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Abstract: Performance of photonic devices critically depends upon their efficiency on controlling
the flow of light therein. In the recent past, the implementation of plasmonics, two-dimensional
(2D) materials and metamaterials for enhanced light-matter interaction (through concepts such
as sub-wavelength light confinement and dynamic wavefront shape manipulation) led to diverse
applications belonging to spectroscopy, imaging and optical sensing etc. While 2D materials such as
graphene, MoS, etc., are still being explored in optical sensing in last few years, the application of
plasmonics and metamaterials is limited owing to the involvement of noble metals having a constant
electron density. The capability of competently controlling the electron density of noble metals is
very limited. Further, due to absorption characteristics of metals, the plasmonic and metamaterial
devices suffer from large optical loss. Hence, the photonic devices (sensors, in particular) require that
an efficient dynamic control of light at nanoscale through field (electric or optical) variation using
substitute low-loss materials. One such option may be plasmonic metasurfaces. Metasurfaces are
arrays of optical antenna-like anisotropic structures (sub-wavelength size), which are designated to
control the amplitude and phase of reflected, scattered and transmitted components of incident light
radiation. The present review put forth recent development on metamaterial and metastructure-based

various sensors.
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1. Introduction

A single event has never defined the emergence of a new and emerging field of science.
This is also true for metamaterials, a field that has gradually accumulated knowledge
through consistent and dedicated research over the past century. A major factor in the de-
velopment of antenna was technologies related to wireless communication. The scalability
and efficiency of these antennas and the simplification of underlying physical modelling
have great advantages over isolated antennas, such as reducing their size to that of the
wavelength of the light. Natural optical devices control the wave front of light such as
polarization, phase and amplitude. According to classical optics, atoms and molecules
composing the medium shape the behaviour of light in naturally occurring materials. As
a result of refractive index differences in the media, refraction, reflection and diffraction
can all be controlled. However, natural materials tend to have small deviations in their
properties when manipulated optically [1-5]. Various types and configurations of chemical,
bio, gas and refractive index optical sensors have already been reported. There are advan-
tages to both fibre-based and waveguide-based sensors. Some SPR and LSPR sensors are
growing rapidly and opening up a lot of possibilities [6—12]. Through the integration of
metasurface, a whole new world of senses can be opened up. Sensitivity can be enhanced,
detection accuracy can be improved and the size can be compacted.

Metamaterials are subwavelength periodic metallic and dielectric structures, exhibiting
properties that cannot be found in nature, which couple to the electric and magnetic
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components of incident electromagnetic fields. Over the past 15 years, this micro- and nano-
structured artificial media class has attracted considerable attention and produced ground-
breaking electromagnetic and photonic phenomena. Despite their potential, however,
the high losses and strong dispersion associated with resonant responses and the use
of metallic structures and the difficulties of fabricating 3D structures at the micro-and
nanoscale have largely prevented the effective use of metamaterials. Through lithography
and nanoimprinting, it is possible to manufacture planar metamaterials and metasurfaces
with subwavelength thickness. Wave reflection losses can be greatly reduced by applying a
very thin layer in the wave propagation direction. With metasurfaces, optical wavefronts
can be modulated into any desired shape, and functional materials can be integrated to
accomplish various objectives (e.g., altering amplitude, phase, polarisation). Moreover,
nonlinearity is greatly enhanced and enables active control. There has been increasing
interest in 2D planar metamaterials, namely metasurfaces. They can provide many of the
same phenomena as metamaterials, except that they are a fraction of a wavelength thin,
easier to fabricate, theoretically simpler to realise, and have negligible losses. It has been
used to realise many optical devices. Usually, metasurfaces engineer the wavefront of light
by abrupt phase changes [13-18].

Aside from superlensing, slow light and cloaking devices, refractive index (RI) bio-
sensing is the most realistic and representative application of them all. A change in the
RI results from biomolecular interactions occurring in analyte layers. Sensors such as
the electromagnetic (EM) RI can be used in a variety of chemical and biological sensing
applications due to their unique capabilities for sensitive and label-free biochemical assays.
The resonant EM spectrum that is dominated by the environment can be vastly tuned by
engineering individual MAs (meta-atoms) and their arrangements. This resonant property
allows variation in the scattering output spectrum, which is used to measure the RI of the
surrounding biomolecular analytes. Therefore, certain wavelengths and certain sensitivity
levels have to be designed in mass setups. Additionally, RI sensors based on metamaterial
(MM)- and metastructure (MS)-based sensing platforms have several advantages over
conventional surface plasmon polariton (SPP)-based biosensors. MM- and MS-based RI
sensors have superior performance than SPP-based sensors, primarily due to fabrication
tolerance and signal stability, as RI variation is detected through macroscopic optical
responses, mainly reflection or transmission of focused input beams [13,14]. The second
advantage of periodic MAs is lower radiative damping and a higher quality factor, provided
by interesting physical mechanisms such as plasmonically induced transparency or Fano
resonances. A single nanophotonic RI sensor can expand its capabilities if it is combined
with MM or MS. Combining multiple MAs in a unit cell or supercell can result in multiple
resonances and a broad range of slow light effects, which are difficult to achieve in SPP
sensors [19-27].

An overview of recent advances in EM MM and MS applications for various sensors
is presented in this review. Sensor applications can be divided into two major categories:
RI sensing with an optical response and MS sensing with the properties of light itself.

2. Fundamentals of Metasurfaces

MMs and MSs have centred attention of research fraternity due to their anomalous
and tuneable properties. MMs are made up of periodic subwavelength metal/dielectric
structures. These structures resonantly couple to electric and magnetic fields of the incident
electromagnetic waves. Optical properties of MMs and MSs are decided by geometrical
parameters of their constituents, called MAs. MA can be composed of one or more sub-
wavelength sized nanostructures of noble metals or high index dielectrics. Smith [28] and
Pendry [29] designed first artificial materials predicted theoretically far earlier in 1968 by
Veselago [30]. After that many new exciting functionalities have been achieved in MMs
such as negative refractive index, nearly perfect absorption, transmission and reflection
which have potential applications in superlensing, electromagnetic cloaking etc. At present,
MSs (subwavelength thick metamaterials) are replacing MMs that make it possible to
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achieve new applications such as planar lenses, generalisation of Snell’s law, ultrathin
invisibility cloaks to name a few [31-33]. They are easy to fabricate and cost effective in
comparison to MMs. They can give spatially varying optical responses (e.g., amplitude,
phase, polarisation), which are used to manipulate wavefronts into desirable shapes. Due
to their strong wavefront modulation capability in the sub-wavelength domain, various
meta-devices have been introduced in recent years, such as meta-lens, absorber, vortex
beam generator, holograms and many more. Generally, MSs are characterised into two
classes: plasmonic (metallic) and dielectric MS. In plasmonic MSs, collective oscillations
of electrons in a metal give rise to resonance, called localised surface plasmon resonance
(LSPR). Plasmonic MSs have advantages such as the ability to sense analytes directly at the
metal surface where field is confined strongly. This intense field confinement enhances the
light matter interaction with the analyte which strongly alters the spectral response. These
exciting properties make MSs a prominent candidate for sensing applications. However,
metals offer significant joule heating which can alter the property of the analyte. Further-
more, high dissipation can also give rise to low quality factor (Q-factor) in a resonator.
Q-factor is a measure of the energy stored in the resonator relative to the energy lost in
radiation or joule heating. Low Q-factor limits the detection sensitivity. To resolve the loss
issue, MSs are designed using dielectric nanoparticles which support electric and magnetic
modes based on the Mie theory. Dielectric MSs have larger Q-factor in comparison to
plasmonic MSs due to the absence of joule heating. However, the modes supported by
dielectric MAs are less localised and have larger mode volume. For the sensing applications,
dielectric MSs could be advantageous if large analyte volume is being used. Whenever
MS is illuminated with a broad light source, the wavelength corresponding to the resonant
wavelength is reflected due to the strong scattering, while the other wavelengths will pass
through. When the incident light coincides with the resonant wavelength, the near fields
of the MSs are increased in accordance with the Q-factor of the resonance. Therefore, the
interaction between incident light and analyte will enhance. Q-factor can be improved
via Fano resonance. Fano resonance is a type of resonance which results in asymmetric
line-shape. This asymmetric line-shape is due to interference between two scattering
amplitudes, one lies in the continuum state and the other lies in the discrete state. In
2007, N. I. Zheludev’s group observed Fano resonance for the first time in the microwave
frequency range using asymmetric split rings (acting as resonator) for MS [34—44]. Here,
Fano resonance is achieved by breaking the symmetry of nanostructures. In subwavelength
nanostructures, dipole moments are excited which usually have broad spectral response. By
breaking symmetry, narrow ‘dark” modes, which exist due to the higher order oscillations,
are excited and they interact with broad ‘bright” mode [32]. Fano resonance depends on
the degree of asymmetry of the MSs and refractive index of surrounding materials. In
Fano resonance, sharp resonance peaks with high Q-factor are observed. Due to high
Q-factor, Fano resonance MSs are seeing immense research attention. The above discussed
mechanism of MSs can be used for various optical sensing applications such as refractive
index sensing, chemical sensing, bio sensing and gas sensing.

3. Application of Metasurfaces in Analyte Sensing
3.1. Bio Sensing

MMs and MSs have opened new frontiers in many research areas. In particular, in
the sensing field, sensors based on these artificially engineered materials have an edge
due to high sensitivity and selective detection and measurement of biomarkers exploited
majorly for accurate and early diagnosis of disease conditions. MSs and MMs introduce
novel functionalities to conventional plasmonic sensors by enhancing sensitivity, limit
of detection and allowing low-cost fabrication, giving rise to hybrid sensing paradigm.
There are two primary types of plasmonic excitations, surface plasmon polariton (SPP)
and localised surface plasmon resonance (LSPR). The surface plasmon resonance (SPR)
sensors have been extensively investigated over the past few decades, resulting in many
research articles and several commercial implementations [45,46]. LSPR is produced by the
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oscillation of free electrons at confined metal (Au, Ag, Cu, Pt, etc.)-dielectric interface, such
as in metal nanoparticles, upon excitation by p-polarised light [47]. Some salient features
of plasmonic sensors include real-time monitoring of binding dynamics of biomarkers
on the device surface, reusability, fast response, straightforward sample treatments and
label-free detection at the point of care. However, conventional SPR instruments have
several limitations, including a lack of multiplexing capability and hence low throughput,
dependence on the specific binding surface, chemical inertness to metal surfaces leading
to reduced sensitivity, lack of wireless operation and risk of data misinterpretation [48].
Typically, despite the availability of different combinations of metal and dielectric materials,
substantial modulation of optical properties is not feasible, thereby lacking manoeuvra-
bility. In contrast, composite structures such as metamaterial and MS-based structures
with negative permittivity, permeability and perfect absorption, can be utilised to tailor
the optical properties near the metal-dielectric interface [49]. Plasmonic MS-based sensors
follow the fundamentals of optical properties near the MS-dielectric boundary. Russian
physicist Victor Veselago first introduced the theoretical approach of negative refractive
index (RI) material in 1968 [28]. The MM-based RI sensor was experimentally demon-
strated at microwave frequency in 2000 [31]. The MM-based plasmonic biosensor has been
successfully implemented in 2D and 3D nanostructures for different bio-analyte detection.
These sensors have drawn much attention due to their ultrahigh sensitivity compared to
conventional plasmonic biosensors [50]. Plasmonics and their meta configurations have
been utilised to detect a variety of viruses, including hepatitis B [51], Zika Virus [52], HIV
DNA [53], SARS-CoV-2 [54] and malaria [55]. This section presents a review of recent
meta-surfaced and meta-structured sensors for biosensing applications. This section is
subdivided into subsections based on the type of metastructure/metasurfaces used for
biosensing applications. The advantages and disadvantages (where applicable) of various
biosensors are then compared in Table 1 at the end of this section.

3.1.1. LC Resonator-Based Biosensors in THz/GHz Regime

Plasmonic MSs are composed of novel metals and tailoring their optical and geometric
properties will allow the detection of biomarkers and biomolecules with high sensitivity.
Such structures that operate in the terahertz/gigahertz (THz/GHz) frequency region, are
suitable for label-free and contactless sensing of different viruses, bacteria and cancer
biomarkers. The MM-based plasmonic sensor is generally modelled as an LC circuit, where
L stands for inductance and C stands for capacitance. The target analytes and biomolecules
bind to the nanoscale gaps of the MS, exhibiting a shift in the resonance frequency. This shift
in frequency/wavelength depends on the counts, concentration and binding properties
of biomolecules at the metallic surface. For instance, a MM-based plasmonic sensor was
proposed by Lee et al. to detect biotin and streptavidin. A split ring resonator (SRR)
was fabricated on a printed circuit board (PCB) with copper (Cu), nickel (Ni) and gold
(Au) as the metals [56]. A surface electric current was generated on the LC resonator
surface upon excitation by a time-varying magnetic field. Biotin and streptavidin molecules
bound covalently to the metallic gap, manifesting as a change in the capacitance of the LC
resonator and consequently resulting in a resonance shift proportional to the concentration
of the biomolecules. The observed resonance shifts were 120 MHz and 40 MHz for biotin
and streptavidin, respectively.

Kashiwagi et al. proposed a similar THz metamaterial made with an array of SRRs,
using inkjet printing of silver nanoparticles [57]. Inkjet printing provided a simple, robust
and cost-effective way of fabricating the SRR arrays on flexible paper and plastic substrates,
as is shown in Figure la—c. In this work, six different designs with line widths of 50 um,
100 pm and 150 um, and capacitive gaps of 50 um and 100 um were fabricated and analysed.
A total of 48 SRR sensors were fabricated per six different SRR patterns. The fabrication
error was minimal for 100 um and 150 pm line widths and 100 um capacitive gap. The
resonance frequencies were observed at 0.27 THz and 0.37 THz using THz time-domain
spectroscopy (THz-TDS) characterisation. Figure 1d,e demonstrates the transmission
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spectra of the SRRs for x- and y-polarised incident waves. A good agreement was observed
between the simulation and experimental results, as is evident from the transmission
spectra shown in Figure 1d,e. This multi-resonance sensor can be utilised for low-cost

biosensing applications such as viruses, proteins and other biomarker detection.

Table 1. Performance comparison of metamaterial-based biosensors.

References

Advantages/Disadvantages

Target Analyte

Sensor Configuration

Sensitivity

Frequency (f)/Analyte
Concentration Range/Limit
of Detection (LOD)

[21]

(+) Easy to fabricate at low cost.

biotin and streptavidin

Copper (Cu), Nickel
(Ni), and gold (Au)
printed on PCB

f range: 10.64 GHz to
10.84 GHz

(+) Low cost and easy inject

No specific

Ag nanoparticles on

(221 printing-based fabrication analyte stated paper and } frange: 0.1 THz to 0.5 THz
plastic substrate.
(+) Minimal number of virus
particles can be Metamaterial structure
,, detected efficiently 60 nm of PRD1 virus formed by 3 nm-thick 6 GHz- um? /particle to .
[24] (-) Sophisticated e-beam and 30 nm of MS2 virus Cr followed by 80 GHz- umzp/ particle frange: 0.5 THz to 1.5 THz
lithography was used to fabricate 97 nm-thick gold
the structure
(+) Faster detection in both air Yeasts and Escherichia
s eoviommens G DR, crznmand
- . Neurospora sitophila (98 nm) metal films ~11.6 GHz/number f range: 0.5 THz to 3 THz
[25] microorganisms
(-) Sophisticated e-beam (neurospora) and deposited on density LOD: 107 units/mL
evaporation-based metal rﬁsgreiﬁlh‘:) Si substrate
deposition and photolithography 8 8
(+) Higher sensitivity for four LC Aluminium layer
[29] resonator-based SRRs as Bovine Serum Albumin deposition by metal 85 GHz/RIU frange: 0.2 THz to 1.2 THz
compared to a single . hod LOD: 1.5 pmol/L
LC resonator evaporation metho
Cr (20 nm) and Au
e The epidermal growth (100 nm) bilayer film .
[30] ) Engsgicreid [S;::EE;’“Y by factor receptor coated with AuNPs and 1.5 to 3.9 GHz/pM Cfor;:grséi'2eT%Zﬂt\?[ iﬁgHi/I
g (EGFR) antibody arranged in a ’ 8¢ p
bow-tie configuration
(+) Better performance because of Doped and undoped Zgr? Z(I)g Eiﬂ}ﬁi&%ﬁl\?d
[33] the SiNy Film as compared to the protein thin films film deposited on x 4.05 x 1072 GHz/nm. frange: 0.1 THz to 1.2 THz
bare Si substrate (silk fibroin) si gva for
Alpha-fetoprotein (AFP) 3.8 GHz/(mu/mL) for
) . and Glutamine The 200-nm thickness of GGT-1I and .
(341 (+) High Q factor transferase isozymes II gold on the Si wafer 562.6 GHz/(ug /mL) frange: 04THz to 1.2THz
(GGT-I) for AFP
(+) FOM > 330
(+) Sensitivity several folds YOI Au nanorod on f range: 200 THz to 749 THz
(5] higher than the conventional Streptavidin-biotin alumina matrix >30,000 nm/RIU LOD: 300 nM
plasmonic sensor
(+) high FOM of 590 gold—-Al,O3 and
[40] (+) capable of detecting lower Biotin, BSA grating-coupled 30,000 nm/RIU f range: 150 THz to 600 THz

molecular-weight
(<500 Da) biomolecules

hyperbolic
metamaterial structure

Conc. Range: 10 pM to 1 uM

Further, Tao et al. proposed a cost-effective, disposable and easy-to-use SRR sensor
on a paper substrate for quantitative analysis of blood glucose, useful for on-site detection
and analysis in low resource settings [58]. Three LC resonator structures were fabricated,
two purely electric resonators (i.e., polarisation-sensitive and nonsensitive polarisation
resonators, both with a unit cell size of 100 um x 100 um) and a canonical SRR (with a unit
cell size of 50 pm x 50 pm). A photoresist-free shadow mask deposition technique was used
to fabricate the structures. The prototype structure was tested with glucose concentrations
ranging from 3 mmol L~ to 30 mmol L. SRR-based sensors also play a vital role in virus
detection. Park et al. proposed an SRR sensor for detecting low concentration bacteriophage
viruses with sizes ranging from 60 nm (PRD1 double-stranded DNA Virus) to 30 nm (MS2
single-stranded RNA virus) [59]. Since the size of these viruses was less than the scattering
cross-section of the incident THz wave, the shift in LC resonance frequency was owing to
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the variations in the dielectric constant of the split gap in the SRR array. Upon binding of
the virus particles to the split gap, the dielectric constant was changed, which resulted in a
shift in the resonance frequency, a phenomenon that was observed by the same research
group in another work [60]. The SRR structure reported in [59] was fabricated using e-beam
lithography followed by the e-beam deposition of thin films of gold (97 nm) and Cr (3 nm)
with a linewidth of 4 um, as shown in Figure 2. Solutions containing PRD1 and MS2 viruses
with a density of 10 /mL were used to quantify the sensor’s sensitivity. About 10 uL of the
virus solution was drop cast on a 10 mm? surface area. It was observed that the sensitivity
to the PRDI1 virus increased from 6 GHz um?/particle to 80 GHz pum? /particle (almost
13-fold improvement) as the gap width decreased from 3 um to 200 nm.
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Figure 1. A THz Split ring resonator (SRR) fabricated by inkjet printing of silver nanoparticles.
(a) Upper SRR array, (b) lower SRR array and (c) an overall view of the fabricated sensor. Transmission
spectra of the stacked SRR arrays for (d) x- and (e) y-polarised incident waves. Insets in (d,e) represent
simulated TE-modes at resonance frequencies [57]. © 2018, AIP Advance.

The detection of microorganisms has been studied for decades. Several organisms,
such as bacteria and fungi, are responsible for life-threatening diseases in humans, including
tuberculosis, asthma [61], gonorrhoea and meningitis [62]. Therefore, early identification
of these microorganisms is crucial to preventing the spread of infections and treating
them efficiently. Park et al. reported a THz biosensor to facilitate accurate and faster
detection of such organisms. A detailed overview of the device is provided in [60] and
illustrated in Figure 3. The THz wave propagation through the MM sensor was analysed
in response to fungi, which was bound to the metamaterial resonator split gap (length
2-3 um). SEM images of the penicillia-coated metastructure are portrayed in Figure 3a,b.
Furthermore, the work was extended by detecting the E. coli bacteria in an aqueous medium.
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Figure 3c denotes a schematic of the experimental setup and Figure 3d shows the percent
transmission change in different media. Moreover, antibody functionalisation was found
to be crucial for improved sensitivity. Figure 3e,f depicts the transmission spectra with and
without anti-E. coli functionalisation on the sensor surface. The shift in resonance frequency
was minimal without anti-E. coli functionalisation [60].

THz Metamaterials
B on silicon

Figure 2. (a) Schematic illustration of nano-gap metamaterial structure for THz sensing of viruses.
(b) SEM image of the viruses deposited on the structure with a gap width (w) of 200 nm. (c¢) Schematic
depiction of the measurement of the dielectric constant of virus layers using the THz metamaterial
structure [59] © 2017 Optical Society of America.
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Figure 3. Sensing microorganisms using THz metamaterials. (a) A schematic representation of sensing
of microorganisms with THz metamaterials. (b) A colour-enhanced SEM image of metamaterials
coated by penicillia. The inset shows a magnified image of the fungi located in the micro-gap.
(c) A schematic of bacteria (E. coli.) detection in an aqueous solution. The Si substrate was coated
with antibodies specific to E. coli. (d) Transmittance spectra of the E. coli-coated (density of 0.078 um?)
quartz substrate in aqueous (red line) and ambient (black line) conditions. (e) THz transmission
before (blue line) and after (red line) the deposition of E. coli on the functionalised metamaterials in
aqueous environments. Inset shows the dark-field microscopic image after the deposition of E. coli.
(f) THz transmission before (blue line) and after (red line) the deposition of E. coli on the sensor
without the antibody functionalisation. Inset shows the dark-field microscopic image after the
deposition of E. coli. [60] Copyright © 2014 Springer Nature, S. J. Park, et al.

Additionally, Chen et al. demonstrate an active metamaterial device capable of efficient
real-time control and manipulation of THz radiation [63]. Li et al. proposed high-sensitive
LC resonator structures to measure the high molecular weight protein BSA (bovine serum
albumin) [64]. The reported biosensor had four identical LC resonators in a unit cell and
was fabricated using a surface micromachining process with aluminium as the metal layer.
The fabricated sensor had an overall dimension of 10 mm x 10 mm. The sensitivity of
the biosensor was found to be 85 GHz/RIU, and a maximum resonance frequency shift
of 50 GHz was observed at a concentration of 765 pmol/L. The sensor was capable of
measuring the BSA concentration down to 1.5 pmol/L. The high sensitivity was achieved
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owing to the four identical LC resonators, which outperformed a single resonance-based
LC structure [64].

The sensitivity of MM-based THz biosensors can be further enhanced by adding gold
nanoparticles (AuNPs) to a metal film. In this regard, Liu and his colleagues provided an
efficient approach to increasing sensitivity to EGFR (epidermal growth factor receptor) in
the THz regime using a bow-tie metamaterial array [65]. EGFR is critical in the diagnosis
and prognosis of tumour tissues, cancer cell-like gastrointestinal cancer, lung cancer and
oral squamous cell carcinoma regrowth rate [66,67]. The proposed MM-based biosensor
reported in [65] had a bow-tie structure comprising an array of chromium (20 nm) and
gold (Au) (100 nm) bilayer films coated with AuNPs, which provided an extraordinary
sensing performance. The geometrical design along with the chemical functionalisation on
the metamaterial structure are depicted in Figure 4a,b. Furthermore, shifts in the resonance
frequency were analysed for different AuNP diameters. It was evident that increasing the
diameter of the AuNPs enhanced the resonance frequency shifts. Figure 4c-e demonstrate
the transmission spectra of the bow-tie structure in response to varying concentrations
of EGFR when coated with AuNP sizes of 5 nm, 15 nm and 25 nm. The frequency shift
increased with increasing AuNPs size when the sensor was functionalized with antibody.
Figure 4f portrays the frequency shifts with EGFR concentrations with and without antibody
functionalisation for different AuNPs size. The authors suggested that the sensitivity could
be tailored by optimising the MM design with a low absorption substrate such as a thin
film of silicon nitride instead of the bulk Si substrate [68]. Besides protein detection, this
design can be also reconfigured for detecting cancer cells and bacteria [65]. A different type
of bow-tie plasmonic antenna apertures was also reported in [69].

c d
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Figure 4. (a) Chemical binding of the antibody (Ab) molecules on the metamaterial surface. (b) The
physical structure of the sensor with AuNPs introduced on the bow-tie structure. (c) The transmission
spectra of a 5 nm AuNP-Ab functionalised sensor in response to EGFR. (d) The transmission spectra
of a 15 nm AuNP-Ab functionalised sensor in response to EGFR. (e) The transmission spectra of a
25 nm AuNP-Ab functionalised sensor in response to EGFR. (f) Shifts in the resonance frequency
for Ab functionalised bare metal structure (black line), 5 nm AuNP-Ab (blue line), 15 nm AuNP-Ab
(purple line) and 25 nm AuNP-Ab (red line) functionalised metal structures [65] © 2021 Optical
Society of America.

The water absorption bands in the THz regime (the translational mode centred around
~6 THz and rotational modes spanning from 10-20 THz) interfere with the detection of
low concentration analytes such as protein, virus and bacteria in a microfluidic channel,
thereby necessitating the reconfiguration of the sensing structure or selection of appropriate
wavelength regime [70]. Geng et al. integrated a microfluidic chip with an SRR-based
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metamaterial sensor to detect Alpha-fetoprotein (AFP) and glutamine transferase isozymes
II (GGT-II) for early diagnosis of liver cancer [71]. Figure 5a,b depict the schematic of the
proposed MM sensor integrated with a microfluidic chip and its equivalent electrical circuit
modelling with inductance and capacitance. Fabrication steps of the SRR structure included
RCA standard cleaning, lithography, deposition and lift-off, followed by the deposition
of a 200 nm-thick gold metallic layer using radio magnetron sputtering. Afterward, a
polydimethylsiloxane (PDMS) microfluidic channel was introduced to the surface in order
to control the sample volume needed for surface functionalisation. The results at each
fabrication step are highlighted in Figure 5c—g. The PDMS channel was peeled off prior
to the THz testing owing to the low transmission of PDMS in THz (less than 50%) and
high absorption of THz energy by water. The proposed design was analysed for three
different gaps in the SRRs (gap widths of 2 um, 4 um and 6 um). The characteristics of
the sensing performance were determined by FDTD simulation. With an increase in the
refractive index of the ambient medium, there was a blueshift in the resonance frequency.
Furthermore, an asymmetry was introduced to increase the Fano resonance of the SRR
sensor, which had a significant impact on the Q factor. Total resonance shifts of 19 GHz
and 14.2 GHz were observed for 5 pm/mL of GGT-II antigen and 0.02524 ug/mL of AFP,
respectively, with the SRR having two gaps. The sensitivity was found promising for
detecting cancer biomarkers.

3.1.2. Hyperbolic Metamaterials (HMMs)

SPR and LSPR sensors require bulky optical elements, including a prism, unsuitable
for label-free, point-of-care applications. LSPR, SPR and SRR-based metamaterial sensors
generally exhibit sensitivity around ~ 2 x 10> 2% [72,73]. Although grating-coupled SPR
sensors are not bulky, the sensitivity is lower than prism-coupled SPRs. Hence, it is very
challenging to detect highly diluted biomarkers. Recently, nanorod MMs showed ultra-high
sensitivity with promising biosensing applications [74]. Sreekanth et al. demonstrated a
plasmonic biosensor based on HMMs with sensitivity in visible and near-infrared regions
of the electromagnetic spectrum [75]. The HMMs were coupled with 2D gold diffraction
gratings, with an advantage of high tunability in the sensitivity and mode of operation
(from visible to NIR) achieved by modulating the geometry and grating parameters. The
structure was composed of 16 alternating layers of gold and Al,O3 (10 nm) thin films [68].
A metallic layer was added to the HMMs to diffract the incident wave that produced a
wide range of wavevectors inside the HMMs. The structure was demonstrated to detect
different concentrations of BSA and biotin ranging from 10 pM to 1 uM. One significant
finding from this work is the nonlinear variation of the wavelength shifts with analyte
concentrations. The sensor could detect low molecular-weight (244 Da) molecules down
to picomolar levels. The highest sensitivity of this proposed biosensor was 30,000 gy
with a figure of merit (FOM) of 590. FOM is defined as (AA/An) (1/Aw), where AA is the
wavelength shift, An is the change in the RI of the analyte medium and Aw is the full width
at half-maximum at the resonance wavelength. In conclusion, hyperbolic metamaterials
have considerable prospects in biosensing owing to their ultrahigh sensitivity and ultralow
detection limit.

3.2. Gas Sensing

Gas sensors (also known as gas detectors) are electronic devices that detect and identify
gases, including CO,, SO,, NOx and toxic and explosive gases. Gas sensors are employed
in factories and manufacturing facilities to identify gas leaks and detect smoke and carbon
monoxide emissions at home. Japan implemented the first semiconductor oxide-based gas
sensors in the 1970s [76], current-type oxygen sensors [77] and ceramic humidity sensors
for automatic cooking ovens [78]. Currently, semiconductor, electrolyte or catalytic com-
bustion type sensors detect gases such as methane, propane, carbon monoxide, ammonia,
hydrogen sulphide, oxygen, nitrogen dioxide, ozone, etc. These gas sensors are used in
safety industries for the detection of explosives [79], indoor air quality /HVAC industries,
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medical and life-science industries [80,81], aerospace industries, agriculture industries [82],
modified atmosphere packaging (MAP) industries, transportation industries, fire suppres-
sion testing, university research applications and many more. Different types of sensors
have already been studied for various applications and schemes, such as acoustic gas
sensors, carbon nanotube (CNT) sensors, catalytic gas sensors, electrochemical gas sensors,
thermal conductivity-based gas sensors, optical gas sensors, metal oxide semiconductor
(MOS)-based gas sensors, organic chemiresistive gas sensors, piezoelectric gas sensors,
photonic crystal-based gas sensors, micro-electro-mechanical systems (MEMS) and meta-
material absorber systems [83]. The electrochemical sensors can detect a wide range of
gases at low concentrations. Although optical fibre-based gas sensors provide dynamic
monitoring with high repeatability and reusability, they are still susceptible to ambient
light interference [84]. In contrast, the semiconductor gas sensors are mechanically ro-
bust [85] but exhibit nonlinear responses under environmental variations such as humidity
changes [86].

—

Rs Cs

Parameters :
7=90um
G=2, 4, 6um
W=6pm
R,;=24um
R~=30um

“Micropump

Figure 5. (a) The sketch of THz SRR biosensor integrated with a microfluidics chip. (b) RLC
equivalent circuit of the SRR. (c-g) Fabrication steps of the microfluidics integrated SRRs. (c) SRRs on
a 4-inch silicon wafer. (d) Four units of the SRR structure with one or two gaps. (e) The SU-8 mould
for microfluidics chip fabrication. (f) PDMS microchannel. (g) The final biosensor chip integrated
with microfluidics. © 2017 Springer Nature, Zhaoxin Geng, et al. [71].
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One approach to improving gas sensing performance is manufacturing artificially
engineered MM absorbers [87]. MM-based sensing can be realised in the microwave, tera-
hertz (THz), infrared (IR), visible and ultraviolet (UV) regimes. Due to controllable optical
parameters, the performance is enhanced by introducing plasmonics in a metal-insulator-
metal (MIM) structure [88]. Planar MIM (p-MIM) and vertical MIM (v-MIM) structures
are reported in the literature, but these structures inhibit interaction of the target analyte
with the hot spot region [89]. A vertically oriented channel MIM (c-MIM) structure was
proposed by Su et al. to overcome this limitation [90], where a plasmonic molecular region
(hot spot region) was introduced to provide enhanced sensitivity. This c-MIM structure was
demonstrated to detect carbon dioxide and butane gases. The higher sensitivity resulted
from the presence of a gap between the metal conductors. As a result, s-excited polaritons
were coupled in the gap, and this phenomenon is called channel plasmon polaritons [91].
Furthermore, Fano-like resonance was evident due to the combined response from plas-
monic resonance and the molecular vibration effect, which improved the sensitivity [90].
The device could detect butane gas down to 20 ppm. However, the current Occupational
Safety and Health Administration (OSHA) permissible exposure limit for n-butane is
800 ppm as an 8-h time-weighted average [92].

Much work has been conducted on mid-infrared gas detection using optical sensing
modality. For example, a metamaterial perfect absorber (MPA)-based CO; gas sensor
was reported with a sensitivity of 22.4 4+ 0.5 ppm-Hz %% [93]. Figure 6a illustrates the
metamaterial thermal emitter, and Figure 6b shows the schematic design of the unit cell of
the LC resonator. Figure 6¢,d denote the detector chip and the SEM image of the sensor cell.

This section is subdivided into subsections based on the type of metastructure/metasu-
rfaces used in gas sensing applications. Owing to the limited literature available for
metastructure-based gas sensors, this section is focused on CO,, NO, and H;, gases, where
CO, is a potent greenhouse gas, NO; is a toxic pollutant that contributes to producing
tropospheric ozone and H, that is a highly flammable gas. Finally, the performances of
various gas sensors are compared in Table 2 at the end of this section. Moreover, a critical
analysis of advantages and disadvantages (where applicable) of each sensor technology
is provided.

3.2.1. Metamaterial Perfect Absorber/Emitter

Global warming is increasing at an alarming rate, and the primary antagonist that is
responsible is CO, [94,95]. Additionally, the CO; flow control needs to be maintained in
health science and industry operations. According to a probability analysis, the long-term
limit for CO; lies within 300-500 ppm for 25 percent risk tolerance [96]. Therefore, novel
gas sensors must be designed to detect CO, levels in this range and beyond. Toward
this end, a MS-based perfect absorber design was reported to detect CO; at its signature
absorption band of 4.26 um [97]. The sensor was fabricated by depositing a perfect absorber
comprised of silicon nano-cylindrical meta-atoms (MAs) on a gold layer [97]. Moreover, a
thin layer of polyhexamethylene biguanide (PHMB) polymer was utilised as the CO, gas
absorption layer on top of the MS. The underlying physics is the absorption and desorption
of CO, gas molecules onto the PHMB layer, resulting in a corresponding change in the RI
of the polymer layer. Subsequently, there was a blue shift in the resonance wavelength.
Figure 7a,b depict the sensor structure and reflection spectra for increasing concentrations
of COy, respectively. It was evident that there was a blue shift in the resonance wavelength
with increasing gas concentrations, resulting in a sensitivity of 17.3 pm/ppm. Moreover,
the sensor had a wide detection range from 0-524 ppm. Although these results were based
on FDTD-based numerical simulation, the authors proposed a fabrication scheme as shown
in Figure 7c.



Sensors 2022, 22, 6896

12 of 29

QO

am ) Metal cross

Silicon resonator
. substrate (Cu)
| *
membrane l Dielectric
\
N

, spacer
! (Al,O5)

L

Metal
backplane
(Cu)

Metamaterial thermal emitter

Dielectric
membrane

Silicon
substrate

Metamaterial thermopile detector

Figure 6. Metamaterial components. (a—d) Metamaterial thermal emitter. (a) The MPA layer
(rMpae = 450 pm) is fabricated on a suspended dielectric membrane (rmeme = 550 pm) with an
integrated metallic heater (scale bar: 1 mm). (b) MPA unit cell. (c) The MPA layer (rypa g = 540 um)
is post-processed on top of a suspended dielectric membrane (rmem g = 700 um) with embedded
thermocouples (scale bar: 1 mm). CMOS circuitry for signal amplification and processing is integrated
on the same substrate. (d) Scanning electron micrograph of 6 x 6 MPA unit cells (scale bar: 4 um) [93].
Copyright © 2020 American Chemical Society.

With the advent of CMOS and MEMS technology, MM perfect emitter (MPE) structures
brought several folds of improvement to gas sensing [98]. CO, gas was detected in the
range from 0-50,000 ppm, with a five-fold increase in relative sensitivity as compared to
the conventional blackbody emitter. Moreover, the proposed sensor exhibited a resonance
quality factor of 15.7 at the centre wavelength of 3.96 pm for CO; sensing. Consequently,
the reported MM sensor was the first CMOS-compatible MPE structure with a high-quality
factor for NDIR (non-dispersive infrared) gas sensing applications. Additionally, the
fabrication process followed standard approaches such as thermal evaporation of the Cu
backplane, atomic layer deposition (ALD) of the Al,O3 spacer layer and lift-off and dry
etching with negative tone resist. Recent advancements in NDIR gas sensing have paved
the way for a better detection range with higher sensitivity. For instance, a metamaterial
emitter-based NDIR sensor demonstrated a four-fold enhancement in the emission intensity
as compared to a standard non-plasmonic emitter [99].
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Table 2. Performance comparison of metamaterial-based gas sensors.

Frequency (f)/Analyte
References Advantages/Disadvantages Target Analyte Sensor Configuration Sensitivity Concentration Range/Limit
of Detection (LOD)

f range: 60 THz to 150 THz
A gap between two 292 x 10~* 8
goFd electrodes - Conc. range: 20 to 388 ppm
& ppm LOD: 20 ppm

(+) Hot spot region to enhance the
[56] plasmonic molecular coupling and CO;, and C4Hjo
improve sensitivity

(+) compact
(+) sensitive
(+) Energy-efficient gas detection
(+) cascading the spectral responses of
MPAs on the emitter and the detector co Gold-coated Si spacer
to match the narrow absorption band 2 on a PCB board
of the target gas
(+) highly scalable due to monolithic
integration of MPAs into
CMOS devices

[58] 224 + 0.5 ppm-Hz %3 Conc. range: 0 to 5000 ppm

Nano-cylindrical

(+) Wide detection range meta-atoms on a gold

f range: 294 THz to 319 THz

[62] (-) Limited to purr}erlcal analys'ls and €O, layer deposited on a 17.3 pm/ppm Conc. range: 0 to 524 ppm
lacks physical implementation
quartz substrate
(+) Fabricated by a low-cost CMOS
MEMS technology
(+) A high-quality factor of 15.7 a cross-shaped top Cu
(+) features temperature-stable and resonator was separated
[63] angular-independent CO, from a Cu backplane by 1.7 x 10 %/ppm Conc. range: 0 to 50,000 ppm
emission characteristics means of a dielectric
(+) a 5-fold increase in relative spacer layer (Al,O3)
sensitivity compared to the
conventional blackbody emitter
) (+) Two wayelength—based Qual—mode polyethylenimine (PEI) Conc. range: 0 to 177 ppm
[65] multiplexed gas sensin, CO, olymer spun coated on 500 nm/RIU
P & & polymer sp LOD: 40 ppm
(+) fast response time (=2 min) AIN-Mo-Si :
From the top to the
bottom are: Au
nanodisk antenna, the Conc. range: 0 to 20,000 ppm
80 nm silicon dioxide LOD:
[68] (+) Multiplexed sensing of gases in H,S, CHy, CO,, CO, spacer, the Au Not stated 489, 63,2,11,17,27,54 and
a mixture NO, CH,0O, NO,, SO, backplate, the 75 um otstate 104 ppm for H,S, CHy, CO,,
lithium tantalate (LT) CO, NO, CH,0, NO,
substrate and the and SO,
100nm Au
bottom electrode
) nglélz;i‘léfgg,vze-usable Fe304 nanoparticles on f range: 200 MHz to
[72] . . NO, two square 0.2 MHz/ppm 800 MHz
(+) a new signature evolving at .
300 MHz ring-shaped slots Conc. range: 0 to 110 ppm
+) the presence or absence of H, can
p
be monitored by direct . .
- visual inspection Bimetallic Au/Pd f range: 333 THz to 750 THz
1751 (+) response time of only 10's Hz and N nanorod on a . LOD: 1% H,
(+) low-cost fabrication using a simple glass substrate
electrochemical technique
(+) large sensing area
(Jrr)o}(llriht:rselztrl:tt}r]eat Aluminium-doped Zinc f range: 250 THz to 333 THz
[79] (+) fast res onP;e in 10 min Hy oxide (AZO nanotubes) 0.0006 a.u./% Conc. range: 0.7 to 4%
P on Si0, /Si substrate LOD: 0.7%

(-) sophisticated ion reactive etching
and atomic deposition layer

Most of the previously mentioned work for gas sensors did not thoroughly investigate
the selectivity, a crucial figure of merit for gas sensors. Considering the limitation above,
Hasan et al. reported a hybrid CMOS metamaterial absorber with high selectivity in the
mid-IR region [100]. Metamaterial absorber type NDIR sensor converts light to heat energy
and can achieve high wavelength selectivity with controlled light-matter interactions. The
sensor fabrication started with an 8” silicon wafer patterned into the metamaterial structure
by deep UV photolithography. Afterward, the gas-selective layer was spun coated on
the wafer at varying speeds to form different thicknesses. The geometric and chemical
composition of the supercell structure is depicted in Figure 8a—c. The simulation results in
Figure 8d—h show no near-field interaction among the unit cells. This hybrid metamaterial
absorber offered a fast response and minimal hysteresis. Additionally, dual-mode sensing
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using coupling and non-coupling region of operation provides an efficient technique to use
the gas-selective polymer at its fullest potential for both low and high concentrations of
CO; gas. The steady-state response in Figure 8i indicates the maximum signal output of
the sensor in response to a particular concentration. The authors suggested that increasing
the effective sensing area could increase sensitivity at low concentrations to improve the
overall performance. Additionally, sensitivity can be enhanced through engineering the
gas-selective layer and controlling the metamaterial and absorber design to ensure better
light-matter interactions.

AOI=45 degree

Wavelength (am)
— No gas
— 215 ppm
e 262 ppm
— 328 ppm
366 ppm
— 434 ppm
— 524 ppm

Reflection

0.2 4

T T T T T T T
940 950 960 970 980 990 1000 1010 1020

Wavelength (nm)

Substrate

Figure 7. (a) A thin layer of PHMB functional layer was deposited on the perfect absorber metasurface.
CO; gas was detected via the wavelength interrogation method. (b) Reflection spectra for different
gas concentrations in the ppm range. (c) Proposed fabrication scheme [97] Copyright: ©2021 MDPIL.

Multiplexed monitoring of gases and classification of gas components in a mixture is
essential to cancel out the cross-sensitivity to interfering gases. Such sensors find numerous
applications in environmental monitoring and industry operations. For instance, in an
agriculture field, fertilisers are decomposed into potent greenhouse and toxic gases, includ-
ing NH3, NO, N,O, NO, and CHy, via ammonification and nitrification processes [101].
These gases have a substantial negative impact on the environment as they are the major
contributors to global warming. On the other hand, measuring and quantifying the gases
emitted in agricultural land is essential for optimising the application of agrochemicals,
which will lead to resource management while also reducing environmental pollution.
The mid-IR regime (e.g., from 2-20 um) is preferred for detecting multiple gases due to
the molecular absorption signatures of individual gas molecules. This broad wavelength
regime is called the molecular fingerprint region [102]. A multiplexed NDIR gas sensing
platform consisting of a narrowband infrared detector array integrated with plasmonic
metamaterial absorbers (PMA) was reported to detect multiple gases [103]. This sensor
suite exhibited a detection limit of 489, 63, 2, 11, 17, 27, 54 and 104 ppm for H,S, CHy4, CO,
CO, NO, CH;0, NO; and SO,, respectively. The PMA integrated pyroelectric elements
resolved different gas absorption levels. The geometrical properties and the metamaterial
plasmonic resonance were tailored to identify individual gas absorption levels from their
absorption spectra. Figure 9 shows the working principle and structure of the multiplexed
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gas cell with multiplexed gas absorption spectra for CO, NO, NO,, CH,O, NO,, H,S
and SO».
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Figure 8. (a) Proposed ‘hybrid metamaterial” absorber integrated with thin-film membrane for selec-
tive gas sensing. (b) FESEM (field emission scanning electron microscopy) image of the metamaterial
array (inset shows the unit cell). (c) Design of the supercell composed of unit cell I and unit cell II for
multiplexed sensing. (d) Simulated reflection spectrum of the supercell geometry overlaid by the
gas-selective layer. Polarisation of the incoming radiation is fixed along y-axis (e), (f) electric field (at
xy plane) and magnetic field (at xz plane) distribution, respectively, when unit cell I is resonant at
5.25 um. (gh) Electric field (at xy plane) and magnetic field (at xz plane) distribution, respectively,
when unit cell II is resonant at 6.75 pm. (i) Steady-state sensing characteristics of the multiplexed
platform. Inset: fabricated superpixel. (j) Dynamic absorption behaviour within the spectral window:
5-8 um. (k) Differential absorption at steady state fitted under two parameter exponential models
(f(x) = a * exp(b * x) + ¢ * exp(d * x)) indicating saturation behaviour of the sensor as the gas
concentration increased in continuous mode. The fitting values of a, b, c and d are 0.04555, 0.0004665,
—0.04551 and —0.0691, respectively, with R-square value of 0.9993 [100]. © 2018. Published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.2.2. Complementary Split-Ring Resonator

NO; gas is one of the most toxic gases that critically damages the environment. NO,
exacerbates respiratory diseases such as asthma [104] from a medical perspective. From
a global warming perspective, NOy is also responsible for the depletion of the ozone
layer [105]. Consequently, detecting the biohazardous oxides of nitrogen is crucial yet
challenging [106]. Gas sensors with high sensitivity, quality factor, reasonable detection
limit, fast regeneration and high selectivity are being researched to detect NOx gases.
A Fe304-mediated complementary split-ring resonator (CSRR)-based MM structure was
reported [107]. The proposed metasurface comprised of two square ring-shaped slots with
the resonant frequency centred at 430 MHz and an additional signature around 300 MHz.
The CSRR metamaterial structure was laid on an FR-4 epoxy (&, = 4.4, thickness = 0.8 mm)
substrate. The device could detect NO, concentrations ranging from 0-110 ppm. The
gap in the copper CSRR was functionalised with the Fe3O4 nanoparticles to trap the NO,
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molecules leading to a variation in the dielectric property and hence capacitance. The sensor
demonstrated a sensitivity of 0.2 MHz/ppm with fast regeneration and good repeatability.
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Figure 9. The spectral and near-field properties of the plasmonic metamaterial absorber. (a) Scanning
electron microscope (SEM) image of the gold nanodisk antenna array. (b) The distribution of light-
induced current density magnitude ]| and current density vector ] in the yz cut-plane of the
MIM absorber. (c) The measured absorption spectra of eight fabricated MIM absorbers and the
infrared absorption bands of eight target gases: H,S, CHy, CO,, CO, NO, CH,0O, NO, and SO;.
(d) Schematic diagram of the gas sensing system based on the proposed NDIR architecture with an
array of narrowband PMA-integrated pyroelectric elements used as the spectral sensor. The method
comprises three modules: a broadband light source, a gas cell and a multi-element sensor, together
with necessary focusing optics. (e) The geometry of the narrowband detection element. From top to
bottom are the Au nanodisk antenna, the silicon dioxide spacer, the gold backplate that is also used as
the top electrode of the pyroelectric element, the lithium tantalate (LT) substrate and the bottom gold
electrode, (f) the integrated package of the multiple pyroelectric elements with different detection
wavelengths. [103] © Springer Nature 2020, Nature Communication.

3.2.3. Metal-Insulator-Metal

Hydrogen is a renewable energy source for the next generation of energy-efficient
industries yet is considered an explosive gas [108]. Hp has a high-risk explosion factor, and
nearly 4 to 75% is deemed explosive [109]. Hence, close monitoring of the sub-ppm level of
H, is essential. Optical sensors are preferred over electrical sensors for H, sensing due to
the spark ignition risks. Plasmonic gold nanorod, nanoparticles-based devices have drawn
much attention to H, gas sensing. Pd metal has a high affinity toward hydrogen. Nasir et al.
reported a bimetallic Au/Pd nanorod-based sensor for monitoring Hy [110]. Phase change
material has also been extensively studied for H, gas sensing [111]. Beni et al. [112] reported
a plasmonic MIM comprised of a phase change material (Y or WO3) sandwiched between a
Pd nanodisk at the top and an Au mirror at the bottom for H; gas sensing. The Y and WO3
materials exhibited opposite trends in phase change under H, exposure [113]. For instance,
the conductive Y metal became more dielectric and showed a blueshift in the reflectance
dip, while WO3 became more metallic and demonstrated a redshift in resonance under
hydrogenation. The sensor exhibited a response time of only 10 s, which is commensurate
with the industry standard. In another work, aluminium-doped zinc oxide (AZO) was
used for low concentration (0.7%) hydrogen detection [114]. SiO, layer was deposited on
top of a Si wafer, and AZO hollow nanotubes were standing on the SiO, layer. Advanced
ion reactive etching and atomic deposition layer (ALD) techniques were employed to
fabricate the AZO hollow nanotubes. Figure 10 depicts the AZO configuration and H,
sensing results.
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Figure 10. Scanning electron microscope (SEM) images of the fabricated AZO (a,b) nanotube and
(c,d) pillar structures with a pitch of 400 nm, the diameter of 300 nm and height of 2 um. The wall
thickness of nanotubes is approximately 20 nm. (e) The response of the AZO nanotubes before and
after intercalation of 0.7% H; gas and upon exposure to (f) 0.7% Hy, (g) 2% H, and (h) 4% H; gas at
the wavelength range of A = 300-1500 nm [114] © The Royal Society of Chemistry 2020.

3.3. Chemical Sensing

One of the first MM-based chemical sensors was proposed in 2013 by Withayachum-
nankul et al. for simultaneously identifying methanol and ethanol at an operating frequency
of 1.9 GHz [115]. Afterward, various features were incorporated, such as a microfluidic
channel for detecting isopropanol, D glucose and methanol [116] and the separation of
ethanol and DI water [117]. In addition to integrating the microfluidic platform, the utili-
sation of metamaterial as an absorber has also been proposed [118-121]. A paper-based
flexible and wearable metamaterial sensor for distinguishing oil, methanol, glycerol and
water is noteworthy [122]. However, these sensors suffer from a low-quality factor. Re-
searchers have overcome this limitation by choosing substrates with reduced loss [123,124]
and using different resonator design approaches [123,125]. Recently, various MM-based
chemical sensors have been reported for commercial purposes [125,126]. A G-shaped
resonator was developed with an improved quality factor (Figure 11 shows a comparative
analysis between simulation and experimental measurements) to differentiate between
pure and used transformer oil, diesel, corn oil, cotton oil, olive oil, aniline-doped ethyl
alcohol and benzene-doped carbon tetrachloride [127].

Carbon nanotube (CNT)-based SPR metastructures have also been reported where
the Fano model was used to optimise the sensor performance. The device demonstrated a
sensitivity of 1.38 x 1072 /ppm from 1-10 ppm and 3.0 x 10~3/ppm over 10 ppm [128].
Moreover, a metamaterial-based CSRR sensor was fabricated on Roger RO3035 substrate
with a thickness of 0.75 mm, a relative permittivity of 3.5 and a loss tangent of 0.0015. To
improve the sensitivity and Q factor, the chemical samples were introduced to a capillary
glass tube placed in parallel to the sensor surface [129]. Figure 12a,b show the geometric
features of the sensor and Figure 12c—e show the physical implementation. To distinguish
branded diesel o0il from unbranded oil, a MM-based sensor incorporating a microstrip
transmission line was developed [130]. MM-based transmission line sensor has also been
used to investigate the contamination of branded local spirit by methanol [131]. The
sensor demonstrated a high sensitivity to detect methanol content with a bandwidth of
150 MHz. A highly sensitive SRR metastructure integrated with a PDMS microfluidic
channel has been reported for glucose monitoring [132]. An interdigitated capacitor was
utilised to intensify the E field, thereby improving the sensitivity over a wide range of
glucose concentrations (i.e., 0 to 5000 mg/dL) [132].
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Figure 11. (a) Design of the inductive and capacitive components in the proposed structure. (b) Equiv-
alent circuit diagram of the proposed metamaterial-based sensor. (c) Simulation and (d) experimental
transmission spectra in response to clean and waste transformer oils [127] Copyright © 2022 Else-
vier BV.

Another interesting metamaterial-based chemical sensor was developed by incorpo-
rating multiple symmetrical double SRRs. Such a structure holds promise in multi-band
sensing of chemicals [133]. The core feature of this sensor lies in a miniaturised, reusable,
label-free and non-destructive metamaterial-microfluidic combination to determine the
chemical property of liquids. Figure 13 illustrates the theoretical electrical and magnetic
field distributions, proposed design with the equivalent circuit diagram and the simu-
lated and measured performance. Likewise, a phase change material derived from the
Ge;Sb; Tes (GST) combination was used to develop a temperature tuned sensor for detecting
haemoglobin and urine (Figure 14) [134].

Leitis et al. developed a novel germanium-based MS that adsorbed molecules over
a broad spectrum from 1100 to 1800 cm ! with a substantially high Q factor [135]. This
novel structure combined angle-multiplexed refractometric sensing with the chemical speci-
ficity of infrared spectroscopy, thereby eliminating the need to use complex spectroscopic
equipment or tunable light sources. Figure 15 illustrates the detailed mechanism of light
incident at varying angles, the result and the corresponding shift in the resonance peak and
the near-field coupling between the dielectric resonators and the molecular vibrations of
the analyte.

In recent years, metamaterial-based chemical sensing has drawn much attention in
the MHz, GHz and THz, regimes [136-140]. Table 3 outlines some recently reported MM
chemical sensors as well as a critical analysis of advantages of each sensor technology.
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Figure 12. Geometric dimensions of the flat sensor structure (a) top view; (b) bottom view. S21
parameter simulations. Fabricated sensor prototype: (c) top view; (d) bottom view; (e) flat sensor
with embedded tube [129] Copyright: © 2022 MDPI.

— Efield b
— - H-field

DSRR
A
T4 Cs
2
Microf 3 p LRs
channe Tout i Y
C4'+single DSRR —— Symmetric DSRRs d —O— Calculated Result
—o— Experimental Value of Symmetric DSRRs 0
{Resonator Resonator A
] Lsg=165 pH Lsp=151 pH
; Csp=3.232pfF  Con=251pF
D P _ My=0.98
[ { Mg=0.98
8.27 GHz\d) 1689 GHz 18.21 GHz
66 69 7.2 7.5 7.8 81 8.4 60 65 7.0 75 80 85
Freq(GHz) Freq (GH2)

Figure 13. Electrical analysis of the MIM sensor. (a) Cross-section of a microstrip transmission line
with a pair of DSRR and its electric field (E-field) and magnetic field (H-field) distribution (Thickness:
t; = 3.5 um, tp = 0.609 mm, t3 = 3.5 pm). (b) The equivalent circuit of DSRR. (c¢) The calculated
results from the equivalent circuit of the microfluidic sensor by ADS software. (d) The simulated
and experimental 521 spectrum of single or symmetric DSRRs. Points A and B represent resonances
excited by single and dual resonator B, respectively. Points C and D represent resonances excited by
single and dual resonator A, respectively [133] Copyright © 2018, Nature, Scientific Reports.
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Figure 14. Schematic diagram of the GST-assisted metamaterial-based cubic and cylindrical res-
onators. (a) A 3D view of the sensor. (b) Top view of the metamaterial cubic resonator. (c) Full
view of the metamaterial cylindrical resonator. (d) Side view of the sensor. The bottom layer of the
structure is made of aGST/cGST. The biomolecule attaches to the top of the sensor. The incident wave
is excited along the z-axis. Dimensions of the structure are S; = 800 nm, h = 600 nm, hy, = 2000 nm,
g1 = 1400 nm and L = 2000 nm. (e) Real and imaginary components of the refractive index of aGST
and cGST are in the range of 1.5-1.65 um. (f) The dimension of UC1is L x L = 2000 x 2000 nm?,
g1 = 1400. (g) The dimension of UC2is L x L = 666 x 666 nm?, g1 ~ 466. (h) The dimension of UC3
isL x L~ 400 x 400 nm?, g; ~ 280 [134] Copyright © 2021, Nature, Scientific Reports.
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Figure 15. Angle-multiplexed broadband fingerprint retrieval. (a) A germanium-based high-Q all-
dielectric metasurface delivers on-demand resonances at a specific resonance frequency n for every
incidence angle q with broad spectral coverage. Continuous scanning of the incident angle produces a
multitude of resonances over a target fingerprint range, realising an angle-multiplexed configuration
ideally suited for surface-enhanced mid-IR molecular absorption spectroscopy. (b) Strong near-field
coupling between the dielectric resonators and the molecular vibrations of the analyte induces an
apparent attenuation of the resonance lineshape correlated with the vibrational absorption bands.
(c) Angle multiplexing combined with the spectral selectivity of high-Q resonances allows for broad-
band operation and straightforward device implementation. (d) The chemically specific output signal
of the device scheme in (c), which is determined by the imaginary part k of the analyte’s complex
refractive index n~ (a.u., arbitrary units) [135] Copyright © 2019, Science Advance, Leitis, et al.

Table 3. Performance comparison of metamaterial-based chemical sensors.

References

Advantages/Disadvantages

Target Analyte

Sensor Configuration

Sensitivity

Frequency (f)/Analyte
Concentration Range/Limit
of Detection (LOD)

[o1]

(+) real-time
(+) fast
(+) low cost
(+) durable
(+) accurate detection

Clean and waste
transformer oil,
Corn, olive and cotton oils,
branded and unbranded
diesels, aniline-doped
ethyl-alcohol and
benzene-doped
carbon tetrachloride

Copper pad on both
front and backside of
FR-4 substrate

250 MHz/ 0.11 &,

f range: 8 GHz to 12 GHz
LOD: Not stated (detection
was based on separation of

resonance peaks)

[93]

(+) Linear relationship between

pesticide concentrations and
transmission amplitudes

2,4-dichlorophenoxy acetic
and chlorpyrifos solutions

multiwalled CNT arrays
on a silicon substrate

1.38 x 10’2/ppm
from 1-10 ppm and
3.0 x 1073 /ppm over
10 ppm

Conc. range: 1-10 ppm and
10-80 ppm

[97]

(+) improved sensitivity due to
the integration of inter-digital

capacitor (IDC) topology

(+) better frequency resolution

compared to existing SRRs
(+) simple design
(+) easy fabrication
(+) economical

Glucose

Copper SRR made on
Rogers RT6006
substrate and integrated
with PDMS
microfluidic channel

0.026 MHz/(mg/dL)

frange: 3 GHz to 5 GHz
Conc. range: 0-5000 mg/dL
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Table 3. Cont.
Frequency (f)/Analyte
References Advantages/Disadvantages Target Analyte Sensor Configuration Sensitivity Concentration Range/Limit

of Detection (LOD)

(+) miniaturised
(24 * 15 * 0.6 mm?)
(+) reusable
(+) label-free
(+) non-destructive

Copper coated with
3.5 um thick Ni/Au

Conc. range: 0-100% of

[98] (+) smaller sample volume Ethanol-water mixture layer on Rogers 2.1 x 10° Hz/% ethanol in
@ LI; 4003c substrate water-ethanol mixture
(+) multi—betlnd sensing (0.203 mm thick)
(+) better linearity in ethanol
sensing (—2.80%)
amorphous GST (aGST) 82“5];1219& ;?d/ (I){IIIU f range: 181 THz to 200 THz
Haemoglobin, and crystalline GST ) Conc. range: 1040 g/L for
[99] (+) Tunable response . L haemoglobin, and .
urine (cGST) in different haemoglobin, and
dosi 1000-2333 nm/RIU -
esign structures when tested on urine 0-10 mg/dL for urine
(+) Optimised asymmetric
electric split-ring resonator
(AESRR) topology .
(+) distinguish liquids and Pceg?ri)(;;l,
solid dielectric materials with Sunfl . ’ d oil Ie pad on LOD: Not stated (detection
[101] bigger frequency shift and unzower seed ot opper pad o 0.612 was based on separation of
higher sensitivit Soybean oil, FR-4 substrate resonance peaks)
g(+) low-cost ¥ Isopropyl alcohol, ethyl P
) r::l’-tci;)r?e acetate, ethanol
(+) high sensitivity
(+) high robustness
(+) compact design on a
(i;llgle PCBt C d Conc. range: 0-100% of
[102] oW cos Ethanol-water mixture Opper pad on 0.57 ethanol in
(+) contactless FR-4 substrate hanol mi
(+) reusable water-ethanol mixture
(+) easy to fabricate
(+) high sensitivity detection of .
[103] scattered data Glucose (If:%pfer E ad on 0.0125 dB/(mg/dL) érange. 22 Gllgg t;)ol(’a).S GH;I
(+) adequate penetration depth -4 substrate one. range: 100-300 mg/
f range: 333 THz to 1000 THz
) - . . Al coated periodic Conc. range:
[104] (+) Ultralow limit of detection anti-BSA nanopillar arrays 0.14 ng/mL 0.001-1000 ng /mL
LOD: 1 pg/mL
Au coated cross and
[105] (+) No pretreatment required Vitamin D star shaped 500-800 nm/RIU LOD: 86 pM
nanostructures on

silicon substrate

4. Future Trends in Metasurfaces for Sensing Applications

The rapidly evolving fields of nanophotonics have opened new frontiers in meta-
materials, plasmonics and photonic crystals. Some promising recent research progress
in metasurfaces include holographic displays, polarisation conversion, phase modula-
tion and high-resolution imaging [141,142]. Recently, the combination of deep learning
with nanophotonics and metasurfaces is being studied extensively. For instance, a global
optimisation algorithm was developed by Jiang and Fan to train a generative neural net-
work for inverse design of metasurfaces [143]. Such a technique can play a profound
role in optimising the architecture of metasurfaces and metastructures for a variety of
applications. Despite the advances in metamaterial-based structures, there is a need for
low-cost and scalable production of these metastructures in order to facilitate large scale
production of biomedical sensors and systems. In this regard, some promising avenues
include three-dimensional (3D) printing, chalcogenide materials and hardware and soft-
ware co-design. Integration of novel biomaterials with 3D printing results in cost-effective
and scalable prototypes and architectures. Over the last few decades, several 3D printing
techniques have demonstrated unprecedented performance in terms of producing fea-
tures with micro/nano resolution. Some well-known high-resolution 3D printing methods
include stereolithography [134-147], digital light processing [148], multiphoton polymeri-
sation [149], fused deposition modelling [150,151], coaxial extrusion [152], material jetting
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and binder jetting [144]. With the appropriate biomaterials and 3D printing technique, it
would be possible to produce next generation of metastructures with unique properties,
tunable electro-optic and thermo-optic effects and analyte sensing functionalities, while
also facilitating low-cost and roll-to-roll fabrication. On the other hand, from materials
perspective, chalcogenide phase-change materials (that include sulphides, selenides and
tellurides) have opened a new era of adaptable metastructures [153]. Particularly, germa-
nium (Ge)-antimony (Sb)-telluride (Te) alloys exhibit large refractive index contrast (e.g.,
An =~ —1.5 at 405 nm wavelength) and almost three orders of resistivity change, which are
desired features for rewritable optical disks [154,155] and electronic memories [156,157].
These materials, when embedded into the micro/nano photonic platforms, will lead to
reconfigurable metastructures employed in biosensors with desired properties such as
ultra-high sensitivity, high selectivity, tunable and wide dynamic range, multiplexing capa-
bility and high robustness. Seamless integration of nanophotonics platform with artificial
intelligence and machine learning would enable the optimisation of design constraints such
as cost, performance and power consumption of biosensors [158]. Hence, from the above
discussion, it can be concluded that there are huge prospects for integrating metasurfaces
with novel fabrication techniques, materials or data analytics to realise a new paradigm of
bio/gas/chemical sensing.

5. Conclusions

In summary, we have discussed the primary applications of MS sensors in healthcare
diagnosis, biomolecule detection, virus, bacteria, fungi detection, cancer detection, etc. The
world is currently facing one of the life-threatening pandemics caused by the SARS-CoV-2
virus. Therefore, an early and accurate diagnosis of the virus with the help of a MM-based
biosensor can prove to be a life saviour in this regard. The fascinating part of the MM
sensor is its dual mode of operation, where both plasmonic, optical interaction and chemical
reaction can play their role, and the sensitivity is tremendous. Additionally, the design
mechanism has a feasible fabrication scheme with a low cost of operation. The chemically
active layer in the biosensor can easily bind a broad range of antibodies. With the MM part,
the sensitivity manifolds as compared to those of the conventional SPP-, SPR- and optical
fibre-based biosensors. Recently, in situ monitoring and lab-on-chip operation have become
the prime concern for researchers in the bio sensing field. With the help of embedded
systems and machine learning, these sensors can collect numerous data remotely, predict
future physiological conditions and prevent an outbreak of a future pandemic. Like the
biosensing application, gas and chemical sensing are necessary for the growing industry in
the 21st century. The produced gas is generally detected with bulky and low sensitivity
optical fibre or metal-oxide-semiconductor sensors for different chemical processes in the
industry. Plasmonic, CMOS absorber or emitter and MEMS technology have made MM
gas sensors cost-effective and compact, with a sensitivity of around 5 to 10 times that of the
conventional sensors. The industry and the environment need monitoring to detect any
hazardous gases, such as greenhouse gas emissions. The MS-based gas sensor has proven
effective in detecting multiple gases with high repeatability and low regeneration time (10 s
Industry standard). As discussed in the application section, these MM gas sensors detect
gas in a low concentration (0.7% to 2%) range. Moreover, these sensors can be easily tailored
for the desired mode of operation as the geometry of the MM sensor controls the sensing
characteristics. Recently, multiplexed detection [119,159-161] is a fascinating invention that
can be adopted to MM sensors. This approach helps detect target gases in a gas mixture in
the Mid-IR gas fingerprint regime. Further, this method can be improved by controlling
the chemically active polymer layer, plasmonic nanoparticles and MM geometry design.
Finally, we can manipulate the characteristics of MM materials to fabricate sensors as per
our needs.



Sensors 2022, 22, 6896 24 of 29

Author Contributions: S KM, S.T. and A K.M. discussed the plan and agreed on it. All authors
drafted designs for the manuscript. The manuscripts were written by S K.M., S.T., A K.M., S.N. and
M.K. They all reviewed and commented on the original draft of the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This material is based upon work supported by ST’s University of Texas Board of Regents
Rising STARs award and the National Science Foundation award under Grant No. ECCS-2138701.
Any opinions, findings, and conclusions or recommendations expressed in this material are those of
the author(s) and do not necessarily reflect the views of the National Science Foundation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Smith, D.R.; Pendry, ].B.; Wiltshire, M.C.K. Metamaterials and Negative Refractive Index. Science 2004, 305, 788-792. [CrossRef]
[PubMed]

2. Valentine, J.; Zhang, S.; Zentgraf, T.; Ulin-Avila, E.; Genov, D.A ; Bartal, G.; Zhang, X. Three-dimensional optical metamaterial
with a negative refractive index. Nature 2008, 455, 376-379. [CrossRef] [PubMed]

3. Hsu, L,; Ndao, A.; Kanté, B. Broadband and linear polarization metasurface carpet cloak in the visible. Opt. Lett. 2019, 44,
2978-2981. [CrossRef] [PubMed]

4. Qian, C.; Zheng, B.; Shen, Y.C,; Jing, L.; Li, E.P; Shen, L.; Chen, H.S. Deep-learning-enabled self-adaptive microwave cloak
without human intervention. Nat. Photonics 2020, 14, 383-390. [CrossRef]

5. Cheng, B.H,; Lan, Y.-C.; Tsai, D.P. Breaking optical diffraction limitation using optical Hybrid-Super-Hyperlens with radially
polarized light. Opt. Express 2013, 21, 14898-14906. [CrossRef] [PubMed]

6. Azad, S.; Mishra, S.K,; Rezaei, G.; Izquierdo, G.; Ung, B. Rapid and sensitive magnetic field sensor based on photonic crystal fiber
with magnetic fluid infiltrated nanoholes. Sci. Rep. 2022, 12, 9676. [CrossRef]

7. Mishra, SK.; Mishra, A.K,; Misra, K.P.; Verma, R.K. Detection of alcohol content in food products by lossy mode resonance
technique. J. Electrochem. Society 2022, 15, 32-38.

8.  Mishra, S.K,; Thiong, J.-M.-M.; Wagnac, E.; Petit, Y.; Ung, B. A sensitive and fast Bragg grating-based investigations of the
biochemical dynamics of in vitro spinal cord injuries. Sensors 2021, 22, 1671. [CrossRef]

9.  Pathak, A.; Mishra, S.K.; Gupta, B.D. Fiber-optic ammonia sensor using Ag/SnO, thin films: Optimization of thickness of SnO,
film using electric field distribution and reaction factor. Appl. Opt. 2011, 54, 8712-8721. [CrossRef]

10. Azad, S.; Khosravi, M.; Nikzad, A.; Mishra, S.K. A novel contemporary molecular imprinting techniques for nan enzymatic
selective glucose detection. Opt. Laser Technol. 2022, 148, 107786. [CrossRef]

11.  Shrivastav, A.M.; Mishra, S.K.; Gupta, B. Localized and propagating surface plasmon resonance-based fiber optic sensor for the
detection of tetracycline using molecular imprinting. Mater. Res. Express 2015, 2, 035007. [CrossRef]

12. Mishra, S.K,; Verma, R.K,; Mishra, A K. Versatile sensing structure: GaP/Au/Graphene/Silicone. Photonics 2021, 8, 547. [CrossRef]

13. Zhang, X,; Liu, Z. Superlenses to overcome the diffraction limit. Nat. Mater. 2008, 7, 435—-441. [CrossRef] [PubMed]

14. Cheng, B.H.; Ho, Y.Z.; Lan, Y.-C.; Tsai, D.P. Optical Hybrid-Superlens Hyperlens for Superresolution Imaging. IEEE ]. Sel. Top.
Quantum Electron. 2013, 19, 4601305. [CrossRef]

15. Murray, W.A.; Barnes, W.L. Plasmonic materials. Adv. Mater. 2007, 19, 3771-3782. [CrossRef]

16. Larouche, S.; Tsai, Y.-].; Tyler, T.; Jokerst, N.M.; Smith, D.R. Infrared metamaterial phase holograms. Nat. Mater. 2012, 11, 450-454.
[CrossRef] [PubMed]

17.  Giney, D.O.; Koschny, T.; Soukoulis, C.M. Reducing ohmic losses in metamaterials by geometric tailoring. Phys. Rev. B 2009, 80,
125129. [CrossRef]

18. Liu,N.; Guo, H.C,; Fu, L.W.; Kaiser, S.; Schweizer, H.; Giessen, H. Three-dimensional photonic metamaterials at optical frequencies.
Nat. Mater. 2008, 7, 31-37. [CrossRef]

19. Wu, PC,; Liao, C.Y,; Chen, ].-W,; Tsai, D.P. Isotropic Absorption and Sensor of Vertical Split-Ring Resonator. Adv. Opt. Mater. 2017,
5,1600581. [CrossRef]

20. Holloway, C.; Dienstfrey, A.; Kuester, E.F.; O'Hara, ].F; Azad, A.K,; Taylor, A.J. A discussion on the interpretation and char-
acterization of metafilms/metasurfaces: The two-dimensional equivalent of metamaterials. Metamaterials 2009, 3, 100-112.
[CrossRef]

21. Holloway, C.; Kuester, E.F.; Gordon, J.; O'Hara, J.; Booth, J.; Smith, D. An overview of the theory and applications of metasurfaces:
The two-dimensional equivalents of metamaterials. IEEE Antennas Propag. Mag. 2012, 54, 10-35. [CrossRef]

22.  Minovich, A.E.; Miroshnichenko, A.E.; Bykov, A.Y.; Murzina, T.V.; Neshev, D.N.; Kivshar, Y.S. Functional and nonlinear optical

metasurfaces. Laser Photon Rev. 2015, 9, 195-213. [CrossRef]


http://doi.org/10.1126/science.1096796
http://www.ncbi.nlm.nih.gov/pubmed/15297655
http://doi.org/10.1038/nature07247
http://www.ncbi.nlm.nih.gov/pubmed/18690249
http://doi.org/10.1364/OL.44.002978
http://www.ncbi.nlm.nih.gov/pubmed/31199360
http://doi.org/10.1038/s41566-020-0604-2
http://doi.org/10.1364/OE.21.014898
http://www.ncbi.nlm.nih.gov/pubmed/23787678
http://doi.org/10.1038/s41598-022-13873-z
http://doi.org/10.3390/s21051671
http://doi.org/10.1364/AO.54.008712
http://doi.org/10.1016/j.optlastec.2021.107786
http://doi.org/10.1088/2053-1591/2/3/035007
http://doi.org/10.3390/photonics8120547
http://doi.org/10.1038/nmat2141
http://www.ncbi.nlm.nih.gov/pubmed/18497850
http://doi.org/10.1109/JSTQE.2012.2230152
http://doi.org/10.1002/adma.200700678
http://doi.org/10.1038/nmat3278
http://www.ncbi.nlm.nih.gov/pubmed/22426458
http://doi.org/10.1103/PhysRevB.80.125129
http://doi.org/10.1038/nmat2072
http://doi.org/10.1002/adom.201600581
http://doi.org/10.1016/j.metmat.2009.08.001
http://doi.org/10.1109/MAP.2012.6230714
http://doi.org/10.1002/lpor.201400402

Sensors 2022, 22, 6896 25 of 29

23.

24.
25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

Glybovski, S.B.; Tretyakov, S.A.; Belov, P.A.; Kivshar, Y.S.; Simovski, C.R. Metasurfaces: From microwaves to visible. Phys. Rep.
2016, 634, 1-72. [CrossRef]

Kildishev, A.V.; Boltasseva, A.; Shalaev, V.M. Planar photonics with metasurfaces. Science 2013, 339, 1232009. [CrossRef] [PubMed]
Lamb, H. On the reflection and transmission of electric waves by a metallic grating. Proc. Lond. Math. Soc. 1897, 1, 523-546.
[CrossRef]

Marconi, G.; Franklin, C. Reflector for Use in Wireless Telegraphy and Telephony. U.S. Patent 1,301,473, 22 April 1919.

Buskirk, L.V.; Hendrix, C. The zone plate as a radio-frequency focusing element. IRE Trans. Antennas Propag. 1961, 9, 319-320.
[CrossRef]

Veselago, V.G. The electrodynamics of substances with simultaneously negative values of ¢, and . Sov. Phys. Usp. 1968, 47,
509-514. [CrossRef]

Pendry, ].B.; Holden, A.].; Robbins, D.J.; Stewart, W.]. Low Frequency Plasmons for Thin-Wire Structure. J. Phys. Condens. Matter
1998, 10, 4785-4809. [CrossRef]

Pendry, ].B.; Holden, A.].; Robins, D.J.; Stewart, W.]. Magnetism from conductors and enhanced non-linear phenomena. IEEE
Trans. Microw. Theory Tech. 1999, 47, 2075-2084. [CrossRef]

Smith, D.R,; Padila, W.].; Vier, D.C.; Nemat-Naseer, S.C.; Schultz, S. Composite medium with simultaneously Negative permeabil-
ity and permittivity. Phys. Rev. Lett. 2000, 84, 4184—4187. [CrossRef]

Lee, Y,; Kim, S.J.; Park, H.; Lee, B. Metamaterials and Metasurfaces for sensor applications. Sensors 2017, 17, 1726. [CrossRef]
[PubMed]

Karawdeniya, B.I,; Damry, A.M.; Murugappan, K.; Manjunath, S.; Nuwan, Y.M. Surface functionalization and texturing of optical
Metasurfaces for sensing applications. Chem. Rev. 2022, 107, 2411-2502. [CrossRef] [PubMed]

Decker, M; Staude, I.; Falkner, M.; Dominguez, J.; Neshev, D.N.; Brener, I; Pertsch, T.; Kivshar, Y.S. High-efficiency dielectric
Huygens’ surfaces. Adv. Opt. Mater. 2015, 3, 813-820. [CrossRef]

Modi, K.S.; Kaur, J.; Singh, S.P,; Sinha, R K. Extremely high figure of merit in all-dielectric split asymmetric arc Metasurface for
refractive index sensing. Opt. Commun. 2020, 462, 125327. [CrossRef]

Zhang, J.; Liu, W.; Zhu, Z.; Yuan, X.; Qin, S. Strong field enhancement and light matter interactions with all-dielectric metamaterials
based on split bar resonator. Opt. Express 2014, 22, 30889-30898. [CrossRef]

Alipour, A.; Farmani, A.; Mir, A. High sensitivity and tunable nanoscale sensor based on plasmon-induced transparency in
plasmonic metasurface. IEEE Sens. J. 2018, 18, 7047-7054. [CrossRef]

Komar, A.; Fang, Z.; Bohn, J.; Sautter, J.; Decker, M.; Miroshnichenko, A.; Pertsch, T.; Brener, I.; Kivshar, Y.S.; Stude, I. Electrically
tunable all-dielectric optical metasurfaces based on liquid crystal. Appl. Phys. 2017, 110, 071109. [CrossRef]

Su, H.; Wang, H.; Zhao, H.; Xue, T.; Zhang, J. Liquid-crystal based electrically tuned electromagnetically induced transparency
metasurface switch. Sci. Rep. 2017, 7, 17378. [CrossRef]

Chen, H.T,; Taylor, A.J.; Yu, N. A review of metasurfaces: Physics and applications. Rep. Prog. Phys. 2016, 79, 076401. [CrossRef]
Liu, T.; Wang, H.; Liu, Y.; Xiao, L.; Yi, Z.; Zhou, C.; Xiao, S. Active manipulation of electromagnetically induced transparency in a
terahertz hybrid metamaterial. Opt. Commun. 2018, 426, 629-634. [CrossRef]

Smith, D.; Vier, D.; Koschny, T.; Soukoulis, C. Electromagnetic parameter retrieval from inhomogeneous metamaterials. Phys. Rev.
E 2005, 71, 036617. [CrossRef] [PubMed]

Cai, W.; Shalaev, V. Optical Metamaterials: Fundamentals and Applications, 1st ed.; Springer: New York, NY, USA, 2010; pp. 1-8.
Luk’yanchuk, B.; Zheludev, N.I,; Maier, S.A.; Halas, N.J.; Nordlander, P.; Giessen, H.; Chong, C.T. The Fano resonance in
plasmonic nanostructures and metamaterials. Nat. Mat. 2010, 9, 707-715. [CrossRef]

Jorgenson, R.C.; Yee, S.S. A fiber-optic chemical sensor based on surface plasmon resonance. Sens. Actuators B Chem. 1993, 12,
213-220. [CrossRef]

Shankaran, D.R.; Gobi, K.V,; Miura, N. Recent advancements in surface plasmon resonance immunosensors for detection of small
molecules of biomedical, food and environmental interest. Sens. Actuators B Chem. 2007, 121, 158-177. [CrossRef]
Kretschmann, E.; Raether, H. Radiative decay of non-radiative surface plasmons excited by light. Nature 1968, 23, 2135-2136.
[CrossRef]

Helmerhorst, E.; Chandler, D.J.; Nussio, M.; Mamotte, C.D. Real-time and label-free bio-sensing of molecular interactions by
surface plasmon resonance: A laboratory medicine perspective. Clin. Biochem. Rev. 2012, 33, 161-173.

Lin, Z.; Xu, Z.; Liang, Z.; Lin, Y.S. Polarization-sensitive terahertz resonator using asymmetrical F-shaped metamaterial. Opt.
Laser Technol. 2020, 121, 105826. [CrossRef]

Hong, ].T.; Jun, SW.; Cha, S.H.; Park, ].Y.; Lee, S.; Shin, G.A.; Ahn, Y.H. Enhanced sensitivity in THz plasmonic sensors with silver
nanowires. Sci. Rep. 2018, 8, 15536. [CrossRef]

Wang, X.; Li, Y.; Wang, H.; Fu, Q.; Peng, J.; Wang, Y; Du, J.; Zhou, Y.; Zhan, L. Gold nanorod-based localized surface plasmon
resonance biosensor for sensitive detection of hepatitis B virus in buffer, blood serum and plasma. Biosens. Bioelectron. 2010, 26,
404-410. [CrossRef]

Ahmadivand, A.; Gerislioglu, B.; Tomitaka, A.; Manickam, P.; Kaushik, A.; Bhansali, S.; Nair, M.; Pala, N. Extreme sensitive
metasensor for targeted biomarkers identification using colloidal nanoparticles-integrated plasmonic unit cells. Biomed. Opt.
Express 2018, 9, 373-386. [CrossRef]


http://doi.org/10.1016/j.physrep.2016.04.004
http://doi.org/10.1126/science.1232009
http://www.ncbi.nlm.nih.gov/pubmed/23493714
http://doi.org/10.1112/plms/s1-29.1.523
http://doi.org/10.1109/TAP.1961.1144988
http://doi.org/10.1070/PU1968v010n04ABEH003699
http://doi.org/10.1088/0953-8984/10/22/007
http://doi.org/10.1109/22.798002
http://doi.org/10.1103/PhysRevLett.84.4184
http://doi.org/10.3390/s17081726
http://www.ncbi.nlm.nih.gov/pubmed/28749422
http://doi.org/10.1021/acs.chemrev.1c00990
http://www.ncbi.nlm.nih.gov/pubmed/35536016
http://doi.org/10.1002/adom.201400584
http://doi.org/10.1016/j.optcom.2020.125327
http://doi.org/10.1364/OE.22.030889
http://doi.org/10.1109/JSEN.2018.2854882
http://doi.org/10.1063/1.4976504
http://doi.org/10.1038/s41598-017-17612-7
http://doi.org/10.1088/0034-4885/79/7/076401
http://doi.org/10.1016/j.optcom.2018.06.018
http://doi.org/10.1103/PhysRevE.71.036617
http://www.ncbi.nlm.nih.gov/pubmed/15903615
http://doi.org/10.1038/nmat2810
http://doi.org/10.1016/0925-4005(93)80021-3
http://doi.org/10.1016/j.snb.2006.09.014
http://doi.org/10.1515/zna-1968-1247
http://doi.org/10.1016/j.optlastec.2019.105826
http://doi.org/10.1038/s41598-018-33617-2
http://doi.org/10.1016/j.bios.2010.07.121
http://doi.org/10.1364/BOE.9.000373

Sensors 2022, 22, 6896 26 of 29

53.

54.

55.

56.
57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.
82.

Diao, W.; Tang, M.; Ding, S.; Li, X.; Cheng, W.; Mo, E; Yan, X.; Ma, H.; Yan, Y. Highly sensitive surface plasmon resonance
biosensor for the detection of HIV-related DNA based on dynamic and structural DNA nanodevices. Biosens. Bioelectron. 2018,
100, 228-234. [CrossRef] [PubMed]

Lee, S.H.; Lee, YK,; Lee, S.H.; Kwak, J.; Song, H.S.; Seo, M. Detection and discrimination of SARS-CoV-2 spike protein-derived
peptides using THz metamaterials. Biosens. Bioelectron. 2022, 202, 113981. [CrossRef] [PubMed]

Minopoli, A.; Della Ventura, B.; Lenyk, B.; Gentile, F; Tanner, J.A.; Offenhdusser, A.; Mayer, D.; Velotta, R. Ultrasensitive
antibody-aptamer plasmonic biosensor for malaria biomarker detection in whole blood. Nat. Commun. 2020, 11, 6134. [CrossRef]
Lee, H.].; Yook, ].G. Biosensing using split-ring resonators at microwave regime. Appl. Phys. Lett. 2008, 92, 254103. [CrossRef]
Kashiwagi, K.; Xie, L.; Li, X.; Kageyama, T.; Miura, M.; Miyashita, H.; Kono, J.; Lee, S.-S. Flexible and stackable terahertz
metamaterials via silver-nanoparticle inkjet printing. AIP Adv. 2018, 8, 045104. [CrossRef]

Tao, H.; Chieffo, L.R.; Brenckle, M.A.; Siebert, S.M.; Liu, M.; Strikwerda, A.C.; Fan, K.; Kaplan, D.L.; Zhang, X.; Averitt, R.D.; et al.
Metamaterials on paper as a sensing platform. Adv. Mater. 2011, 23, 3197-3201. [CrossRef]

Park, S.J.; Cha, S.H.; Shin, G.A.; Ahn, Y.H. Sensing viruses using terahertz nano-gap metamaterials. Biomed. Opt. Express 2017, 8,
3551-3558. [CrossRef]

Park, S.J.; Hong, ].T.; Choi, S.J.; Kim, H.S.; Park, WK_; Han, S.T,; Park, ].Y.; Lee, S.; Kim, D.S.; Ahn, Y.H. Detection of microorganisms
using terahertz metamaterials. Sci. Rep. 2014, 4, 4988. [CrossRef]

Marsland, B.J.; Gollwitzer, E.S. Host-microorganism interactions in lung diseases. Nat. Rev. Immunol. 2014, 14, 827-835. [CrossRef]
Kim, K.S. Pathogenesis of bacterial meningitis: From bacteraemia to neuronal injury. Nat. Rev. Neurosci. 2003, 4, 376-385.
[CrossRef]

Chen, H.T.; Padilla, WJ.; Zide, ] M.O.; Gossard, A.C.; Taylor, A.].; Averitt, R.D. Active terahertz metamaterial devices. Nature
2006, 444, 597-600. [CrossRef] [PubMed]

Li, Y,; Chen, X.; Hu, F; Li, D.; Teng, H.; Rong, Q.; Zhang, W.; Han, J.; Liang, H. Four resonators based high sensitive terahertz
metamaterial biosensor used for measuring concentration of protein. J. Phys. D Appl. Phys. 2019, 52, 095105. [CrossRef]

Liu, K.; Zhang, R.; Liu, Y.; Chen, X,; Li, K.; Pickwell-Macpherson, E. Gold nanoparticle enhanced detection of EGFR with a
terahertz metamaterial biosensor. Biomed. Opt. Express 2021, 12, 1559-1567. [CrossRef] [PubMed]

Bossi, P.; Resteghini, C.; Paielli, N.; Licitra, L.; Pilotti, S.; Perrone, F. Prognostic and predictive value of EGFR in head and neck
squamous cell carcinoma. Oncotarget 2016, 7, 74362-74379. [CrossRef] [PubMed]

Lee, CK,;Man, J; Lord, S.; Links, M.; Gebski, V.; Mok, T.; Yang, ].C. Checkpoint inhibitors in metastatic EGFR-mutated non—small
cell lung cancer—a meta-analysis. |. Thorac. Oncol. 2017, 12, 403—-407. [CrossRef]

Tao, H.; Strikwerda, A.C.; Liu, M.; Mondia, ].P.; Ekmekci, E.; Fan, K.; Kaplan, D.L.; Padilla, W.J.; Zhang, X.; Averitt, R.D.; et al.
Performance enhancement of terahertz metamaterials on ultrathin substrates for sensing applications. Appl. Phys. Lett. 2010,
97,261909. [CrossRef]

Yang, Y.; Singh, R.; Zhang, W. Anomalous terahertz transmission in bow-tie plasmonic antenna apertures. Opt. Lett. 2011, 36,
2901-2903. [CrossRef]

Novelli, F.; Guchhait, B.; Havenith, M. Towards intense THz spectroscopy on water: Characterization of optical rectification by
GaP, OH1, and DSTMS at OPA Wavelengths. Materials 2020, 13, 1311. [CrossRef]

Geng, Z.; Zhang, X; Fan, Z.; Lv, X,; Chen, H. A route to terahertz metamaterial biosensor integrated with microfluidics for liver
cancer biomarker testing in early stage. Sci. Rep. 2017, 7, 16378. [CrossRef]

Chen, H.; Kou, X.; Yang, Z.; Ni, W.; Wang, J. Shape- and size-dependent refractive index sensitivity of gold nanoparticles.
Langmuir 2008, 24, 5233-5237. [CrossRef]

Sannomiya, T.; VOros, J. Single plasmonic nanoparticles for biosensing. Trends Biotechnol. 2011, 29, 343-351. [CrossRef] [PubMed]
Kabashin, A.V.; Evans, P.; Pastkovsky, S.; Hendren, W.; Wurtz, G.A.; Atkinson, R.; Pollard, R.; Podolskiy, V.A.; Zayats, A.V.
Plasmonic nanorod metamaterials for biosensing. Nat. Mater. 2009, 8, 867-871. [CrossRef] [PubMed]

Sreekanth, K.V.; Alapan, Y.; EIKabbash, M.; Ilker, E.; Hinczewski, M.; Gurkan, U.A.; De Luca, A.; Strangi, G. Extreme sensitivity
biosensing platform based on hyperbolic metamaterials. Nat. Mater. 2016, 15, 621-627. [CrossRef]

Thokura, K. The effects of crystallite size of sintered tin-dioxide on changes of electric conductivity in deoxidizable gases.
J. Electrochem. Soc. Jpn. 1982, 50, 99-104.

Saji, K.; Kondo, H.; Takahashi, H.; Takeuchi, T.; Igarashi, I. Influence of H,O, CO, and various combustible gases on the
characteristics of a limiting current-type oxygen sensor. J. Appl. Electrochem. 1988, 18, 757-762. [CrossRef]

Nitta, T.; Terada, Z.; Hayakawa, S. Humidity-sensitive electrical conduction of MgCr,O4-TiO, porous ceramics. J. Am. Ceram. Soc.
1980, 63, 295-300. [CrossRef]

Bunte, G.; Hiirttlen, J.; Pontius, H.; Hartlieb, K.; Krause, H. Gas phase detection of explosives Such as 2,4,6-trinitrotoluene by
molecularly imprinted polymers. Anal. Chim. Acta 2007, 591, 49-56. [CrossRef]

Kehe, K.; Szinicz, L. Medical aspects of sulphur mustard poisoning. Toxicology 2005, 214, 198-209. [CrossRef]

Blumenthal, I. Carbon Monoxide Poisoning. J. R. Soc. Med. 2001, 94, 270-272. [CrossRef]

Kumar, R.; Jaiswal, M.; Kushwaha, N.; Bansal, S.; Mazumder, N.; Mittal, ]. Nanomaterial-based gas sensors for agriculture sector.
In Biosensors in Agriculture: Recent Trends and Future Perspectives—Concepts and Strategies in Plant Sciences; Pudake, R.N., Jain, U.,
Kole, C., Eds.; Springer: Cham, Switzerland, 2021. [CrossRef]


http://doi.org/10.1016/j.bios.2017.08.042
http://www.ncbi.nlm.nih.gov/pubmed/28918231
http://doi.org/10.1016/j.bios.2022.113981
http://www.ncbi.nlm.nih.gov/pubmed/35086028
http://doi.org/10.1038/s41467-020-19755-0
http://doi.org/10.1063/1.2946656
http://doi.org/10.1063/1.5006867
http://doi.org/10.1002/adma.201100163
http://doi.org/10.1364/BOE.8.003551
http://doi.org/10.1038/srep04988
http://doi.org/10.1038/nri3769
http://doi.org/10.1038/nrn1103
http://doi.org/10.1038/nature05343
http://www.ncbi.nlm.nih.gov/pubmed/17136089
http://doi.org/10.1088/1361-6463/aaf7e9
http://doi.org/10.1364/BOE.418859
http://www.ncbi.nlm.nih.gov/pubmed/33796372
http://doi.org/10.18632/oncotarget.11413
http://www.ncbi.nlm.nih.gov/pubmed/27556186
http://doi.org/10.1016/j.jtho.2016.10.007
http://doi.org/10.1063/1.3533367
http://doi.org/10.1364/OL.36.002901
http://doi.org/10.3390/ma13061311
http://doi.org/10.1038/s41598-017-16762-y
http://doi.org/10.1021/la800305j
http://doi.org/10.1016/j.tibtech.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21459466
http://doi.org/10.1038/nmat2546
http://www.ncbi.nlm.nih.gov/pubmed/19820701
http://doi.org/10.1038/nmat4609
http://doi.org/10.1007/BF01016904
http://doi.org/10.1111/j.1151-2916.1980.tb10724.x
http://doi.org/10.1016/j.aca.2007.02.014
http://doi.org/10.1016/j.tox.2005.06.014
http://doi.org/10.1177/014107680109400604
http://doi.org/10.1007/978-3-030-66165-6_4

Sensors 2022, 22, 6896 27 of 29

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Nazemi, H.; Joseph, A.; Park, J.; Emadi, A. Advanced micro- and nano-gas sensor technology: A review. Sensors 2019, 19, 1285.
[CrossRef]

Mishra, S.K.; Gupta, B.D. Surface plasmon resonance-based fiber optic chlorine gas sensor utilizing indium-oxide-doped tin oxide
film. J. Lightwave Technol. 2015, 33, 2770-2776. [CrossRef]

Liu, J.; Zhang, L.; Fan, J.; Yu, J. Semiconductor gas sensor for triethylamine detection. Small 2022, 18, 2104984. [CrossRef]
[PubMed]

Zhu, H.; Li, Q.; Ren, Y,; Gao, Q.; Chen, J.; Wang, N.; Deng, J.; Xing, X. A new insight into cross-sensitivity to humidity of SnO,
sensor. Small 2018, 14, 1703974. [CrossRef] [PubMed]

Zhang, Y.; Yi, Z.; Wang, X.; Chu, P;; Yao, W.; Zhou, Z.; Cheng, S.; Liu, Z.; Wu, P,; Pan, M,; et al. Dual band visible metamaterial
absorbers based on four identical ring patches. Phys. E Low-Dimens. Syst. Nanostructures 2021, 127, 114526. [CrossRef]

Park, J.-H.; Kodigala, A.; Ndao, A.; Kanté, B. Hybridized metamaterial platform for nano-scale sensing. Opt. Express 2017, 25,
15590-15598. [CrossRef]

Jeong, T.-Y.; Gu, ].-H.; Choi, W.-Y.; No, Y.-S. Characteristics of a vertical metal-insulator-metal microring cavity. J. Korean Phys. Soc.
2018, 73, 580-585. [CrossRef]

Su, D.-S; Tsai, D.P; Yen, T.-].; Tanaka, T. Ultrasensitive and selective gas sensor based on a channel plasmonic structure with an
enormous hot spot region. ACS Sens. 2019, 4, 2900-2907. [CrossRef]

Bozhevolnyi, S.I. Effective-index modeling of channel plasmon polaritons. Opt. Express 2006, 14, 9467-9476. [CrossRef]
Occupational Safety and Health Guideline for n-Butane; U.S. Department of Health and Human Services: Washington, DC, USA,
1992; pp. 1-5.

Lochbaum, A.; Dorodnyy, A.; Koch, U.; Koepfli, S.M.; Volk, S.; Fedoryshyn, Y.; Wood, V.; Leuthold, J. Compact mid-infrared gas
sensing enabled by an all-metamaterial design. Nano Lett. 2020, 20, 4169—-4176. [CrossRef]

Lashof, D.A.; Ahuja, D.R. Relative contributions of greenhouse gas emissions to global warming. Nature 1990, 344, 529-531.
[CrossRef]

Anderson, T.R.; Hawkins, E.; Jones, P.D. CO, the greenhouse effect and global warming: From the pioneering work of Arrhenius
and Callendar to today’s earth system models. Endeavour 2016, 40, 178-187. [CrossRef] [PubMed]

Hansen, J.; Sato, M.; Kharecha, P; Beerling, D.; Berner, R.; Masson-Delmotte, V.; Pagani, M.; Raymo, M.; Royer, D.L.; Zachos, ].C.
Target atmospheric CO,: Where should humanity aim? Open Atmos. Sci. ]. 2008, 2, 217-231. [CrossRef]

Kazanskiy, N.L.; Butt, M.A.; Khonina, S.N. Carbon dioxide gas sensor based on polyhexamethylene biguanide polymer deposited
on silicon nano-cylinders metasurface. Sensors 2021, 21, 378. [CrossRef]

Lochbaum, A.; Fedoryshyn, Y.; Dorodnyy, A.; Koch, U.; Hafner, C.; Leuthold, J. On-chip narrowband thermal emitter for mid-IR
optical gas sensing. ACS Photonics 2017, 4, 1371-1380. [CrossRef]

Pusch, A.; De Luca, A.; Oh, S.S.; Wuestner, S.; Roschuk, T.; Chen, Y.; Boual, S.; Ali, Z.; Phillips, C.C.; Hong, M.; et al. A highly
efficient CMOS nanoplasmonic crystal enhanced slow-wave thermal emitter improves infrared gas-sensing devices. Sci. Rep.
2015, 5, 17451. [CrossRef] [PubMed]

Hasan, D.; Lee, C. Hybrid metamaterial absorber platform for sensing of CO; gas at mid-IR. Adv. Sci. 2018, 5, 1700581. [CrossRef]
Oertel, C.; Matschullat, ].; Zurba, K.; Zimmermann, F.; Erasmi, S. Greenhouse gas emissions from soils—A review. Geochemistry
2016, 76, 327-352. [CrossRef]

Schliesser, A.; Picqué, N.; Hansch, T.W. Mid-infrared frequency combs. Nat. Photonics 2012, 6, 440-449. [CrossRef]

Tan, X.; Zhang, H.; Li, J.; Wan, H.; Guo, Q.; Zhu, H,; Liu, H.; Yi, E. Non-dispersive infrared multi-gas sensing via nanoantenna
integrated narrowband detectors. Nat. Commun. 2020, 11, 5245. [CrossRef]

Restrepo, C.E. Nitrogen dioxide, greenhouse gas emissions and transportation in urban areas: Lessons from the COVID-19
pandemic. Front. Environ. Sci. 2021, 9, 689985. [CrossRef]

Gregg, ].W,; Jones, C.G.; Dawson, T.E. Urbanization effects on tree growth in the vicinity of New York City. Nature 2003, 424,
183-187. [CrossRef] [PubMed]

Yu, S.H.; Girma, H.G.; Sim, K.M.; Yoon, S.; Park, ] M.; Kong, H.; Chung, D.S. Polymer-based flexible NOx sensors with ppb-level
detection at room temperature using breath-figure molding. Nanoscale 2019, 11, 17709-17717. [CrossRef] [PubMed]

Kale, V.; Chavan, C.; Sable, D.; Girija, K.G.; Banerjee, S.; Kale, S.N. Fe304-mediated dielectric sensor using metamaterial-inspired
resonators for the NO; sensing. Appl. Phys. A 2020, 126, 702. [CrossRef]

Tamaki, J.; Shimanoe, K.; Yamada, Y.; Yamamoto, Y.; Miura, N.; Yamazoe, N. Dilute hydrogen sulfide sensing properties of
CuO-5n0O;, thin film prepared by low-pressure evaporation method. Sens. Actuators B Chem. 1998, 49, 121-125. [CrossRef]
Fong, N.R,; Berini, P; Tait, RN. Hydrogen sensing with Pd-coated long-range surface plasmon membrane waveguides. Nanoscale
2016, 8, 4284-4290. [CrossRef]

Nasir, M.E.; Dickson, W.; Wurtz, G.A.; Wardley, W.P,; Zayats, A.V. Hydrogen detected by the naked eye: Optical hydrogen gas
sensors based on core/shell plasmonic nanorod metamaterials. Adv. Mater. 2014, 26, 3532-3537. [CrossRef]

Sun, M.; Taha, M.; Walia, S.; Bhaskaran, M.; Sriram, S.; Shieh, W.; Unnithan, R.R. A photonic switch based on a hybrid combination
of metallic nanoholes and phase-change vanadium dioxide. Sci. Rep. 2018, 8, 11106. [CrossRef]

Beni, T.; Yamasaku, N.; Kurotsu, T.; To, N.; Okazaki, S.; Arakawa, T.; Bal¢ytis, A.; Seniutinas, G.; Juodkazis, S.; Nishijima, Y.
Metamaterial for hydrogen sensing. ACS Sens. 2019, 4, 2389-2394. [CrossRef]


http://doi.org/10.3390/s19061285
http://doi.org/10.1109/JLT.2015.2412615
http://doi.org/10.1002/smll.202104984
http://www.ncbi.nlm.nih.gov/pubmed/34894075
http://doi.org/10.1002/smll.201703974
http://www.ncbi.nlm.nih.gov/pubmed/29377613
http://doi.org/10.1016/j.physe.2020.114526
http://doi.org/10.1364/OE.25.015590
http://doi.org/10.3938/jkps.73.580
http://doi.org/10.1021/acssensors.9b01225
http://doi.org/10.1364/OE.14.009467
http://doi.org/10.1021/acs.nanolett.0c00483
http://doi.org/10.1038/344529a0
http://doi.org/10.1016/j.endeavour.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27469427
http://doi.org/10.2174/1874282300802010217
http://doi.org/10.3390/s21020378
http://doi.org/10.1021/acsphotonics.6b01025
http://doi.org/10.1038/srep17451
http://www.ncbi.nlm.nih.gov/pubmed/26639902
http://doi.org/10.1002/advs.201700581
http://doi.org/10.1016/j.chemer.2016.04.002
http://doi.org/10.1038/nphoton.2012.142
http://doi.org/10.1038/s41467-020-19085-1
http://doi.org/10.3389/fenvs.2021.689985
http://doi.org/10.1038/nature01728
http://www.ncbi.nlm.nih.gov/pubmed/12853954
http://doi.org/10.1039/C9NR06096K
http://www.ncbi.nlm.nih.gov/pubmed/31545332
http://doi.org/10.1007/s00339-020-03905-8
http://doi.org/10.1016/S0925-4005(98)00144-0
http://doi.org/10.1039/C5NR08001K
http://doi.org/10.1002/adma.201305958
http://doi.org/10.1038/s41598-018-29476-6
http://doi.org/10.1021/acssensors.9b00980

Sensors 2022, 22, 6896 28 of 29

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Huiberts, ].N.; Griessen, R.; Rector, ].H.; Wijngaarden, R.J.; Dekker, J.P.; De Groot, D.G.; Koeman, N.J. Yttrium and lanthanum
hydride films with switchable optical properties. Nature 1996, 380, 231-234. [CrossRef]

Chatterjee, S.; Shkondin, E.; Takayama, O.; Fisher, A.; Fraiwan, A.; Gurkan, U.A.; Lavrinenko, A.V.; Strangi, G. Hydrogen gas
sensing using aluminum doped ZnO metasurfaces. Nanoscale Adv. 2020, 2, 3452-3459. [CrossRef]

Withayachumnankul, W.; Jaruwongrungsee, K.; Tuantranont, A.; Fumeaux, C.; Abbott, D. Metamaterial-based microfluidic
sensor for dielectric characterization. Sens. Actuators A Phys. 2013, 189, 233-237. [CrossRef]

Kim, HK.; Yoo, M.; Lim, S. Novel ethanol chemical sensor using microfluidic metamaterial. In Proceedings of the IEEE
International Symposium on Antennas and Propagation & USNC/URSI National Radio Science Meeting, Vancouver, BC, Canada,
19-24 July 2015; pp. 1358-1359.

Byford, J.A.; Park, K.Y.; Chahal, P. Metamaterial inspired periodic structure used for microfluidic sensing. In Proceedings of the
IEEE Electronic Components and Technology Conference, San Diego, CA, USA, 26-29 May 2015; pp. 1997-2002.

Nguyen, T.T.; Lim, S. Wide incidence angle-insensitive metamaterial absorber for both TE and TM polarization using eight-
circular-sector. Sci. Rep. 2017, 7, 3204. [CrossRef] [PubMed]

Lee, D.; Jeong, H.; Lim, S. Electronically switchable broadband metamaterial absorber. Sci. Rep. 2017, 7, 4891. [CrossRef]

Kim, HK,; Lee, D.; Lim, S. A fluidically tunable metasurface absorber for flexible large-scale wireless ethanol sensor applications.
Sensors 2016, 16, 1246. [CrossRef]

Bakir, M.; Karaaslan, M.; Akgol, O.; Altintas, O.; Unal, E.; Sabah, C. Sensory applications of resonator based metamaterial absorber.
Optik 2018, 168, 741-746. [CrossRef]

Sadeqi, A.; Nejad, H.R.; Sonkusale, S. Low-cost metamaterial-on-paper chemical sensor. Opt. Express 2017, 25, 16092-16100.
[CrossRef] [PubMed]

Wang, W.; Zheng, L.; Xiong, L.; Qi, J.; Li, B. High Q-factor multiple Fano resonances for high-sensitivity sensing in all-dielectric
metamaterials. OSA Contin. 2019, 2, 2818-2825. [CrossRef]

Xie, Q.; Dong, G.X.; Wang, B.X.; Huang, W.Q. High-Q Fano resonance in terahertz frequency based on an asymmetric metamaterial
resonator. Nanoscale Res. Lett. 2018, 13, 294. [CrossRef] [PubMed]

Abdulkarim, Y.I; Deng, L.; Karaaslan, M.; Unal, E. Determination of the liquid chemicals depending on the electrical characteristics
by using metamaterial absorber based sensor. Chem. Phys. Lett. 2019, 732, 136655. [CrossRef]

Altintas, O.; Aksoy, M.; Emin, U. Design of a metamaterial inspired omega shaped resonator based sensor for industrial
implementations. Phys. E Low-Dimens. Syst. Nanostructures 2020, 116, 113734. [CrossRef]

Abdulkarim, Y.I; Deng, L.; Luo, H.; Huang, S.; Karaaslan, M.; Altintas, O.; Bakir, M.; Muhammadsharif, EF.; Awl, H.N,;
Sabah, C.; et al. Design and study of a metamaterial based sensor for the application of liquid chemicals detection. ]. Mater. Res.
Technol. 2020, 9, 10291-10304. [CrossRef]

Wang, Y.; Cui, Z.; Zhang, X.; Zhang, X.; Zhu, Y.; Chen, S.; Hu, H. Excitation of surface plasmon resonance on multiwalled carbon
nanotube metasurfaces for pesticide sensors. ACS Appl. Mater. Interfaces 2020, 12, 52082-52088. [CrossRef] [PubMed]

Mosbah, S.; Zebiri, C.; Sayad, D.; Elfergani, I.; Bouknia, M.L.; Mekki, S.; Zegadi, R.; Palandoken, M.; Rodriguez, J.; Abd-Alhameed,
R.A. Compact and highly sensitive bended microwave liquid sensor based on a metamaterial complementary split-ring resonator.
Appl. Sci. 2022, 12, 2144. [CrossRef]

Tamer, A.; Karadag, F; Unal, E.; Abdulkarim, Y.I.; Deng, L.; Altintas, O.; Bakir, M.; Karaaslan, M. Metamaterial based sensor
integrating transmission line for detection of branded and unbranded diesel fuel. Chem. Phys. Lett. 2020, 742, 137169. [CrossRef]
Dalgac, S.; Akdogan, V,; Kiris, S.; Incesu, A.; Akgol, O.; Unal, E.; Basar, M.T.; Karaaslan, M. Investigation of methanol contaminated
local spirit using metamaterial based transmission line sensor. Measurement 2021, 178, 109360. [CrossRef]

Govind, G.; Akhtar, M.]. Metamaterial-inspired microwave microfluidic sensor for glucose monitoring in aqueous solutions. IEEE
Sens. J. 2019, 19, 11900-11907. [CrossRef]

Zhou, H,; Hu, D.; Yang, C.; Chen, C.; Ji, J.; Chen, M.; Chen, Y.; Yang, Y.; Mu, X. Multi-Band Sensing for Dielectric Property of
Chemicals Using Metamaterial Integrated Microfluidic Sensor. Sci. Rep. 2018, 8, 14801. [CrossRef]

Patel, S.K.; Parmar, ].; Sorathiya, V.; Nguyen, T.K.; Dhasarathan, V. Tunable infrared metamaterial-based biosensor for detection
of hemoglobin and urine using phase change material. Sci. Rep. 2021, 11, 7101. [CrossRef]

Leitis, A.; Tittl, A.; Liu, M.; Lee, B.H.; Gu, M.B,; Kivshar, Y.S.; Altug, H. Angle-Multiplexed All-Dielectric Metasurfaces for
Broadband Molecular Fingerprint Retrieval. Sci. Adv. 2019, 5, eaaw2871. [CrossRef]

Cao, Y.; Ruan, C.; Chen, K,; Zhang, X. Research on a high-sensitivity asymmetric metamaterial structure and its application as
microwave sensor. Sci. Rep. 2022, 12, 1255. [CrossRef]

Chuma, E.L; Iano, Y.; Fontgalland, G.; Roger, L.L.B.; Loschi, H. PCB-integrated non-destructive microwave sensor for liquid
dielectric spectroscopy based on planar metamaterial resonator. Sens. Actuators A Phys. 2020, 312, 112112. [CrossRef]

Omer, A.E.; Shaker, G.; Safavi-Naeini, S. PCA-assisted blood glucose monitoring using metamaterial-inspired sensor. IEEE Sens.
Lett. 2021, 5, 3501104. [CrossRef]

Jiao, E; Li, E; Shen, J.; Guan, C.; Khan, S.A.; Wang, J.; Yang, Z.; Zhu, ]. Wafer-scale flexible plasmonic metasurface with passivated
aluminum nanopillars for high-Sensitivity immunosensors. Sens. Actuators B Chem. 2021, 344, 130170. [CrossRef]

Di Meo, V.; Crescitelli, A.; Moccia, M.; Sandomenico, A.; Cusano, A.M.; Portaccio, M.; Lepore, M.; Galdi, V.; Esposito, E. Pixeled
metasurface for multiwavelength detection of vitamin D. Nanophotonics 2020, 9, 3921-3930. [CrossRef]


http://doi.org/10.1038/380231a0
http://doi.org/10.1039/D0NA00289E
http://doi.org/10.1016/j.sna.2012.10.027
http://doi.org/10.1038/s41598-017-03591-2
http://www.ncbi.nlm.nih.gov/pubmed/28600523
http://doi.org/10.1038/s41598-017-05330-z
http://doi.org/10.3390/s16081246
http://doi.org/10.1016/j.ijleo.2018.05.002
http://doi.org/10.1364/OE.25.016092
http://www.ncbi.nlm.nih.gov/pubmed/28789117
http://doi.org/10.1364/OSAC.2.002818
http://doi.org/10.1186/s11671-018-2677-0
http://www.ncbi.nlm.nih.gov/pubmed/30242559
http://doi.org/10.1016/j.cplett.2019.136655
http://doi.org/10.1016/j.physe.2019.113734
http://doi.org/10.1016/j.jmrt.2020.07.034
http://doi.org/10.1021/acsami.0c10943
http://www.ncbi.nlm.nih.gov/pubmed/33151054
http://doi.org/10.3390/app12042144
http://doi.org/10.1016/j.cplett.2020.137169
http://doi.org/10.1016/j.measurement.2021.109360
http://doi.org/10.1109/JSEN.2019.2938853
http://doi.org/10.1038/s41598-018-32827-y
http://doi.org/10.1038/s41598-021-86700-6
http://doi.org/10.1126/sciadv.aaw2871
http://doi.org/10.1038/s41598-022-05255-2
http://doi.org/10.1016/j.sna.2020.112112
http://doi.org/10.1109/LSENS.2021.3109101
http://doi.org/10.1016/j.snb.2021.130170
http://doi.org/10.1515/nanoph-2020-0103

Sensors 2022, 22, 6896 29 of 29

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Wei, Q.; Huang, L.; Zentgraf, T.; Wang, Y. Optical wavefront shaping based on functional metasurfaces. Nanophotonics 2020, 9,
987-1002. [CrossRef]

Intaravanne, Y.; Chen, X. Recent advances in optical metasurfaces for polarization detection and engineered polarization profiles.
Nanophotonics 2020, 9, 1003-1014. [CrossRef]

Jiang, J.; Fan, J.A. Simulator-based training of generative neural networks for the inverse design of metasurfaces. Nanophotonics
2020, 9, 1059-1069. [CrossRef]

Amin, R.; Knowlton, S.; Hart, A.; Yenilmez, B.; Ghaderinezhad, F.; Katebifar, S.; Messina, M.; Khademhosseini, A.; Tasoglu, S.
3D-printed microfluidic devices. Biofabrication 2016, 8, 022001. [CrossRef]

Ghaderinezhad, F.; Koydemir, H.C.; Tseng, D.; Karinca, D.; Liang, K.; Ozcan, A.; Tasoglu, S. Sensing of electrolytes in urine using
a miniaturized paper-based device. Sci. Rep. 2020, 10, 13620. [CrossRef]

Quan, H.; Zhang, T.; Xu, H.; Luo, S.; Nie, J.; Zhu, X. Photo-curing 3D printing technique and its challenges. Bioact. Mater. 2020, 5,
110-115. [CrossRef]

Yenilmez, B.; Knowlton, S.; Yu, C.H.; Heeney, M.M.; Tasoglu, S. Label-free sickle cell disease diagnosis using a low-cost, handheld
platform. Adv. Mater. Technol. 2016, 1, 1600100. [CrossRef]

Zhang, J.; Hu, Q.; Wang, S.; Tao, J.; Gou, M. Digital light processing based three-dimensional printing for medical applications.
Int. . Bioprint. 2020, 6, 242. [CrossRef] [PubMed]

Geng, Q.; Wang, D.; Chen, P; Chen, S.-C. Ultrafast multi-focus 3-D nano-fabrication based on two-photon polymerization. Nat.
Commun. 2019, 10, 2179. [CrossRef] [PubMed]

Knowlton, S.; Sencan, I.; Aytar, Y.; Khoory, J.; Heeney, M.; Ghiran, I; Tasoglu, S. Sickle cell detection using a smartphone. Sci. Rep.
2015, 5, 15022. [CrossRef]

Knowlton, S.; Joshi, A ; Syrrist, P.; Coskun, A.F.; Tasoglu, S. 3D-printed smartphone-based point of care tool for fluorescence-and
magnetophoresis-based cytometry. Lab Chip 2017, 17, 2839-2851. [CrossRef]

Liu, W.,; Zhong, Z.; Hu, N.; Zhou, Y.; Maggio, L.; Miri, A.K.; Fragasso, A.; Jin, X.; Khademhosseini, A.; Zhang, S. Coaxial
extrusion bioprinting of 3D microfibrous constructs with cell-favorable gelatin methacryloyl microenvironments. Biofabrication
2018, 10, 024102. [CrossRef]

Abdollahramezani, S.; Hemmatyar, O.; Taghinejad, H.; Krasnok, A.; Kiarashinejad, Y.; Zandehshahvar, M.; Alu, A.; Adibi, A.
Tunable nanophotonics enabled by chancogenide phase-change materials. Nanophotonics 2020, 9, 1189-1241. [CrossRef]
Meinders, E.R.; Mijiritskii, A.V.; Van Pieterson, L.; Wuttig, M. Optical Data Storage: Phase-Change Media and Recording; Springer
Science & Business Media: Berlin, Germany, 2006; Volume 4.

Yamada, N.; Ohno, E.; Akahira, N.; Nishiuchi, K.; Nagata, K.; Takao, M. High speed overwritable phase change optical disk
material. Jap. J. Appl. Phys. 1987, 26, 61. [CrossRef]

Owen, A.E.; Robertson, ].M. Electronic conduction and switching in chalcogenide glasses. IEEE Trans. Electron Dev. 1973, 20,
105-122. [CrossRef]

Neale, R.; Aseltine, J.A. The application of amorphous materials to computer memories. IEEE Trans. Electron Dev. 1973, 20,
195-205. [CrossRef]

Singh, R.; Agarwal, A.; Anthony, B.W. Design of optical meta-structures with applications to beam engineering using deep
learning. Sci. Rep. 2020, 10, 19923. [CrossRef] [PubMed]

Noushin, T.; Hossain, N.I.; Tabassum, S. Kirigami-patterned highly stable and strain insensitive sweat pH and temperature
sensors for long-term wearable applications. In Proceedings of the IEEE Healthcare Innovations and Point of Care Technologies,
Houston, TX, USA, 10-11 March 2022.

Noushin, T.; Hossain, N.I; Tabassum, S. IoT-enabled integrated smart wound sensor for multiplexed monitoring of inflammatory
biomarkers at the wound site. Front. Nanotech. 2022, 4, 851041. [CrossRef]

Ghirmire, I; Yang, J.; Gurung, S.; Mishra, S.K.; Lee, H.-W.-W. Polarization-dependent photonic crystal fiber color filters enabled
by asymmetric metasurfaces. Nanophotonics 2022, 132, 1-7.


http://doi.org/10.1515/nanoph-2019-0478
http://doi.org/10.1515/nanoph-2019-0479
http://doi.org/10.1515/nanoph-2019-0330
http://doi.org/10.1088/1758-5090/8/2/022001
http://doi.org/10.1038/s41598-020-70456-6
http://doi.org/10.1016/j.bioactmat.2019.12.003
http://doi.org/10.1002/admt.201600100
http://doi.org/10.18063/ijb.v6i1.242
http://www.ncbi.nlm.nih.gov/pubmed/32782984
http://doi.org/10.1038/s41467-019-10249-2
http://www.ncbi.nlm.nih.gov/pubmed/31097713
http://doi.org/10.1038/srep15022
http://doi.org/10.1039/C7LC00706J
http://doi.org/10.1088/1758-5090/aa9d44
http://doi.org/10.1515/nanoph-2020-0039
http://doi.org/10.7567/JJAPS.26S4.61
http://doi.org/10.1109/T-ED.1973.17617
http://doi.org/10.1109/T-ED.1973.17628
http://doi.org/10.1038/s41598-020-76225-9
http://www.ncbi.nlm.nih.gov/pubmed/33199746
http://doi.org/10.3389/fnano.2022.851041

	Introduction 
	Fundamentals of Metasurfaces 
	Application of Metasurfaces in Analyte Sensing 
	Bio Sensing 
	LC Resonator-Based Biosensors in THz/GHz Regime 
	Hyperbolic Metamaterials (HMMs) 

	Gas Sensing 
	Metamaterial Perfect Absorber/Emitter 
	Complementary Split-Ring Resonator 
	Metal-Insulator-Metal 

	Chemical Sensing 

	Future Trends in Metasurfaces for Sensing Applications 
	Conclusions 
	References

