Chapter 23
II-VI Semiconductor QDs in Surface
Plasmon Resonance Sensors
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23.1 Introduction: Principles of Surface Plasmon
Resonance (SPR)

Surface plasmon resonance (SPR) sensor platform works on optical theory to
measure the refractive index (RI) variation within the range of the surface plasmon
field, which extends up to ~300 nm away from the sensor surface (x- and y-axis
direction) and is equivalent to an evanescent wave (EW). The penetration depth of
EW depends on the wavelength of incident light and it decays exponentially in the
direction of the z-axis with the distance from the interface. In order to generate a
plasmonic field at the metal-dielectric interface, the momentum of the incoming
light must match with the momentum of the conduction band electrons. When the
coupling condition is satisfied at a particular angle and wavelength, the light is
converted very effectively into surface plasmon waves (SPW). This phase matching
is achieved through the phenomenon of attenuated total reflection (ATR) at smooth
flat surfaces. It generally requires a higher RI material (Fig. 23.1a). The matching
condition may be interpreted according to the dispersion relation given by Raether
et al. [59]:
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Fig. 23.1 Otto (a) and Kretschmann (b) configuration. EW stands for Evanescent Wave and SPW
refers to the surface plasmon wave

where n, is the RI of the coupling prism, 6; is the incident angle of light, &, is the
dielectric constant of metal, g, is the dielectric constant of dielectric and Ky, is the
wave vector of surface plasmon. The biosensing mechanism takes place by detect-
ing the analytes layer adjutant to the metal-dielectric layer with the EW through the
interaction of light (Fig. 23.1b). In the plasmon resonance condition, any minute
changes in RI can be monitored in terms of variations in intensity, wavelength, or
angular shift for sensing purposes. Here ¢, depends on the wavelength of the inci-
dent light, and &4 depends on the RI of the dielectric environment.

Further, in order to generate localised surface plasmon resonance (LSPR),
particularly around the nanoparticle vertices, the external electric field can be
applied to “nano-islands” of NPs. These islands induce very strong surface plasmon
field gradients that could potentially lead to a phenomenon of light entrapment.
When this occurs, the electron clouds of nano-islands encounter combined harmonic
oscillations and are smaller than the light wavelength, typically in the Mie scattering
region. NPs of gold (Au) and silver (Ag) are generally used to produce the strongly
localised electromagnetic field with very high intensity.

SPR biosensing platform can be designed using different transducer
configurations, such as the conventional Kretschmann configuration, including
ATR, fibre-optic configuration, lossy mode resonances (LMRs) and SPR imaging
(SPRi). Recently, it has been observed that the optical sensor design based on LSPR,
long-range SPR (LRSPR), optical waveguide, optical resonator and photonic crystal
(PC) are capable of providing enhanced sensing performance in comparison to the
conventional SPR configuration (Fig. 23.2).

For SPRi, the phase or reflectivity is measured by a collimated beam of light
passing through a prism and is rendered incident on a deposited plasmonic film. The
reflected light is then detected with a CCD camera after crossing a narrow band
interference filter, and an SPR image of the surface is thus obtained [30]. Among
others, semiconducting NPs embedded transducer systems are of great importance
in medical diagnostics and therapeutics. These solid-state SPR sensors provide new
insights and information for understanding the effects of monitoring molecular
interactions by RI increment on signal changes. These NPs are assumed to have the
freedom to oscillate under the influence of the EW created by surface electrons.
Collective oscillations of such surface electrons are highly sensitive to the RI
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Fig. 23.2 Design of SPR biosensor-based quantitative platforms for biomolecular detection

changes, which can be directly correlated with the mass density changes on a sensor
surface, and can be used to measure real-time biomolecular interactions and
quantification events [24, 53]. Classical models offer a qualitative approximation
for understanding the biomolecule interaction. In this way, several approximations
and models have been applied to transform a biomolecular binding event or biologi-
cal reaction into a physically measurable signal [43].

Semiconductor plasmonicbiointerfaces are often designed with regenerative
surface chemistry, allowing multiple interactions without loss of reactivity. The
biointerface design typically consists of three essential components integrated into
a single system: the optical setup, the fluid handling chamber and the sensing
surface. The sensor configuration offers a physical barrier between the optical setup
(dry portion) and the measurement chamber (wet portion). The characteristic of the
biosensor has a major impact on the measurement of biological interaction. The
importance of light interaction in a biophysical interface is an important area of
research in the scientific community. However, the toughest task is to indulge the
clinicians and clinical chemists in the functioning principles and assure them about
its benefits. The non-invasive and label-free technology may be advantageous to
exploit its acceptance by the healthcare industry in the near future biopsy technique.
The following are the main components to fabricate the biosensor for biomedical
applications and clinical prospects:

* Plane polarised incident wave that should be operated in the red and infrared region
e The thin film formation of plasmonic material (Au/Ag nanoarray)
e Coupling prism with a higher RI
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Some components may vary according to the requirement of the applications.
Many researchers have investigated nanostructure semiconductors for various bio-
technological and optical sensing applications, and in this regard, the quantum dots
(QDs) induce a dominant tunable LSPR. Over the last decades, the exploitation of
QDs in a biosensor has been very prominent for probing biological processes and
the associated biological surroundings effect in real-time measurement. Owing to
its careful monitoring of biomolecules and high selectivity with a label-free
approach, it has been extensively used to analyse the kinetics of biomolecular inter-
actions such as lipid membrane-protein interactions [3], virus detection [71],
hybridisation of DNA [24] and protein/polymer adsorption [11].

While fabricating SPR sensors, there are a few crucial parameters such as
sensitivity, signal-to-noise ratio, accuracy, precision and response time that need to
be taken into account and, to be calibrated with standard methods. The plasmon
depth must be short enough to allow the molecular binding event to fill most of the
plasmon field. However, it is not too short for the binding event to occur outside the
plasmonic field. Therefore, the penetration depth must be optimal in the range of 10
to 20 nm. These parameters are strongly dependent on the measurement method, the
preferred optical platform and selection of the deposited layer (as NPs, thin-films
and pores nanomaterials) and even on the operational parameters (excitation wave-
length, detector efficacy, etc.). Moreover, sensing ability such as cross-sensitivity or
selectivity relies on the affinity between the bio-marker and the bio-receptor, as well
as the environmental conditions (e.g. in vivo or in vitro) in which the sensor is being
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Fig. 23.3 Schematic representation of the Kretschmann configuration-based SPR biosensor.
Prism-based SPR sensor consists of a prism (a), biomolecules and analyte layers (b) and its SPR
curve when RI changes in the presence of analyte (¢); and fibre optic SPR sensor with core—shell
metal-semiconductor nanocomposite layer (d) sensing region coated with protecting layer (e) and
its SPR curve when RI changes in the presence of analyte (f). Here, SPW stands for surface plas-
mon wave, which exists at the interface of the metal-semiconductor nanocomposite layer and the
adjacent sensing layer
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operated. For instance, experiments can be done under controlled buffer (PBS) con-
ditions (Fig. 23.3), or in more complex matrices such as blood serum, plasma or
blood itself [21]. Metal films corrode into biological solutions, thus, reducing the
quality factor and the darkness of plasmon resonances and sensitivity. The use of
semiconductor layer on the metallic film extends the range of metals that can be
used for plasmonbiosensing and increases sensitivity by higher orders of magnitude
[96]. It promises the stability of metal in a liquid and preserves plasmonic resonance
under biofunctionalisation [90]. Essential parameters, for example, regeneration,
repeatability, or reproducibility, are highly dependent on the testing chip and, con-
sequently, introducing external bio-agents, like enzymes, that can disturb the already
functionalised bioreceptors or biomarker connection to start the detection pro-
cess again.

As the complexity of the experimental medium increases, it is necessary to
handle the potential number of difficulties, since many other biomolecules can
trigger the reaction by interfering with the detection of analyte solution [6].

The planar geometry of SPR lends itself well to multilayer structures to enrich
the biological sensitivity. Accordingly, multilayer approaches have generally been
demonstrated in prism-coupled systems and adapted for boosting the SPR biosensor
performance [58]. However, the difficulty lies in incorporating the biofunction-
alised sensing layer without disturbing the optical properties of the multilayer. The
semiconductor NPs layers between the metal coating and the bio-receptors deter-
mine the biomolecules immobilisation and provide new avenues for achieving bio-
detection selectivity [67]. The performance is commonly measured in terms of RI
sensitivity, RI resolution and figure of merit (FOM). An optimal biosensor would
have enormous RI sensitivity (leading to an extremely fine RI resolution) with a
narrow plasmon resonance for high FOM defined as:

_ Sensitivity
FWHM

FOM (23.2)

In the above expression, FWHM is the full width of the plasmon band at half
maximum. The improvement in sensor design is the most exciting research field in
biomedical application and clinical chemistry, especially for LSPR sensors.
Regardless of these, the plasmon resonance should ideally be tuned into the biologi-
cal window in the near-infrared (NIR) region to avoid spectral interference to detect
LSPR resonance in biofluids. Many strategies to enhance biological interaction
have been demonstrated. Here, a fibre optic SPR probe with metal (core) semicon-
ductor (shell) nanocomposite design based on wavelength and angular mode is
shown (see Fig. 23.3d, e) [65]. The effect of NP diameter, thickness of the sensing
layer and their surrounding curvature on sensor’s performance were studied in this
work [65]. Four types of spherical shape semiconductor materials, namely, cad-
mium sulphide (CdS), cadmium selenide (CdSe), lead sulphide (PbS) and zinc
oxide (ZnO) are taken into account for the plasmonic resonance. In further work,
different values of RI for different sensing layers are also considered for the core—
shell NPs. However, a more practical difficulty is their stability while performing an
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in vivo test. As a result, the signal does not suffer from light scattering through the
very dense matrix. To achieve this objective, measurements in undiluted biological
fluids, long-term stability in complex matrices and integration into the body are vital.

To access the biological window, semiconducting NPs are currently considered
to achieve higher sensitivity and resonances in the infrared region [5, 41]. It is
important to note that in vivo biosensors may be used to continuously monitor thera-
peutic concentrations of drugs with a narrow therapeutic range. Therefore, more
advanced spectroscopic techniques needed to be applied for accurate determination
of particles size, concentration and deformations at biointerfaces [60]. Conceivably,
semiconductor nanostructures could provide unperturbed light intensities at differ-
ent measurement angles or wavelengths, thereby reducing signal drift arising from
biointerferences at the sensor design level.

23.2 SPR-Based Biosensors

The basic functionality of an SPR biosensor is to analyse the kinetics of biomolecular
events in the presence of biochemical target analytes for performing the wide ranges
of clinical tasks such as imaging, detection, recognition and monitoring of different
tissues and organs. SPR sensors facilitate noninvasive, label-free and rapid biological
response during the biomolecular binding events in real-time analysis. For label-
free real-time detection, the physicochemical transduction method is utilised to
convert the biological signal into an accurate electronic signal based on the bio-
signalling of the analytes. These signals carry helpful information (i.e. quantitative
analysis of targeted analyte or group of analytes) in understanding the physiological
mechanisms of a specific event or biological system. The application of SPR
biosensing can be helpful in real-time medical diagnosis using portable point-of-
care devices.

In order to acquire basic knowledge about the SPR operation, a fundamental
understanding of the optics is sufficient, as we have discussed in an earlier section.
The result for the sensor chip based on the metal interface is broadly achievable in
all aspects, but the metal-semiconductor nanoplasmonic interface offers good per-
formance owing to recent chip progression [1, 45, 66, 94]. The semiconductor
medium leads to a rapid injection of the charge carriers into the metal to produce an
enormous plasmonic response and quantum efficiency [65]. The coupling of the
SPW and the electromagnetic behaviour of the background medium could be
expected to produce a tunable optical response with a dominant LSPR. Thus, the
collective and coherent oscillation of electrons across the NPs upon the interaction
with light at a specific resonant wavelength causes LSPR phenomena (Fig. 23.4).
The plasmonic resonance can be influenced by the diameter and doping concentra-
tion and the nature of the composition, including the inter-particle distance [80]. To
manifest a resonance effect, an appropriate selection of NP is significant for
achieving excellent sensing performance.
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Fig. 23.4 Schematic of surface plasmon oscillations in prism coupling configuration and localised
surface plasmon on NP. Incoming light impinges on a thin metallic film deposited on a prism sur-
face where the p-polarised light absorbed by the surface plasmon is seen from a minimum in the
reflection spectra. In LSPR, a confined oscillation of the surface plasmon in the NP surface is
generated corresponding absorbance spectra for binding events on NPs

NP-based optical platforms have received considerable interest due to their
higher sensitivity and selectivity. Interesting developments have been carried out
concerning the application in metallic semiconductor NP-based biosensors. The use
of various metal-semiconductor nanostructures has resulted in faster detection, low-
cost manufacturing, reproducibility, flexibility and adequate sensitivity. In this con-
text, near-field enhancement and high LSPR characteristics of metal-semiconductor
NPs were studied theoretically and experimentally for plasmon-related applications
[1, 17, 19, 65, 72]. The enhanced plasmonic behaviour of NPs depends on geomet-
ric morphology (i.e. sphere, cubic, tubular, tetrahedron and octahedron), matrix
structure (i.e. rigid sphere, hollow core and core—shell) and composition of NPs,
excitation wavelength, as well as the local dielectric environment [63, 89, 95].

The concept of light interaction and plasmonic oscillations in metal-
semiconductor-based nanosystem has received much attention in the fabrication of
SPR biosensors [57]. Also, the coupling of plasmonic and semiconducting features
could lead to tunable photoluminescence (PL), large resonance Raman scattering
and ultimate linear/non-linear optical characteristics. Plasmonic properties of semi-
conductors are suitable for NIR and mid-infrared (MIR) wavelength sensing appli-
cations [9]. Quantum effects gain importance for NPs, when electron tunnelling
across the dielectric barrier occurs in the minimal gap. Electronic tunnelling reduces
the magnitude of total mode splitting with an additional narrowing of the gap and
field improvement compared to conventional predictions. Metal NPs can be
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incorporated into a semiconductor matrix using experimental methods, resulting in
higher extinction, more scattering quantum efficiency and more remarkable field
improvement than metallic NPs [98]. In particular, LSPR peak shifts caused by RI
changes have been found useful in detecting various biochemical changes occurring
at the cellular scale [16, 81]. Here, the important and excellent photonics character-
istics of nanocrystalline semiconductor materials have been explained in detail.
These electron-hole carrier nanomaterials provide the perspective of additional
exotic properties such as CdSe, CdTe, CdS, ZnS and QDs, and in enhancing the
local electromagnetic field with longer plasmon wavelength, superior polarities and
high curvatures.

The leading sensory components are biological machines like whole cells,
tissues, enzymes, antibodies, antigens, receptors, nucleic acids, microorganisms
and organelles (Fig. 23.5). They generate biosignals in the specific interaction
between the target analytes and biological system. Thus, the biological signal has
passed through the physiological system’s proximity and is immensely important
for medical diagnosis. Potential bimolecular interactions include affinity, kinetics,
thermodynamics and analysis of the specificity and concentration of interacting
molecules. In general, biological and biochemical interactions occur when the
analyte RI ranges from 1.33 to 1.36 [28]. Higher detection accuracy and sensitive
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Fig. 23.5 Nanoscale materials that have been explored to design SPR biosensors, and their
performance play leading role in profiling biomolecules binding or cellular events, such as,
carbohydrates, protein, DNA/miRNA, bacteria viruses and tumour cells
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functioning of sensors emerged as ideal devices for clinical monitoring biomolecules
in a series of medical conditions (i.e. Alzheimer’s disease, tumour, diabetes,
hepatitis, leukaemia, etc.). A different class of bio-analytes has been extensively
studied on SPR-based biosensor platforms [14, 22, 31].

Accordingly, it has been explored to detect tumour biomarkers [55], including
proteins/enzymatic interaction [27], antigen-antibody binding [81], therapeutic
drug sensing [87], monitoring metabolite pathway [13], hormones, miRNA, DNA
[70] and among other active biomarkers detection [2, 36, 47]. Still, the active
researches on the detection of such biomarkers are very broad, and the contempo-
rary sensor design yet needs to be improved. As per one such work, nearly 64% of
the money involved in the market is due to activities related to medicine: home
healthcare and point-of-care testing [68]. Core—shell nanostructure paves significant
interest due to the geometric parameters (core diameter and shell thickness) and
hence, used in many modern medical diagnostic devices in recent years. The effects
of the thickness of the internal core, the outer diameter of the shell layer, and the
superior quantum efficiency have essentially shown tunable plasmonic bands based
on Mie’s theory. Thus, varying geometrical parameters of core—shell structure can
render the shift with an increment in scattering intensity [13]. Higher-order plas-
monic excitation can be achieved by forming large NPs, and by exploiting short and
long-range interactions, the latter spectra become more complicated than pure/sin-
gle NPs [25, 83]. In most cases, SPR of core—shell NPs is red-shifted over a broad
spectrum range from the visible to infrared by merely increasing core diameter or
shell thickness.

23.3 SPR in II-VI Semiconductor QDs

Conventional plasmonic NPs are used for biosensing applications and perform well
in the visible and near-infrared region but they demonstrate limitations especially at
higher wavelengths due to intrinsic losses [93]. The research of tunable and suitable
materials is an essential requirement for creating biosensors for the IR environment.
A number of the proposal have been made for alternative plasmonic materials, such
as Group IV materials and II-VI semiconductors, where, in particular, InAs have
excellent properties [5, 39, 41]. NPs with a CdS and CdSe core in particular, which
are readily available with a wide range of emissions are a major class of NPs used
in biological detection due to their favourable photophysical properties [4]. InSb
was also designed for mid-infrared plasmonics [40]. In practice, the proximity of
the excitation energy of semiconductor NPs and the plasmon exciton energy for
metal NPs offers the opportunity to produce nanocomposite materials in which
excitation of the semiconductor leads to rapid charge injection into the metal. In a
metal-semiconductor thin film diode experiment, the large enhancement in electro-
magnetic field was observed due to surface plasmon resonance of NPs [37]. The
plasmonic effect of the metal-semiconductor nanocomposites interface provided
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light trapping effect to allow more plasmon generation. As a result, it enhanced the
resonance angle shift and thus the SPR sensing.

23.3.1 Theory for Optical Properties of Core—Shell NP System

The optical properties of core—shell metal-semiconductor nanocomposite are
governed by Maxwell Garnett’s (MG) theory when a metal NP embedded in a host
matrix is subjected to an average polarisation field due to both the matrix as well as
the surrounding NPs [23]. According to Drude model, the frequency-dependent
complex dielectric function may be written as:

8(60):8 —W (233)

where &% is the high-frequency dielectric function, while w, and @, are the bulk
plasma frequency and damping frequency, respectively. These are given by

2
o = Ne (23.4)
me,
and,
\%
o, == (23.5)

bulk

where N represents the concentration of free electrons; m and e represent the effec-
tive mass and the charge of the electron. Ry represents the mean free path of the
conduction electrons, and v; represents the velocity of the electrons at the
Fermi energy.

When the particle size, R, is smaller than the mean free path in the bulk metal,
conduction electrons are additionally scattered by the surface, and the mean free
path, R, becomes size-dependent with

(23.6)

bulk

Hence, the size dependence of damping frequency is given by

o, (R) =0, (bulk)+v;f (23.7)
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Thus, Eq. (23.3) together with Egs. (23.4)—(23.7) completely represents the size-
dependent dielectric function of a metal particle even down to a size of 2 nm.
According to MG theory, the effective dielectric function (¢,,) of a composite con-
sisting of high-volume-fraction metal NPs isotropically dispersed in a medium is
given by the expression

£, =&, (1 + 30P j, where (23.8)
p=t"bn (23.9)
£+2¢

and ¢ is the volume fraction of the embedded particles and ¢, is the dielectric func-
tion of the host semiconductor material in which the metal particles are embedded.
Some of the compound semiconductor materials, which are commonly used in
core—shell nanostructures with different semiconductor materials, are CdS, CdSe,
PbS and ZnO. The dispersion relation (i.e. the variation of dielectric constant em
with wavelength) for all the four semiconductor materials CdS [74], CdSe [7], PbS
[97] and ZnO [10] are available in the related literature.

Usually, MG theory is most appropriate for small spherical NPs (e.g. gold or
silver) isotropically distributed within a continuous matrix. The net effect is the
creation of a dense matrix of the host material containing mono-disperse metal NPs
with known dielectric properties, embedded at a constant, uniform distance from
one another. Further, the MG equations deal with the metal volume fraction, so one
is still required to specify how the NPs pack within the films. If one assumes that the
metal NPs are closely packed, and there is a geometric fcc lattice packing, the vol-
ume fraction of the spheres is 0.74 of the total film volume, and the volume fraction
of metal particles may be given by Ung et al. [77]

3
¢=ﬂ (23.10)

(R + Rhost )3

where Ry, in the present case, represents the semiconductor shell thickness.

Semiconductor QDs have emerged as fluorescence signal amplifiers to enhance
plasmonic biosensors’ luminescence signals. QDs-based SPR biosensors can be
applied in faster, real-time detection and identification of microbial toxins and to
study the interaction of microorganisms with different pathogenic microflora or
other molecular species. The inherent ultrahigh RI sensitivity of semiconductor
plasmonic materials has been widely explored to detect a quantifiable optical signal
corresponding to the RI change of the bio-analytes in which the biological recogni-
tion events occurred.

SPR biosensor showed promising results to detect foodborne pathogens related
to the processing of poultry, milk and leafy vegetables [8, 38, 48, 75]. A sensitivity
as high as 1 x 10° CFU/mL for Salmonella typhimurium detection was achieved.
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Initial results show that applying NPs mixture with a secondary antibody or a gold-
conjugated antibody increased the detection limit. Also, for its application in patho-
genic bacteria monitoring, it has the potential to differentiate the pathogens, such as
human pathogens Pseudomonas aeruginosa, Brucella spp. and Serratia spp.; and
some animal pathogens such as Photobacterium damselae and Aeromonas salmoni-
cida [48]. The recent study visualised rapid detection and characteristic-specific
binding kinetics of full-length tail protein by transmission electron microscopy
(TEM). A protein was functionalised on SPR biosensor and then employed for bac-
terial capture using microagglutination assays [32]. In another study, the plasmo-
electronic effect of gold triangular nanoprisms (AuTNPs) enhanced the existing
LSPR properties for sensing performances. Hati et al. [29] and his co-workers have
designed a nanoplasmonic biosensor design for ultrasensitive, precise and program-
mable detection of microRNAs and proteins at attomolar concentrations in standard
human plasma and urine samples femtomolar concentrations from bladder cancer
patient plasma and urine. The solid-state structure comprises the light-induced
reversible conformational change of spiropyran (SP)-merocyanine (MC) covalently
attached to Au TNPs via alkylthiolate self-assembled monolayers (SAM) to pro-
duce a large LSPR response (~24 nm).

Monitoring the change of a biomarker in real-time allows for identifying the
susceptibility to different therapies and interactive optimisation of medical treat-
ments with reduced time and costs compared to clinical validation of therapies.
Different protein biomarkers are correlated with the presence of pathogenic pro-
cesses and diseases. Usually, the performance of a new optical fibre biosensor is
evaluated by direct binding model assays. According to the literature, the most stan-
dardised biological measurements involving the detection of bioreceptors-analyte
complexes are IgG/anti-IgG, streptavidin/biotin and BSA/anti-BSA. They are nor-
mally chosen because of their low price, ease of handling, availability and widely-
studied binding and immobilisation process. Once the adequate performance of the
biosensor is proved, the biomarkers associated with specific pathologies are
employed to identify a specific use for the biosensor.

Another important application domain of biosensors is the detection of nucleic
acids, which are employed as biomarkers with diverse applications, including diag-
nosis, prognosis and selection of targeted therapies. Currently, publications on the
wavelength-based optical fibre biosensors for nucleic acids are limited, but some
research evidences the scientific community’s interest in the topic. The most sensi-
tive optical structure among the different fibre gratings optical platforms used to
detect specific sequences of DNA was DTP-LPFG (1359 nm/RIU), which reported
the lowest LOD: 4 nM (~18.4 ng/mL) of DNA [15]. The selection of appropriate
plasmonic material is crucial for good sensing performance from PCF-SPR sensors.
Recent researches show that some alloys can also be potential candidates as plas-
monic materials for their remarkable plasmonic characteristics. To investigate the
sensing performance of the SPR sensor, gold, silver and copper as noble plasmonic
materials and gold-silver, gold-silver and copper-zinc as alloys have been selected.
The obtained results reported that the sensor shows maximum amplitude sensitivity
(AS) 0f 9759.00 RIU~! and figure of merit (FOM) of 923.07 RIU~! when the silver
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Fig. 23.6 3D diagram to illustrate the CdSe/ZnS quantum dots-based biosensing device on the
coupling of exciton and LSPR on the surface of plasmonic nanoarrays coated with a spacer
layer of PMMA

coating is used. Moreover, the reported sensor shows maximum spectral sensitivity
(SS) of 26,000 nmRIU~! and a resolution of 3.84 x 10~° with copper-zinc alloy.
Such sensor probe can be an impressive appliance for the identification of organic
substances, biological fluids and samples [64].

Wang et al. [84] have reported LSPR-induced emission enhancement from CdSe/
ZnS QDs near well-engineered Au TNPs through a high-performance exciton LSPR
coupling system with a versatile Ta,Os layer (Fig. 23.6).

By the combination of the matching conditions and a low extinction coefficient
with minimal damping absorption of the Ta,Os layer in the system, stronger LSPR
is induced by the efficient coupling between QDs and Au TNPs and efficiently scat-
tering into the far-field without damping. The plasmon-enhanced emission from
QDs with a high PL enhancement factor was achieved by the coupling of excitons
and LSPRs. It can be observed that the proposed design concept and method with
greatly enhanced light-matter interactions will open up avenues toward actual appli-
cations of LSPR-based fluorescence enhancement in biomedicine and optoelec-
tronic devices.

23.4 SPR-Enhanced Optical Gas Sensors Based on II-VI
Semiconductor QDs

Certain gas molecules and volatile organic compounds (VOCs) are considered to be
highly harmful and toxic to human health as well as the natural ecosystem [88].
Formaldehyde and benzene are well-known carcinogenic substances that have a
high potential for adverse effects on the human respiratory and immune systems
[62, 92]. Furthermore, organic compounds such as dioxins, acetone, nitrogen, ethyl
alcohol, n-hexane, chlorobenzene, o-xylene and toluene have a prolonged effect on
human health and showed high responsivity when exposed to the environment [50].
Concerning the potential hazards of VOCs and even their small leakage in hostile
environments may cause serious respiratory disorders and chronic skin diseases.
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Therefore, effective VOCs monitoring methods are greatly in demand for measuring
and monitoring the atmospheric environment and human well-being and health sur-
veillance. Present high-sensitive analytical methods, such as high-performance lig-
uid chromatography (HPLC) [26], gas chromatography (GC) [61] and
spectrophotometry [76] have been used to detect the ultra-low concentrations of
VOCs, which are based on expensive set-up and rigorous experimental conditions
[20, 79].

Carbon-based fluorescent nanomaterials (e.g. graphene QDs) have been studied
empathetically to detect toxic gas leakages that can be used as intelligent function-
alised photonic materials in the field of gas sensing and biosensing [42, 44].
However, the surface functionalisation of graphene QDs needed further improve-
ment in order to enhance their fluorescence performance in an aqueous environ-
ment. Furthermore, their potential use in the detection of gas molecules is still
largely untapped due to chemical and electrochemical stability in a small potential
window. As a consequence, their low stability remains the biggest challenge for
practical gas detection applications [81, 82]. These disadvantages have shifted the
focus of the scientific community to synthesise semiconductor-based photonic NPs
with the smallest size.

It is known that conductometric devices based on nanostructured semiconductor
materials, such as metal oxides and II-VI compounds, make it possible to control
the appearance and determine the concentration of toxic gases and VOCs in the
atmosphere. The choice of semiconductor materials for the detection of a specific
gas is determined by the influence of the interaction of its superficial active surface
sides created by chemisorbed O~, O?-, H* and OH-ions with molecules of detected
gas on their electrical conductivity [49]. The choice of nanostructured semiconduc-
tors for gas sensing is due to the reversibility of the processes of interaction with the
detected gases and high sensitivity. At the same time, it was shown that as gas mol-
ecules are absorbed onto the metal oxide NP surface, changes in the dielectric con-
stant occur that cause changes in the RI. This means that surface plasmon structures
based on nanostructured semiconductors can also be used to detect toxic gases and
VOCs in the atmosphere. The experiment confirmed this assumption.

Recently, a research group has proposed SPR-based formaldehyde sensor with
very low (~0.5 ppm) detection range by depositing the mixture of amino-modified
CdSe@ZnS QDs, fumed silica and gold NPs on the surface of the silica sphere.
Under the optimisation conditions, the fluorescence intensity showed significant
quenching to gaseous formaldehyde (~1.0 ppm) with a short response time, as seen
in Fig. 23.7 [92]. SPRbased gas sensor emerged as an excellent and precautionary
sensory technique for the identification and qualitative determination of VOCs con-
centration. It is worth mentioning that the SPR gas sensor showed accurate sensitiv-
ity, high stability and reproducibility with good recoverability in a short response.

Wau et al. [91] also embedded semiconductor QDs in the SPR configuration and
found that this device can be considered as rapid, sensitive and convenient gas sen-
sor. The nanocomposite scaffold consists of CdSe-CdS core—shell semiconductor
quantum rods, Ag NPs and poly(methyl methacrylate) (PMMA) nanofibres
(Fig. 23.8).
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Fig. 23.7 (a) Fluorescence intensities of sensing films with different concentrations of fumed
silica (FS) solutions together with that of pure QDs. (b) Fluorescence intensities of sensing films
with different concentrations of gold NP (GN) solutions based on QDs,m/FSyu. (€) Fluorescence
intensities and wavelengths of different samples fabricated under the same conditions. (d)
Fluorescence quenching mechanism (e) The mechanism of influence of gold nanoshpere on the
quenching and enhancement of fluorescence (f) Sensing performance of quantum dot-based PEF
sensors under optimization conditions (QDSsn/FS4mm/GNsg ). () Fluorescence intensities of
sensing films after injecting different concentrations of gaseous formaldehyde for 500 s. (h)
Variation of fluorescence intensities in different concentrations of gaseous formaldehyde within
500 s. The relationship between the fluorescence intensity and the formaldehyde concentration.
The inset shows a calibration plot of the presented sensor for formaldehyde over the range of
0.5-2.0 ppm (n = 5, Adj. R%:0.98119). (i) Response-recovery properties of sensing devices at
1.0 ppm concentration of formaldehyde. (Reprinted with permission from Xue et al. [92].
Copyright 2020: American Chemical Society)

CdSe-CdS/Ag/PMMA-based sensors showed versatile sensitivity below the
lowest explosion limits. In fact, it reached a non-selective detection threshold of
500 ppm for chlorobenzene and 100 ppm for butanol [91]. Mishra et al. [51]
employed an LMR-based hydrogen gas sensor by coating an ITO (In,O;+ SnO,)
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Fig.23.8 The optical images of CdSe-CdS/Ag/PMMA composite scaffolds treated with UV-ozone
etching after (a) O min, (b) 10 min, (¢) 30 min, (d) 60 min and (e) 90 min. The insets are the pho-
tographs of each sensing chip. (f) The extinction spectra of CdSe-CdS/Ag/PMMA composite scaf-
folds with various etching time. (Reprinted with permission from Wu et al. [91]. Copyright 2020:
Elsevier)

thin film on the core of an optical fibre [52]. The same researcher later reposted a
highly sensitive SPR-based ammonia gas sensor designed using ITO and polyani-
line thin film. Further, an LSPR gas detection system has been developed, in which
evaporated gold island films have been coated with polymer polystyrene sulphuric
acid and polystyrene. These polymers swell and/or shrink when exposed to the vari-
ous gases used (chloroform, water vapour, etc.), which affects the local RI and
causes an intense peak of LSPR [35].
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23.5 SPR-Based Biosensors Functionalised with II-VI
Semiconductor QDs

The direct band-gap plasmonic semiconductor nanomaterials (II-VI: CdS, CdSe,
CdTe, etc.; III-V: InP, InAs, etc.; IV-VI: PbSe, etc.) are widely classified for
changes to RI variations at the sensor surface. The changes in RI practically offer
the potential of measuring low levels of biological signals adjutant to the metallic
NP boundaries. Such NPs and their combination with plasmonic semiconductors
have been extensively modified with the linker molecules to couple with biomole-
cules for developing plasmonic biosensors (Fig. 23.9). Interestingly, gold NP islands
have shown exceptional LSPR properties, which make them unique colorimetric
biosensors [18]. Their high optical excitation coefficient, broad absorption spec-
trum, fluorescence quenching and catalytic efficacy showed a non-radiative energy
transfer process, called the fluorescence resonance energy transfer (FRET) phenom-
enon. FRET is another method to identify the proteins or histone modifications
associated with a specific DNA sequence [69].

o
o/vY\)v\A“ ‘ o\/\;x\/\/\“ Quenching

Distance variable CdSe-peptide-AuNP sensor for virus detection

Fluorescence
enhancement

— 50 M

Fig. 23.9 Virus detection with the sensor probe varying the peptide length: schematic illustration
for the virus sensing using CdSe QD-peptide-AuNP system for two modes of detection and char-
acterisations of CdSe QD-peptide-AuNP nanoconjugate: (a) TEM image (b) HRTEM image of
CdSe QD-peptide-AuNP, showing their own fringes, (c—e) STEM mapping of CdSe QD-peptide-
AuNP with Cd and Au. (Reprinted with permission from Chowdhury et al. [18]. Copyright 2020:
Elsevier)
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Early-stage diagnosis and appropriate treatment are vital challenges in the fight
against cancer. As an alternative tool for conventional options, SPR-based label-free
detection of cancer biomarkers in real-time with high sensitivity (picomolar level)
is comparable to that of single-colour and dual-colour labelling approaches. The
plasmon resonance characteristics of QD NPs and their associated electromagnetic
field enhancement produced by LSPR excitation have made feasible the design of
biosensors for the exosome quantification in liquid biopsies for cancer diagnosis.
The considerably enhanced response and visual detection of protein binding may
demonstrate using gold NPs stabilised with the linker-modified molecules. LSPR
colorimetric sensors based on the aggregation of NPs may provide high sensitivities
and functional designs.

The stability of plasmonic NP assemblies can be modulated through covalent or
non-covalent interactions (i.e. electrostatic interactions, hydrophobic forces, hydro-
gen linkage and specific biological linkage) and depend greatly on external condi-
tions such as temperature, pH and buffer. Au NPs are functionalised by the
non-covalent bio-conjugated system with a panel of DNA aptamers, which are able
to bind the exosome surface proteins with high specificity and affinity. Their indi-
vidual appearance reflected in distinctive colours as a consequence of NP aggrega-
tion (from red to blue) following the specific binding between the aptamers and
cell-surface proteins (Fig. 23.10). These colorimetric changes are responsible for
generating patterns to identify the multiple proteins on the exosome surface, which
can be further implemented for cancer diagnosis [34].

LSPR biosensors can be designed for solution-phase or surface-bound sensors
and can result in a spectral change in absorption/extinction or scattering and even
colour variation of plasmonic NP solutions. Solution-based biosensors are much
more attractive due to the less complexity of the measurement and of the assay
analysis [85]. Strong emphasis has been given to the colloidal NPs in complex lig-
uid medium because of the formation of a protein corona and ionic potency of the

Exosomal protein profiling Ags0/Asg
] ‘ —]

Fig. 23.10 A coat of many colours: A gold NP/aptamer biosensor (AuNP/AptX) provides a
colorimetric platform for rapid and multiplexed protein analysis of exosomes. (Adapted with
permission from Jiang et al. [34]. Copyright 2017: Wiley)
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biofluids. In combination with a unique set of plasmonic properties of LSPR nano-
materials, the hydrophobic interactions can be potentially used in both biosensing
and nanomedicine. The impact of complex liquid media on LSPR sensors can be
condensed by functionalising the layers, biological scaffolds and particle diameter,
but yet remains an issue to believe. Dilution of the media can also be an option to
minimise the impacts related to the biofluid, as shown for sensing real samples.
Solution-based LSPR can also serve to conquer the response of an ELISA assay for
real samples.

On the other side, surface-bound LSPR sensors are fabricated by immobilisation
of NPs on a solid substrate to alleviate the concerns of the colloidal stability of NPs
in liquid media solution. This configuration is also simpler to multiplex on-chip and
to integrate with microfluidics. The field of integrated plasmonic devices is gaining
a lot of attention recently. Typical bioreceptors include, in general, antibodies,
enzymes, proteins, aptamers, cells, or microorganisms. They are specially designed
to detect other target molecules, also known as “analytes” or “biomarkers®. Once
deposited on the transducer substrate, these biological interactions transform into
measurable variables and simulate them into optical, electrical, mechanical, or
acoustic signals that can be further treated [73]. Finally, the bio-functionalised inter-
face is the middle layer. It consists of one or more layer-by-layer (LbL) that binds
the bioreceptors to the substrate using nanotechnology-based manufacturing
techniques.

Many materials other than pure metals (typical of SPRs) can induce LMRs.
Thus, significant progress has been reported on LMRs with metal oxides, polymer
coatings; LbL-coated structures and considered an almost unavoidable component
in the majority of combining plasmonic materials or even immunosensors consist-
ing of multilayer of polymers and antibodies [68]. Furthermore, SPR biosensing
surfaces can be functionalised by thin polymer films to which antibodies are cou-
pled through amino groups [54]. Protein contact printing was considered for spa-
tially controlled binding of bovine serum albumin (BSA) and dinitrophenylated
BSA to adjacent reference and signal channels of a dual-channel SPR sensor [46].
Nano-range biomolecules can be immobilised on the surfaces of gold SPR sensors
by forming a streptavidine layer on a gold surface followed by biotinylated DNA
attachment [86]. A multi-step surface modification based on alkanethiol SAM was
also used to attach DNA to gold surfaces [12]. Then, later, biomimetic materials
made from micro-contact imprinting techniques for the detection of urinary tract
pathogens have been exploited in SPR biosensors [56].

Novel semiconductor nanostructures for LSPR sensing are frequently reported
for optimising the sensitivity of sensors. The advantage of a colloidal NP-based
LSPR sensor is the possibility of naked-eye detection from aggregation assays, NP
etching, or growth mechanism, such as for the detection of glucose [33]. These pos-
sibilities are highly promising and the use of gold NPs in microfluidic-based bio-
sensing for point-of-care applications has attracted a lot of attention. LSPR
biosensors can be designed for solution-phase or surface-bound sensors. Solution-
based biosensors are interesting due to the simplicity of the measurement and of the
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assay. Biomolecule-attached metal NPs are the most popular probes for easy separa-
tion by centrifugation and can be readily assembled with thiolated molecules. The
single-crystalline Au islands furnished the possibility of effective separation of the
surface-plasmon bands of the islands and the bound NPs. LSPR provides a plasmon
resonance in a broader optical window, enhances sensitivity, facilitates integration
into a simple device, comprises easy surface chemistry, and is relatively economical
to fabricate.

Plasmonic nanostructures are either prepared from colloidal synthesis or with
nanofabrication techniques. Nanofabricated plasmonic structures can reach high
FOM, and, thus, their performance can exceed other SPR sensing platforms but may
be very costly and complex to fabricate. Hence, the fabrication of LSPR NPs on a
solid substrate is widely employed to alleviate some of the issues, such as stability
and ease of integration with microfluidic. Placing an NP on a colloidal substrate
affects the optical properties and sensitivity. But, when it comes to the RI sensitivity,
FOM and RI resolution are bulk properties; the penetration depth is directly associ-
ated with the sensitivity of the device to a binding event, which straightly influences
the RI shift from the detection of a molecule.

Generally, the penetration depth is expected to be relatively small but even
greater than the molecules to be detected to ensure that the binding events result in
a significant change in the wavelength or resonance angle of the plasmon. A draw-
back of the SPR is the requirement of sufficient quantities of ligand which is suc-
cessfully connected to the surface of the sensor chip. Moreover, this ligand must be
sufficiently robust to withstand several regeneration cycles. There is currently a
large heterogeneity in nanostructures used for SPR sensing, and therefore focus
needed to be placed on identifying the best anisotropic or pronged colloidal nano-
structures and optimising their synthesis to achieve highly reproducible fabrication,
as well as identifying 2D nanofabricated surfaces that are relatively simple to fabri-
cate and of high sensitivity. This constitutes the major challenge of plasmonic nano-
materials, as methods for classical SPR sensing should be translated with relatively
few obstacles [78]. The scope of QDs synthesis is very broad and cannot be fully
explored from a specific application perspective, so only colloidal stability is the
main concern. Colloidal synthesis facilitates the advantage of simplicity and cost-
effective fabrication, but colloidal-based sensors often suffer from reproducibility in
synthesis and usually have a lower FOM.

23.6 Conclusions and Future Directions

Semiconducting nanostructure-based SPR sensor is a promising approach for
making a progression in advanced biosensing applications. Their specificity and
active surface feature advantageously for light entrapment within a smaller region.
Quantum dot and metal oxide-based gas sensing devices are expanding their infra-
red bandwidth utilisation. The discussion projected on the metal-semiconductor
nanocomposites provides deep insights into the important aspects, such as surface
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features, fabrication, sensitivity, label-free detection and in-vivo adaptation. The
sensitivity to the detection of biomolecules and target molecules in the complex
fluids described in the chapter required increased miniaturisation and user-friendly
interface design. In the forthcoming era of printable devices, semiconductor materi-
als will gain significant foresight in lithographic research. The flexibility of semi-
conductor film can result in portable devices with great potential for health
monitoring and toxic gas leakages. Thus, the futuristic sensory device would be
reusable, easy to operate, simple to functionalised with the recognition element and
replace in terms of hardware and software.
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