracy and promotes this
sensing method to a solid step towards clinicalieggon.

Development trends based on the plasmonic bioclkeraensor was described in Figure 2.
Metal nanostructures range from O to 3 dimensiaisp extending to metamaterials and
metasurfaces. The detailed example would be desteb following. The light source is gradually
changed from the original normal incident modeh nulti-angle incident. The detection method
is gradually changed from the original transmissemd reflection test to the multi-angle,
multi-spectral reflection, and transmission detectiMultiple measurement data can be obtained
simultaneously in multi-angle and multi-spectralstiey methods, which can realize
self-calibration or self-reference during testimglata processing.
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® Plasmonic surface lattice resonance nanostructure il demention

The most typical array metal nanostructures arsnpteic surface lattice resonance (SLR)
which is to arrange metal nanoparticles in orderhays (Kravets et al., 2018). Diffraction waves
generated by array scattered light are coupled leitl plasmon resonances associated with
individual metal nanostructure, resulting in anigxg phenomenon, the drastic narrowing of
plasmon resonances, down to 1-2 nm in spectrahwidtmely, sharp edges of plasmon resonance.
The resonance line width is much lower than thahefsingle nanostructure, which increases the
quality factor and the value of the resonance pEek.example, gold nanoparticles with a radius
of 80 nm are linear uniform arrangement in one disi@n with a regular period of 620 nm. The
excitation light incident perpendicularly. And tleéectric field direction of the incident light is
perpendicular to the linear chain. In its transimissspectrum (Figure 3), a very sharp
transmission valley at about 620nm wavelength hadransmittance here is as low as about 30%;
the transmission spectrum of traditional singledgmhnoparticles has a wide trough at about 550
nm, the corresponding transmittance is about 78snfbnic SLR observed in the chain of
nanoparticles is much stronger than that of indislchanoparticles and much narrower. FHMW is
an almost 10-fold improvement of resonance qualiypared with that of single nanoparticle or
nanoparticles arranged at random or disorderlthércase of SLR, near-field coupling leads to the
hybridization of the plasmonic modes, which geregttisymmetric modes and provide slightly
narrower resonances (FWHMO0O nm). However, these modes cannot easily be eskdity
incident light. Therefore, A significant improvemeirt the quality of localized plasmon
resonances becomes possible with the involvemeffdrefeld coupling of SLR. By using the
right combination of nanopatrticle size and shapepted with an appropriate array, it is possible
to arrange the planar array of light scattered éghenanoparticle with the plasma resonance
induction phase in the adjacent incident lightrébg enhancing the resonance of the adjacent
particles. Plasmonic SLR (dractively coupled local surface plasmon resonameeyluces a
significant narrowing of the resonance width, adl @& associated phenomena such as absorption
and significant enhancement of local electric fieltkar nanostructures. These phenomena are
important for a variety of biochemical sensing #ggilons.

@ Uniform array nanostructures
Several kinds of research on Uniform Array Struetynanoparticle, nanodisk, nanorod,



nanohole, nanoshell, nanoantennas, nanoribbon$,beteed on plasmonic biochemical sensing
have been carried out, and a series of achieverhants been applied to detect the bio-sample,
resulting in better repeatability of transmissiom aeflection spectra, which is helpful to get high
performances of the plasmonic biosensor.

Common periodic nanostructures are shown in Figur&dhe period, metal material, and
substrate of each array nanostructure would b&gechaccording to the requirements of the test
process, and the preparation would be adjustedhie\ze the effect of high sensing.
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Figure 4. Uniform array nanostructure of nanoparticle fignoshell (2), nanorod (3), nanohole (4),
nanodisk (5).

A uniform array nanostructure composed of ordirgiyerical nanoparticles is the simplest type
of array structure (Figure 4(1)). Compared withisotered array or a single particle, its sensing
performance is more stable and better. This is usxthe polarization direction of the incident
light is consistent with each unit structure of theform array, therefore, the resonance modes at
each location are coupled very uniformly and sthangjithough the spherical nanoparticle array
has the advantages of high sensitivity and narmeewlidth brought by the array structure (Auguié
and Barnes, 2008), and also easy fabrication, limged by the defect of the shape of the
spherical nanoparticle itself. The improvement efising performance of uniform nanoparticle
array is limited.

As mentioned above, by increasing the contact dmgfl@een the particles and the substrate, the
spherical nanoparticles would gradually become-sligped. For example, in 2019, X. Wang et al
developed a kind of disk array to improve sengitivihe nano-disk array structure consists of a
glass substrate, a gold film, a quartz spacer, aaggdating from the bottom to the top (Figure
5(1)(@)) (X. Wang et al., 2019). The characteristms explored with FDTD solution software.
Due to the strong coupling effect, the surfacemiass effectively excited, and three resonance
modes appear in the reflection spectrum (Figurg(b(L The resonance intensity of Mode 2 and
Mode 3 is extremely large, and the value at th@masce valley almost reaches zero. More
importantly, Mode 2 also has a very narrow FWHM,iakhis very beneficial for Rl sensing.
Therefore, the RI sensitivity is 853 nm/RIU and FQvis 126 RIUY. The results show that the
LSPR effect of multi-mode resonance can be detdnyesensing from multiple resonance peaks,
and the shift of multiple peaks is different, whican be verified by each other. The resonance
peaks can also be different according to diffetest samples. The sensitive resonance peak can
be chosen as an important criterion to ensuredhdity of each test result.



When the transverse size of nanoparticles is mardet than their height, the nanostructure
gradually changes into a nanodisk, and the resenaffiect would also change accordingly [56—
59]. For example, Khateb et al. proposed an LSFRepisor based on a gold nanodisk (100 and
200 nm disks) array in 2020 (Khateb et al., 2020hk results have shown that the thickness of
the sensing layer was critical with a significandyger response for the thinner sample layer.
Comparison of differently sized metal nanostrudwsiowed a significantly higher sensitivity for
200 nm diameter compared to 100 nm diameter disictsires resulting from both increases in
bulk refractive index sensitivity and the exteniatbich the local field extends out from the metal
surface. These findings confirmed that the develogeld nanodisk-based LSPR sensing chips
could facilitate the sensitive detection of bio-ges.

If the nanodisk is elongated longitudinally, thenadisk gradually evolved into nanorod or
nanoantennas. For the sub-wavelength metal nanaroalg the plasmonic Fano resonance or the
basic dipole resonance of a single nanorod cammeirnply used to explain its resonance behavior.
In 2016, Huang et al. investigated the tightly aged gold nanorod array (Huang et al., 2016).
They proved through simulation that the resonarfcth@ gold nanorod array is caused by the
lattice coupling of the multipolar plasma mode. iHfere, the surface electric field strength is
greatly improved, which helps to improve the seévigjit in nanoscale from the visible to the
mid-infrared. Marae-djouda et al. also discusseal glasma properties of tilted gold nanorod
arrays (Marae-Djouda et al., 2018). Since thesenmais are not perpendicular to the substrate,
they can detect the coupled plasmon mode in betlveitical and horizontal directions under the
illumination of incident light perpendicular to thsubstrate downward. Coupled with the
anisotropy of nanorods, the various plasma modescaupled with each other, and the gap
between adjacent nanorods is extremely sensitichdages in the refractive index.

The nanoshell array structure has also receiveat aflattention from researchers due to its
excellent properties. Different shell shapes woblle different effects on specific sensing
performance, especially the thickness change oshiedl layer would directly affect the coupling
strength and electric field strength (Zhang et2019). Niu et al. studied a simple gold nanoshell
structure (Niu et al., 2020, p. 20). This structigrequivalent to a hollow shell structure formed b
removing the middle of spherical nanoparticles ([Fég4(2)). Because both the inner and outer
surfaces of the nanoshell structure have the ptiepesf surface plasmon resonance, the surface
electric field of the hollow gold nanoshell strugus greatly enhanced. The researchers placed
this hollis ow gold nanoshell array structure oa ¢old film. Thanks to the re-coupling between
the array and the gold film, the electric fieldtla hot spot is further enhanced and the sengitivit
is further improved. The results show that the ity of the D-type fiber SPR sensor based on
the hollow nanoshell array and the gold film reacB@64nm/RIU, which is more three times than
that of the sensor with only the gold film struetwunder the same conditions. Paria et al. proposed
a silver core-dielectric shell-gold shell (HMCS) Itilayer shell structure in the same year (Paria
et al., 2019). For better stability and biocompétibof the gold, the gold shell is set as the
outermost layer. In comparison with solid nanopset and different shell structures, the
researchers also pointed out that adding more ktyelts is not conducive to the enhancement of
the electric field. From the performance point fw; HMCS is the best choice among the current
shell structures. However, due to its relativelynptex structure, the time and economic costs
would be higher when preparing large areas. Ttseadsd a special nanoshell that is different from
the above structure. This kind of nanoshell stmgcta usually called a nanocap, which is a layer



of the metal structure covering the upper partpbfesical nanoparticles. W. Cao et al. designed a
silver nanoshell array based on microflow injectigfigure 5(2)) (Cao et al., 2019a). They
investigated the spectral characteristics and eénsisvity of the silver nanoshell array. Seen from
the spectrum in multiple resonance modes, the émtilight irradiates the silver nanoshell array to
produce LSPR and the surface plasmon wave gengiatesa interference when it propagates to
the gap between the unit structures of the arrayh Bf these are sensitive to changes in the
refractive index. The results have shown that #wesiivity of the two peaks appearing in the
spectrum reached 527.07 nm/RIU and 922.25 nm/Rd&pectively. The quality factor is also very
considerable.

Nanohole arrays are usually prepared by perforatingetal film supported on a substrate. Like
other array structures, the electric field enharagnof the nanohole array also benefits from the
strong coupling of localized and propagating SPRI@soIn addition, it also has a special property:
the extraordinary optical transmission (EOT) eff@akel et al., 2014a). After the incident light is
irradiated on the array, removing the part irragtladn the surface, there is a small part of ths lig
through the hole and energy coupling with the SEherlower surface. The electric field intensity
at the hot spot is further increased. On the othesrd, the existence of holes also allows
environmental media (such as a liquid) to penettia¢estructure and the sensitivity of sensing
changes in the refractive index is relatively immd (Jia et al., 2020). Jia et al. demonstrated a
low-sink method for the preparation of nanoholeagsrbased on template transport technology
(Jia et al., 2013). By repeating the evaporatioth taansfer of gold, this method makes it easy to
prepare a large number of nanohole arrays (Fig(89.4-inally, the sensor sensitivity measured
in the experiment was 522 nm/RIU. Based on their@igvork this year, Jia et al. proposed a
refractive index sensing platform with a nanohat@aon a flexible transparent substrate (Jia et
al., 2020). In the experiment, the researchereddsie performance of this sensing platform using
different concentrations of sodium chloride solntend deionized water. The results showed that
the sensing platform achieved the highest sertsitafi 706nm/RIU and FOM of 52RIY This
kind of flexible substrate has good adhesion, dism@d surface treatment, more versatile and
lower cost, which opens up new application prospfotplasma sensing applications.
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Figure 5. Panel (1)(a) Schematic diagram of the composite structtlie fed arrow indicates the
direction of propagation and the blue arrow inddsathe polarization direction). (b) The reflection
spectrum of the composite structure. Reproduced {06. Wang et al., 2019Panel (2)(a) Schematic
diagram of the lattice structure of gold nanorogigs in the simulation. (b) Corresponding 3D swfac
charge distributions, indicating the lattice conpliof six-pole plasmon modes. Reproduced from
(Huang et al., 2016Panel (3)(a) SEM image of the nanohole array. The scaleésa®0nm. (b) (b)
Refractive index sensitivity measurement with watad NaCl solutions of different concentrations.
Inset: linear fitting the peak shifts around 830,60 nm, and 900 nm for respective sensitivity
calculation. Reproduced from (Jia et al., 20Z@anel (4) (a) Transmission spectrum of the D-type
fiber/gold film/Au nanoshell (50/40 AuNS) SPR sensodifferent environmental media. Reproduced
from (Niu et al., 2020). (b) Comparison of enhaneata for the different cases. The inset shows the
enhancement at the higher energy peak (zoome&é@produced from (Paria et al., 2019). (c) Sample
reflectance spectroscopy and tunable mechanismafiagreproduced from (Cao et al., 2019b).

The periodicity of the nanostructure array is a kastor to affect the sensitivity of the LSPR
biosensor. The appropriate periodicity relateshi strength of the coupling between the array
nanostructures. The smaller period, the closeligiarspacing, the stronger electric field at the
nanogap could produce a “hot-spot”. As a resulg #hectric field strength would increase
exponentially at a local place (Chung et al., 20H)wever, when many particles are very close,
the resonance peak may be greatly broadened beoétise coupling or overlapping together
between the adjacent resonance peaks to form a weslenant peak, which can guide to
reasonably control particle spacing in the designSI°R biosensing chip.

The light energy scattered by a nanostructured eglit would be captured by neighboring
nanostructures as plasmons rather than attenustiégghaitraveling in free space, which was used
in the coupling between structural units to imprdbhe electric field intensity and hot spot
distribution. Therefore, the Q value, wide linewidtharacteristic, peak signal ratio, sensitivity,
and resonance intensity were greatly improved. Hewethe array structure requires many



structural units and higher accuracy of nanostrectnorphology, which is more complex in the
fabrication of nanostructure array LSPR chip. lt@snforting that today's micro-nano processing
technology continues to develop and advance, whpiclides a strong possibility to fabricate
large area, uniform nanostructure array to impiheesensitivity of LSPR biosensor. Meanwhile,
the combination of nanostructure array and micrditutechnology can achieve high-throughput
LSPR biosensing. The chip has multiple microfluich@nnels and each channel can have multiple
nanostructure arrays, which make array-based LSBRefsor very suitable for multiplexed
on-chip detection.

2.1.3. Plasmonic cavity nanostructure

The peak-to-peak signal ratio of LSPR spectra tdarge enough, and the resonance peak line
width in the characteristic spectrum is too langhjch has always restricted its development. To
solve this problem, a microcavity structure appganethe field of vision of researchers. The main
reason for the wide spectral linewidth is the exist of radiation damping and energy waste. The
microcavity structure can retain the photons enggit to the greatest extent and reduce the
scattering loss of excitation light. This allows thhoton density to reach a very high level in a
small space, suppressing radiation damping, themetrgasing the peak-to-valley ratio of the
resonant peak and reducing the line width of theomant peak; the electric field strength is
increased, and the sensor sensitivity is improMédrocavities are mainly divided into three types,
namely Fabry-Perot cavity, photonic crystal micsga and whispering gallery mode
microcavity. The structures and properties of common plasmaiities were presented in Figure
6.
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Figure 6. The structures and properties of common plasmaaniies. (a)Trapped standing wave-type
surface plasmon polariton cavities; (jcalized modes; (c) Dipole antenna and even caougystems
for ultimate EM- field confinement in (d) Gap plasnsystems.

The traditional Fabry-Perot cavity is large and easy to integrate. Therefore, no further
introduction is given here. The photonic crystatmcavity is formed by introducing fine defects
into the periodic medium. Its structure is flexikdad variable, the manufacturing process is
relatively simple and it is also suitable for intaiipn. In 2018, Jung et al. proposed an integrated



label-free detection platform that includes a plasravity (Kwon et al., 2018). The incident light
is focused by the plasmonic cavity and energy-cediglith the nanoparticle array, resulting in a
strong near-field enhancement. Compared with agiteations where colloidal gold nanorods or
spheres are used to produce LSPR, the plasmority chthe gold and silver cavities is amplified
approximately 5-6 times. Hasan et al. designed agscbow-tie plasma cavity structure that
resembles two mutually orthogonal bow knots (Hasdaal., 2015), and the "butterfly wings" part
artificially leaves a triangular void. Due to iteique shape, this structure can not only enharee th
electric and magnetic fields but also improve thad-like dipolar resonance contrast. The results
showed large wavelength shifts of 777.5 and 904pemrefractive index unit (RIU) in dipole
resonance and magnetic resonance, respectively.

The whispering gallery mode microcavity, by configithe light in the cavity with total internal
reflection and stably spreading. It causes theggn@ensity in the cavity to be extremely large so
that high-quality factor can be obtained, while Wiodume is small and the preparation is relatively
simple. Based on the micro-cavity structure of $kasor, the generation of its sensing signal is
not from the change of the refractive index of ¢éin@ironment, but the change of the optical path.
The molecular binding event increases the lengtthefoptical path in the cavity which in turn
causes the resonance wavelength to shift, resuhigsensing signal that can be recognized by
the analytical instrument. Kang et al. studied gt nano-disk array applied to sensor chips in
2017 (Kang et al., 2017). The nanodisk is locatadeu and in contact with the microcavity
structure. The electric field at the contact panenhanced: the near-field hot spots of ordinary
single nanodisk and double nanodisks are increlgebout 14 times and 18 times. The energy
coupling with the nanodisk can be optimized by oaltihg the polarization direction of the
Sensor.

The LSPR sensor based on the microcavity strudtasehigher sensing performance than the
ordinary nanostructured LSPR sensor. This is becthes microcavity structure can concentrate
the energy of the incident light to the greatesemeixand limit this energy to a very small space.
This makes the energy density in the space vepeland the induced field enhancement is
stronger. At the same time, the microcavity strretalso improves the energy utilization rate and
reduces the radiation loss, so that the LSPR resenpeak has a narrower line width. However,
when the microcavity structure is fabricated iraegé area, more sophisticated nano-processing
technology is required, which puts forward higheguirements for the current nano-processing
technology.

2.1.4. Metal-insulator-metal (MIM) nanostructure

The metal-insulator-metal (MIM) structure is a veymmon structure and is often used as the
basis of high-sensitivity sensors. This is becdabseMIM structure exhibits perfect absorption of
light when LSPR occurs (Ghobadi et al., 2017). Aed.SPR has nothing to do with the incident
angle and light polarization in the infrared regi@ing et al., 2015). When incident light shines
on the first layer of metal, the first layer of mleabsorbs part of the energy; and the transmitted
light passing through the first layer of metal wbbke absorbed by the second layer of technology.
Therefore, the resonance peak-to-valley ratio égpectrum would be large, and the line width
would be relatively narrow. After absorbing the igyeof incident light, plasmon resonance occurs
in both layers of metal. The two layers of meta aeparated by an appropriate distance by the
insulating layer in between, so that the resonarmepling between the two can be more



harmonious and stronger. This makes the hot-spatsel structure stronger and the sensor more
sensitive.

For example, J. Nan et al. designed a sandwiclctates of gold film-interval layer-gold
nanohole array, and made an ultrasensitive plasoaler platform based on this structure (Figure
7(1)(a)) (Nan et al., 2020). When testing, simplgcp the object in the middle layer. And the
detection platform is clever not only to focus b refractive index changes but also to flexibly
make use of changes in the thickness of the spaicelny the absorption of biomolecules (Figure
7(1)(b)), which increases the flexibility of thenseng path and makes the sensing more accurate.
Thanks to the plasma coupling and the Bloch plarsae surface polaritons., the platform showed
ultra-high sensitivity both in the FDTD simulatiamd in the serum sample detection test. Chang
et al. reported a biosensor based on MIM on aHlexsubstrate in 2018 (Chang et al., 2018). The
structure as a whole is a nanodisk array. Howeher,disk as a unit structure is composed of
gold-silica-gold (Figure 7(2)). This sensor canittegrated into a microfluidic chamber to obtain
a sensitive microfluidic biosensor. Since the dtrral parameters of the nanodisk array would
greatly affect the sensing performance of the gerike researchers optimized the geometric
structure of the MIM nanodisk through testing, athdis obtained a sensitivity as high as
1500nm/RIU. Y. Lin et al. proposed two designs laismponic metamaterial mid-infrared (MIR)
sensors, which are composed of metallic nanogratimiQ layer with a bottom mirror to form
metal-insulator-metal (MIM) configurations (Liang at, 2019). The average S values are
approximately constant as 4980 and 4140nm/RIU fdMi8, and MIM-D,, respectively.
Moreover, the maximum FOM can be reached 241.981bt-S, and 420.04 for MIM-I3. Those
devices to be used as a compact and multifunctidegice integrated into one single chip for
wide-spread applications. However, the fabricatisncosts high. Lisa P. et al. proposed a
multi-layer MIM structure in 2018 (Hackett et aR018). The structure is composed of
gold-titanium dioxide-gold metal-insulator-metahpimonic nanocup array (Figure 7(4)(a)). When
plasmon resonance occurs, the coupling of the mlasravity occurs in the multilayer structure,
making its spectral characteristics very sensitivéesonance transmittance and refractive index
changes (Figure 7(4)(b)). Through simulation angeeixnents, this structure has a sensitivity of
800nm/RIU and a detection limit of 20ng/ml.

From the ordinary three-layer MIM structure, mudtyer metal-dielectric layers structure also
were presented in the research. A very represeatatbject is the hyperbolic metamaterials
(HMMs). Hyperbolic metamaterials have hyperbolispdirsion characteristics because one of
their main dielectric constants is opposite todtieer two signs (Figure 7(5)(b)) (Sreekanth et al.,
2016a). The most important characteristic of thidtilayer structure material in sensing is field
enhancement: it is extremely sensitive to any changlielectric constant within the attenuation
range of the superstrate. This is because eacHedlayer structure can excite a propagating SPP
wave and the SPP wave would couple with the adjadeuble-layer structure. The result of the
coupling in turn supports the propagating surfaganpn, enabling it to propagate on the interface
of each double-layer (Sreekanth et al., 2017). Waige is called volume plasmon.

In 2017, K. Sreekanth et al. proposed a plasmsoserith single-molecule sensitivity based on
HMM (Sreekanth et al., 2017). The selected mateifial the metal-dielectric layer are gold and
aluminum oxide respectively. There are 8 layersuich a double-layer structure. There is an array
of nanoholes on the HMM, which acts as a two-dirtarad grating to excite the HMM's plasmon
resonance (Figure 8(5)(a)). In the experiment,silace mode of the grating was coupled with



BPP, which made this sensor have extremely highitsaty from visible light to near-infrared.
The structure showed that the sensor achieves maxispectral and angular sensitivity (around
30000 nm/RIU and 2500°/RIU) at 1300nm and minimwatugs (13333 nm/RIU and 2333°/RIU)
at 530nm. In 2020, Giovanna Palermo and others &ei& advantage of the excellent
performance of HMM for sensing (Palermo et al., @02rhe materials of their double-layer
structure are indium tin oxide (ITO) and Ag. Theyrbined HMM with a chiral material with a
helical structure (Figure 7(6)(a)) and achieved aximum sensitivity of 545.5nm/RIU within a
refractive index change range of 0.068.
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Figure 7. Various MIM structuresPanel (1)(a) Schematic of the sandwich structure. (b) Réfe
spectra of sandwich structures with different spdisicknesses. Reproduced from (Nan et al., 2020).
Panel (2) Schematic diagram of the flexible MIM-disk LSPRreaftive index sensor integrated into a
PDMS fluidic chamber. Reproduced frofChang et al., 2018)Panel (3) Three-dimensional
geometric structure of multi-layer MIM sensor (a)MMS and (b) MIM-D. Reproduced from(Liang et
al., 2019) Panel (4) (a) Schematic and camera image of a wafer-scal@l Manocup array. (b)
Experimental transmission spectra with increasimgvé&tues. Reproduced from(Liang et al., 2Q19)
Panel (5) (a) A schematic representation of the fabricatediaturized diffraction grating coupled
HMM sensor. (b) Iso-frequency diagram of two typdsHMM (type | HMM and type [I HMM).
Reproduced from (Sreekanth et al., 20P8nel (6)(a) Schematic diagram of the sensor structure. The
picture on the left is the gold spiral structurghe upper part of the sensor structure and th isgthe



HMM in the lower part of the sensor. Reproducedrfi@alermo et al., 2020).
2.2. Enhance sensitivity by material adjustment

Different materials have different physical androfel properties due to their microstructure.
Therefore, the sensing performance of LSPR sensordd cause huge differences due to
different materials. In 2019, Doiron et al. evaadtfour types of materials: noble metals,
refractory (high temperature stable) metals, ttasimetal nitrides, and conductive oxides
(Doiron et al., 2019a). In the water environmemt=( 1.33), they relied on the following two
equivalent formulas for calculationF, = AA/FWHM; and F,, = Aw/FWHM,, . Where
FWHM refers to full-width half-maximum. The reswlias shown in Figure 8. It has shown the
refractive index sensitivity in frequency unit&,J and wavelength unitsF() with silver
outperforming all other materials. As seen fromdbeve calculations, silver as the material of the
LSPR sensor is beneficial to the sensitivity of semsor. However, silver is easy to be oxidized
and its instability brings unreliability to LSPR rsing technology. With the advent of new
material systems. The high sensitivity of LSPR ¢@nachieved by changing or optimizing
sensitive materials. Therefore, we would summaryenas to enhance the sensitivity of LSPR
sensors from three aspects: metamaterials, twordiimeal materials, and material doping.
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Figure 8. Refractive index sensitivity is calculated in terofdrequency and wavelength. Reproduced
from (Doiron et al., 2019b)
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Figure 9. Enhance sensitivity of LSPR based on metamateasel (1). The sensing principle of
typical structure based on LC resonareanel (2).The sensing principle of typical structure based o
dipole resonance.Panel (3). The sensing principle of typical structure based tre



electromagnetically induced transparency (EIT) @ffeanel (4).The sensing principle of typical
structure based oRano resonancelanel (5). The sensing principle of typical structure based o
HMM.

2.2.1. Enhance sensitivity of LSPR based on metamaterials

Metamaterials are artificial materials, with optigaoperties that cannot be achieved using
naturally occurring optical materials, can exhi&itme amazing phenomena including negative
refractive index, strong chiral, and uncertain efittic constant (Dolling, 2006; Hoffman et al.,
2007; Smith, 2004). Metamaterials have strong fielthlization and enhancement capabilities,
which can overcome the limitations of traditiondhgmonic sensors and provide a unique
platform for biosensing applications (Chen, 201@gnerally, the resonant responses based on
metamaterials are mainly divided into four categmriLC resonant mode, dipole resonant mode,
and electromagnetic induced transparent (EIT) effemde, and Fano resonant mode. Therefore,
researchers often design and develop many sersses lon metamaterial structure.

® Based on the LC resonance mode

Most of the LC resonance modes appear in the apgrstructure and the circular ring structure.
The fracture of this structure is equivalent toapacitor (C) and the remaining parts form an
equivalent inductance (L), which together form &b tesonance circuit. The metamaterial based
on this structure has a simple structure and igsateristic spectrum is highly adjustable, which
can be easily achieved by adjusting the struchaemeters (Xiao et al., 2017). Coupled with the
localization of the strong electric field in thenmascale gap of the metamaterial, the LSPR sensor
based on the metamaterial can show higher sehgithan ordinary integrated optical sensors. In
2010 Hu Tao et al. Designed a square resonantstingture with openings on both sides and
connected diagonally, called split-ring resonaBRR) (Tao et al., 2010). The SRR is prepared on
the substrate of different thicknesses and masetsing micro-nano processing technology. And
it is made of gold and 200 nm thick. And in subsadlexperiments, the good sensitivity of the
sensor based on the silicon nitride substrate weasored., which was significantly improved
compared to the sensitivity prepared on the sili¢Bi) bulk substrate. And a sensitivity of
2GHz/nm was obtained. But most of the light sourased in the experiments are broadband
visible light sources, and broadband light souraes usually non-polarized. This makes the
excitation efficiency of the SPP structure basethen.C resonance mode low (Tobing et al., n.d.).
Due to the strong polarization dependence, thedffisiency of resonance mode excitation has
always affected the full application of the spiitg resonator (SRR). To solve this problem, Xiao
et al. proposed a metamaterial composed of foatingt SRRs (Xiao et al., 2017). Due to the
rotation of the SRR, this metamaterial introducegnametry, so that even and odd resonance
modes can be excited at the same time (Figure YLO{ljee resonance peaks sensitive to changes
in the refractive index of the environment appeathie spectrum. Among them, the resonance
mode based on the LC model achieved a sensitit/itp@0 nm/RIU.

® Based on dipole resonance mode

The most classical resonant unit to excite this enisda metal bar structure. This structure is
like an electric dipole. When it is affected by external electromagnetic field, it is easy to
produce an electric dipole resonance phenomenof01%, Wang et al. designed a dual-band
material consisting only of gold strips and a ditie layer (Figure 10(2)(a)) to overcome the
shortcomings of many metamaterials that absorb iondysingle band (B.-X. Wang et al., 2015).



They put this material on the gold substrate belthe fundamental frequency resonance excited
from a single structure overlaps with the high-freqcy resonance generated between the
structures. This overlap and the coupling of ttespion resonance energy of the gold film make
the sensor highly sensitive to changes in the e¢g¥i@ index. In the experiment, the fundamental

resonance absorption peak was at 1.45THz and ghehorder resonance absorption peak was at
3THz (Figure 10(2)(b)). The FOM and sensitivity riesponding to the two peaks are 1.5, 0.3

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

0]

i
0 600 800 1000 1200 1400 1600 1800  “%s
Wavelength (nm)

Wereiarges (o)

600 800 1000 1200 1400 1600
javelength (nm)

__(a) nanoholes 4 (b) L-shaped (c) U-shaped
"

L

i
: v m ?l‘l‘
g lxl
: - “'l!lli | “@
LA bl
E s ¥ mu.Jmh -
o= (e) Active MM (f) Fishnet (g) G-shaped (m) Multi-V-shaped

2 14 16
Wavelength (sm)

Figure 10. Sensor structures based on different metamateRatsel (1) (a) Three quad-supercells of
the SRRs with different mutual rotation angles. Ebctric field enhancement at the angle of dban

LC mode (N = 1), plasmon mode (N = 2), and quadespaode (N = 3) (c) Transmission spectra of
metamaterial arrays with different mutual rotatanmgles. Reproduced from (Xiao et al., 201 gné&

(2). () The structural schematic of the proposed matemal structure. (b) unit cells. Reproduced
from (B.-X. Wang et al., 2015).aRel (3).Schematic of the planar metamaterial design anchthident
light polarization configuration. Reproduced frohiu et al., 2010)Panel (4).(a) Scanning electron
microscopy image of a typical fabricated FRAMM. Reguced from (Wu et al., 2012) (b) Schematic
diagram of two metamaterials based Fano resonant mode and simulated zero-order trasgmi
spectra for different refractive indices of the kground in the near infrared band. Reproduced from
(Huang et al., 2017Ranel (5).(a) Schematic of the HMM-based sensor and Refteetapectra when
distilled water and 0.5% glycerol in distilled watgs the superstrate. Reproduced from (Sreekanth et
al., 2016a). (b) Schematic of the HMM-based sermud refractive index sensing of proposed
plasmonic absorption sensor using different wefgricentages of glycerol in DI water. Reproduced
from (Sreekanth et al., 2016bPanel (6). Different structures for metasurfaces. (a)Nanch¢tg
L-shaped; (c)U-shaped; (d)T-shaped; (e)Active MN)Fichnet; (g)G-shaped; (m)Multi-V-shaped.
Reproduced from(Glybovski et al., 2016).



® Based on electromagnetic induced transparency effec

The electromagnetically induced transparency (EEfject is a quantum interference
phenomenon. When two beams of light that are dlodequency and are strongly absorbed by a
medium at the same time work together on this nmedilhe medium's absorption of light in a
certain frequency band is greatly weakened andrbesdransparent. This transparency is often
accompanied by great dispersion. However, when ghenomenon occurs, resonance with an
extremely narrow linewidth of the absorption spatris allowed, which is very meaningful for
improving sensor sensitivity and FOM. In 2010, kiual. proposed a method to realize EIT using
planar complementary metamaterials and applied iL$PR sensors (Liu et al., 2010). This
metamaterial consists of a gold film with an arcdycuts on a glass base (Figure 10(3)). Since
light excites a bright mode of a dipole and a daxdde of a quadrupole, the induced reflection
peaks with narrow spectral characteristics are leguf produce. Besides, the sensing medium
can enter the gap that the performance of theatdfeaindex sensor is further improved. Obvious
coupling-induced reflection peaks were observedthia wide resonance spectrum in the
experiment, and the sensor sensitivity reached bfi8HJ. However, EIT-based sensors have
certain shortcomings: due to the inherent lossvegak tunability of metals, the quality factor and
tunability of EIT in the plasma system would beited (Lu et al., 2018).

® Based on Fano resonance mode

The excitation of Fano resonance is due to the lsaumf a discrete localized state to a
continuous state (Limonov et al., 2017, p. 2). Wikamo resonance occurs, there would be a
significant near-field enhancement near the nanckires, and sharp resonance peaks would
appear in the spectrum. When molecular binding tsvenother events that cause changes in the
refractive index of the medium occur, the detecsanal would be amplified due to the strong
near-field enhancement. This is of great signifieafor ultra-sensitive detection. C. Wu and
others introduced a biosensor technology basedamo Fesonance asymmetric metamaterials
(FRAMMSs) and the detection platform built usingsthéensing technology break through the
limitations of traditional detection (Wu et al., 28). The metamaterial structure is shown in
Figure 10(4): the structure consists of two paraflano-antennas and one of which has a
horizontal coupler. This asymmetric structure makesexcited sub-radiation and super-radiation
modes coupled with each other and a strong fielthecement is obtained that the detection
signal is also enhanced accordingly. FRAMM arras/igle the possibility for fast biosensor. In
2019, Jung et al. also studied similar structudesd et al., 2019). The dark mode excited by the
coupler produces a strong spectral response. Téecttic nano pedestal increases the sensing
area. The experimental results show that the streiabn the nano-substrate obtains a SEIRA
signal of more than 7% of the reflection differenadich is 1.7 times the SEIRA signal of the
control structure. In 2017 Huang et al. proposathsumetamaterial that its basic unit consists of
a narrow slit and two parallel rectangular holestlom same side of the slit (Figure 10(4)(b))
(Huang et al., 2017). Thanks to the interferenéecebetween the coupled SPP with the narrow
slit and the coupled SPP with the rectangular hble,SPP on the metamaterial is enhanced. The
resonance peak has an intensity and line width tla@ylobtained 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 S&Eharcoupling between adjacent SPPs can
also occur, which makes the field enhancement padnight by HMMs far higher than other



structures. K. Sreekanth et al. proposed a plasmbidsensor (Figure 10(5)(a)) based on
hyperbolic metamaterials (HMMs) to break throughe tehortcomings of current plasma
biosensors (Sreekanth et al., 2016a). The two-dinaal grating with adjustable parameters was
used to excite the high-K mode of the hyperboli¢amaterial, and it has a very high sensitivity
of 30,000 nm / RIU and a FOM value of 590. In tlkpeximent, reflection spectra were collected
in deionized water and deionized water with 0.5%cetol. The results show that when the
refractive index of the external environment changely slightly from 1.333 to 1.3336, the
sensor can still sense it sensitively. It got ridh@ huge drawbacks of conventional Kretschmann
configuration instruments and provided supporttfi@ miniaturization of equipment. In the same
year, they also proposed a plasma sensor basetdhahd absorption (Sreekanth et al., 2016b).
The structural composition is still grating-dieléctayer-HMM (Figure 10(5)(b)). To increase the
sensitivity of the sensor to the environment, thgearchers added a microfluidic channel on the
top of the structure. Since the SPP generated éoxhitation of the HMM and the SPP on the
grating surface are coupled with each other, theitieties of the three modes of the structure are
23333nm/RIU, 13333nm/RIU and 10000nm/RIU; FOM i4841287 and 901, respectively.

Table 2: The comparison of different metamaterials sensors.

Modes of .
Author Structure Sensing performance Ref.
resonance
. Four rotating L (Xiao et al.,
Xiao et al. LC resonant mode  Sensitivity:1000nm/RIU
SRRs 2017)
. Dipole  resonant Sensitivity: 2.2THz/RIU;  (B.-X. Wang
Wang et al. Rectangular strip
mode FOM:22.7 et al., 2015)
. . # . (L|U et al.,
Liu et al. Multi-cuts EIT Sensitivity: 588nm/RIU
2010)
Narrow slits and Fano resonant Sensitivity: ~1200nm/RIU, (Huang et al.,
Huang et al.
holes mode FOM: 92 2017)
Kandammat Gold and alumina ) Sensitivity: 30000nm/RIU  (Sreekanth et
] Multi-resonance
he et al. films FOM:590 al., 2016a)
Gold and alumina
Kandammat films or Silver ) Sensitivity: 23333nm/RIU  (Sreekanth et
. Multi-resonance
he et al. and titanium FOM:1415 al., 2016b)

dioxide films

"EIT: Electromagnetically induced transparency

Table 2 summarizes and compares the characterisitsthe above structures.
Metamaterial-based sensors usually provide exdedlemsing performance, but some issues need
to be addressed urgently. For example, the LC sesmbased sensor usually does not have a
high Q value, which limits the further improvemenit sensitivity. Most metamaterials have
complex structures and small sizes, which wouldatiected by the precision of the processing
methods. But the surprise brought to us by metaimhtensors is still impressive. It is believed
that with the further development and deepeninteséarch, the potential of metamaterial-based
refractive index sensors in the fields of high #erty and high accuracy sensing and detection
would be further explored.

® Based on plasmonic metasurface



The plasmonic metasurface is a two-dimensional metarial system based on sub-wavelength
nano-elements with specifically designed geomsirg, and orientation assembled into arrays to
locally control electromagnetic fields(n.d.). Conmmetasurface structures are shown in Figure
10 Panel 6 (not limited to Figure 10 Panel 6) (@Gldki et al., 2016), which need uniform
periodic nanostructures, fine features, and larga-gatterns via a low-cost and reproducible
fabrication process. The unique properties of ptasmmetasurface in the changing dielectric
environment would extend the application in biogsmswith high sensitivity compared with
traditional LSPR biosensor chip(Zhu et al., 2020any efforts have been carried out to improve
the performance of LSPR biosensors by using varimmostructured metasurfaces (Cai et al.,
2019; Glybovski et al., 2016; Narasimhan et al2@05iddique et al., 2019; Tittl et al., 2019; Z.
Zhang et al.,, 2020; Zhu et al., 2020). Considergiiegress has been made in label-free
biomolecular sensing based on plasmonic metasyrfabéch benefits from the nanoscale
near-field enhancement with high sensitivity andh-destructive operation for high-throughput
real-time detection. For example, in 2020, J. Zbu,al. presented the low-cost flexible
bio-functionalized plasmonic metasurfaces with qdid gold nanobumps on a flexible
lightweight polycarbonate substrate for highly $éves label-free detection of tumor marker in
human serum samples. The sensitivity reaches 45#/RIU. The results illustrated that the
flexible plasmonic metasurfaces demonstrate promigotential for future portable medical
devices/systems in point-of-care diagnosis and ladigalthcare. In 2019, et al. used a plasmonic
metasurface composed of aluminum nanocavity angerioaovercome the disadvantage of
aluminum-based nanoantennas with poor plasmonmpeaftce in the visible light range (Siddique
et al., 2019). When resonance occurs, there wesdachynultipolar lossless plasmonic modes in
the cavity, which greatly enhances the local fitldnade these nano-antennas highly efficient in
the visible light range, which greatly increased #ensitivity. The results showed that in the
visible wavelength range, the plasmonic metasuréateture can increase the detection ability of
molecules by more than 1000 times compared with glaess control sample. Usually, the
structures of plasmonic metasurface have a digshgble spectrum and an LSPR mode that can
be addressed individually and simultaneously, shgwle potential of 3D sensing, which imply a
direction for jumping out of the limitation of onlyeing 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 spotuld be used as an effective means of
increasing the reaction surface and generatingrya aanfined localized surface plasmon mode,
and therefore, enhancing a polarized field-nanapartinteraction, new method to enhance
sensitivity is still on the way. For example, besauwo-dimensional (2D) material has the
characteristics of a high surface-area-to-mase eatd some special properties that are different
from conventional materials, to improve the sewigjti in addition to the methods mentioned
above, two-dimensional (2D) nano-layers also has la@plied to enhance sensitivity (Koppens et
al., 2011). The large surface area of two-dimeraiomaterial allows more sensing molecules to
be fixed on it, which illustrated that it is a vdmigh potential biosensor platform (Kaul, 2014; Li
et al., 2014; Tang and Zhou, 2013; Zhang and X432 The most typical LSPR sensor chip
structure combining two-dimensional materials amadastructures is shown in Figure 11. One



structure is to prepare various nanostructureshentwo-dimensional material surface (Figure
11(a)). Another structure is in the nanostructaele covered with a layer of two-dimensional
material (Figure 11(b)).

Graphene is the best-researched as well as thetdkii® nanomaterial and has the same
properties as precious metals in the infrared anghertz bands (Gan et al., 2012; Wang et al.,
2008), which can excite the surface plasmon to etippe propagation of SPP waves. What's
more, graphene has a stronger ability to bind piexsmo the surface than that of metals. And it
can regulate the surface plasmons excited on ttfacguby regulating the applied electric and
magnetic fields (Lu et al., 2013; Woessner et2dl]5a). Meanwhile, graphene was considered as
a very promising new kind of material with possiblgplications in bio-plasmonics (Woessner et
al., 2015b). Therefore, many scholars have cawigdesearches on sensing properties based on
the combination of graphene and metal (gold oresjhnanostructures (Cen et al., 2018a; El
barghouti et al., 2018a; Tsai et al., 2011; Woeasshal., 2015b; Zhao et al., 2013a), and the main
structure is shown in Figure 11. The sensor seitgiis shown in Table 3. Some scholars have
even introduced micro-nano fluid technology intarssensors to reduce sample consumption and
increase their sensitivity to miniaturize chipsr Eaample, Peng et al combined graphene films
and aluminum substrates to propose a tunable abrsontaterial that can be used as a refractive
index sensor (Zhou and Zheng, 2018). Graphene & to enhance the intensity of evanescent
waves, thus strengthening the energy coupling ematdving the sensitivity. In the same year,
Cen et al. designed a plasma refractive index seflescgraphene nanobelt arrays (Cen et al.,
2018b). The sensitivity can be improved by adjgstihe length of the banded structure. The
research results presented in numerous literatindisate that the variation of metal type,
structure and layer number of two-dimensional niatgr or relative position of both, are
frequently discussed factors in the study of LSBRSEg characteristics.

a ) Top-view b) ‘ Top-view
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Figure 11. Schematic diagram of the LSPR sensor based ordimwensional materials. (a) Metal
nanostructure on the surface of 2D material; (b)2&erial covers the metal nanostructure.

Broadly speaking, transition metal dichalcogeni(lEgIDs) also is two-dimensional material,



which has good rigidity and abrasion resistance, molybdenum disulfide has received wide
attention as representatives. Therefore, TMDs wesed to enhance the sensitivity of LSPR.
Metal nanostructures combine with TMDS to form LS8&#sors, and M@Ss the most typical
TMDS material due to the good bonding between ¥igsuatom) and metal atoms (gold or
silver). For example, Liu et al. used an angledkesbreflectivity method to illustrate that theee i
a strong coupling effect in the single-layer Moigtegrated silver nano-disk array: strong
exciton-plasmon coupling (Liu et al., 2016). Thisoag coupling significantly improves the light
absorption properties of the nanoparticles. Mohafe8arghouti and others developed a new
configuration method of LSPR ultra-sensitive bicgenbased on MoSilm: separation of gold
nanoparticles and detected dielectric media usin&NIm as the spacer (Barghouti et al., 2018).
This configuration method results in the strongpiimg between the gold nanoparticles and the
thin film, and the resonance peak of the gold nartages appears a significant redshift. In the
experiment, the corresponding plasmon resonancelemyth increases by 333.7 nm when the
thickness of the Mosfilm is 3.90 nm. Based on the good characteristic$10S2, their team
guantitatively studied the sensitivity of the cagtithickness of Mo$AgNPs/glass on MaSin
their subsequent work (El barghouti et al., 20119 found that when the thickness of the MoS
coating reaches 13.2nm, the sensitivity can re2dmrh/RIU due to the strong plasma coupling
between the silver lattice and the Md&yer. In 2015, Butun et al. found that the naskdirray
on the Mo$ film would be coupled with the MaSilm due to plasmon resonance, which greatly
enhanced the electric field (Butun et al., 201%)isTis a good reference for improving sensor
sensitivity.

Table 3: The comparison of sensors based on graphene.

Author The way to use graphene Sensitivity Ref.

AgNPs deposited on a glass

El barghouti et al.,
Mohamed et al substrate and coated with a 106 nm/RIU ( g

2018b)
graphene
Graphene was located on the
substrate in direct contact with
Zhao et al. ) ) ) 1697nm/RIU (Zhao et al., 2013b)
biomolecules in the sensing
medium.

Graphene sheet covered the

Wei et al. 1920nm/RIU (Wei et al., 2014)
top of the nanochannel.
Graphene was coated on (Zhou and Zheng,
Peng et al. ) 223nm/RIU
alumina spacer 2018)
Nanoring-strip graphene
Cenetal. arrays were placed on sensing 2970nm/RIU (Cen et al., 2018b)
media

2.3. Enhance sensitivity by interface modification

The surface modification methods of gold nanostmes are also different according to the
different test targets. The active area of the L®RRensor enables the recognition element to be
stable and allows them to interact with the taagedlytes. There are several surface modification
techniques such as physical adsorption, chemicarption, covalent binding, and aity-based
interactions to immobilize the recognition elememlbich is relative to the sensitivity, specificity,



and limit of detection. Besides these common methorkcent advances in surface
functionalization and antifouling agents to minimizonspecific binding are also reviewed in the
following subsections. Due to space limitation stipaper is limited to important methods to
improve the sensitivity of LSPR sensor. Table 4 mamizes thenterface modification methods

to enhance the sensitivity briefly. To increasesgesty, surface modification methods would be
briefly introduced one by one.

2.3.1. Modified on metal nanostructure to enhance LSPR seing signal

To effectively improve the sensitivity, gold nandpaes (AUNPs) are often used as a means of
signal amplification because it further enhancespiasmon resonance coupling and enhances the
detection limit (Cao et al., 2011; Erturk et alg18; Hong and Hall, 2012; Huang et al., 2018;
Wang et al., 2009; Yuan et al., 2007). R.P. Vanrgugt al first proposed using nanoparticles to
amplify signals (Hall et al., 2011). In 2011, helaiw-authors developed a method to amplify the
wavelength shift observed from LSPR bioassays laygugold nanoparticle-labeled antibodies,
which involves detecting surface-bound analytesgugjold nanoparticle conjugated antibodies,
provides a way to enhance LSPR shifts for moreitemsletection of low-concentration analytes.
The results have shown that there were 400% angildit of the shift upon antibody binding to
the analyte. The amplitude of the signal incredsetivo times, and the detection limit increased
by three times (Figure 12(1)). Ko et al. introduggold nanoclusters (AuNCs) composed of
AuNPs aggregates as signal amplifiers in the erpeni (Figure 12(2))(Ko et al., 2019a). The
presence of AUNCs enhances the coupling betweerPAwdll the LSPR interface and leads to an
increase in the number of specific target molecesind to the bioassays, significantly
improving the intensity and displacement of the R3Bsonance spectra.
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Figure 12. Experiment schematic and LSPR spectra of LSPR lghipsing nanoparticles to amplify
signals.Panel (1) (A) Biotin is covalently linked to the nanopaléisurface using EDC coupling agent,
and anti-biotin labeled gold nanoparticles are sghently exposed to the surface. LSPR spectra are
collected before and after each step. (B) LSPRtspdefore (solid black) and after (dashed blue)
binding of native anti-biotin, showing/.,.,0f 11 nm. (C) LSPR spectra before (solid black) after
(dashed red) binding of anti-biotin labeled nantipks, showing aAlyax of 42.7 nm. Reproduced
from (Hall et al., 2011)Panel (2) (A) Schematic representation of plasmonic cogplimterms of
gold nanoparticle-based clusters on AuNP-based LiSiBé&hip. change for the immunoassay without



(B) and with (C) conjugation of AUNCs aggregateaiirAUNPs 10 nm in size. Reproduced from (Ko
et al., 2019a).

The observed enhancement in LSPR shift is prodbgedcombination of two mechanisms: (1)
An overall increase in refractive index change uantibody binding due to the presence of a gold
nanoparticle, and (2) plasmonic coupling betweema told, nanoparticle label, and the
nanostructure substrate. The degree of plasmonipliog depends on several factors including
nanoparticle size, Interparticle short, and nanagarorientation. Many researchers hope that the
observed LSPR displacement can be further enhdmgéudcreasing the size of the nanoparticle
marker or by controlling the orientation of the ibaty to bring the marker closer to the
nanoparticle substrate. Thus, the use of gold retiofe tags provides a way to meet the growing
sensitivity needs of diagnostic equipment. Whenliagpto related biological systems and
biomarkers, this technique can significantly imgrdkie detection limit of disease diagnosis.

The principle of modifying metal nanostructure ngprove the sensitivity of the sensor is very
simple: the coupling between the modified metalanat and the precious metal nanoparticles
used for sensing strengthens the electric fiekhgith and enhances the plasma resonance, thereby
amplifying the sensing signal. It is a common affdotive method for improving the sensitivity
of sensors and reducing the detection limit.

Table 4: Methods to improve the sensitivity of LSPR sergomterface modification.

Interface modification Method Principle of increasal sensitivity
Modified metal Gold nanoparticle Enhanced coupling and increased electric field
nanostructure conjugated antibodies strength.

Increase the number of detection antibodies on

Adding protein G. .
the sensing surface.

Enzymatic reaction generates high refractive
index precipitation, which greatly changes the
refractive index of the environment near the
surface of the LSPR biosensor.

ELISA
Modified on different
biological samples to

. Adding secondary Increase molecular binding events, amplify
link the target sample ) . ] -
antibody signals, and improve selectivity.

Small size that the location of molecular

Aptamer o . .
binding events is closer to the sensing surface.
Thiolated DNA Increase the number of detection molecules.
molecule

2.3.2. Modified different biological samples to link the frget sample to enhance LSPR
sensing signal

The chemical conjugation of the active surface 8PR biosensor to increase its selectivity or
specificity determines the effective and extenspplication of LSPR biosensors in biological
analyses since the extraction of the target andhgen the biological solution by means of
consolidated protocols Siers great limitations at low analyte concentrati@uohen and Walt,
2019; Culver et al., 2018; Ha et al., 2019; Halbhkt 2011; Kalia and Raines, 2010; Ko et al.,
2019b; Masson, 2017; Oliverio et al., 2017b; Reilnbnd Ho6k, 2015; Saha et al., 2012; Tokel
et al., 2014b; Vashist et al., 2014). The typicakking mechanism of an LSPR biosensor chip



and the pivotal role of the surface functionaliaatare shown in Figure 13.

Usually, the LSPR sensing signal is proportionaltie metal surface coverage, which is
dependent on the concentration in the added saaftge equilibrium has been established and
therefore a uniform coverage is preferred. Henle, finctionalization of nanostructures with
molecular complexes able to interact with the teagmlyte concentration drastically improves the
sensitivity, defined as the variation of the biosersignal as a function of the variation of the
analyte and selectivity, identified as aldrence in the response of the device toedéent analytes.
These new platforms may revolutionize the field iofsbnsing if électively combined with the
proper surface chemistry able to capture the aeslyirectly from raw biological fluids.

Therefore, in terms of inter-surface modificatiohne tspecificity of analyte recognition, the
orientation of the immobilized biomolecules actiag the analyte receptor, the selectivity of
surface coverage, the efficiency of target samplading, the metal active area, and the inert area
should be effectively considered or appropriatated, which is related to the performance of the
LSPR sensor (sensitivity, repeatability, relial)lit Immobilizing biomolecules in the correct
direction on the surface of the sensing metal dfectéevely improve the recognition efficiency
between molecules and reduce the specific recognitif other non-target molecules. The
specificity between the recognition element and thmet detection object means strong
intermolecular affinity, which implies that the get analyte can be detected more sensitively
under the same conditions. It also ensures theaogwf sensing. To isolate the non-sensing part
of the sensor to reduce the interference of thesemsing part to the sensing part directly or
indirectly affect the detection sensitivity of th8PR biosensor.

In the process of fixing biomolecules on the samsimetal surface, in addition to the small
number of fixed biomolecules (such as antibodi&@®jr poor orientation would also directly
affect the detection sensitivity of the sensorsti-ifior the orientation of the modified moleculee t
most widely used and effective strategy is to usentermediate connector to connect the sensing
surface and the biometric original. According te ttifferent principles, this strategy is divided
into two types: the coupling method based on cawdlending and the coupling method based on
affinity. The former usually use bifunctional thiak a linker to create molecular self-assembly
(SAM) on the metal surface and then connects thetito the complementary functional groups
on the biomolecule through organic chemical reastio

Affinity-based surface functionalization technologg also often used to immobilize
biomolecules due to its advantages of not affecbimjogical structure and function. In the
process of fixing biomolecules on the sensing matialace, in addition to the small number of
fixed biomolecules (such as antibodies), their podentation would also directly affect the
detection sensitivity of the sensor. Adding prot&ins an effective way to solve these problems.
Protein G is an immunoglobulin (IgG)-binding ba@eécell wall protein isolated from group G
streptococci. In 2012, Wang et al. found in experits that the addition of the Protein G allowed
more antibodies to be immobilized on the surface] m terms of antibody binding, Protein
G-based surface chemistry significantly improved tapture efficiency (Wang et al., 2012).
Therefore, the results illustrated that the sensitiand detection limit of the sensor can be
improved in this method.
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Specificity:
The binding event is dependent on the affinity between receptor
biomolecules and the specific analyte.

Efficiency:

The percentage of metal surfaces bound to gold-sulfur bonds, the
percentage of linker bound to antibodies, the percentage of antibodies
bound to antigens.

Orientation:

The biomolecule on the metal surface with uniform direction and the
binding sites are properly exposed to the target sample, which have stronger
antigen recognition efficiency.

Selectivity:

The sensing area for active biomolecules must be define on the metal
surface, whereas the remaining regions must be passivated. The bioactive
area of biosensors should ideally coincide with the sensing area.

Active area:
During functionalization, active biomolecules are grafted onto the metal
surface.

Inert area:
A region of a biomolecule that is difficult to bind to in a physical or
chemical reaction.

Figure 13.Pictorial description of six aspects of LSPR biss@rfunctionalization

Using enzymatic reactions to amplify the LSPR resme peak shift can effectively improve
the sensor sensitivity. Enzyme-Linked Immunosori#esday (ELISA) is an important method for
studying protein antibodies. Si Chen et al., basedthe progress of enzyme protein signal
enhancement in biosensors (Lee et al., 2011; Péh, 2008), combining local plasmon resonance
and ELISA techniques, successfully demonstratetittteapeak shift for LSPR resonance peaks
caused by one or more horseradish enzyme activihesbe measured increasing the sensing
sensitivity close to the single-molecule limit (8o in Figure 14) (Chen et al., 2011a). The
experiments first biotinylated gold nanoparticlésaged like a round table, using biotin can
combine the characteristics of anti-pectin- homdista peroxidase (HRP) enzyme molecules
conjugate, gold nanoparticles, and conjugates aardirixed together, and then through this
conjugate can catalyze the particle surface reat¢tigoroduce high refractive index precipitation,
resulting in an increase in LSPR resonance pedik ghis improving the sensitivity of the sensor.
Many studies have shown that the LSPR effect ofd gohnoparticles combined with the
modification of ELISA for colorimetric display camore effectively and intuitively apply the
sensing technology of LSPR effect (Chen et al. 52@011b; Gao et al., 2020; Kaewwonglom et
al., 2019), and even combined with the lateral fimghnology can make the LSPR-ELISA
composite detection method based on gold nanofgamiaterials to the clinical application (Gao
et al., 2020).

In immunological detection, the presence of secpndatibodies can effectively improve the
antigen-binding efficiency, thereby reducing theedéon limit (Lee et al., 2013); the specific
binding events between the target molecules ameased at the same time and the shift of the
resonance peak is amplified, thereby improvingsiesitivity of the LSPR sensor.
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Figure 14. Schematic of the experimental process for typicaBPR chip combined with ELISA. (a)
Gold nanostructure surface modification procesk(cp Detection and recording of signals. (d) The
test results under different steps of the expertedgarocess. Reproduced from (Chen et al., 2011a).

The traditional antigen-antibody detection methoddification process is described as
following: firstly, gold or other metal nanostruots modify thiol; secondly, using EDC to activate
the carboxyl group of thiol and connect with thetizody. Finally, the specific binding of
antigen-antibody is used to detect the target mddelthough this modification process is not
complicated, the whole process takes a long timd,the chemical reaction conditions of each
step are strict. Therefore, the reaction time ndedse reduced and the modification process
simplified. Surface modification aptamers for galahostructures would be the simplest method.
Therefore, aptamers are also frequently used asa@nition element. Aptamers are capable of
specifically binding an analyte with aniaity comparable to antibodies. To fix the aptamethe
surface of gold nanostructure to obtain the dedadtirget molecule, it only needs to connect the
gold nanostructure and the aptamer through thidgthout activation. Moreover, the LSPR
biosensor modified with aptamers is more sensithan the traditional sensor modified with
antibodies. The LSPR biosensor uses the princifgethe change of the refractive index of the
surrounding environment can cause the corresporgpegtrum to shift. However, when LSPR
occurs, the electric field near the gold nanostmgctlecays exponentially in the vertical direction.
Therefore, when the position where the changeegtivironmental refractive index occurs is far
away from the sensing part, the sensitivity of ti$°R sensor would be greatly reduced (Doiron
et al.,, 2019a). For example, Seongjae et al. dpedlan LSPR biosensor modified with an
aptamer. Schematic illustration of the steps inedhin the sampling of salivary cortisol and
detection of salivary cortisol using the LSPR amasensor shown in Figure 15(a). The spectral
shift caused by the target molecule (the spectakshift of the sensor modified with aptamer
was greater than that of the sensor modified witibady (Figure 15(b) and (c)). Meanwhile, the
authors measured the physical sizes of the nandparafter modification (Figure 15(d) and (e)).
The results illustrated that the average heighhefantibody and aptamer in the experiment and
found that the average height of the antibody tarapr was about six times that of the aptamer.
Therefore, after binding the target molecule, theding site of the modified antibody would be
farther from the sensing part than the binding sftéhe modified aptamer. The relative sensing



volume of the modified antibody is smaller thant thiathe modified aptamer. This leads to better
sensitivity of the modified aptamer LSPR sensorrddwer, due to the large size of the antibody,
the number of modifications on the gold nanostmects also less than that of the aptamer. This is
also why the aptamer-modified LSPR sensor is mensigve than the modified antibody.
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Figure 15.Schematic illustration of the experimental stepd @asults. (a) Schematic illustration of the
steps involved in the sampling of salivary cortiaotl the detection of salivary cortisol using tf&PR
aptamer-sensor. (b) Extinction spectra showingettimction peak shift of AUNPs immobilized via the
aptamer or antibodies, before and after cortis@tment. (c) Normalized extinction peak shifh(.,)
of AuNPs immobilized via the aptamer and antibodad®wing cortisol treatment. (d)AFM images of
antibodies and aptamer (Scale bars: 250 nm). (aphitleanalysis of antibodies and aptamer.

Reproduced from (Jo et al.,

2020).
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Figure 16.(a) Schematic illustration of directional assemiyg surface modification of nanoparticles.
Inset:; the principle of transmission darkfield noiscopy. Reproduced from (Sénnichsen et al., 2005).
(b) Schematic illustration of the hybridization pess of the DNA-functionalized LSPR chip with
unlabeled complementary DNA and gold-nanostructlabgled DNA molecules. Reproduced from
(Spadavecchia et al., 2013).

The rational use of aptamer reaction conditionsnset® be a suitable solution. The binding of
the aptamer to the target molecule on the sensecevisrsible. When the sensor is used, the
reaction condition becomes the positive directiamdition that is favorable for the binding
reaction between the aptamer and the target melewtien the sensor is recovered, the control
reaction condition becomes the negative directimmdition that is favorable for the dissociation
reaction (Cathcart and Chen, 2020). Therefore, asomable adjustment of the detection
environment is also the key to improving the stteraf the sensing signal.



The modification of DNA molecules on gold nanostaies is also a simple and practical
method. For example, Carsten et al. performedtime&-tracking of the directional assembly of
gold and silver nanoparticle dimers and investigidlee kinetics of individual DNA hybridization
events in the process (Sonnichsen et al., 2009y bonded single-stranded DNA (ssDNA) on
the second particle of the dimer (Figure 16 (ayinf that the spectral offset did occur apparently
after DNA hybridization, and verified that the reasfor the spectral offset was DNA
hybridization by comparing the spectral positioe$obe and after the addition of complementary
and non-complementary DNA. Jolanda et al. usedatigid DNA molecules as an amplifier for
DNA hybridization detection in 2013, combined wighld nanostructures, successfully improved
their detection sensitivity several times higheamrtthat of unlabeled DNA systems (Spadavecchia
et al., 2013). Figurel6 (b) is a schematic diagoathe hybridization process.

Table 5: Comparison of different modification methods.

Author Modifier Performances Ref.
Ko et al. AuUNCs Detection limit: 3.8 ng/mL (Ko dt,2019a)
idin- Chen et al.,
SiChen et al. Streptavidin-HRP Bulk sensitivity: 106m/RI1U (
conjugate 2011a)
Jo et ai. aptamer LOD: 0.1 nM (Jo et al., 2020)
Loyez et al LOD: 10 cells / mL (Loyezetal,
Y - aptamer . : 2020)
Spadavecchia . L (Spadavecchia et
DNA hybridization Detection limit: 0.2 nm
et al. al., 2013)

2.4. The observation methods of LSPR signals

To realize LSPR highly sensitive sensing detectiomddition to the optimization of the metal
nanostructure, material, and modification methbd, grocessing method of LSPR sensing signal
also directly affects the sensitivity or detectlonit of LSPR biosensor. Observing or collecting
the LSPR signal with the binding event informatinan important bridge to explore the
characteristics of LSPR biosensing. Different sigpebcessing methods for the same LSPR
phenomenon may result in certain differences. Hahgcfor the detection of very low
concentration samples, the signal processing metfiddSPR sensing detection becomes very
important. Therefore, suitable and simple LSPR aigibservation methods should be adopted
reasonably for different needs.

In the above description of the means to incredme densitivity of the biosensor, the
corresponding LSPR signal observation methods asieélly

To measure the shift of the LSPR resonant pedkeismost common detection method. In
most cases, the LSPR signal often comes from tlegage of multiple nanoparticles. Each
nanoparticle can be used as a separate deteatiserigior, which can provide a signal output with
a good signal-to-noise ratio. Here, the supplenhentthods of LSPR signal observation were
reviewed from two aspects of darkfield detectiod aalorimetric biosensing.

2.4.1. Dark field microscopy (DFM) to record the LSPR tesing results

For LSPR biosensing detection for ultra-sensitjityw to distinguish the desired LSPR signal
from the underlying background signal had alwayesnb& challenge that would directly affect the



results of the LSPR biosensing. However, when theervation object is from a small area or
needs to reach the level of a single nanopartidango interrogated, darkfield microscopy
measurement technology based on light scatterinddnwe very effective (D. Zhang et al., 2020),
and did not require fluorescent labels and is ritected by photobleaching and blinking
(Ortega-Arroyo and Kukura, 2012; Zijlstra and Qr#i011). Even DFM could provide resolution
beyond the diffraction limit in some cases.

The darkfield microscope uses a strong and narreanmbto illuminate the sample at a high
angle and then collects weak scattered light atwadngle (Chazot et al., 2020; Willets and Van
Duyne, 2007). In this way, by avoiding strong arslass background signals (reflected light,
transmitted light) into the eyepieces, the sigonahtise ratio successfully increased, therefore,
DFM can achieve a single particle detection leikgwever, as the size of the observation object
is further reduced, the scattering cross-sectiqguidha drops with the particle diameter to the
power of six (Luo et al., 2016; Weigel et al., h.dhis makes the relatively weak scattered light
weaker, and the detection contrast and sensitiigingle particles would be reduced.

The excellent light properties of precious metalaogarticles in the scattering domain seem to
make up for this: When LSPR occurs, the collectiseillation of their conduction band electrons
makes the absorption band at the resonance watelstrgng, and the intensity of scattered
photons far exceeds its physical cross-section (kual., 2016). And the evanescent surface
plasmon wave is not captured in the far-field, vélasrcan be scattered into a far-field mode by
objects in the surface plasmon field, resultingairdark background and bright targets. High
signal-to-noise ratio and sensitivity make it deypetapidly (Gu et al., 2019). In 2019, Feng et al.
prepared a silver nanoparticle coated with a tHicaslayer as an internal reference (Feng et al.,
2019). The introduction of this internal refererman simultaneously calibrate slow and weak
reactions that are not obvious or some reactioat dbexist with fast reactions. It has greatly
improved the confidence level of DFM imaging analydVang et al. and Gu et al. achieved
high-sensitivity detection by selecting the nobletah nanoparticles of appropriate shape and
combining them with DFM (Gu et al., 2019; F. Wartgaé, 2019). Jin et al. applied density
functional theory analysis that they analyzed thieraction of carbohydrates and proteins in
real-time and high-throughput based on DFM. (Jinakt 2015). Those experiment results
illustrated that the sensitivity of DFM detectionasvvery high. The enhancement of signal
brightness and suppression of background noise therdwo main factors that determine the
contrast and sensitivity of DFM. In recent yealg tesearch on improving the performance of
DFM based on LSPR detection and observation hadves¥ around these two points or combined
some data analysis and algorithm optimization. frhditional dark-field detection technology
often uses a combination of a focused ring beamaaloav numerical aperture objective lens to
improve performance. However, the residual strglgtland the low spatial resolution brought by
the low numerical aperture have become obstactetehing its development. On the other hand,
although LSPR increases the intensity of scattéghti DFM is not enough to rely on intensity to
identify small-sized nanoparticles in a complexseoénvironment. And when performing reliable
analysis, a dedicated, huge microscope systemre gxpensive accessories are indispensable,
which is not conducive to integration. Thereforee tintegration of DFM devices for LSPR
biosensing became an important research direckon. example, Chazot et al. proposed a
luminescent photon substrate with a controlled-@rghission profile in 2020, which simplified
and reduced the size of the device (Chazot eR@20); Sun et al. combined smartphones with



dark-field microscope analysis to create a cheapaple and robust DFM system (Sun and Hu,
2018).

2.4.2. Colorimetric sensing based on nanoplasmonic nanopéeles

The nanoplasmonic colorimetric method is a relffive@mple and reliable universal testing
method in molecular diagnosis (Paterson and deida, R015; Zheng and Jiang, 2016). This
method uses the color change of the detection @mvient caused by the occurrence of molecular
binding events as the LSPRbiosensor signal to transmit information to thesaé. The
nanoplasmonic colorimetric method usually doesreqtire large, expensive equipment to collect,
but can be easily distinguished by the naked eyl sdme simple conditions (King et al., 2015;
Reinhard et al., 2020; Q. Zhang et al., 2020). ddler change is divided into chromaticity change
(a collective term for hue and saturation, indingihe type and depth of the color) and brightness
change (representing the brightness of the cdiothe same event, the sensitivity corresponding
to different color parameters would also vary diedReinhard et al., 2020). Therefore,
optimizing experimental conditions and finding thest match is particularly important in
nanoplasmonic colorimetric sensinthe observation methods of LSPR signal are showrigare
17.

In this field, the most classic case is to induoe formation of plasmonic nanoparticles by
cross-linking or aggregation and control the shaipsize of plasmonic nanoparticles to achieve
chromaticity changes (Tang and Li, 2017). The farriseto change the plasmonic coupling
between the particles by inducing the aggregatimhdispersion between the nanoparticles so that
the color of the solution caused by the LSPR frequeshift can change visibly (Peng et al., 2014).
For example, in 2015, Xianyu et al. used horsehagiigoxidase (HRP) to regulate the aggregation
and dispersion of gold nanoparticles (Xianyu ef 2015). The color would change with or
without HRP. The red-blue color conversion sigralised by the target at 1 ng/ml can be easily
read directly by the human eye. Through preciseérobof the morphology or size of plasmonic
nanoparticles, small differences can be easilyalededue to changes in the optical properties of
LSPR (Tang and Li, 2017). For example, Zhang etregported an ultra-sensitive multicolor
colorimetric biosensor in 2020 (Q. Zhang et al2@0 The results illustrated that omethoate (the
target detection object) can indirectly inhibit thmetallization of silver ions and its concentration
has a linear relationship with the shift of the orad LSPR peak. The detection limit of the LSPR
biosensor can reach 83.2 ng/L. Since the humanseymst sensitive to blue-green, the sensing
method that uses chromaticity changes as a sigrfiahdamental. Therefore, researchers tune the
sensing peaks with narrow line width and high-istgn characteristics to the blue-green
counterparts, which shown that the color changeseath by molecular binding events to be
sensitively recognized by the eyes.
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Figure 17.The observation methods of LSPR sigidnel (1) Schematic illustration of DFMRanel
(2). Two signal observation methods in colorimetrinsseg: (a) Chromaticity (hue and saturation)
change, (b) Brightness change.

For normal humans, the sensitivity of their visggstems to changes in brightness is much
higher than that of color shades. Therefore, imrwletric sensing, the method of transmitting
information through the brightness change as aasigralso very common. In 2016, Wang et al.
used the LSPR excited by the nano Lycurgus cugy &ranhance the electric field strength at the
resonance wavelength, which greatly increased liserbance of the dye bound to the protein
(Wang et al., 2017). They extracted the light istgnfrom the images taken by the smartphone
and normalized them with the standard color arotlvedsample area, and obtained a detection
limit close to 0.01 mg/ml through following imageopessing. Combined with the notch filter,
there is also a sensing method based on brightiesgjes that can be directly observed by the
human eye. Earlier, Yanik et al. obtained a resoagreak with an extremely narrow linewidth
based on Fano resonance for sensing (Yanik &(ll). They tuned the notch filter to the band of
the sensing peak, and let the notch filter blo¢HKigtht except the transmitted light of the sensing
peak. At that time, the transmitted light of thesiag peak passed through the filter, and the CCD
image was very bright. When a single layer of mdg&eantibody to be detected was captured on
the surface structure of the sensor, the sensiag pad a redshift of 22 nm, which significantly
reduced the intensity of the transmitted light pagsshrough the filter. This detection method does
not require a dark environment, and can be diratiserved and detected with human eyes in a
routine laboratory environment.

Colorimetric sensing is a method of transformingPESsignals into color changes that can be
directly recognized by the human eye, which hasatieantages of convenience, quickness, and
responsiveness. However, there needs large andgxpepectroscopic detection equipment. The
human eye's ability to perceive colors is unevkeardfore, colorimetric sensing can amplify the
limited detection signal to a color change which ¢ee recognized easily. It means that this
method relies on a reliable signal amplificationtimoel to make the final color change sufficiently
obvious. In other words, it also puts forward highequirements for the sensitivity of contrast
color sensing.

3. Conclusions and Outlook



LSPR sensors have shown great potential in thesfief portable detection and early diagnosis
due to their small system size, high spectral tdi&wl, label-free, and fast response speed.
However, low sensitivity has become the main redsolimiting its application. To overcome the
problem of insufficient sensitivity, many reseatems have explored the issue of improving the
sensitivity of LSPR sensors. Herein we review seemsitization methods from the three aspects
of structure, material, and modification based dBPR sensors and explain some related
experiments. And the proceeding methods of the LS&Ring is described from the perspective
of signal observation in the end. The so-calleddase of sensor sensitivity is divided into three
points from the results based on spectra technoléggt, the peak (or valley) value of the
resonance peak (or valley) increases, the qualityof improves, and it is easier to reach the
detection limit; Second, the shift of the resonapeak (or valley) increases, the changes are more
obvious, and it is easier to be captured by theaethereby achieving an increase in sensitivity;
Third, the width of the resonance peak (or vallsyharrowed that it can improve the sensing
performance. It is worth mentioning that we beli¢hvat only composite structures that combine
multiple methods of sensitivity increase are theegal direction of future sensitivity development.
The composite structure can usually combine a tyaoiesingle sensitization methods. This leads
to it being superior to other sensitization methbdth in the degree of improving sensitivity and
in the stability of improving sensitivity. More impantly, it can adjust the specific structural
parameters according to the specific requirementthé experiment to better match the actual
situation. The composite structures mentioned i dhticle are relatively simple. Complex ones
include, for example, microfluidics, metamateriaad biological modifications. This means that
its scope of application is very wide, and it candpplied to various fields. In other words, it can
be better invested in actual production practice.tHe future, LSPR biosensors with high
sensitivity and high sensing performance, combiwét miniaturization, automation, and other
latest technologies, would inevitably promote tegelopment and progress of medical care, food
inspection and other fields.

Based on the review and discussion in this papmir fmportant strategies to improve
sensitivity are given below (shown in Figure 18).

Direction 1: Artificial intelligence assisted the asign of highly sensitive LSPR sensor chip
Artificial intelligence (Al), and machine learning particular, have fundamentally changed
many aspects of science and technology, redefitiiegway large data sets are processed and

enabling structural inferences from systems that difficult to model. The design method of
LSPR sensor chip based on machine learning anddheng principle of high sensitivity sensors
is designed. To understand the interaction and lcmupmechanism among sensing parameters,
different LSPR biosensors, and different sensingupaters, and to optimize and improve the
reliability, repeatability and stability of the LBFbiosensor system and other key scientific issues.
The strategy based on Al to design the LSPR chspasvn in Figure 19.

The neural network was used to analyze metal namdste, transmission and reflection
electric field distribution, spectral structure tdisution, forward and reverse pair sensing chip
design. Machine learning to obtain accurate rexag@inst a large number of sensor data and
simulation structures is helpful for accurate tegtof cancer markers. It provides a new method
and technique for the high specificity and senigjtidetection of various tumor markers in
complex clinical samples.
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Figure 18.The methods mentioned in this article to improweshnsitivity of LSPR sensors.

Direction 2: Integrated microfluidic LSPR sensor chp

The integration of plasma and microfluidics tecluwgigés can potentially serve global health,
primary care, and point-of-care (POC) applicatigreyiding a model for affordable, robust, and
portable healthcare technologies. The fusion ataptechnology and the microfluidic system has
a broad application prospect in the sensor fieldl @n be used in lab-on-chip (LOC) system for
darkfield, single-particle reflection and transnoss spectrum measurement. Microfluidics
manipulates fluids on a micro-scale to minimize dise of expensive reagents. At the same time,
surface modification in a microfluidic environmerdn also greatly improve the binding speed
between molecules, avoid all kinds of noise interiee and non-specific adsorption. Moreover,
cheap microchip manufacturing makes it possiblentss-produce. As sample enrichment and
separation, mixing and separation function on thees chip integration, to achieve single
multi-function, multi-channel, many units, many geaweters, the combination of a variety of
detection methods, to achieve diversity in thig sf®uld pass each other, greatly improved the
detection accuracy and reliability of these featuveould ideally microfluidics and plasma
technology together, in the POC and primary cardica¢ solutions.



(b)

iL ¢

N

Al

111

output

-

[
[

Nanostructure, material & modification classification Electric field neural network

Spectra neural network

Spectra output Intensity output

Simulated spectra input

Figure 19. Machine learning for LSPR biosensor and sensimd. The initial populations of
nanostructure geometries, material, modificatiorthm@, and their calculated spectra can be used to
train deep neural networks capable of predicting $pectral response of unknown designs; (b)
Different parameter input into electric field nelureetwork to obtain optimized nanostructures and
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Direction 3: A novel strategy for surface modificaion

The chemical modification and physical propertiebpad molecules enable lipid bilayers to be
applied in LSPR biosensor (surface sensitive biss@nincluding the detection of biomolecules,
proteins, and nucleic acids. Biotinylated-lipid nieanes were immobilized to detect streptavidin
molecules on the surface of gold nanorods by mongo the spectral shifts using a
fast-single-particle spectroscopy instrument codiphgth dark-field microscopy. Using single
nanoparticles track detection method, to study lipal-double membrane modified gold
nanoparticles in molecular interactions on the e@mbrane, based on membrane lipid molecules
in the liquid ultrasensitive detection platform.€Tlipid-bilayer-incorporated biosensing platforms
improve molecular interactions and form a suppayet for the integration of biological cognitive
elements. Therefore, this new surface functionatinastrategy can be used for membrane related
molecular biosensors and cancer biomarkers scrganialysis.

Polymer-mediated surface functionalization is adswther strategy. Polymers are used for
hybridization with the plasmonic nanostructure. kiehile, polymers can be modified with
biorecognition elements to capture target moleculdsich play a key role in improving the
reliability and sensitivity of biosensors. Therefprthe dynamic and functional structure of
polymers can be used to develop three-dimensiondirty substrates for biosensors applications.

Direction 4: High-throughput multichannel nanoplasmonic colorimetry

To improve the accuracy and reliability of LSPRet#ion, multiple-sample combined testing is
one of the main development directions, and theéngegesults of multiple biological samples
should be verified by each other. Multi-parametetedtion of trace samples based on LSPR is
mainly to realize multi-channel detection on a BnNgSPR chip, and the concentration of the
detected samples in each channel is consistenwiele, multi-detection points (more than 10)
are distributed in each channel to ensure the aotadl error of testing results, thus greatly



improving the reliability of test results. If thpexctral detection method is adopted, the detection
speed will not be too fast. the colorimetric mettarddarkfield fluorescence detection method,
combined with intelligent software, can realizeidaphoto-taking and rapid recognition, and can
realize multiple synchronous detections and obthgtection results synchronously, which has
great advantages in detection speed and throughpobombined with smart terminal devices
(such as smartphones), a miniaturized mobile texhtiatection system can be realized, which can
be connected with the Internet to realize synchmengploading of detection results to the network
and real-time synchronous checking of detectionltes

The thiol exchange process is an interesting slyate selectively immobilize antibodies on the
edges of triangular gold nanoplates that are usedhe LSPR sensing platform. The thiol
exchange process is an interesting strategy inhnduitibodies can be selectively anchored to the
edges of triangular gold nanoplates used for theR_.Sensing platform. Patterning nanoplasmonic
nanostructures with special geometric shapes, @scholes and edges, may be used for
site-specific surface modifications, therefore, lioying the practicality and specificity of
nanoplasmonic platforms. To immobilize biorecognitielements. Thiol chemistry also shows
wide variations in length, saturation degree, aedminal groups to better immobilize
biorecognition elements (such as proteins, nudestiand carbohydrates) in the plasmonic active
region. The thiols at the edge of the nanoplateraoee easily exchanged with the thiols in
solution than that at the flat surfaces due to els®d steric hindrance at high-curvature sites. In
the future, this functionalization strategy woulthyp a key role in improving sensitivity and
developing multivariate analysis through specifiodifications of plasma active sites. In general,
surface functionalization is one of the key pararsefor 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 ismainly 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 nanostructuresis
summarized and the array nanostructures that can improve the repeatability of LSPR sensor are

summarized. The strategy of structure sensitization is obtained.

2. Thedifferent materials (metal, 2D materials & transition metal dichalcogenides (TMDs) ) or structure
work in different principles such as LC resonance mode, dipole resonance mode, € ectromagnetic
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 hio-sensor were review and proposed the method to improve

the performances.
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