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Plasmonics has drawn significant attention in the area of biosensors for decades due to the unique
optical properties of plasmonic resonant nanostructures. While the sensitivity and specificity of molecular
detection relies significantly on the resonance conditions, significant attention has been dedicated to the
design, fabrication, and optimization of plasmonic substrates. The adequate choice of materials, struc-
tures, and functionality goes hand in hand with a fundamental understanding of plasmonics to enable the
development of practical biosensors that can be deployed in real life situations. Here we provide a brief
review of plasmonic biosensors detailing most recent developments and applications. Besides metals,
novel plasmonic materials such as graphene are highlighted. Sensors based on Surface Plasmon
(SPR), (LSPR), and Surface Enhanced Raman
Spectroscopy (SERS) are presented and classified based on their materials and structure. In addition, most
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recent applications to environment monitoring, health diagnosis, and food safety are presented. Potential
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1. Introduction

Biosensors show great potential in many areas such as medical
diagnosis, food safety, and environmental monitoring.'™
When it comes to the detection of analytes such as disease bio-
markers or contaminants, it is important to develop accurate
biosensors that have high sensitivity and specificity. In
general, biosensors utilize a bioreceptor as recognition
element (a molecule capable of specifically binding to the
analyte) and a transducer (an interface such as electrodes or
nanoparticles) to convert analyte binding events into a read-
able signal. Analytical biosensors can provide accurate concen-
trations of the analyte due their linear relationship between
the concentration and intensity of the detected signal. As a
result, by means of a figure of merit, they provide an intuitive
way to compare the sensitivity between different biosensors.*
Based on the detected signal, biosensors can be classified as
optical (such as plasmonic biosensors), electrochemical, piezo-
electric, or magnetic biosensors.” Among these biosensors,
optical biosensors are one of the most commonly used tech-
niques for analytical biosensing due to their high sensitivity
and specificity, potential for multiplexing, low noise back-
ground, and small volume sample.*

There are several review articles discussing the plasmonic
biosensors which emphasize on different aspects of this field
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problems related to the implementation in such applications are discussed and an outlook is presented.

including the materials, fabrication method, and functionali-
zation. For example, J. R. Mejia-Salazar et al. reviews the
advances in plasmonic biosensing using new materials with
unique properties focused on the manufacturing of portable
devices.® Longhua Tang et al., on the other hand, specifically
reviews the advances colorimetric biosensors for molecular
diagnosis.” Other aspects such as chemical functionalization,®
and operating principles® of plasmonics-based biosensors have
also been reviewed in recent years. More recently, review articles
on the topics of comprehensive understanding and discussion
on expectations for the near future development of SERS,'° plas-
monic biosensors for point-of-care diagnosis applications,""
and carbon-based materials for SPR biosensors,'> were pub-
lished. Here, we highlighted the potential of plasmonic bio-
sensors in point-of-need applications with respect to the follow-
ing aspects: (a) the fundamental principles and mechanisms
that allow development of plasmonic biosensors, with emphasis
on metallic structures and graphene (b) the materials and struc-
tures used to transduce the analyte binding events into an
optical signal, (c) the applications to real life situations, and (d)
their future potential and limitations.

2. Fundamentals of plasmonic
materials

Plasmonics studies the interaction of light with metals or
metallic nanostructures. Other materials such as graphene
also exhibit plasmonic resonance due to the availability of con-
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ductive electrons. Plasmonics combines techniques from photo-
nics and electronics at the nanoscale to perform optical measure-
ments of spectra and refractive index changes (via reflection
angles) that are related to the chemical structure, or binding
events, and can help extract valuable information about the pres-
ence, concentration, or identity of molecules of interest."*"'* The
study of plasmonics relies on localized or propagating surface
plasmons (SPs), which are collective (coherent) oscillations of
electrons in the metal, and are generated by the coupling of the
incident oscillating electric field of the electromagnetic wave with
the electrons at the metal-dielectric interface.'®

The optical response of plasmonic materials can be
described via the dielectric function (or complex permittivity),
e(w), where w is the angular frequency of the light. For plasmo-
nic materials, the real part of the dielectric function is nega-
tive. Several phenomena can be observed when light interacts
with plasmonic materials, such as the generation of surface
plasmons (SPs) and surface plasmon polaritons (SPPs). SPs are
collective oscillations of electrons generated at the interface
between two materials where the sign of the dielectric function
changes, such as in the case of metal-dielectric interfaces,
where the dielectric is the positive-permittivity material and
the metal is a negative-permittivity material. This charge oscil-
lations generate an electromagnetic wave inside and outside
the plasmonic material which is either localized (in the cased
of closed structures such as very small metallic particles) or
delocalized (in the case of planar interfaces such as thin metal-
lic films). The collective charge oscillation and the associated
electromagnetic fields are called localized surface plasmons
(in the first case) or surface plasmon polaritons (in the second
case). The dispersion relation of different plasmonic materials
including gold and silver can be investigated via Maxwell’s
equations. At visible wavelengths, the electromagnetic energy
concentrates into subwavelength volumes at the surface of the
metal and overcomes the diffraction limit constraint of classi-
cal optics.'® The fundamentals of SPs and SPPs and their
ability to guide and confine light into the ultra-small subwave-
length scale has been extensively reviewed over the past two
decades in the context of nanophotonics research.'”° In
addition, these phenomena play a significant role in the
design and function of plasmonic sensors, leading to two
main techniques of plasmonic sensing: Surface Plasmon
Resonance (SPR)-based and Localized surface Plasmon
Resonance (LSPR)-based biosensing. Both SPR and LSPR are
sensitive to the change in the dielectric environment.>® The
specific detection methods will be discussed in later section.

For the metallic materials, the Drude model is commonly
used to characterize the dielectric function:

wp?
€prude = 1 — m:

where y is the electron collision frequency in the bulk, i is the
imaginary unit, and w, is the bulk plasma frequency of the
free electrons.”! It indicates that the optical properties of the
material will be affected by the incident light.
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The interaction between a metallic nanoparticle and the
incident light can lead to an increased photonic LDOS in the
vicinity of the structures, leading to changes in the optical pro-
perties of nearby molecules such as the spontaneous emission
rate.”> Thus, these interactions can be effectively used in the
enhancement and manipulation of light interaction with emit-
ters, opening a variety of applications in biosensing.'®** In
addition, the resonant frequency of the surface plasmons is
adjustable based on the size, geometry, dielectric environment,
material composition (see Fig. 1a and b) and separation dis-
tance of the metallic structures and will lead to opportunities in
designing specific structures for specific applications.>*

Transition from single plasmonic particle to multiple par-
ticles arranged in complex geometries leads to strong inter-
actions of plasmons in metallic nanostructures assemblies
that can help with the optimization of plasmon resonance fre-
quencies for applications in the field of plasmonic sensors.
For example, in the case of pillars, as illustrated in Fig. 1c, the
optical response of the pillars is determined by the near-field
interaction between neighboring elements. In the gold
monomer, common dipolar plasmon resonances are observed,
while in the heptamers with small enough interparticle gap
distance, the transition from isolated to collective modes is
observed. In addition, a pronounced Fano resonance dip is
observed that can be characterized by destructive interference
of oscillating plasmons of the central metallic structure and
the ring-like hexamer surrounding it. The existence of the
Fano resonance in metallic nanopillars aids tuning the
plasmon resonances for enhanced biosensing.>’

In order to understand the interaction of the incident elec-
tromagnetic field with the plasmonic nanostructure pillars in
close proximity, first, we demonstrate the strong electric field
induced by the field of the light in the confined surface of the
nanoparticle/disc. Consider an incident laser beam with
specific electric field E, shining on the surface of a round-
shaped metallic nanoparticle/disc in an array. The metallic
nanostructure first concentrates the light to an extremely small
(subwavelength) volume, which gives rise to a strong electric
field confinement at the surface of the single metallic disc,
Egurface, Which is greatly enhanced compared to the initial elec-
tric field of the beam, E,.'® The electric field at the surface of
single metallic nanoparticle/disc is derived using the following
eqn (1), and strongly depends on damping by absorptive pro-
cesses within the metal nanostructure, such as electron-
phonon oscillations and electron surface scattering, which can
be described by the imaginary part of the dielectric function.

(1+K)em E

(¢ + kém) (1)

Esurface =

where, k stands for the shape factor and ¢ and ¢,,, are dielectric
function and medium dielectric constant, respectively. The real
part of dielectric function is responsible for the frequency posi-
tion of electron oscillation resonance, and the imaginary part
controls absorptive dissipation of the resonance and broaden-
ing.*! The nearfield electric field E,y at distance r from the disc
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Fig. 1 The fundamental optoelectrical properties of metallic nanostructures and graphene. Schematic illustration of a localized surface plasmon
resonance (a). Plasmon tuning ranges of the common plasmonic metallic materials, Au, Ag, and Al (b). Extinction spectra of a gold monomer, and
gold hepatmers with different interparticle gap separations (c). Schematic of an ion-gel-gated graphene monolayer on a fused silica substrate
covered by ion-gel and voltage biased by the top gate (d). Fermi level variation of single-layer graphene modulated with electrical field (e). (a) is
adapted from ref. 46 with permission from The Royal Society of Chemistry, Copyright (2016). (b) is adapted from ref. 47 with permission from
American Chemical Society, Copyright (2014). (c) is adapted from ref. 25 with permission from American Chemical Society, Copyright (2010). (d) and
(e) are adapted from ref. 40 and 39 with permission from Springer Nature, Nature Photonics, Copyright (2018) and American Chemical Society,

Copyright (2011), respectively.

center can be approximated to be dipolar and quadrupolar decay-

ing with the distance r according to the following equation:
3pE,

dmegrt

ZaEO
=
" aneyrd

(2)

where a and p are polarizability tensors of dipole and
quadrupole, respectively. The plasmonic nearfield directly
affects the electronic transitions and consequently the emis-
sion properties of the optical emitters in close proximity.>*

366 | Analyst, 2020, 145, 364-384

By bringing two metal nanoparticle/disc in proximity of
each other, the nearfield of one can interact with the other
one. In a way that the electric field felt by each nanoparticle/
disc is equal to E, + E,¢ instead of E,. As a result of this interaction
the two, neighboring nanoparticle/disc will be coupled. This
coupling of oscillations is called plasmon coupling and is polariz-
ation-dependent which can be manifested in shifts of wavelength
in absorption spectra.*®*” Consider a polarized incident light
with direction parallel to the inter-particle/disc axis shine on

This journal is © The Royal Society of Chemistry 2020
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nanoparticle/disc pillar, the plasmon resonance will be red-
shifted relative to the resonance of individual nanoparticle/disc.
Lowering the gap-size between the particles/discs will results in
larger red-shift. This polarization dependence of the plasmon
coupling in nanostructure pillars is analogues to the absorption
spectra shifts in organic molecules upon oligomerization.>

While metals such as Au and Ag have been extensively
studied as plasmonic materials and have been reviewed
elsewhere,*®° novel materials that exhibit two-dimensional plas-
mons such as graphene are currently explored as potential plas-
monic materials in biosensors.>® Graphene addresses issues
such as limited tunability and large ohmic losses in coupling of
electromagnetic waves to the charge excitation at the surface of
sub-wavelength metallic nanostructures and offer tighter confine-
ment and higher tunability via electrostatic gating compared to
common metallic nanostructures along with longer propagation
distances.**** Graphene plasmons have vastly attracted investi-
gations both in the area of fundamental properties®**?*> and
their potential applications in biosensing.*®

An undoped graphene monolayer has a constant broadband
absorption equal to 2.3%.%”*® The optical absorption of gra-
phene is tunable via electrical gating by applying a voltage to
shift the electronic Fermi level. Fig. 1d shows a representative
schematic demonstration of a fabricated ion-gel-gated mono-
layer graphene transistor covered by ion-gel and voltage biased
by a top gate. In this example, gold was used as electrode
material and fused silica was used as substrate. Fig. 1e rep-
resents a schematic diagram demonstrating the modulation of
the Fermi level of single-layer graphene via an applied electri-
cal field. The positions of the Fermi level and Dirac point are
equal in undoped monolayer graphene. When a negative/posi-
tive gate voltage is applied, the Fermi level of graphene will
shift lower/upper vs. the Dirac point, which results in negative/
positive doping of the graphene monolayer. This further opens
up the possibility of controlling of its optical properties in
selected spectral regimes.’>'® Highly doped graphene has
been recently investigated as a potential plasmonic material
candidate because of its unique, tunable electrical pro-
perties.*” It has shown promising plasmonic properties in the
mid-infrared and terahertz spectral regions.*’™® Graphene
plasmon polaritons features stronger light-matter interaction,
slow light propagation, high Purcell factor, and single photon
non-linearities that have been fundamentally reviewed
previously.*’**** Tunable optical properties of graphene that
enable tunable plasmonic properties of this material via the
applied gate voltage leads to tunable light-matter interaction
which can be used in ON/OFF switch sensors.*

3. Potential for improvement of
plasmonic biosensors for applications
at the point of need

Over the past decades, plasmonic biosensors have been
studied and their performance characterized for numerous

This journal is © The Royal Society of Chemistry 2020
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applications in health, food safety, and environment monitor-
ing. One particular area of interest is for point of need (PON)
applications. PON applications, which include point of care,
are applications where diagnosis or monitoring is needed,
with recommendations for potential treatment, remediation,
or follow up to a more specialized institution. Low cost, high
sensitivity and specificity, fast response, possibility for multi-
plexed detection,*® and relative simplicity in operation make
plasmonic biosensors more attractive for these applications
over traditional biosensors.

The development and use of plasmonic biosensors for PON
applications involves multiple steps, such as design and fabri-
cation of substrates (Fig. 2a), functionalization of substrates
and preparation of samples, and detection of a signal indicat-
ing the presence and concentration of the analytes (Fig. 2b).
The working principles of these biosensors at each of these
steps are described below, together with opportunities to
improve their performance.

3.1. Basic concepts of biosensing

To evaluate the performance of biosensors, basic concepts are
commonly used such as sensitivity, selectivity, receiver operat-
ing characteristic curve, limit of detection, figure of merit, and
reproducibility. Here we provide a table summarizing their
general definitions and the specific meaning in the context of
plasmonic biosensing. The method of quantification (if appli-
cable) is then provided in each specific case. In addition to
these factors, specific factors related to plasmonic biosensors
can be defined, such as the SERS enhancement factor, which
is also discussed in the table below.

3.2. Materials

The selection of plasmonic materials as a medium for generat-
ing SPR or LSPR plays an important role in biosensing. As
mentioned above, plasmonic phenomena emerge when light
interacts at the interface between metals and dielectric
materials. In order to choose the optimum plasmonic
material, several factors need to be considered: the loss, the
reactivity, the resonant region (plasmon tuning range), and
the tunability of optical properties.

3.2.1. Losses. There are two types of losses in metals based
on the specific mechanisms of interaction: ohmic loss indicat-
ing the resistance for flowing electrons (described by the
carrier mobility, which needs to be high for good plasmonic
materials), and optical loss rising from electronic transit
(intra- and inter-band losses, which needs to be low). In
addition, the carrier concentration is another material prop-
erty that is important in the optimization of the material, as it
determines the wavelength range the material is active. High
carrier concentrations in metals leads to response in the
visible and UV range, while low carrier concentration in semi-
conductor materials and graphene leads to a response in the
infrared to THz range. Ohmic losses are the dominant loss at
high frequencies.”® At optical frequencies, the metals suffer
from the optical losses caused by the interband and intraband
transition. Optical losses in metals occur when free electrons
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Fig. 2 Schematics of biosensing based on plasmonic materials. The preparation of measurements: functionalized substrates (based on antibody/
antigen, aptamers, and molecular imprinting) of different materials and structures (a) and various detection methods (b).

transit from an occupied state to an unoccupied state.>' For
metals with high electrical conductivity such as silver, copper
and gold, their ohmic losses are relatively low. Although most
metals have low ohmic losses and high electrical conduc-
tivities, the optical loss is still a challenge. For example, silver
and gold have the best electrical conductivity, but the optical
losses are still an important obstacle for their development in
plasmonic device.* An ideal plasmonic material that would
exhibit low ohmic and optical losses are not available yet, and
therefore more research is dedicated to identify alternate
materials (besides metals), such as graphene.’® However, gra-
phene has low carrier concentrations and therefore is typically
active in the THz spectral range.

3.2.2. Chemical activity. This is also an important factor
that affects the plasmonic materials. In terms of activity, these
materials are divided into two groups based on their reactivity
compared with hydrogen. Gold, silver, mercury, and copper
are considered less reactive metals while other metals such as
aluminum, iron and zinc are more reactive. The most relevant
examples that highlight the significance of chemical activity are
alkali metals such as sodium and potassium. They exhibit low
losses that are comparable with silver and gold. However, their
extreme reactivity makes it difficult to store or fabricate these
materials.>® Au is, on the other hand, very stable in air. In con-
trast, Ag and Cu are less stable when exposed to air as they
oxidize easily in the presence of air.>® Another important prop-
erty of plasmonic materials is their potential catalytic activity
that may be useful in certain applications. For example, plati-
num and palladium have been used as plasmonic materials in
systems where the catalytic activity of the plasmonic material is
important to the overall device functionality.>*

3.2.3. Plasmon tuning range. The plasmon tuning range is
the optical spectral region where the plasmons generated at

368 | Analyst, 2020, 145, 364-384

the metal interface can be resonant with the incident light. In
addition to the carrier concentration of the material, tunability
can be realized by adjusting the size, shape, and spatial distri-
bution of the structures within the substrates.>® The resonance
can significantly enhance the desired signal when incident
light interacts with the plasmonic materials in the resonance
range. Once beyond the resonance range, the losses increase
rapidly, making the materials lose their ability to enhance the
signal. For practical purposes, with wider tuning range, more
applications can be explored. Compared to gold, silver has
larger plasmonic tunable range throughout the visible range
and extends in the UV range down to 350 nm.'**” The range
can be further extended in the UV by using aluminum, which
allows plasmonic down to
200 nm."’

Considering the drawbacks of metals, researchers are also

resonances approximately

searching for other materials as the substitute of metals. Due
to low carrier concentration, it is difficult to observe plasmons
in NIR or visible range for semiconductors.”> However, gra-
phene can potentially address this limitation due to their
unique plasmon dispersion properties that describe the
relation between carrier concentration and Fermi energy,>
which can be tuned by doping. Graphene has a very high
absorption capability with linear dispersion of Dirac fermions
enabling changing optical properties using electric gating.*'*”
Koppens et al. showed that in doped graphene the electrical
and mechanical properties entail partly from its Dirac fer-
mions charge (charge carriers at zero effective mass), which
allow micrometer-range travelling of charges without scatter-
ing. The surface plasmons bound to the surface of doped gra-
phene facilitate strong light-matter interactions due to very
small plasmon confinements in relation to the diffraction
limit. In addition, extremely strong light-matter interaction is

This journal is © The Royal Society of Chemistry 2020
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attainable at the quantum level.*® Thus, an advantageous
tunable surface plasmon spectra with hundreds of optical
cycles can be achieved. With sufficient large doping, it is poss-
ible to achieve low losses at NIR frequencies.>®

Low et al. reviewed approaches to chemically, electrically
and solid electrolyte gating of graphene to achieve higher con-
centration of free carriers per atom and using plasmonic gra-
phene as substitute for plasmonic noble metals in various
applications such as modulators, notch filters and mid-infra-
red photodetectors.”?

3.3. Structures

The plasmonic properties of the substrates in terms of the
resonance frequency and strength of the electric field are
affected not only by the materials but also by the structures of
substrates such as size, shape and geometry. As mentioned in
eqn (2), the electric field near the surface is related to polariz-
ability, which can be calculated using the dielectric function of
medium and the size of the substrate.”® Recent research has
been devoted to the study of substrate structures, from 0D to
3D (Fig. 2a and 3), from nanoparticles with different shapes
(spheres, semi-spheres, pyramids, nano-stars, etc.) to the depo-
sition of plasmonic materials on a series of substrates with
different nanostructures.

3.3.1. 0D and 1D materials. Among the simplest structures
widely used as plasmonic substrate are metallic nanoparticles

View Article Online

Tutorial Review

(NPs), which are 0D and 1D materials that exhibit significant
enhancement of electromagnetic field due to localized surface
plasmon resonance (LSPR) generated on the surface of NPs by
electromagnetic fields.*

When working with a nanosphere with a certain radius, the
plasmonic properties are easy to understand by calculating the
polarizability, which is related to the electric field. Among
nanoparticles, noble metals such as silver nanoparticles
(AgNPs) and gold nanoparticles (AuNPs) are most usually used
since they can enhance SERS signals more significantly."***¢*

When nanoparticles are designed in other shapes that are
more complex, such as nanostars nanofingers,”**® and
nanorods,*®® the plasmonic properties of the substrate are influ-
enced by the shapes as well. For example, the plasmonic pro-
perties of nanorods depend very much on the ratio of the semi
axes and head shape,®® while the characterization of nanostars
and nanofingers have to consider the tips and the center parts at
the same time.?° On the other hand, core-shell structures,®>”* 7>
can be considered as a single sphere with an equivalent radius.”

3.3.2. 2D materials. On the other hand, 2D substrates are
made in thin 2D films or sheets. They utilize propagating
surface plasmons and present very unique properties by
means of confining the free electrons in proximity of metal
surface.”* Typically, SPR biosensors are mostly based on gold
or silver films. This feature makes them more suitable for bulk

analytes compared to molecules.

Fig. 3 EM images of AuNPs deposited on carbonized paper (a), side view of a SERS sensor consisting of nanoporous PS-b-P2VP nanorods functio-
nalized with AuNPs connected to a nanoporous PS-b-P2VP membrane (b), Au nanorods (c), MoS,/silver nanodisk hybrid structure on a Si/SiO, sub-
strate (d), and Au-deposited quasi-3D plasmonic crystal (e). (a) is adapted from ref. 60 with permission from Elsevier Copyright (2017). (b) is adapted
from ref. 99 with permission from John Wiley and Sons, Copyright (2017). (c) is adapted from ref. 69 with permission from The Royal Society of
Chemistry, Copyright (2013). (d) is adapted from ref. 100 with permission from American Chemical Society, Copyright (2016). (e) is adapted by from
ref. 81 with permission from Springer Nature, Nature Communications, Copyright (2011).

This journal is © The Royal Society of Chemistry 2020

Analyst, 2020, 145, 364-384 | 369


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9an02149c

Open Access Article. Published on 12 December 2019. Downloaded on 10/30/2025 8:37:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

Other 2D structures include graphene and graphene oxide
(GO), which show promising potential for SERS technology
due to the high ratio of surface to volume, good electrical per-
formance, and high affinity for some molecules.”””® Graphene
grown on Cu foils was used as the deposition substrate for Au
nanoislands, which increases the enhancement factor.””

In addition to graphene, silicon is also considered as a
potential substrate for plasmonic materials. For example,
silicon nanowires (SiNWs) exhibit a number of unique pro-
perties such as the biocompatibility, the fast response and the
reproducibility that make it ideal alternative for the
biosensors.”®

3.3.3. 3D materials. Metals at nanoscale such as nano-
particles or nanorods are usually designed to generate so
called ‘hot spots’, which create intense localization of surface
plasmons and the enhancement is significantly increased. To
generate more hot spots, high dimensional nanostructures are
designed and fabricated recently, such as 3D structures. Wei
et al. reviewed different types of nanostructures that give rise
to hot spots.””®® 3D nanostructure-based plasmonic bio-
sensors show increased sensitivity due increased availability of
hot spots.®” Based on a series of different structures as sub-
strate or template such as latex particles array,**®* polystyrene
beads,®*®> nanospheres,®® polymer nanofingers®® and
compact disks”* to form various structures such as 3D
nanocups®*®®” or 3D nanobowls (exosome detection),®® metallic
films are shaped to get high density of hot spots. With an
etching mask providing quasi-periodic nanostructures, Au
deposition generated hot spots of high density.%’

Alternatively, 3D structures can be designed and fabricated
by combining nanoparticles with 3D substrates and templates.
These materials can be made by deposition or other methods.
For example, AgNPs or AuNPs can be deposited on paper/
paper fiber,”®" silicon wafer,* glass,’* or biological materials
with unique structures such as cicada wing segment with pat-
terned protrusion,®® dragonfly wing with disordered morpha,”*
and Mytilus coruscus shell offering several types of micro/
nano-structures,” crystal biosilica diatoms®™®” and even on
modified Nafion leafs.”® In addition to deposition, metallic
nanoparticles can also be encapsulated into mesoporous silica
structure.’® In these case, the plasmonic modes rise from the
electromagnetic coupling of nanoparticles oriented on the
nanostructured substrates.”®

3.3.4. Fabrication of plasmonic nanostructures. A variety of
methods has been used for the fabrication of plasmonic nano-
structures depending on the dimensions of the plasmonic fea-
tures. In general, there are two classes of fabrication tech-
niques: bottom up and top down approaches. In the bottom
up approach the plasmonic features are made via chemical/
electrochemical methods from their precursors. For example,
the metal nanoparticles (0D) can be produced through a
chemical reaction, where the particle is reduced from metal
ions by a reducing agent."®! The shape, size and surface chem-
istry of the synthesized nanoparticles can be adjusted accord-
ingly. On the other hand, the top down approach involves the
breakdown of the materials from large-scale into nano-scale
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structures.'®® For instance, a variety of lithography techniques
including soft lithography, nanosphere lithography,'®® and
electron beam lithography'®! have been used widely to fabri-
cate different plasmonic features such as nanoholes, nano-
posts, nano-cones, and nano-bowties.'® In addition, fabrica-
tion of 3D plasmonic nanostructured materials usually
involves a deposition step which can be performed using mul-
tiple techniques such as magnetic sputtering” and oblique
angle deposition® for metallic plasmonic structures and
chemical vapor deposition for graphene.>®

3.4. Functionalization of substrates

Due to the nature of the signal enhancement, which depends
on the electric field near the plasmonic structure, the signal
intensity is very sensitive to the distance between samples and
substrates. Therefore, careful design of the surface chemistry
is very important in the detection of analytes of interest.
Substrates can be classified into two broad types according to
whether or not they are utilizing a biorecognition element:
functionalized and non-functionalized. Functionalized sub-
strates use molecular interactions for specific detection (such
as antibodies, aptamers, or other small molecules designed to
specifically attach to the targeted analyte), and the analyte
binding to the biorecognition element will cause a change in
the detected signal.'” There are mainly three main types of
functionalization based respectively on antibody, aptamer, and
molecular template. Antibody/antigen-based functionalization
is based on the specific noncovalent binding of the antibody
to the molecule of interest. To further improve the sensitivity,
a secondary antibody construct can be applied to amplify the
detection signal.'®® The drawback of this approach, though, is
the fact that the analyte may be localized, after binding, too far
from the plasmonic substrate to be detected. Aptamers, on the
other hand, are oligonucleotides that have the ability to fold
into smaller 3D structures that enable them to specifically
bind to the analyte of interest via electrostatic interactions and
localize the analyte closer to the substrate. However, these two
methods mentioned above are usually not suitable for detect-
ing small biological molecules."®” One reason for this is the
fact that the recognition site in the biorecognition element
may be at a distance from the surface of the plasmonic struc-
ture. In this case, the signal generated by the small target
molecule decays rapidly with the distance, as described by eqn
(2), and the signal may be too weak to be detected. An alterna-
tive approach for small molecule detection is by using mole-
cular imprinting technologies. The template molecule (the
analyte to be detected) is used to generate a specific shape
hole in the template polymer leading to specific detection of
the analyte."”

Another method to address the limitation of sensitivity is
the use of non-functionalized substrates. In this approach, the
molecules of interest may bind directly to the plasmonic struc-
ture and generate a measurable signal. Multiple binding ana-
lytes may pose a problem in this case that limits the specificity
of detection. The advantage though is the fact that higher
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enhancement factors can be achieved due to closer proximity
of the analyte to the plasmonic substrate.'*®

3.5. Detection methods

Based on the detection method, plasmonic biosensors can be
divided into two types: SPR-based on flat thin film and LSPR-
based including scattering detection such as SERS, and
absorption, transmission, reflectance detection. In addition,
fluorescence based detection also draws a lot of attention."®

3.5.1. SPR. SPR is a label-free method that uses SPPs to
quantify molecular interactions. When light interacts with thin
metallic films (usually below 200 nm), SPPs are generated as
described earlier.” When incident light at a certain angle (reso-
nance angle) is absorbed by conduction electrons in thin
metal film or other conducting materials, causing them to res-
onate. When resonance occurs, the light is absorbed at this
SPR angle. This results in the significant reduction of reflectiv-
ity."'® SPR angle is dependent on the refractive index of the
medium. Consequently, when the refractive index of the sub-
strate, typically thin metallic films, changes, reflected light
that are not absorbed will be detected, indicating the change
of refractive index, which can be caused by the absorption of
target molecules to the probes functionalized on the metallic
films'"" (Fig. 4(a-c)). Therefore, SPR biosensors are very sensi-
tive to the change of refractive index of dielectric due to the
absorption event of analytes in the vicinity of the metal
surface.’® SPR biosensing is one of the mostly used tech-
niques as label-free detection method that avoids using
specific tags or dyes.'*>'"?

Biosensing methods based on SPR use total internal reflec-
tion of incident light at the metal-dielectric interface and the
generation of SPPs at certain angles. While several configur-
ations are possible, for an SPR system based on a prism
coupler, the wavevector of the evanescent field in response to
an electromagnetic wave of wavelength A incident at an angle
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propagating along (parallel to) the interface of prism-metal is
related to the refractive index of the prism and incident
angle."™

21 .
kevan = 7”" sin(0) (3)

where n,, is the refractive index of the prism.

Surface plasma wave (SPW) is an electromagnetic wave that
propagates along the interface between metal and dielectric.
The wavevector can be described as eqn (4):'*

w EMED
ksp = 2, [-EMED_ 4
T ém + €p “)

where o is the angular frequency of the wave, ¢ is the light
speed under vacuum, &y and ¢p indicate the dielectric func-
tions of metal and dielectric around metal, respectively. The
dielectric function is related to the refractive index n by
expression: n* = eu, where x indicates the relative permeability
and the value is close to 1 at optical frequencies. Therefore,
the dielectric function can be described as & = n’.

Resonance occurs when kgp = Kkevan, thus, the incident
angle, or the SPR angle necessary for resonance occurrence

can be calculated by the equations mentioned above:

. 1 np2e
Ospr = aresin | — ¢ [—2 M (5)
np \ np? + em

where np, is the refractive index of dielectric.

To improve the sensitivity of SPR biosensors, ie., to
increase the change in SPR angle or wavelength results from
the change of refractive index due to the absorption of analyte
on the interface of metal and dielectric,''® substrates as the
sensing platform play an important role, as indicated in eqn
(5), where the dielectric functions of the metal is involved.
Gold and silver thin films are most commonly used metals
due to their low loss compared to other metals. Graphene also

LSPR
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Fig. 4 The schematic of the mechanism of SPR (a—c) and LSPR (d—f). (a), (b), (e) and (f) are adapted from ref. 120 with permission from Elsevier,

Copyright (2016).
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shows enhancement on SPR sensing.''” Another way to
improve the performance is to coat the substrates with dielec-
tric layer."*® On the other hand, SPR signal can also be ampli-
fied by utilizing plasmonic nanoparticles. By binding nano-
particles, such as Au, the detected SPR signal can be enhanced
due to the localized and propagating surface plasmon.*®

LSPR. Different from traditional SPR sensors that are based
on metallic films, LSPR is generated usually on metallic nano-
particles or structures that generate localized electromagnetic
fields where the decay length is much shorter (Fig. 4(d-f)).
This confinement enhances the electric field at nanoscale
around the metal nanoparticles, and such LSPR is sensitive to
molecular binding especially for some small biological
molecules.'*!

3.5.2. Absorption/transmission. The way light interacts
with matter is related to the medium it passes. Not only the
reflectance and scattering are useful for the determination of
samples on plasmonic substrates, but other types of inter-
actions of light with the material, such as absorption and
transmission, also provide information about the samples,
therefore raising interest from the research community as
cheaper and simpler methods for real life applications."*>

3.5.3. Surface enhanced Raman spectroscopy (SERS).
Another way for LSPR analyte detection is by using Raman
spectroscopy, which is based on inelastic scattering of light
when it interacts with vibrations of chemical bonds. The fre-
quency of scattered photons is different from the frequency of
the incident photons, and it can be detected via a spectro-
meter and a CCD detector. Normal Raman spectroscopy
suffers from weak signal since the Raman scattering cross
section is very low compared with fluorescence. One way to
solve this problem is by using the phenomenon of enhance-
ment or amplification of the Raman signal by strong electric
fields, which leads to the technique of SERS. SERS utilizes
plasmonic substrates such as metallic nanoparticles and nano-
structures to enhance Raman scattering. Since the discovery of
this amplification phenomenon,'? it has been used as a tool
for sensing in a variety of applications. There are two primary
mechanisms responsible for SERS enhancement: electromag-
netic and chemical."** Electromagnetic enhancement is gener-
ally considered as the dominant mechanism. Electromagnetic
enhancement occurs due to the enhanced local electromag-
netic field on the substrate surface. When incident electric
field (light) is applied on the molecule of interest, a dipole is
induced in the molecule. Meanwhile, the plasmonic substrate
(e.g., particles) nearby the molecule also exhibits a dipole
upon the interaction with light. The dipole moment of the
molecule can then be calculated by the polarizability of both
dipoles and the incident electric field, which then in turn con-
tribute to the electric field leading to the increase in the
effective Raman polarizability. Raman enhancement is deter-
mined by the derivatives of the dipole moment of the molecule
and the dipole moment of the particle. It becomes stronger
when resonant oscillations are generated on the surface of sub-
strate. The scattering cross section positively related to the
Raman polarizability is then improved,'*® which then leads to
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stronger scattering intensity."*® On the other hand, chemical
enhancement is mainly dependent on the adsorption of
chemical molecules to the proximity of substrate surface so
that the interactions between electrons from the substrate and
the molecule are allowed to happen.**’

Similar to SPR, for LSPR and SERS, the localized electric
field relies on  the dielectric and  plasmonic
nanostructures.’®'*® The extinction spectrum for a sphere
(with diameter @) can be described as below:*°

 24nNaep’/?

Im(ey (4)]
B(@) = 21n(10)

(Refen ()] + xep)” + Im[en (7))

(6)

where y is the shape factor and N is the electron density. As
shown here, the geometry, such as the shape and size, and the
dielectric function of the nanostructures should be taken into
consideration when developing a LSPR biosensor. As discussed
before in section 3.2 (structures), various nanostructures
including nanoparticles and nanostructures have been demon-
strated.'® In addition to the structures, bringing analytes as
close as possible to the substrates is also important for both
SPR and LSPR. Thus, the functionalization (as discussed
before) is also explored by researchers.

Both SPR- and LSPR-based techniques show potential to be
used towards PON applications due to their high sensitivity
and specificity. From a practical perspective, more advances in
fabrication methods are needed to reduce the fabrication com-
plexity, achieve better defined and controlled nanostructures.
Moreover, the use of portable spectrometers that can now be
on the size of a cell phone also makes these techniques better
candidates for PON applications.

3.5.4. Photoluminescence.
when electrons are excited by the incident photons at a certain
moment and then undergo radiative relaxation. During this
process, photons are re-emitted."*® The luminescence is from
either the intrinsic properties of the analytes or the lumines-
cent labels tagged to specific analytes. The intrinsic (endogen-
ous) luminescence is mostly weak, thus it has low sensitivity.
For this reason, there are not many biosensors that are devel-
oped based on intrinsic luminescence. Another option to
avoid this issue is to use fluorophore tags (exogenous fluoro-
phores) that have high fluorescence quantum yield. When the
exogenous fluorophore is utilized, luminescence-based optical
biosensors need to capture the analytes close to the fluoro-
phore tags.”?° Fluorescence-based biosensors, as a type of
luminescent biosensors (with shorter lifetimes in the ns or
sub-ns range), have been widely used over the past decades.'*’
The fluorescence signal of the analyte or label can also be
enhanced by coupling with the confined surface plasmons
generated on plasmonics active substrates.’*> The quantum
yield of fluorescence is determined by the radiative decay rate
(when an electron goes back to ground state from excitation
with photon emission) and non-radiative decay rate (when an
electron goes back to ground state without photon emission).
When a fluorophore is near the surface of the plasmonic
materials that supports surface plasmons, both radiative and

Photoluminescence  occurs
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non-radiative decay rate would be changed due to the change
of LDOS, which hence changes the quantum yield."*" The
interaction between the fluorophore and localized/propagating
SPs can increase the intensity of the fluorescence by increasing
the excitation rate and fluorescence quantum yield. However,
when the fluorophore is too close to the plasmonic material
surface, Forster energy transfer between them will lead to
strong quenching and thus leads to lower fluorescence
quantum yield. Therefore, plasmonic substrates providing
optimal field enhancement are of interest when designing
fluorescence biosensors. Plasmon-enhanced fluorescence bio-
sensors can be divided into two types, based on SPs and LSPs
enhancement. Metallic films such as Ag and Au are commonly
used for SP enhanced fluorescence biosensor, while metallic
nanoparticles, nanoholes, and other nanostructures are gener-
ally used for LSP enhanced fluorescence biosensors.”*3!

Fluorescence biosensors utilize exogenous fluorophores to
record and measure analyte binding events. They provide high
sensitivity and specificity in the presence of interfering sub-
stances, but require additional preparation steps (labeling with
the fluorophore), which may in certain situations increase the
complexity of the biosensor, which may decrease its possibility
to be used in PON applications.

3.5.5. Other techniques. In addition to these techniques,
other related optical techniques such as Surface Enhanced
Infrared Absorption Spectroscopy (SEIRAS) and Tip Enhanced
Raman Spectroscopy (TERS) are presented below. Furthermore,
techniques aimed for ultrasensitive detection such as single
molecule detection and chiral plasmonics are described as well.

SEIRAS utilizes the enhancement of the absorption of infra-
red light by the molecule when the molecule is adsorbed on
nanostructured metal films."** The enhancement is attributed
to the excitation of the localized surface plasmon resonance,
the orientation of the vibrational dipole of the analyte, and the
change of the polarizability of the analyte. But the main
mechanism is usually considered as the electromagnetic
enhancement from the plasmon resonance excitation of the
metallic film."**

The most commonly used sensor configuration for SEIRAS
measurement is known as metal underlayer configuration,
where the metallic layer is under the sample but on the sup-
porting substrate. With this arrangement, the analytes can be
measured either in transmission configuration or attenuated
total reflection (ATR) configuration. For transmission measure-
ments,"?” the thickness of the metal film is less than 10 nm,
allowing for a large portion of the light to be transmitted,
while for ATR configuration the thickness can be up to a few
hundred nanometers.

As a surface sensitive technique, SEIRAS is commonly used
for near-field monolayer analysis, especially for the functional
and structural study of membrane proteins.'** However, con-
sidering the rapid decrease of signal with the distance from
the surface, the analyte has to be tethered extremely close to
metal surface. Therefore, to improve the enhancement, mole-
cules can be modified with high affinitive groups to metal
surface such as thiol group or carboxyl group.™*

This journal is © The Royal Society of Chemistry 2020
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However, applications to the measurement of analytes in
solutions are usually challenging due to the low infrared
absorption of the analyte and the interference of the strong
absorption band of water. Recently, plasmonic nanoantennas
were designed and fabricated to address these problems by
enhancing the absorption. For example, Naomi J. Halas et al.
designed antennas consisting of bowtie-shaped nanostructure
with a sub-3 nm gap, which confine the mid-IR radiation and
yield a high enhancement factor theoretically up to 10” for the
SEIRA signal."*® Moreover, Hatice Altug’s group has recently
reviewed the concepts and the engineering of the plasmonic
nanoantennas.'®” This group has also reported a platform for
molecular barcoding with pixelated dielectric metasurfaces*®
and a sensor utilizing Au nanoantennas with near-field
enhancement up to 1000 fold for the amide and methylene
infrared bands, which allows for resolving the interaction of
lipid membranes with different polypeptides in real time and
distinguishing multiple analytes with high sensitivity."*
These developments provide unique opportunities for finger-
printing of various molecules complementary to Raman
spectroscopy.

SEIRAS offers lower enhancement factor compared to SERS,
which makes it less competitive towards PON applications. It
still offers high sensitivity, thus for some applications with
moderate demand for sensitivity, it is still applicable.

TERS. TERS is a special approach in SERS where the
enhancement happens only at the tip of plasmonic cantilever.
The mechanism of TERS enhancement is similar to that
observed in SERS and is due to localized electromagnetic filed
and chemical enhancement. The metallic nanotip is respon-
sible for generating the electromagnetic field that is needed in
Raman enhancement and allows simultaneously for high
spatial resolution, while in other approaches such as SERS the
plasmonic substrates with rough surface allows for field
enhancement but no increased spatial resolution. The optical
setup for TERS detection combines a typical micro-Raman
system with a high-NA objective and an AFM controller to
align the metallic nanotip on the sample surface within the
laser focus.'™® As a sensitive spectroscopy technique at the
nanometer scale, TERS allows for the identification and
characterization of analytes such as biomolecules or bioparti-
cles. For example, Deckert’s group exploited this technique for
the discrimination of two viruses at single particle level by col-
lecting TERS spectra and then classifying them with chemo-
metric methods.'*' Meanwhile, they also performed the identi-
fication of DNA,** where TERS signal obtained with a silver
tip and gold substrate can reach sub-nanometer resolution
that enables the demonstration of the sequencing of single-
stranded DNA molecules. This further indicates that TERS has
the potential for high resolution Raman imaging of nano-
structures and for the sequencing of other biopolymers of
interest such as RNA and polypeptides. Lagugné-Labarthet
et al. also utilized TERS to investigate DNA in different
environments (such as free or in plasmid) and achieved a
spatial resolution down to 8 nm."** In addition to the appli-
cation to bioanalytes, they also explored the characterization of

142

Analyst, 2020, 145, 364-384 | 373


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9an02149c

Open Access Article. Published on 12 December 2019. Downloaded on 10/30/2025 8:37:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

biominerals via TERS, such as the interactions of the phospho-
protein osteopontin (OPN) with calcium oxalate monohydrate
(COM) crystals."** In this last application, TERS was uniquely
able to help understand the competitive processes of COM
growth and inhibition by OPN. Furthermore, TERS shows
promising potential for the diagnosis of Alzheimer’s disease
by distinguishing the natural Ab,_,, fibrils (wild type) that are
related to Alzheimer’s disease from two other toxic mutants,
ie., L34T and 0G37C."* Since the proportion of amino acids
in these three peptides is similar, it is very critical to examine
characteristic Raman amide I and amide III bands of which
the intensities are different in these peptides.

Compared to SERS, the enhancement factor of TERS com-
parable but with a higher spatial resolution since it addresses
the issue of optical diffraction limit of spatial resolution
observed in SERS.'® While TERS provides the above-men-
tioned advantages vs. SERS, it is complex, expansive, and com-
plicated to use, and therefore not suitable for PON
applications.

Single molecule detection has been achieved for SERS
detection, enabling a more profound and fundamental under-
standing the interaction between the plasmonic surface and
the analyte. Moreover, it allows for high sensitivity (low LOD),
which is essential for the development of biosensors. Single
molecule detection is possible when individual molecules are
captured and detected in a confined volume, or when sparsely
distributed molecules are detected in imaging mode.
Fluorescence based techniques are often used due to the avail-
ability of strong signals (large quantum yield) in the presence
of a dark background."*” Single molecule SERS detection has
also drawn a lot of attention during the past decades due to
the high enhancement factor within the hot spots. Compared
to single molecule fluorescence detection, single molecule
SERS avoids the labeling with fluorophores or dyes. Meikun
Fan et al optimized the distribution of AgNPs aggregates
evenly on glass surface, used as SERS substrate, and achieved
nearly single molecule detection."*® Another way to achieve
(near) single molecule detection is to generate hot spots that
capture a single molecule such that the signal from this mole-
cule dominates the signal from neighboring molecules due to
much stronger enhancement.'*® In addition, research has
shown that SPR-based techniques show potential for single
molecule detection by reducing the collection area using a
smaller aperture.’®® The ability to image single molecules by
SERS has been recently exploited for the development of bio-
sensors. The main advantage comes from the fact that the
LOD can theoretically become as low as one single molecule,
as long as a calibration curve can be generated for quantifi-
cation of the signal. In this case, plots of number of pixels that
exhibit SERS signal (or alternatively the total intensity of those
pixels) versus the concentration may provide the means for the
quantification. However, elaborate sample preparation
methods need to be used, as well as expensive and compli-
cated detection schemes need to be applied to record the
signal, which makes this technique unsuitable to PON
applications.
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Chiral plasmonics. Chirality refers to the asymmetry property
of some biomolecules, such as some amino acids and carbo-
hydrates, which are not superimposable with their mirror
images and only exist in one handedness. This property can
induce a phenomenon called circular dichroism (CD) that
refers to different optical responses of the chiral structures to
right- or left-handed circularly polarized light (RCP and
LCP)."! Techniques based on this phenomenon have emerged
in recent years, such as CD spectroscopy, which measures the
difference of the absorbance between left- and right-circularly
polarized light. CD spectroscopy can be used for structural
identification, chiral sensing, and medical diagnosis of bio-
markers of interest.'>®> However, the chiral optical response of
natural molecules is typically weak, which makes it challen-
ging for CD spectroscopy to become mainstream.

It has been shown that the CD spectroscopy signal can be
enhanced when the chiral molecule of interest is in the vicinity
with metallic nanoparticles due to near field enhancement
and it is known as plasma induced chirality.">* In addition,
when the plasmonic nanoparticles are arranged in chiral geo-
metries, strong plasmonic chirality is generated. There are
already review articles discussing the fundamental and pro-
gress in chiral plasmonics.’*>*** We would like to comment
here that chiral plasmonic biosensing is now still in a develop-
ment stage. Theoretical and experimental studies showing a
more comprehensive understanding of this phenomenon are
needed for designing chiral plasmonic biosensing systems
with better reproducibility. Thus, while possible, it is likely too
early to apply chiral plasmonics in PON applications.

4. Applications

Plasmonic materials are applied in many different biosensing
areas. Table 1 shows a brief summary based on reported appli-
cations within the past 5 years. We review publications aimed
at the characterization of substrates and (bio)materials, as well
as applications to environment monitoring, diagnosis, and
food safety. We highlight the analyte of interest, whether or
not they were functionalized, detection methods that were
used, the substrates used in these measurements, as well as
the sensitivity, specificity, ease of fabrication, response and
cost (if applicable).

4.1. Characterization of substrates and (bio)materials

There are numerous studies dedicated to the characterization
of plasmonic substrates and materials before these can be
applied to any area of application. These studies provide a
good indication about the performance for potential appli-
cation and allows for further optimization for targeted real
applications. Based on the specific area of application, the
analytes include proteins, DNA, bacteria, viruses, and other
biological particles such as exosomes.'**>

For different detection methods, certain test molecules are
generally used for the characterization of plasmonic sub-
strates. For example, 4-ATP and Rhodamine 6G are normally

This journal is © The Royal Society of Chemistry 2020
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Table 1 Basic concepts for the characterization of plasmonic biosensors
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Concept General definition Plasmonic biosensor Calculation

Sensitivity For medical diagnosis: the LOD, or How the measured signal changes =~ TPR = TP/P for medical diagnosis, or the
probability of detecting the analyte  in responding to varying concentration of slope of the calibration plot
(TPR) the analyte
The term is also used as the
minimum concentration of the
analyte that can be detected

Specificity For medical diagnosis: true The biosensor is able to detect and TNR = TN/N for medical diagnosis
negative rate differentiate the analyte of interest in the
The ability to distinguish the presence of other interfering substances
analyte in presence of other
components

ROC A tool to evaluate the classification = The performance balance between ROC curve is true positive rate versus false
performance sensitivity and false positive rate positive rate

LOD The lowest quantity of the analyte The minimum quantity/concentration of The ratio of 3 times SD of blank to the
that can be detected reliably the analyte that can be detected reliably slope of calibration plot*’

FoM A factor used to characterize the The parameter that can be used to LSPR: The sensitivity of the refractive
performance of a device, or characterize the biosensing performance index in terms of change in resonance
materials, etc. such as sensitivity, LOD etc. divided by resonance linewidth

SPR: Sensitivity (slope) divided by FWHM

Reproducibility The consistency of measurements The ability to obtain identical RSD or CV

with same methodology measurements from sample to sample,
time to time, spot to spot
EF The enhancement of SERS signal The parameter to evaluate the The ratio between the signal detected in

compared to Raman signal

enhancement of the Raman signal in the
presence of plasmonic structures

the presence of the plasmonic materials
to the signal detected in the absence of it

Abbreviation: LOD: limit of detection; P: positive; N: negative; TP: true positive; TPR: true positive rate; TN: true negative; TNR: true negative rate;
FP: false positive; FN: false negative; ROC: receiver operation characteristic; FoM: figure of merit; FWHM: full width at half maximum; SD:

standard deviation; RSD: relative standard deviation; CV: coefficient of variation; EF: enhancement factor.

used as probe molecules for substrate characterization for
SERS.®™" With these test molecules, the performance of the
substrates can be characterized either by sensitivity (limit of
detection), or by the enhancement factor. The performance of
the substrates will be compared to normal Raman measure-
ments to show the magnitude of surface enhancement due to
the plasmonic nanostructures designed. On the other hand, to
characterize an SPR system, which is highly sensitive to mole-
cular interactions on the surface of the sensing substrate,""
researchers focus on the characterization of binding events
such as antigen-antibody interactions, IgG examinations, or
other types of specific molecular interaction."*

The development of substrates should consider both the
analytes as well as the detection methods. For larger molecules,
such as proteins, the development of biosensors needs to take
into account the ability to capture the analytes into the vicinity
of the active part of substrates for higher sensitivity.'>® For SPR-
based methods, by selecting better materials, such as Au or Ag,
adjusting the thickness of sensing film, coating with other
materials or incorporating nanoparticles to combine LSPR,
higher sensitivity can be obtained.'”*'*” As for LSPR-based
detection, such as SERS, as discussed before, in addition to the
materials used, the fabrication of different shapes of nano-
particles, or nanostructures should be focused to achieve higher
EF or higher sensitivity by generating hot spots.*°

4.2. Environment monitoring

The importance of monitoring the environment is evident
with the increasingly serious problems related to the pollution

This journal is © The Royal Society of Chemistry 2020

of water and air. The development of biosensors can facilitate
the detection of pollutants in the environment in a direct and
reliable manner. The biosensors used for environmental moni-
toring are mostly focused on pesticides that are used for crops
or fruits, heavy metals in water that cannot be degraded,
pathogens such as bacteria, and other chemicals that are
potentially toxic or dangerous such as explosives.®**>'*® For
the detection of these pollutants in real life, it is crucial to
develop biosensors that can achieve rapid measurement of
samples, and easy accessibility for some situation such as low
resources environments.>%>'*?

To improve the performance of the substrates for plasmonic
biosensing, it is necessary to bring pollutants as close as poss-
ible to the surface of the plasmonic active parts. One way to
achieve this is by functionalizing the substrates with specific
recognition elements or by designing structures to allow for
the easy binding of analytes."> On the other way, considering
the chemical structures of analytes of interest, plasmonic
materials with higher affinity to analytes should be considered.
For example, AuNPs show high affinity to dithiolcarbamate
pesticides and SERS biosensors based on AuNPs have been
reported for their detection."®

4.3. Diagnosis for human health

Monitoring health at the point of need is one of the most sig-
nificant problem in our world, as it can lead to early diagnosis,
help understand disease progression, and provide data that
can be used to develop an optimal treatment scenario.
Plasmonic biosensors are good candidates for these appli-
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cations as they have the ability to detect analytes of interest
such as biomarkers related to diseases.'’ By quantifying the
biomarkers, specific health-related information can be
obtained. Many biomarkers (antibodies, proteins, nucleic
acids, and enzymes etc.) are the potential analytes to be moni-
tored for the diagnosis of diseases, such as Alzheimer’s, dia-
betes, and cancer.®*%%'¢11%% [n addition, they can also be used
for drug screening.'®

To capture these analytes from biofluids, specific receptors
such as antibodies, or ligands are immobilized on the sensing
substrates to bring the analytes closer to the sensing surface.®>
In addition, tags or probes are also introduced for the purpose
of improved detection. Therefore, the substrates should be
designed to allow functionalization and tuning of these recep-
tor elements.*® Consequently, the surface of the substrates
designed for plasmonic biosensors need to consider the
surface chemistry as well as the surface area to allow the
immobilization of the receptors and stable binding of the
analytes.'®*'®> Moreover, since the concentration of bio-
markers is important for clinical determination, plasmonic
biosensors used for diagnosis require high accuracy over the
desired concentration range.'®® Meanwhile, the need of diag-
nosis and disease progression monitoring in low resource
environments, at home, in remote locations, in disaster areas,
or for astronauts in space, drives the development of portable
substrates or devices based on plasmonic biosensors.

4.4. Food safety

Monitoring the food quality is of global concern since food
safety plays an important role in our daily life. The addition of
high level of contaminants or adulterants in food could pose
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severe problems for our health, especially for infants. For
example, high levels of heavy metals, plastic, or food additives
can lead to severe health problems.’®” In the application to
food safety, plasmonic biosensors are generally used to detect
chemical and microbial contaminants, such as the food color-
ants, food additives, or bacteria.'®®'®® Similar to environ-
mental monitoring, plasmonic biosensors designed for food
safety also require high sensitivity, simple preparation, and
rapid detection.'*>'7°

For the detection of chemical components such as small
analytes, the substrates can be engineered for specific binding
of these analytes.®®> However, for large analytes, such as pro-
teins, or bacteria, the sensitivity of detection is typically
lower'”" and functionalization of substrates with specific anti-
bodies or aptamers may be needed.'”?

4.5. Pon applications

To summarize, there are many factors to consider for the
development and evaluation of plasmonic biosensors towards
point-of-need applications. We mainly reviewed the potential
improvement for plasmonic biosensors from the point of view
of materials, the design of nanostructures, the functionali-
zation of the substrates, and finally the detection methods. For
these sections, the emphasis is focused on how the perform-
ance of the plasmonic biosensors are affected by the properties
of substrates.

When designing PON biosensors, it is important to address
not only parameters related to cost, size, and stability, but also
sensitivity, specificity and low limit of detection towards the
analyte of interest for that particular applications. For this, sig-
nificant effort is needed towards the design and preparation of

(a) (b) s (c)
N: nacre region;
Natural AMS: adductor 3/;;:30,1”}/
materials ’F';‘fsff:fr:s:'pnsm Cicida
g e wing (CW)
Mytilus coruscus shell
Nanostructures m l \ / / l
as supporting
substrate clip wing fragment Clip cicada wing
p g tragmy segment
[ 28 ]
Deposition of E >
plasmonic o R R—
? GO and AuNPs o
Physical vapor deposition of AgNPs Ag sputtering deposition g XGPS

Fig. 5 Representative examples of utilizing natural materials as supporting substrate: (a) AQNPs deposited on Mytilus coruscus (M.c) shell; (b) AgNPs
sputtered on dragonfly wing; (c) Graphene oxide (GO) and AuNPs deposited on cicada wing. (a) and (b) are adapted from ref. 93 and 94 with per-
mission under Copyright Clearance Center, Inc., Copyright (2019). (c) is adapted from ref. 178 with permission from Elsevier B.V., Copyright (2018).
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types of micro/nano-structures.”® Other natural materials, such
as (b) the dragonfly wing®* and (c) cicada wing,'”® combined
with different metals and structures, are more explored. The
utilization of the natural materials that can be readily obtained
not only improves the ease-of-fabrication but also reduces the
cost (Fig. 5).

Another important factor for PON applications is the dur-
ation of the measurement, which is mainly determined by the
detection methods. In general, the measurement of the plas-
monic biosensors based on SPR/LSPR is time effective, which
is determined by the incident exposure and collection time.
The recording time of the SERS spectra ranges from seconds
to minutes, which fulfills the demand of rapid measurement
for PON applications.

The ultimate goal in studying the plasmonic biosensors
that can be used for PON applications is for the development
of portable devices/platforms that can be easily operated with
high sensitivity and specificity, and rapid readout. Currently,
there are already several SERS substrates commercially avail-
able. Most of them use gold or silver as SERS active materials,
mostly AgNPs, AuNPs (RAM-SERS-AU/RAM-SERS-AG (Ocean
Optics), Q-SERS™ G1 (Nanova Inc.)), or the combination of
both (SERSitive). They are engineered on a supporting sub-
strate such as glass or nanostructured Si wafer by various
methods such as electrodeposition (SERSitive). The required
volume for the analyte is typically very small (micro liter level).
These substrates have been used for the identification of
various molecules of interest such as melamine and TNT, with
a low LOD.

However, several of the biosensor parameters described in
Table 1, such as the sensitivity, specificity, and reproducibility,
need to be further improved for successful applications in
medical diagnosis.

Overall, the development of plasmonic biosensors fulfills
basic requirement towards some specific PON applications
regarding the sensitivity, fabrication cost, response time, etc.
Even though there are still many challenges to be overcome for
wider implementation, they show promising potential for
future applications towards PON applications (Table 2).

5. Conclusions and outlook

The field of plasmonic biosensors has made great progress in
recent years, which prompted many research groups to explore
their potential in various fields and applications, such as
environment monitoring, food safety, and diagnosis. However,
taking these devices out of the lab into the field has been a
difficult task, with only very few examples of use in real life
applications, and in particular at the point of need. Due to
their ability to absorb visible light and convert it into a heat
signature, gold nanoparticles are currently used to improve the
sensitivity of lateral flow assays. In order for plasmonic bio-
sensors to expand their range of applications and become
mainstream it is critical to improve their sensitivity, specificity,
and reproducibility, as well as design and implement specifica-
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tions that allow for their use in conditions typically found at
the point of need. These include robustness, form factor, user
interface, response time, and cost. The ability to connect to
mobile devices for data transmission and analysis is also
important.

There are many factors playing an important role in design-
ing and fabricating plasmonic substrates. In the paper, we
reviewed the fundamentals of plasmonics, the optical pro-
perties of substrates, and the detection methods that are used
in the measurements of molecules of interest. Specifically, we
describe material properties that allow optimization towards
improved detection, the structures that allow for additional
tuning of material properties, the functionalization and
sample preparation, and the detection methods that can be
used. Other factors include the limit of detection and the
incorporation of LSPR devices into multiplexed platforms that
are still challenging.'®® Improving the sample-to-sample repro-
ducibility as well as reducing the sampling error is still
difficult because of the limit in controlling the size, shape,
and surface of the plasmonic nanostructures, especially for the
Ag or Au nanoparticles.'®"

We also reviewed in this article practical applications.
Significant progress has been made, as highlighted in this
review. However, most examples currently found in the litera-
ture include tests performed in the lab under controlled
experimental conditions. They describe substrate manufactur-
ing and functionalization, report improvements in detection
schemes, and demonstrate their applicability to the detection
of certain analytes. One drawback is the fact that in many of
the examples shown, the samples are simulated and measured
in the lab, and may not necessarily provide an accurate repre-
sentation of the complex situations in the field. This makes, in
general, the evaluation of the potential of these sensors
difficult. In conclusion, while plasmonic biosensors are not
currently found in many PON applications, the increased
quality of the data and exponential growth of the field demon-
strates that such applications are not far away.
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