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Abstract

Surface plasmon resonance (SPR)--based biosensors compete and excel among optical biosensors because of exceptional
features such as high sensitivity, label-free, and real-time measurement, allowing the observation of molecular binding
kinetics. In SPR biosensors and other biosensor techniques, surface functionalization and bioreceptor attachment are
effective strategies to improve sensor performance. The application of an appropriate immobilization matrix for the
bioreceptor is an essential step in maximizing the absorption of the bioreceptor on the sensor surface, thereby improving a
specific target-sensor interaction. Furthermore, the materials should provide excellent optical properties to enhance the
response signal. The high surface-to-volume ratio and high optical absorption of 2D materials qualify these requirements,
thus promising advancements for SPR biosensors. This article reviews the recent SPR biosensor study with the use of the 2D
materials family to improve the sensor performance, including graphene, transition metal dichalcogenides (TMDCs), MXene,
black phosphorus (BP), perovskite, and boron nitride (BN). The materials properties and enhancement mechanisms of
different 2D materials are discussed comprehensively. This review was expected to provide a future perspective and design
approach for 2D materials-based SPR biosensors.
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Introduction

Optical biosensors based on surface plasmon resonance (SPR) have been the interest of chemic sensor
development in the last three decades due to their imperative features such as high sensitivity, real-time
monitoring, quantitative measurement, minimal sample needs, label-free, and good reproducibility [1]. Since
1982, the first invention of SPR as a gas sensor [2], the application of SPR sensors has grown to various analytical
needs in fields of environmental monitoring [3, 4], food safety [5, 6], medical diagnosis [7, 8], and laboratory
medicine [9]. The simple configuration of SPR can be integrated into miniaturization. Thus, it is suitable for lab-
on-a-chip (LOC) and point-of-care testing (POCT) applications [9, 10].

SPR relates to the phenomenon where collective electrons oscillate along the metal-dielectric interface, which
excites the electromagnetic wave known as surface plasmon wave (SPW) [11]. In the dielectric and metal
medium, the SPW propagating along the interface are transverse and exponentially decay. When the incident
light excites the surface plasmon at the same propagation constant with SPW, it produces a resonance
phenomenon called SPR [12, 13]. As the wave propagation depends on the dielectric constant, a slight change
in the refractive index on the surface will change the SPR property, it can be represented by the angle or
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wavelength of resonances [14]. The sensitivity of the SPR to the changes in the refractive index is utilized for
sensor applications. The basic principle of SPR is illustrated in Figure 1(a).

Figure 1(a) shows that a typical SPR biosensor chip consists of a metal thin film, commonly a gold-coated glass
slide, modified with various materials and biomolecules, which are functionalized as immobilization matrices
and bioreceptors, respectively. Bioreceptors provide the selectivity feature on the biosensors because the
bioreceptors will interact with specific substances in the analyte [9]. The bioreceptors can be classified as
antigen-antibodies [15], nucleic acid [16, 17], aptamers [18], enzymes [19], and artificial DNA [20]. The
immobilization of those bioreceptors on the sensor surface is commonly realized by using the different
interactions or reactions via some chemical linkers such as N,N’-bis-(6-maleimidylhexanoyl)cystamine (BMHC),
(3-aminopropyl)triethoxysilane (APTES), etc. [21, 22]. However, the mentioned strategy is time-consuming and
does not necessarily result in uniform immobilization [23].

The immobilization matrix on the SPR sensor was considered an alternative bioreceptor attachment method. A
suitable immobilization matrix should possess a vast number of immobilization sites, strong adhesion, and retain
the bio-functionality of bioreceptors [1, 24]. The availability of immobilization sites in a matrix is related to
various surface properties such as surface area [25, 26], porosity [27], uniformity [22], and the availability of
functional groups such as amino, thiol, hydroxyl, carboxyl, and aldehyde [26, 28, 29]. Furthermore, the electronic
and optical properties of the matrix become important for improving SPR performances. Materials with high
electron mobility, high optical absorption efficiency, and quantum confinement are fascinating and tremendous
to be applied as a matrix in SPR sensors. The 2-dimensional (2D) materials have demonstrated remarkable
electronic and optical properties owing to their thickness [30-34]. Flexible properties owned by the 2D structure
allow the integration to various devices and systems easily [35, 36]. The properties can also be tuned by
providing different treatments such as doping, decorating, mechanical modification, and external fields [30, 31].
Therefore, the utilization of 2D materials have attracted interest in various field of science and technology,
especially in the development of SPR biosensors [25, 26, 37, 38].

Numerous studies have reported the utilization of 2D materials in SPR biosensors along with their advantages in
improving sensing performance. However, to our knowledge, an integrated discussion covering various types of
2D materials in SPR biosensors still cannot be found elsewhere. In this article, we comprehensively discuss a
recent study on SPR sensors using 2D materials, including graphene, transition metal dichalcogenides (TMDCs),
and transition metal carbides/nitrides/carbonitrides (MXene), also how they have influenced the development
of SPR sensors in the last decade. The significance of 2D materials for the sensitivity enhancement of the SPR
biosensor is discussed. Further, various implementation and optimization strategies for 2D materials are
described. This review also enlightens the mechanism between the 2D material and the SPR system, thereby
improving the detection performance. Initially, the basic principle and developed technique used in SPR-based
sensors is reviewed. Followed by the description of 2D materials characteristics and properties and their
advantages for SPR biosensor application. The essence of the review is to discuss the reports related to 2D
material-based SPR biosensors, which are divided into four categories as follows: (a) graphene, (b) TMDCs, (c)
MXene, (d) others (including black phosphorus (BP), perovskite, and hexagonal boron nitride (h-BN)). This review
may encourage the scientists and research community to pursue further study regarding 2D materials
application for clinical application.

Principle and Technique of SPR-based Sensor

Surface plasmon resonance (SPR) is the resonance between surface plasmons (SPs) waves and incident light
waves. The mechanism of SPR can be explained by Equations (1) and (2) below [39]. This condition is achieved
when the propagation constant of SPs (k) iequals the propagation constant of the incident light (k,). Surface
plasmons (SPs) are collective oscillations of electrons at the interface of thin-film metals such as gold (Au) and
silver (Ag) with the dielectric due to the difference in refractive index at the interface. Equation (1) shows the
relationship between propagation constant SPs (k,) and propagation constant incident light in a vacuum
medium (k,), with &, and g; as the dielectric constant of metal and dielectric, respectively. Based on Equation
(1), the kg, is always higher than the propagation constant of directly injected incident light to the metal and
dielectric interface [40, 41]. Various techniques have been developed to enhance k,, including optical
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waveguide [42, 43], diffraction grating [44, 45], prism coupler [39, 46], and optical fiber. Through these
approaches the k, can be written as Equation (2). AFigure 1(b) shows that k, is amplified and intersects with
ks, at a certain point, indicating surface plasmon excitation or SPR.
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Surface plasmon resonance (SPR) is the resonance between surface plasmons (SPs) waves and incident light
waves. The mechanism of SPR can be explained by Equations (1) and (2) below [39]. This condition is achieved
when the propagation constant of SPs (kg,) iequals the propagation constant of the incident light (k). Surface
plasmons (SPs) are collective oscillations of electrons at the interface of thin-film metals such as gold (Au) and
silver (Ag) with the dielectric due to the difference in refractive index at the interface. Equation (1) shows the
relationship between propagation constant SPs (ks,) and propagation constant incident light in a vacuum
medium (k,), with &, and g; as the dielectric constant of metal and dielectric, respectively. Based on Equation
(1), the kg, is always higher than the propagation constant of directly injected incident light to the metal and
dielectric interface [40, 41]. Various techniques have been developed to enhance k,, including optical
waveguide [42, 43], diffraction grating [44, 45], prism coupler [39, 46], and optical fiber. Through these
approaches the k, can be written as Equation (2). AFigure 1(b) shows that k, is amplified and intersects with
ks, at a certain point, indicating surface plasmon excitation or SPR.
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Figure 1  (a) Schematic of SPR components and detection principle; (b) The surface plasmon excitation possibilities by using

incident light which directly injected and coupled. Reproduced with permission from ref [50]. Copyright 2016 MDPI; (c) The
SPR curve and R, shifted when the refractive index changes

Fiber optic-based SPR is an alternative SPR device that is more compact, flexible, low-cost, and suitable for
remote sensing applications [51]. The smaller device size than prism-based SPR allows the integration into
various microelectromechanical (MEMS) technologies such as microfluidic [52, 53]. Fiber optic-based SPR has
the potential to be developed for chemical or biomolecular sensors in medical contexts. Fiber optic-based SPR
is classified into two types based on the scattering mode, with the mechanismillustrated in Figure 2(a) [54]. The
forward scattering mode measures the transmitter light, which is the excited SPs interacting with the SPR system
in the center of the optical fiber. In comparison, the backward scattering mode places the sensing zone at the
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end of the optical fiber. Hence, excited SPs are measured through the reflected light at the other end. Optical
fibers can also be classified according to their design, including geometry-modified fibers and grating-assisted
fibers [55]. Geometry-modified fibers removed the cladding to directly expose the sensing medium with core-
guided light, such as unclad fiber, side-polished fiber, hetero core fiber, U-shaped fiber, and arrayed fiber (see
Figure 2 (b)). Meanwhile, the grating-assisted fibers use grating to diffract the light into the cladding to reach a
sensing medium. Designs that have been widely used for SPR sensor applications include long-period fiber
gratings (LPFGs) and titled-fiber Bragg gratings (TFBGs) (see Figure 2(c)).

(a) Fiber scattering mode (b) Geometry-modified fibers (c) Grating-assisted fibers
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Figure 2  Different types of fiber optic-based sensors classified by (a) scattering mode and design included (b) geometry-
modified fibers and (c) grating-assisted fibers. Reproduced with permission from ref [55]. Copyright 2015. Springer.

2D Materials Properties

Graphene

Graphene deserves to be called a pioneer and the most known 2D material since it was first fabricated by
Novoselov et al. (2004) from the mechanical exfoliation of graphite [56]. The success of graphene in yields
excellent properties, including its carrier mobility [57], thermal conductivity [58], mechanical strength [59], and
optical transparency [60], attract research attention in various fields, especially electronics [61, 62] and
optoelectronics [35, 63-65]. As illustrated in Figures 3(a) and (b), graphene is a two-dimensional form of carbon
allotrope arranged in hexagonal lattice with sp? hybridization. Typically, the length of each carbon atom is 1.24
A, and the distance between each layer is 3.4 A. Graphene has a stable hexagonal structure owing to the
formation of three strong o bonds between each atom. Moreover, each atom donates one unpaired electron,
forming a tbond, which is vertical to the graphene plane. The high conductivity of graphene is attributed to the
presence of 1t bond that allows the electrons to move freely. A single layer of carbon atoms arranged in a
hexagonal lattice structure with many t bonds formed by the noninteracting carbon atoms, which freely move
between the layers [66, 67]. Therefore, graphene is suitable for immobilization matrix in sensor systems because
it should increase the adsorption of biological molecules through minteraction due to its carbon-based structure
[25].

Electronic properties. Graphene is generally known as a zero-bandgap semiconductor as a consequence of the
identical environment of the two carbon atoms in the graphene unit cell [68, 69]. As mentioned earlier, the 1t
electrons mainly contribute to its electronic properties. Each it electron hybridizes in forming m and nni* where
the m-states and the m*-states form valence and conduction bands, respectively. These two bands touch at six
points, the so-called Dirac or neutrality points (see Figure 3(c)). Symmetry allows these six points to be reduced
to a pair, K and K’, which are independent. At low energy, one can observe the band structure with two cones
touching at Epirac due to its linear dispersion [68]. The zro bandgaps in graphene can be opened using several



Performance Enhancement of Surface Plasmon Resonance Biosensor 483
DOI: 10.5614/j.eng.technol.sci.2023.55.4.10

techniques, such as doping [70], chemical reactions to make different potentials between two atoms [71], or
reducing the dimensionality to imitate particles in a narrow-long quantum box [72, 73]. Numerous sensor studies
have exploited the tunable bandgap of graphene to provide suitable properties to detect specific targets [70,
74]. Graphene has exceptional transport properties where carrier density strongly affects the effectiveness of
carrier movement in graphene [58, 75]. High carrier mobility in graphene allows better adsorption of molecules,
which is beneficial for sensing devices like SPR sensors [76].

(b) Hopping energy: 1, = 3 8V

sp< bonds

P orbitals

Graphene Crystal Chemical bonds in graphene

Figure 3  (a) The hexagonal crystal structure of graphene showing the atomic basis, the interatomic distance, and the unit
cell; (b) The chemical bonds showing the sp? hexagonal structure with the P, orbitals. Reproduced with permission from ref
[77]. Copyright 2012 Springer; (c) The 3D bandstructure of graphene showing zero bandgaps. Reproduced with permission
from ref [68]. Copyright 2010 American Chemical Society.

Optical properties. The optical properties of graphene were excellent and unique due to its zero bandgap
characteristics. A monolayer of graphene can absorb the same amount of 1.55 um wavelength of light as the 20
nm thickness of InGaAs. The monolayer of graphene has been characterized as having 97% transmission, 2.3%
of absorption, and <0.1% of reflection [68]. Moreover, the number of graphene layers determines the
transmission, where the transmission tends to decrease as the number of layers increases [60]. The absorption
capacity of graphene can be tuned by an external field or spintronic effects such as carrier spin-orbit coupling.
The presence of an external field can be inhibited within a range of 2AEr, where AEr is the field-induced
displacement of the Fermi level from the Dirac point [78]. Meanwhile, the spin-orbit coupling allows zero
bandgap materials to absorb light properly. It can be enhanced by up to 100% in the terahertz frequency region,
which was previously impossible due to the strict energy proportionality to k [79]. The combination of high
transmission, high adsorption, and high conductivity of graphene makes it excellent for optical sensors such as
fluorescence resonance energy transfer (FRET) and SPR.

Transition Metal Dichalcogenides (TMDCs)

2D TMDCs were discovered for the first time in 1963 by Robert Frindt using adhesive tape exfoliation methods
[80]. Meanwhile, the suspension method first produced a monolayer of MoSzin 1986 [81]. Since then, the
development of various nanostructures of MoSa, such as nanotubes and nanoparticles, has continued along with
the development of graphene study [82, 83]. The general formula of TMDCs is MX2, where M is transition metal
(group IV to VII), and X is chalcogen (S, Se, or Te). In multilayer and bulk samples, TMDCs are formed as stacked
layers bound by a weak Van der Waals force. Therefore, the layers can be easily separated into individual layers
consisting of three atomic planes (chalcogen-metal-chalcogen) with atomic thickness [84]. As shown in Figure
4(a), the different stacking orders of the atomic planes lead TMDCs to form different structures of hexagonal
planar, including trigonal prismatic (2H) and octahedral (1T) coordination. The position of the chalcogen atom
on each plane differentiates both structures. In the 2H structure, it occupies the same position (ABA).
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Meanwhile, in the 1T structure, the chalcogen position was varied (ABC) [85]. TMDCs were categorized as a
supermaterial after graphene because of their remarkable electronic and optical properties.

Electronic properties. The electronic properties of TMDCs are varied based on the chemical composition,
structural phase, and thickness. The TMDCs in bulk are categorized as indirect bandgap materials with minimum
conduction band at Q-points and maximum valence band at 1-points [86, 87]. The decrease in layer number
gradually shifts the bandgap into direct type in a monolayer of TMDCs [30, 88]. In the case of MoS2, when the
number of layers decreased, the change in quantum confinement and hybridization between p; in s and d in Mo
atoms give a strong interlayer coupling effect to the band at 1-points [34, 89]. Meanwhile, the direct bandgap,
located at two inequivalent high-symmetry K- and K'-points, is relatively unaffected by the interlayer coupling
[85-87]. Therefore, the direct bandgap is formed because of the unchanged band around K-points, while the
indirect bandgap at 1-points significantly becomes larger. The indirect-direct bandgap transformation can be
observed on all TMDCs materials as calculated by the first principal density functional theory (DFT). Figure 4(b
shown the bulk and monolayer band of structure TMDCs, material including MoSz and WS, [31]. The direct
bandgap in monolayer TMDCs significantly influences the performance in photonic, optoelectronic, and sensing
applications.

Optical properties. The optical properties of TMDCs are also affected by the band structure previously described.
TMDCs provide optical absorption over a wide wavelength range between the near-infrared and visible light
regions [32, 33, 90]. The optical absorption, dominated by direct transition from conduction to the valence band,
is identified as energy-independent joint-density-of-states and transition matrix elements near parabolic band
edges [91]. The efficient optical absorption of TMDCs could enhance the detection signal in a opticals sensor
such as SPR by 20-50% because it provides more excitation energy for efficient charge transfer [92-95]. In
addition, the measurement resulted in a strong excitonic effect on the TMDCs material, which is indicated by a
sharp resonance peak as shown by the solid line in Figure 4(c) [34, 89, 96]. The strong excitonic effect is in
agreement with the theoretical calculation [97, 98] measurement from optical spectroscopy [99] and scanning
tunneling spectroscopy [100], which confirm that TMDCs have large exciton binding energies around 0.4 — 1.0
eV [98, 100-105]. Large exciton binding energies increased light-matter interactions due to the strong excitonic
oscillator, leading to a short radiative lifetime or significant radiative rate [88, 91]. Stronger light-matter
interaction was advantageous for sensor application because it was considered an essential factor in improving
the sensitivity [106].
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Figure 4  (a) Atomic structure of monolayer TMDCs with different atomic coordination. Reproduced with permission from
ref [85]. Copyright 2017 Springer Nature; (b) Band structures calculated from first-principles density functional theory (DFT)
for bulk and monolayer MoS, and WS, Reproduced with permission from ref [30]. Copyright 2012 Springer Nature (c)
Absorption spectrum of monolayer MoS; at 10 K without excitonic effect (dashed line) and with excitonic effect (solid line).
A and B are exciton resonances corresponding to transitions from the two spin-split valence bands to the conduction bands.
Reproduced with permission from ref [88]. Copyright 2016 Springer Nature.
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MXene

Transition metal carbides/nitrides/carbonitrides popular as MXene is one of the newest 2D materials developed
by Naguib et al. in 2011 [107]. MXene is arranged by transition metal (M) and carbon or nitrogen (X) in the
general formula of Mn+1XnTx (n = 1, 2, 3), with Tx representing the addition of surface groups. The surface group
of Ty, such as —H, —F, —OH, or -0, remains as a byproduct from the etchants used in the synthesis process [108].
The numerous composition of MXene provides broad application such as desalination and water purification
[109, 110], sensor [111, 112], energy storage [107, 113], and field effect transistor [114, 115]. Moreover, the
abundant surface group allows more chemical and biomolecular binding and further functionalization, which is
beneficial in sensor applications [116]. The structure of MXene crystal is hexagonal, closed-packed, and can be
broken down into layered structures that form a sandwich structure with one layer of X atom located on
octahedral interstitial sites between two layers of M atom. The M atom itself is arranged in close-packed arrays,
as illustrated in Figure 5(a-f) [117, 118]. The ordering of M atoms was varied to maintain the stability of the
structure in different crystal formulas of M2X, M3Xz, and MaX3 [119, 120]. The 2D MXene can be obtained from
layered MAX precursors via etching, the weak M—A bond can be chemically etched, while the M—X bond is
withstood due to strong bonding [121].

Electronic properties. The theoretical calculation reveals that pristine MXene band structures show metallic
behavior with Fermi energy found at the d bands of transition metal [122-124]. The semiconducting properties
can be owned through some compositional modification and post-treatment, as reported in numerous studies
[125]. The existence of surface group Tx shifts the Fermi energy to the gap between d bands of transition metal
and p bands of carbides/nitrides. As a result, the MXene turns to be a semiconductor [124].
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Figure 5  (a) Crystal structures of 2D MXenes high-angle annular bright-field image of TizC,Tx. Reproduced with permission
from ref [118]. Copyright 2015 American Chemical Society; Side views of pristine (b) MX, (c) M3X,, (d) M4X3, (e) M2'M”X,, and
(f) M2'M,"X3 (g) Projected density of states [PDOS (states/eV/cell)] and projected band structures for Ti,C, Ti,CF,, and Ti2CO,.
The Fermi energy is located at zero energy. Reproduced with permission from ref [124]. Copyright 2017 Royal Chemical
Society;

Figure 5(h) shows the band structure transformation from Mn+1Xn to Mn+1XnTx [124]. The bandgap can transform
from the indirect to direct band through some treatments, including external field and mechanical treatment
[126-129]. The bandgap changes from indirect to direct band were observed on Ti2CO2, Zr.CO», and Hf.CO2 under
biaxial strain of 4%, 10%, and 14%, respectively [129]. Besides bandgap transformation, the wide bandgap in
Sc2CO2 MXene was also reported to decrease by the increment of tensile strain from 0 to 5% [128]. The tuning
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of the bandgap in Sc2CO2 can also be performed by the change in the applied electric field, where the higher
electric field resulted in the narrower bandgap [126, 127]. Easily tunable bandgaps of MXene enable these
materials to attain desired properties for specific sensor applications.

Optical properties. Studies on the optical properties of MXene are still very limited. Several experimental studies
reported the transmittance of thin film TisC2Tx, which possesses 70 — 90% transmittance [131, 132]. The highest
transmittance was obtained by applying the intercalated species such as NH3z and NH4" which can increase
transmittance three times compared to the MAX phase of TisAIC2 [130]. The increase in the thickness of MXene
linearly improves the absorbance capability [131]. Berdiyorov et al. (2016) reported a theoretical study to reveal
the effect of surface functionalization in TisC2Tx on their optical properties. Generally, the static dielectric
function of MXene is reduced by more than two times [133]. The oxygen termination contributes mainly to the
total density of states near the MXene Fermi level [134]. Therefore, the calculation has found the more
significant absorption provided by the sample with oxygen termination compared to hydroxylated/fluorinated
termination. Consequently, the hydroxylated/fluorinated termination offers a better transmittance [133].
MXene can enhance the performance of SPR and other optical sensors through bulk plasmonic behaviors.
Interestingly, the plasmonic properties of MXene differ from most plasmonic materials that depend on the
number of layers. The MXene is not strictly required to be a single layer to obtain the bulk plasmonic
phenomenon and applied in the plasmonic system [135]. Considering limited cheap and precise monolayer
fabrication techniques, MXene becomes a good alternative to obtain excellent absorption and plasmonic
properties from a low-cost technique like the aqueous acid technique [136].

SPR Sensor using 2D Materials

Graphene-based SPR Sensor

SPR sensor is a convenient technique to exploit the electronic and optical properties of graphene. The excellent
properties of graphene and the advantages of SPR can complete the puzzle in developing excellent performance,
reliability, and procedure/cost-effective sensor technology. Graphene has surface characteristics that enhance
the efficient adsorption of chemical and biological molecules due to its high surface-to-volume ratio, high carrier
mobility, and carbon-based structure, enabling 1 stacking interaction [25, 76]. High optical absorption of
graphene could provide more energy transferred to the sensing system, thereby improving the sensing signal
[68, 95, 137]. Moreover, graphene also acts as a protective layer to prevent metallic layers from oxidation and
degradation [25]. In general, graphene is utilized as an immobilization matrix on the SPR chip, either as bare
graphene and its derivatives or in combination with other materials [138, 143]. The simulation approach has
been used to optimize the number of layers and thickness of graphene to produce the optimum enhancement.
The efficiency of the finite element analysis (FEA) method and transfer matrix method (TMM) for the N-layer
system have been compared to investigate the optimum thickness of graphene. Both methods have shown an
acceptable result of the SPR curve [144]. The TMM is used for analytical preliminary study. Therefore, this
method was limited in simulating the structure and roughness of the SPR surface [145]. Meanwhile, the FEA
method, which can be carried out using specific software such as COMSOL Multiphysics and Finite-difference
time-domain (FDTD) Lumerical, is more beneficial because it can simulate various materials with various
structures of geometry also provides information about electromagnetic behaviors on the design [144]. Bhavsar
et al. (2015) have reported each monolayer graphene on the SPR surface absorbs 2.3% of light [146]. As shown
in Figure 6(a), increasing the layer increases angular dip shifting, indicating a sensitivity enhancement. However,
the broadening of the SPR curve is a matter of concern due to wider FWHM causing the angular shifting to be
challengingt to observe, it also decreases the quality factor and detection accuracy [147]. The broader curve is
caused by the high extinction coefficient of graphene that causes the shift of wave vectors of surface plasmons
to meet the conditions of surface plasmons [148].

Meshgingam et al. (2017) reported the sensitivity of graphene-based SPR sensors to analyze the single-stranded
DNA (ss-DNA) hybridization during double-stranded DNA (ds-DNA) formation. The modification resulted in an
enhancement of up to 32% compared to bare Au, where a maximum sensitivity of 120 deg/RIU was obtained
for a 6 nm thickness of graphene. The increase in sensitivity is shown by a graphene layer of less than 10 nm.
Increasing the thickness was found to cause the sensitivity to be decreased significantly due to the limitation of
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optical absorption [144]. Pandas et al. (2020) conducted a similar study and reported the optimum monolayer
graphene thickness of 0.34 nm. The monolayer graphene was applied in SPR simulation to detect glucose with
a measured sensitivity of 272.15 deg/RIU [147]. Pseudomonas sensor measurements were carried out
preliminarily using the N-layer method, showing that the sensor provides a sensitivity of 33.98 degrees/RIU and
a quality factor of 2.78019. The simulated thicknesses of graphene are 10 and 20 layers, showing the SPR curve,
which is very broad and shallow. The FWHM and reflectivity are ~20 degrees and 0.30 — 0.75, respectively.
However, this curve is no longer acceptable for analyzing SPR sensor performance [145]. Therefore, the used
thickness of graphene in SPR sensors is recommended to be less than ten layers.

Using an experimental approach, Chung et al. (2018) reported that SPR with monolayer and doubled layers of
graphene on exposure to streptavidin reached a sensitivity of 171.33 deg/RIU and 179.79 deg/RIU, respectively.
This sensitivity is ~3.7 times higher than that of direct immobilization of streptavidin on bare Au, which is a
satisfactory result [138]. A graphene layer applied to a positively charged Au film was used to detect -thrombin
aptamer (TBA). For 100 ng/cm of TBA coverage on the sensing surface, the SPR curve was shifted by 120 mDeg
[149]. Since graphene has a high electric field around the surface, the analyte absorption and sensor
performance are improved [147]. Layer-by-layer graphene can be prepared using the chemical vapor deposition
(CVD) method and measured using an SPR angular scan to monitor the number of layers. Each monolayer
graphene shifts the SPR curve by 0.46 £ 0.072, and as previously mentioned, the widening of the curve is shown
as the number of layers increases [138].

The derivatives and modified derivatives of graphene, such as graphene oxide (GO), reduced graphene oxides
(rGO), carboxyl-functionalized GO (cGO), and nitrogen-doped rGO (N-rGO), have attracted much attention in the
development of SPR sensors. GO has abundant oxygen functional groups that are suitable for immobilizing
various biomolecules via covalent, non-covalent, and electrostatic bonds [150]. Since GO is a single layer of
graphite, GO can be prepared using Hummer’s and Offeman’s methods from the graphite powders [151]. From
the FEA simulation methods, GO has shown significant increases in binding sites compared to conventional
graphene. By providing ~3.5 times more binding sites, the detection sensitivity of ds-DNA is increased by 23%
compared to bare Au performance [144]. Wu et al. (2016) reported the response of a GO-based SPR sensor to
pig 1gG in the range of 1.25 — 40 pg/mL shifted the resonance wavelength to 0.20 — 3.20 nm. Meanwhile, cGO
resulteshifted 0 — 5.80 nm in the range of 0.60 — 40 pug/mL. As shown in Figure 6(b), the cGO shows a better
result due to the more binding sites of protein available, maintaining the optical performance of GO [152]. Other
modified derivatives of graphene reported by Chung et al. (2018) compare rGO and N-rGO in biotin detection,
resulting in a sensitivity of 128.91 deg/RIU and 130.01 deg/RIU, respectively [138]. The rGO application in SPR
sensor has been investigated for E. coli detection, it was shown that minimal m-1t stacking interactions were
found in bacterial adhesion to rGO. In addition, the electrostatic interaction is predominated during the
adsorption. [153]. It can be seen in Figure 6(c) that the rGO is not as significant as graphene in improving
conventional SPR sensor performance.

The modification of graphene has also been involved in other materials for amplifying response signals or
providing more binding sites. Gold nanoparticles (AuNPs) are attractive materials because they provide both
features. Gold nanorods (AuNRs) is known to be very sensitive to changes in environmental condition due to
their longitudinal mode of plasmon resonance wavelength [154]. The GO modification with AuNRs is
advantageous because it has a high loading capacity from graphene and excellent optical properties from Au
[155]. The AuNRs were applied to the GO surface and modified by the rabbit anti-transferrin using EDC/NHS
linking chemistry. The sensitivity of the SPR sensor was enhanced by ~4 times compared to bare Au. The sensor
also reached the limit of detection (LOD) of 0.0375 pg/mL. The selectivity feature was shown when the sensor
was exposed to the bovine IgG and human IgG, whereas the shifting was not observed, which indicates specificity
of detection [155]. Graphene as a 2-dimensional material that possesses various functional group str, strongly
supports the extraction efficiency of biomolecules per unit area [156]. The optical properties of SPR were also
amplified by the AuNRs presence due to its localized surface plasmon [155]. Other types of AuNPs which are
gold nanostars (AuNSs) also has been reported to enhance the cGO-based SPR sensor [152]. The AuNSs were
synthesized through surfactant-free methods to obtain accessible sites for directly binding analyte molecules
[157]. The AuNSs have thorn-like shells that produce a better local electromagnetic field than AuNPs, as well as
resonant shifting, which enhances up to 200% and reaches 0.0375 pg/mL of LOD in the detection of pig IgG. The
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selectivity of the sensor was also observed, as shown in Figure 6(d) whereas the wavelength shifting against pig
1gG is significantly higher than a response to human and bovine IgG [152].
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Figure 6  (a) SPR curve for different number of graphene layers. Reproduced with permission from ref [144]. Copyright 2017
Springer Nature; (b) Relationships between concentrations of pig IgG and shifts of resonant wavelengths obtained with
biosensors based on GO, cGO, cGO/AuNPs-antigen and cGO/AuNSs-antigen conjugate Reproduced with permission from ref
[152]. Copyright 2016 Elsevier; (c) Enhancement factor and streptavidin sensing results from different samples of derivatives
graphene. Reproduced with permission from ref [138]. Copyright 2018 Wiley; (d) The selectivity shown by the shifts of
resonant wavelengths obtained for different antigens by using SPR biosensors based on cGO, cGO/AuNPs and cGO/AuNSs
sensor chip. Reproduced with permission from ref [152]. Copyright 2016 Elsevier

Besides Au, various materials have also been investigated to improve graphene-based SPR sensors, such as other
types of 2D materials [140, 141, 158, 159] and polymer [160-163]. Modifications by polymer were performed by
building the polymer-graphene composites or layer-by-layer structure. Hu et al. (2014) reported the
polydopamine (PDA)-rGO composites for the detection of carcinoembryonic antigen (CEA) by the SPR imaging
(SPRi) platform [160]. PDA is reactive to several chemical groups, such as thiols and amine. Therefore, this
material was considered to improve the active sites in graphene-based SPRi [164]. The sensors resulted in an
LOD of 50 ng/mL without amplification and enhanced to 0.5 ng/mL in dual signal amplification, which indicates
excellent sensitivity and reliability for human serum measurement [160]. Sadrolhosseini et al. (2021) used
polypyrrole (PPy) to modify the GQDs for the SPR immobilization layer [161]. The PPy-GQDs composited was
produced by electrochemical polymerization. This composite has been studied for detection in various
techniques [165-167]. The sensors can detect the presence of arsenic, mercury, and lead with LOD 0.005 ppm,
with the highest sensitivity obtained in arsenic detection [161]. In another study, nitrilotriacetic acid (NTA) was
included in the polymerization process. Thus, PPy-NTA is obtained, which is then applied on the graphene
surface. The PPy-NTA-modified SPR was used for anti-cholera toxin (anti-CT) detection and has shown excellent
LOD of 4 pg/mL. A different technique of polymer-based modification was reported by Primo et al. (2018), the
poly(diallyldimethyl)ammonium (PDDA) was included in Au/MSA/PDDA/GO wafers [163]. The biosensor was
performed to detect Galectin-3 (Gal3), resulting in LOD 2 ng/mL. The sensorgram indicates the selectivity of the
sensor to Gal3 compared to transferrin, human serum albumin (HSA), hemoglobin, and IgG detection [163]. In
another study, the graphene-based SPR combined with the perovskite oxide, strontium titanate (SrTiOs), in the
hybrid structure of Ag/STO/graphene. This structure results in high sensitivity in several types of malaria
detection ranging between 278 — 400 deg/RIU [168].
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TMDCs-based SPR Sensor

TMDCs have been gaining tremendous attention among other alternative 2D materials. TMDCs offer wide
bandgap, high optical absorption, and high surface-to-volume ratio that are suitable for optical sensors such as
SPR [85, 88, 170]. High optical absorption in TMDCs resulted from the direct bandgap, enabling direct transition
from conduction to the valence band [91]. As a result, more energy is transferred to the metallic layer interface
to excite the surface plasmon and enhance the SPR response [95]. On the large surface of TMDCs, the more
molecular target was absorbed and interacted with light efficiently due to a strong excitonic effect [88, 106].
The studies concerning TMDCs-based SPR sensors have been widely explored using a numerical/simulation
approach or experiment. In the studies found in the last decades, simulations on TMDCs-based SPR have focused
on their combination with other materials such as silicon, blue phosphorus (BlueP), and other 2D materials. Due
to limitations of compositional and structural materials arrangement, the simulation commonly focuses on
optimizing thickness using TMM or FEA methods.

Wang et al. (2017) use TMM to theoretically design the SPR sensor based on WSz/graphene hybrid nanostructure
[171]. Firstly, the WSz, MoS;, and graphene compared each other to obtain the best sensitivity. As shown in
Figure 7(a), the resonance angle shifting of graphene is relatively lower than WSz and MoS;, but when compared
to bare Ag/Au sensors sensitivity (151.5 deg/RIU), the sensitivities of WS;, MoS,, and graphene are relatively
higher which are 157.7 deg/RIU, 170.0 deg/RIU, and 177.5 deg/RIU, respectively. Further, the study on
reflectivity at resonance angle for each 2D material was carried out. The results concluded that monolayer WS>
is the best 2D material due to minimum reflectivity, which indicates more efficient light absorption [171]. A
higher sensitivity of 182.5 deg/RIU was obtained when graphene was deposited on the top of WSz [171];
graphene is advantageous for selective detection because of its active sites [29]. Meanwhile, the different hybrid
structures of graphene/WSz on the Ag surface provided a significantly high sensitivity of 336 deg/RIU with a
monolayer of graphene and 15 layers of WS, [172]. The TMM analysis was also performed to simulate the
sensitivity of hybrid MoSz/graphene-based SPR sensors to detect DNA molecules. The sensitivity increases from
80.7 deg/RIU to 89.29 deg/RIU with two layers of MoS: stacked over the monolayer graphene [141]. Using Ag
thin films, MoSez/graphene hybrid successfully performed high sensitivity for the detection of glucose in urine
with concentration in the range of 0.015 — 10 g/dL. The sensitivity was found to be 215.5 deg/RIU, which is 2.42
times higher than that of bare Ag and 2.35 times higher than that of graphene-based sensors [173]. Different
from graphene, TMDCs still performed sensitivity enhancement even when the number of layers is more than
10.

Silicon has also been used to improve the performance of TMDCs-based SPR sensors because of its high
refractive index and behavior as a protective layer for sensor systems [40, 174, 175]. Ouyang et al. (2016)
performed the TMM and Fresnel equations to investigate the performance of silicone/TMDCs hybrid systems
using various materials, including MoSz, MoSe2, WS, and WSe», to detect the change of refractive index (RI).
Each hybrid structure showed better sensitivity compared to conventional SPR sensors with a sensitivity of
131.70 deg/RIU, 131.68 deg/RIU, 155.68 deg/RIU, and 141.40 deg/RIU, respectively [176]. The optimal TMDC
layer is about 1 — 2 layers with 7 nm silicon thickness and 35 — 40 nm Au thickness; this combination of optimized
thickness parameters is essential to minimize reflection and energy loss to achieve higher sensitivity [176]. The
comparison between TMDCs materials was also obtained from the Au/TMDCs/Au/MXene structure. The MoSa,
MoSez, WS, and WSe; resulted in a sensitivity of 174 deg/RIU, 176 deg/RIU, 198 deg/RIU, and 192 deg/RIU,
respectively. Similar to Ouyang et al. (2016), a structure with a WS2-based SPR sensor shows a higher sensitivity,
which is an increase of 41.43% compared to a conventional SPR structure [177]. The use of BlueP-MoS:
composite provided a significant improvement of SPR sensitivity, with the Kretschmann structure of
CaF2/Zn0O/Au/BlueP-MoS;, the sensitivity of 235 deg/RIU was obtained. The ZnO was applied to adhere to Au
thin film, and the layers of BlueP-MoS: were utilized to increase light interaction and decrease oxidation on the
sensing surface [106].

Finally, the numerical analysis brings out WS, as the best TMDCs material among others [170, 174, 175].
However, the experimental studies commonly used the MoS:in the SPR sensors fabrication. 2D TMDCs can be
prepared using various methods, including chemical vapor deposition (CVD) [178-180], atomic layer deposition
(ALD) [181-183], exfoliation process [184-186], and hydrothermal methods [26, 187, 188]. The CVD technique
has successfully fabricated a monolayer MoS: on the silver thin films, which functioned as a protective layer and
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immobilization matrix for the anti-lgG. The SPR signals stability was checked by immersing the sensors in water
for several hours, the SPR signals are broadened along with the oxidation of silver, which can be observed in
Figure 7(b). Meanwhile, as shown in Figure 7(c) and (d), the SPR signals become more stable and more sensitive
by shifting 0.5 degrees further with the application of monolayer MoS: [189]. Using a simple drop-casting
method, the MoS: was deposited on the Au surface with a thickness of around 402.5 — 925.3 nm. The MoS»-
modified sensors increased the sensitivity by 30.67% compared to bare Au sensors, the sensitivity of 2793.5
nm/RIU was reached in the deposition of 2 cycles MoS: [92]. Zhao et al. (2020) reported a more detailed
experimental study of MoS: nanoflower-AuNPs-based SPR sensors, including material synthesis, sensor
fabrication, and sensing measurements [26]. The hydrothermal methods have been reported in many studies to
produce various MoSz nanostructures, including nanoflower [188, 190, 191]. The synthesis used ammonium
molybdate tetrahydrate [(NH4)sM07024-4H20] and thiourea [[SC(NH2)2] as molybdenum and sulfur precursors,
respectively. The as-prepared MoS: nanoflower powders were deposited on the Au film, followed by AuNPs
deposition using the drop-casting method, the detailed process was shown in Figure 8(a). Under the exposure
of bulk RI, the sensor showed a sensitivity of 2857.2 nm/RIU and 2149.7 nm/RIU for AuNPs-unmodified and -
modified sensors, respectively. In contrast, the higher sensitivity of mouse IgG detection is obtained from AuNPs-
modified sensor with a comparison of 0.016 nm/(ug/mL) and 0.0472 nm/(ug/mL), respectively [26]. Since the
TMDCs lack active sites, unlike graphene, the functionalization of AuNPs provides an ideal platform for antibody
immobilization, making AuNPs-modified sensors more sensitive in immunoassay [192].
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Figure 7  (a) Resonance angle shifting respect to the refractive index changes of sensors based on bimetallic film with
graphene, MoS; or WS; film. Reproduced with permission from ref [171]. Copyright 2017 Royal Chemical Society; SPR signals
stability of (b) bare Ag and (c) Ag/MoS; substrates in water for several hours; (d) SPR angle shift before and after the binding
reaction of IgG of Ag substrate is 0.20 deg and that of the Ag/MoS; substrate is 0.25 deg. Reproduced with permission from
ref [189]. Copyright 2019 MDPI.

Fiber-based SPR sensor has also used MoS: to optimize its performance in Bulk refractive index with a sensitivity
of 3061 nm/RIU [93] and in E. coli detection, which achieved the LOD of 94 CFU/mL [193]. The MoS: can result
from liquid exfoliation and deposited on the Au surface by dip coating technique [193]. MoSe;-modified fiber
sensors also have a high sensitivity of 2821.81 nm/RIU and LOD of 0.33 pug/mL in detecting goat-anti rabbit I1gG
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[37]. The higher performance was obtained from 5 cycles-deposited MoSez, the influences of deposition cycles
on the sensor sensitivity are shown in Figure 8(b) [37]. In the study of Song et al. (2020), the MoS: was applied
between the U-shaped fiber and Au thin film by electrostatic self-assembly [94]. The sensitivity of human IgG
detection by proposed sensors was unexpectedly higher than a sensor with MoS: on the metal film, which is
6184.4 nm/RIU and 4946.8 nm/RIU, respectively. In the U-shape fiber configuration, the energy sources from
the cladding mode light, which does not meet the total reflection condition, are transmitted to the surrounding
medium. In the absence of MoS,, light transmitted from the fiber to Au film is relatively low. The high optical
absorption of MoS: provides sufficient light energy to generate the SPR phenomenon [94, 195]. Using the various
analytes, including IgA, IgD, IgE, and IgG, the sensor coated with anti-IgG has excellent selectivity, where the
wavelength shift for 1gG reaches 22.3 nm, while for other analytes, it is only in the range of 0.21 - 0.45 nm (see
Figure 8(c)) [94].
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Figure 8 (a) Schematic diagrams of the MoS;-nanoflowers-based SPR sensor fabrication. Reproduced with permission from
ref [26]. Copyright 2020 Royal Chemical Society; (b) Sensitivity of MoSe,-Au optical fiber SPR sensor with different deposition
cycles from 0 to 8. Reproduced with permission from ref [37]. Copyright 2019 IEEE; (c) Resonance wavelength shift of MoS,-

based SPR sensors when detects different kinds of proteins. Reproduced with permission from ref [94]. Copyright 2020
Elsevier.
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MXene-based SPR Sensor

MXene is known as a new family of 2D materials with remarkable properties that are beneficial for SPR
applications, including large surface area and interlayer spacing, adjustable band gap [177], high electrical
conductivity [195, 196], and hydrophilic surface [197]. During the synthesis process, abundant surface
functionalities naturally owned by the MXene became suitable binding sites for biomolecular targets [108, 116].
Supported by the tremendous optical absorption and bulk plasmonic behaviors on single or multiple layers of
MXene, the sensitivity of the MXene-based SPR sensor could be enhanced [131, 135]. Generally, MXene consists
of transition metal and carbides, nitrides, or carbonitrides, which provides various possible compounds to be
explored. However, the transition metal carbides, especially titanium carbides (TizC2Tx), are the most studied
MXene for improving SPR sensor performance. The titanium has a high absorption affinity and is rich in the
hydroxyl group, which can optimize the immobilization of target detection on the sensor surface [198, 199]. The
carbides were used due to better stability and the simpler synthesis process than nitrides [200, 201]. A study
among MXene-based SPR sensors is commonly limited to simulation or numerical studies, while experimental
research is still rare.

The TMM was used to calculate the elements for simulating the SPR phenomenon on metal thin film/TisCaTx
systems. In the Wu et al. (2018) study, the number of MXene layers and thin film material was varied to obtain
the optimum sensitivity enhancement compared to conventional SPR sensors [202]. SPR achieved the highest
sensitivity of 160 deg/RIU with four layers of MXene, where the sensitivity was increased by 16.8%. However,
adding layers did not increase the sensitivity further (see Figure 9(a)). Since Au is the most chemically stable
metal, other metals such as Ag, Al, and Cu are rarely used in SPR sensors. However, the MXene can also function
as a protective layer, thus opening up opportunities for using these metals thin film. Finally, the study revealed
the sensitivities for Au-, Ag-, Al-, and Cu-based sensors are 160 deg/RIU, 149 deg/RIU, 139 deg/RIU, and 147
deg/RIU, respectively [200]. In wavelength modulation, the experimental study of the sensor with Au/Ti.C shows
a sensitivity of 3579.6 nm/RIU [203]. The Ti>C was prepared by fluoride etching of Ti.CAl and deposited on the
Au surface by spin-coating. In line with the simulation results by Wu et al. (2019) [202], the maximum number
of layers shown in this study is four. Since the titanium shows high affinity to heavy metal ions [198], the sensor
was measured to detect Pb?*, Cr?*, and Hg?* resulting in a sensitivity of 3.788 nm(pg/L)%, 5.308 nm(pg/L)?, and
3.223 nm(ug/L)}, respectively [203].

Various studies also combine MXene with other 2D materials in their hybrid structure to achieve sensor
enhancement. The most popular 2D material, graphene, was inserted between the Au thin film and TizC2Txlayer
in the fiber SPR sensor, this structure was studied using TMM [204]. Graphene has a strong coupling of charge
carriers, which can increase the electric field in MXene-based SPR sensors. Sensors with ten layers of graphene
and three layers of TisC2Tx provide an extraordinary sensitivity of 5150 nm/RIU, this sensitivity is increased by
43.9% compared to single 2D materials MXene sensors. The sensor sensitivity is still 25.7% and 17.3% higher
than MXene-based SPR sensors, even when Ag and Al thin films were used as a substrate [204]. This structure
can give cost-efficient fabrication, considering that Ag and Al thin films are cheaper than Au. In the previous
section, the hybrid structure that used MXene and TMDCs was investigated, and it was concluded the
Au/WS2/Au/TisC2Txwas a structure with the highest sensitivity. Srivastava et al. (2020) studied the four different
hybrid structures, including conventional sensor (structure 1), BP-modified sensor (structure 2), MXene and BP-
modified sensor (structure 3), and MXene, WSz, BP-modified sensor (structure 4) [203]. The sensitivity for each
structure is 164.4 deg/RIU, 178.76 deg/RIU, 184.49 deg/RIU, and 190.22 deg/RIU, respectively. The variation of
sensitivity as a function of refractive index is shown in Figure 9(b) [205]. Structure 4 of Au/TizC2Tx/WS2/BP
showed the highest sensitivity enhancement of 15.59% compared to the conventional sensor, as discussed in
the previous section, the WSz is indeed superior among other TMDC materials [171, 176, 177].
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Figure 9 (a) Variation of sensitivity concerning the different number of TisC2Tx MXene layers . Reproduced with

permission from ref [202]. Copyright 2018 Elsevier; (b) Reproduced with permission from ref [205]. Copyright
2018 Elsevier.

Kumar et al. (2021) used the different structures of MXene and BP-modified SPR sensors, significantly enhancing
sensitivity. The sensor consists of Cu/Ni as a thin metal film and BP/TisC;Tx as an immobilization matrix and
sensing surface. Using TMM calculation, the sensitivity obtained is 304.47 deg/RIU, which is 85% higher than
conventional bare Au sensors. The result indicates the vital role of bimetal, MXene, and BP [206]. In a different
study, bimetallic Ag/Au was applied on an MXene-based SPR sensor, resulting in high sensitivity to bulk Rl of
glucose measurement of 224.18 deg/RIU. The adhesion material applied under the metal thin film was also
found to affect the sensor performance, where the comparison showed that metal oxide (MgO) shifted the curve
further than polymer (PMMA) [207]. Kumar et al. (2021) applied silicon (Si) between the Ag thin film and MXene
layers. The study compares the proposed design with bare Ag and Ag/MXene configurations. The proposed
design provided a higher sensitivity of 231 deg/RIU, meanwhile, the bare Ag and Ag/MXene configurations have
a sensitivity of 116 deg/RIU and 120.5 deg/RIU, respectively. In numerous studies, Si application resulted in the
sensitivity enhancement of the sensor due to its high refractive index, which increases the transverse magnetic
field in the sensing region [208].
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Other 2D Material in SPR Sensor

Since graphene was successfully fabricated by mechanical exfoliation from graphite in 2004 [56], various 2D
materials have been developed and applied in SPR sensors in the last decade. SPR sensors, which used graphene,
TMDCs, and MXene, have been detailed and discussed in the previous section. In this section, the study relating
to other 2D materials, namely black phosphorus (BP), perovskite, and boron nitride (BN), will be reviewed
simultaneously because of the lack of study that focuses on each material in SPR application.

BP is known as a 2D material with remarkable electrical and optical properties and a high surface-to-volume
ratio because of its puckered configuration [209]. Thus, the BP-based sensors are reported to perform the
detection 40 times faster and 20 times higher molar response than other 2D materials [210]. The BP-modified
SPR sensor has been shown to increase the sensitivity by at least 51% in structures with single 2D materials of
BP [211]. The performance of BP-based sensors gets higher when combined with other 2D materials such as
graphene, TMDCs, and MXene, which enhance 87 — 140% [159, 211]. The detailed performance for each sensor
based on hybrid 2D materials with BP has been described in the previous section and shown in Table 4. As shown
in Figure 10(a), the changes in the number of layers of BP affect the SPR response curve, where increasing the
number of layers makes the angle wider, with the reflectivity tending to be constant. The low extinction
coefficient of BP causes the condition; the wave vector of surface plasmons shifts to satisfy the resonance
condition at the resonance angle [148]. The shifts and broadening of the SPR curve are related to sensor
performance, where the more layers, the greater the sensitivity and FOM (see Figure 10(b)). However, the
increment will occur until a certain thickness and will saturate due to more layer addition, as observed in other
2D materials [158]. As found in other 2D materials-based SPR, the addition of Si between thin metal films and
BP provides the most significant enhancement in sensitivity due to an increase in the intensity of the surface
field due to the high refractive index [212].

Perovskite is a new type of plasmonic material that promises excellent optical and electrical properties with an
inexpensive process needed in the fabrication [213]. 2D perovskite arising the quantum confinement and
excitonic effect, which is advantageous for the plasmonic application, including SPR sensors [214-217]. The
perovskite-based SPR sensor has been reported by Hakami et al. (2021), which used two types of methyl-
ammonium lead halide perovskites, namely MaPbls and MaPbBrs in the sensor systems Ag/TiO2/perovskite
[213]. The TiO2 provides field confinement and enhancement at the metal-dielectric interface due to its high
refractive index [218]. The TMM simulation calculates the SPR sensor performance in perovskite- and non-
perovskite-based sensors. The best performance is provided by the MaPbls followed by MaPbBrs and non-
perovskite sensors as indicated by its reflectivity and sensitivity of 143.80 deg/RIU, 140.60 deg/RIU, and 136.60
deg/RIU, respectively. The presence of perovskite materials increased the sensitivity by 2 — 5% compared to the
bare sensors in measuring bulk refractive index. Contrary to structure Ag/TiO2/perovskite/graphene, the best
sensitivity performance is obtained by MaPbBrs at 255.80 deg/RIU and MaPblz at 250.20 deg/RIU. Meanwhile,
for the detection of glucose, the sensors also produce a fair sensitivity of 0.0212 deg/gL™* for both perovskite
materials [213]. In other studies, the WS TMDCs are used to feature with MaPblzin bimetallic SPR sensors. The
high sensitivity of 195 deg/RIU was reached by sensors with 1.7 nm MaPbls, which is much higher than the bare
bimetallic sensors sensitivity of 145 deg/RIU [219]. Surprisingly, the significant enhancement to 370 deg/RIU was
reached when more and more 2D materials were applied, including TMDCs, perovskite, and BP in structure
Ag/WS,/BaTiO3/BP as shown in Figure 10(c) [220].

Another 2D material that has not been studied much is boron nitride or hexagonal boron nitride (h-BN). 2D h-
BN is known for its large surface area, wide bandgap, and high conductivity, making it suitable for sensor
applications, wrapping materials in solar cells, and catalysis [221, 222]. The hBN nanosheets can be obtained
from the ultrasonication-assisted exfoliation of bulk boron nitride [222]. The SPR sensor of Au/Ag@AuNPs-hBN
with morphology-imprinted (MIP) was used to measure the presence of ETO anticancer drugs and reach the LOD
of 4.25 x 10"*3 mol/L which is around five times lower than other methods [223]. The sensorgrams indicated the
selectivity of sensors. As shown in Figure 10(d), the highest absorption capacity (AR) is obtained when the sensor
detects the ETO, it was 48, 24, 12, 6, and 4 times more selective compared to citric acid, uric acid, ascorbic acid,
sucrose, and glucose [223]. Unfortunately, due to limited reports regarding hBN-based SPR sensors, the
performance of sensors with structural and material modifications cannot be discussed in this review.
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Figure 10 (a) SPR response curve and (b) sensitivity and figure of merit (FOM) for different layers of black
phosphorene (BP) over the Ag film. Reproduced with permission from ref [158]. Copyright 2019 Elsevier; (c)
Schematic diagram of proposed WS2/BaTiOs/black phosphorus-based SPR biosensor. Reproduced with
permission from ref [220]. Copyright 2020 Wiley; (d) Sensorgrams relating to 1.0 ng/mL ETO, GLU, SUC, ASC, UA
and CA on NIP/Ag@AuNPs-hBN/SPR with binding activity a) adsorption; b) desorption; c) regeneration.
Reproduced with permission from ref [223]. Copyright 2019 Elsevier.

Conclusions and Outlook

The outstanding capabilities of elemental 2D materials enable future breakthroughs toward high-performance
sensing devices. Many elemental 2D materials denote advantageous features for sensor systems, especially SPR
biosensors, such as high electron and hole mobility, high optical absorption, high surface-to-volume ratio, and
suitable binding sites. Furthermore, 2D materials in SPR sensors possess some merits and different
characteristics for each member of the 2D materials family, depending on the composition. Graphene is well-
known as an inert and zero-gap materials with broad-band and relatively high light absorption. Its derivatives,
graphene oxide, provide rich functional groups suitable for immobilizing bioreceptors or ligands. Likewise, in
MXene functional groups such as —H, —F, —OH, or —O can increase the ability to bind the bioreceptors and target
detection. TMDCs do not own these chemically active sites. However, TMDCs excel in their tunable bandgap
characteristics and stronger absorption in the NIR-to-visible range. The bandgap tuning can also be performed
in MXene by adjusting several factors such as strain and external field, this feature supports optimization of
material performance for specific applications.

However, some shortcomings still need to be investigated in developing 2D materials-based SPR sensors. Due
to the following limitations, 2D materials-based SPR detection has been limited to laboratory use and lags
considerably behind other sectors. Firstly, even in stable and controlled conditions, 2D material films have a
short lifetime because of the aging, oxidation, and peeling processes. This characteristic has limited the
reusability of 2D materials-based SPR sensors. Secondly, various studies have shown that the optimum thickness
of 2D materials is <10 layers, but the fabrication of a few layers of 2D materials can only be done through
expensive techniques such as CVD, ALD, and PLD. The agglomeration behavior of 2D materials makes fabricating
through a solution-based deposition challenging. Lastly, the lack of active sites in several 2D materials should be
overcome for various actions and selectivity.
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Most 2D materials in SPR investigations are limited to simulations and numerical studies. Moreover, the
variation of detection targets analyzed commonly only measures the sensitivity of the sensor to changes in bulk
refractive index. Thus, knowledge regarding the interaction and immobilization of bioreceptors and targets on
the surface of 2D materials is still limited. The numerous studies only provide a sensitivity of sensors, whereas
the limit-of-detection is also a vital figure of merit to represent sensor performance. The primary goals of future
study in 2D materials-based SPR sensors should be directed towards realizing a device fabrication process with
low cost and more scalable techniques. The fabrication process must also ensure long-term environmental
stability and prevent material deterioration, which must be considered according to the application. However,
the various significant challenges that must be faced are worth the exceptional 2D material properties,
guaranteeing a massive contribution to developing sensor technology and other technologies such as
nanoelectronics, photonics, and energy systems.
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