H B biosensors

'Plasmonic Sensors

A New Frontier in Nanotechnology

Edited by
Samir Kumar and Sungkyu Seo

Printed Edition of the Special Issue Published in Biosensors

www.mdpi.com/journal/biosensors



Plasmonic Sensors: A New Frontier
in Nanotechnology






Plasmonic Sensors: A New Frontier
in Nanotechnology

Editors

Samir Kumar
Sungkyu Seo

MDPT e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin

WVI\DPI

F



Editors

Samir Kumar
Korea University
Sejong

Republic of Korea

Sungkyu Seo
Korea University
Sejong

Republic of Korea

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Biosensors
(ISSN 2079-6374) (available at: https://www.mdpi.com/journal/biosensors/special_issues/plasm_

sensors).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-7284-0 (Hbk)
ISBN 978-3-0365-7285-7 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Aboutthe Editors . . . . . . . . . . e

Samir Kumar and Sungkyu Seo
Plasmonic Sensors: A New Frontier in Nanotechnology
Reprinted from: Biosensors 2023, 13, 385, doi:10.3390/bios13030385 . . . .. ... ... ... ...

Deependra Singh Gaur, Ankit Purohit, Satyendra Kumar Mishra and

Akhilesh Kumar Mishra

An Interplay between Lossy Mode Resonance and Surface Plasmon Resonance and Their
Sensing Applications

Reprinted from: Biosensors 2022, 12, 721, doi:10.3390/bios12090721 . . . . . ... .. ... .. ..

Kihyeun Kim, Ki Joong Lee, Na Rae Jo, Eun-Jung Jo, Yong-Beom Shin and Min-Gon Kim
Wafer-Scale LSPR Substrate: Oblique Deposition of Gold on a Patterned Sapphire Substrate
Reprinted from: Biosensors 2022, 12, 158, doi:10.3390/bi0s12030158 . . . . . ... ... ... ...

Sarjana Yadav, Sneha Senapati, Samir Kumar, Shashank K. Gahlaut and Jitendra P. Singh
GLAD Based Advanced Nanostructures for Diversified Biosensing Applications:

Recent Progress

Reprinted from: Biosensors 2022, 12, 1115, doi:10.3390/bios12121115 . . . . . . .. .. ... .. ..

Shashank K. Gahlaut, Anisha Pathak and Banshi D. Gupta
Recent Advances in Silver Nanostructured Substrates for Plasmonic Sensors
Reprinted from: Biosensors 2022, 12, 713, doi:10.3390/ bios12090713 . . . . . ... .. ... .. ..

Seyyed Mojtaba Mousavi, Seyyed Alireza Hashemi, Masoomeh Yari Kalashgrani,

Vahid Rahmanian, Ahmad Gholami, Wei-Hung Chiang and Chin Wei Lai

Biomedical Applications of an Ultra-Sensitive Surface Plasmon Resonance Biosensor Based on
Smart MXene Quantum Dots (SMQDs)

Reprinted from: Biosensors 2022, 12, 743, doi:10.3390/bios12090743 . . . . . ... ... ... ...

Jeong Ah Park, Chaima Amri, Yein Kwon, Jin-Ho Lee and Taek Lee
Recent Advances in DNA Nanotechnology for Plasmonic Biosensor Construction
Reprinted from: Biosensors 2022, 12, 418, doi:10.3390/bios12060418 . . . . . ... ... .. .. ..

Reshma Beeram, Kameswara Rao Vepa and Venugopal Rao Soma

Recent Trends in SERS-Based Plasmonic Sensors for Disease Diagnostics, Biomolecules
Detection, and Machine Learning Techniques

Reprinted from: Biosensors 2023, 13, 328, doi:10.3390/bios13030328 . . . . . ... .. ... .. ..

Shuai Lv, Xinxin Xu, Shanshan Song, Liguang Xu, Ligiang Liu, Chuanlai Xu and Hua Kuang
An Immunochromatographic Assay for the Rapid and Qualitative Detection of Mercury in Rice
Reprinted from: Biosensors 2022, 12, 694, doi:10.3390/bios12090694 . . . . . ... ... ... ...

Pei Dai, Xianzhi Huang, Yaqian Cui and Lihua Zhu

Quantitative SERS Detection of TBBPA in Electronic Plastic Based on Hydrophobic Cu-Ag
Chips

Reprinted from: Biosensors 2022, 12, 881, doi:10.3390/bios12100881 . . . .. ... .. ... .. ..

Yaqi Yue, De Zhang, Kangfei Tian, Dejiang Ni, Fei Guo, Zhi Yu, Pu Wang and Pei Liang
Screening and Evaluation of Thiamethoxam Aptamer Based on Pressurized GO-SELEX and Its
Sensor Application

Reprinted from: Biosensors 2023, 13, 155, doi:10.3390/bios13020155 . . . .. ... ... ... ...



Seyyed Mojtaba Mousavi, Seyyed Alireza Hashemi, Vahid Rahmanian,
Masoomeh Yari Kalashgrani, Ahmad Gholami, Navid Omidifar and Wei-Hung Chiang
Highly Sensitive Flexible SERS-Based Sensing Platform for Detection of COVID-19

Reprinted from: Biosensors 2022, 12, 466, do0i:10.3390/bios12070466

vi



About the Editors

Samir Kumar

Samir Kumar, Ph.D., is a research professor (since 2021) at the Nano Biophotonics Lab, Korea
University (Sejong, Korea). His previous academic positions were at Kyoto University (Japan,
2018-2021). He received his M.Sc. in physics from the University of Kalyani, India, in 2009, and
his M.Tech. from the National Institute of Technology Hamirpur, India, in 2012. He received his
Ph.D. in physics from the Indian Institute of Technology Delhi, India, in 2017. His research interests
include designing, fabricating, and characterizing nano- and micro-electromechanical systems for
sensor and actuator applications. He has authored more than 50 publications in scientific journals

and proceedings.

Sungkyu Seo

Sungkyu Seo, Ph.D., is a professor (since 2009) in the Department of Electronics and Information
Engineering at Korea University (Sejong, Korea). His previous academic positions were at UCLA
(C.A., USA, 2008-2009). He is also an Adjunct Professor (since 2017) at the Department of Laboratory
Medicine, Korea University (Guro Hospital, Seoul, Korea), and BK21 Plus Team Director (since 2014)
at ICT Convergence Technology for Health & Safety, Korea University (Sejong, Korea). He received
his B.S. degree in 1998 from Korea University (Seoul, Korea) and his Ph.D. degree in 2007 from
Texas A&M University (TX, USA), all in electrical engineering. His previous academic positions
were at UCLA (C.A., USA, 2008-2009). His research interests include bio photonics, nano optics,
and MEMS/NEMS. He has published about 100 papers in scientific journals and proceedings.

vii






S B biosensors

Editorial

Plasmonic Sensors: A New Frontier in Nanotechnology

Samir Kumar * and Sungkyu Seo *

Citation: Kumar, S.; Seo, S.
Plasmonic Sensors: A New Frontier
in Nanotechnology. Biosensors 2023,
13,385. https://doi.org/10.3390/
bios13030385

Received: 10 March 2023
Accepted: 13 March 2023
Published: 15 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electronics and Information Engineering, Korea University, Sejong 30019, Republic of Korea
* Correspondence: skumar@korea.ac.kr (S.K.); sseco@korea.ac.kr (S.S.)

Plasmonics is the study of surface plasmons formed by the interaction of incident light
with electrons to form a surface-bound electromagnetic wave [1]. Plasmons can configure
light to nanoscale volumes, making them attractive for developing new technologies with a
wide range of applications [2]. The intense fields created by plasmons can dramatically en-
hance various light-matter interactions, such as transmission [3], Raman scattering [4], and
fluorescence [5], and can also lead to significant localized heating in metallic nanostructures,
known as thermoplasmonics [6,7].

Surface plasmons are formed when the oscillation of free electrons on the surface of
a metallic nanoparticle resonates with the incident light [8]. The resonance frequency of
surface plasmons depends on the size, shape, and composition of the metallic nanoparticle,
as well as on the dielectric properties of the surrounding medium [9]. Controlling the
plasmon resonance frequency and tailoring the plasmon properties for specific applications
is made possible by tuning these parameters. Applications of plasmonics can be found
in nanotechnology, biophotonics, sensing, biochemistry, and medicine [10]. However,
plasmonics has proven particularly useful in the development of biosensors [11]. The
Scopus database contains 37,586 articles related to biosensors that have been published
since 2018 (as of February 2023). Twenty-five percent of these studies contain plasmonics-
related keywords.

Biosensors are devices that use a variety of physical, chemical, optical, electrochemical,
and thermal processes to convert biological interactions into valuable information [12,13].
A biosensor has two components: a transducer and a bioreceptor. Bioreceptors are
biomolecules that recognize the target analyte, whereas transducers convert this recog-
nition into measurable signals [14]. Electrochemical and electrical transducers are at the
forefront of revolutionizing biosensor technology. However, these systems are limited by
their dependence on oxidizing/reducing agents [15]. Optical biosensors based on optical
transducers play a prominent role in developing advanced biosensors due to their high
detection accuracy and cable-free design [16]. Optical biosensors are capable of multiplex
detection and remote sensing. Sensors based on absorption, surface plasmon resonance
(SPR), and photoluminescence provide a next-generation optical biosensor platform [17-19].
There are several optical biosensing techniques which utilize plasmons, including surface-
enhanced Raman spectroscopy (SERS), surface-enhanced fluorescence spectroscopy (SEFS),
and surface-enhanced infrared absorption spectroscopy (SEIRAS) [20-22].

This Biosensors Special Issue focuses on the theory and fabrication of plasmonic nanos-
tructures; patterned surfaces; and devices for SPR, SEFS, and SERS-based biosensors. This
Issue contains five research articles, five review articles, and one perspective article covering
various topics related to fabrication and recent developments in plasmonic biosensors.

Gaur et al. investigated the interplay between SPR and lossy mode resonance (LMR)
in this Special Issue. They compared these two types of sensing techniques in terms of
sensitivity, detection accuracy, and figure of merit [23]. The SPR effect is a complicated
physical phenomenon that occurs when light strikes a conductive layer of noble metal.
This phenomenon occurs at the boundary between a medium with a low refractive index
(buffer) and a medium with a high refractive index (sensor glass surface) [24]. In most
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plasmonic biosensors, the SPR effect detects the binding of biomolecules, such as proteins
and DNA, to metallic nanoparticle surfaces. An interaction between a biomolecule and
a nanoparticle changes the plasmon resonance frequency, which can be measured with a
spectrophotometer. Unlike conventional biosensors, SPR-based biosensors offer several
advantages, including label-free detection, high sensitivity, and real-time monitoring.
In addition to SPR, LMR can also be used for optical sensing. LMR is a phenomenon
that occurs when light is coupled into an optical waveguide and interacts with a lossy
resonant mode of that waveguide [25]. The interaction between the light and the resonant
mode results in a sharp dip in the transmission or reflection spectrum of the waveguide
at the resonant wavelength. This effect is commonly observed in optical fibers, planar
waveguides, and other structures supporting guided modes. LMR can be used in various
applications, including sensing, filtering, and lasing. By detecting changes in the resonant
wavelength, LMR sensors can measure changes in the refractive index, temperature, or
other physical parameters in the waveguide environment [26]. The geometric configuration
and the material supporting the SPR and LMR are key factors determining its performance.
The authors investigated the properties of the bilayer (ITO + Ag structures) and trilayer
(ITO + Ag + ITO structures) fiber-optic probes based on ITO, which enables simultaneous
excitation of SPR and LMR. They found that LMR showed better sensitivity than SPR
in the bilayer configuration. Moreover, as the thickness of the Ag layer increases, SPR
depression becomes insensitive, and only LMR depression can be used for detection.
Taking advantage of this property, a self-referencing sensor using the SPR depression as a
reference point was proposed. In the three-layer configuration, they found that the first
LMR depression in the visible region was less sensitive than the SPR depression when the
thickness of the outermost ITO was varied. Conversely, when the thickness of Ag was
varied, the resonance wavelength of the SPR depression shifted to the shorter wavelength
side; however, the resonance wavelength of the LMR depression shifted to the longer
wavelength side. The proposed sensor had a high sensitivity of 14 um/RIU, good detection
accuracy, and a Q-factor.

Label-free detection of biomolecules by localized surface plasmon resonance (LSPR)
has excellent potential for point-of-care (POC) testing. SPR occurs at the metal-dielectric
interface and is sensitive to changes in the refractive index of the dielectric layer. In contrast,
LSPR occurs at the surface of metallic nanoparticles and is sensitive to changes in the
local environment around the nanoparticle. LSPR results from the confinement of surface
plasmons in nanoparticles (with a size comparable to the wavelength of the light used to
excite the plasmons) [27]. In developing LSPR-based POC devices, a key challenge is to
produce large-scale LSPR substrates that are reproducible and have high throughput. In a
study included in this Special Issue, Kim et al. fabricated wafer-scale LSPR substrates using
reproducible high-throughput techniques such as nanoimprint lithography, wet etching,
and the glancing angle deposition (GLAD) technique [28]. First, they fabricated hard masks
of SiO; nanodots on a transparent sapphire wafer using nanoimprint lithography, which
was anisotropically etched with a solution of HySO4 and H3POy, resulting in a patterned
sapphire substrate (PSS). Finally, they fabricated an LSPR substrate with Au on the PSS by
GLAD and used it to detect biomolecule binding processes without labeling. The GLAD
technique allowed for the formation of Au nanostructures on the PSS due to the PSS’s
three-dimensional structure (triangular-pyramidal). The Au nanostructures formed by the
GLAD technique showed a red-shifted LSPR peak compared to those formed by vertical
deposition. This suggests that the LSPR properties can be controlled by the shape of the
PSS and deposition conditions, such as the PSS’s angle and rotation.

GLAD is a physical vapor deposition technique used to fabricate complex nanostruc-
tures and thin films with controlled porosity and morphology [29,30]. In this technique,
the material is deposited obliquely onto a substrate at a low angle of incidence, typically
between 70° and 87°, resulting in highly anisotropic structures with directional growth [31].
Nanostructures fabricated by the GLAD technique exhibit high sensitivity, enhanced opti-
cal and catalytic properties, periodicity, and controlled morphology, which makes them
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attractive for sensory applications [32,33]. In another study in this Special Issue, Yadav
et al. provided a detailed overview of recent advances in various nanostructures fabricated
via GLAD and their applications in the biomedical field [34]. In addition to discussing the
various ways to fabricate nanostructures using the GLAD technique, they also considered
the assembly configuration, the effects of different growth parameters, and the advantages
of GLAD-based nanostructures over conventional nanoparticles and substrates. In addi-
tion, the authors highlighted several advantages of GLAD compared to other chemical
deposition processes. For example, GLAD does not require precursor materials, which
provides safety from toxic precursors and by-products. The chemical composition and
thickness in this deposition can be controlled at the atomic level. Higher temperatures are
not required, so this technique can produce heat-sensitive substrates.

Of all the metals reported for plasmonic sensors, Ag and Au are considered the most
useful plasmonic materials. They show the naturally lowest ohmic losses at optical fre-
quencies due to their strong plasmon resonances in the visible range, their biocompatibility,
and their stability [35,36]. In this Special Issue, Gahlaut et al. presented highlights of
recent developments in the field of nanostructured Ag substrates for plasmonic sensing,
with a focus on SPR and SERS, over the past decade [37]. They mainly focused on the
chemical methods of solution phase synthesis and physical methods such as vapor phase
deposition, GLAD, and lithographic techniques for synthesizing Ag nanostructures ranging
from nanoparticles to nanocubes, nanotriangles, nanorods, and nanowires. In addition,
the authors also discuss the latest spectroscopic techniques, focusing on plasmonic en-
hancement of biosensing methods such as SPR/LSPR, SERS, SEF, and SEIRAS using Ag as
plasmonic material.

Metallic nanoparticles, especially Au, have been widely used in plasmonics due to
their excellent plasmonic properties. However, the discovery of two-dimensional (2D) nano-
materials, such as MXenes, has revealed new possibilities for plasmonic applications [38,39].
MXenes are a class of 2D transition metal carbides, nitrides, and carbonitrides that have
recently shown promise as materials for plasmonics [40]. They have excellent electrical
conductivity, mechanical strength, and chemical stability, which makes them attractive
for various applications. One of the advantages of MXenes over metallic nanoparticles is
their tunability. The plasmonic properties of MXenes can be tuned in the mid-IR to THz
regions of the spectrum, and their optical constants (such as the dielectric constant and
refractive index) can be tuned by controlling their chemical composition, surface func-
tionalization, number of layers, and morphology [41]. For example, the wavelength of
the plasmon resonance of MXenes can be tuned by changing the thickness or the type
of functional group on the surface [42]. MXenes have shown great potential in various
plasmonic applications, including biosensing, imaging, and photovoltaics. They can also
be integrated with other materials, such as polymers or nanoparticles, to create hybrid
plasmonic systems with enhanced optical properties. Some researchers have coined the
term “smart MXene” to describe MXene-based hybrid materials that exhibit unique prop-
erties related to their applications [43,44]. Smart MXene quantum dots (SMQDs), a new
and rapidly emerging class of nanomaterials, are tantalizing candidates for SPR biosensor
development given their intriguing optical properties, which include light absorption, pho-
toluminescence, and electrochemiluminescence [43]. In their study, contained in this Special
Issue, Mousavi et al. discussed recent advances in ultra-sensitive SPR nano biosensors
based on SMQDs [45]. They began with an introduction to SPR and SPR biosensors. Then,
they explained and discussed the different types of SMQDs and SPR biosensors based
on SMQDs. Finally, they presented the useful characteristics of SMQDs for developing
SPR biosensors and their biomedical applications, and discussed the current limitations of
these biosensors. Overall, MXene plasmonics is a rapidly growing field with promising
prospects for various applications, and it is expected to impact future plasmonic sensors’
development significantly.

In this Special Issue, Park et al. discussed innovative advances in biosensors led by
DNA nanotechnology [46]. Nanotechnology has made considerable progress in the last
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decade, allowing us to overcome the limitations of using DNA as the sole form of genetic
material and thus develop a new method for constructing biosensors [47]. DNA aptamers
can bind to a specific target with a strong affinity. DNA aptamers and enzymes can be
produced via the systematic evolution of ligands by exponential enrichment (SELEX),
and can bind to specific targets [48]. Aptamers are short, single-stranded DNA or RNA
molecules that can bind to specific targets with high affinity and selectivity, similar to
antibodies. Various research groups have presented plasmonic biosensing strategies based
on aptamers [49]. In aptamer-based plasmonic sensors, the aptamer is immobilized on
a metal surface, such as gold or silver. The binding event between the aptamer and the
target molecule causes a change in the optical properties of the metal surface, which can
be detected by various optical methods. The optical signal can be measured by various
methods, e.g., fluorescence, absorbance, and SPR [49]. This review highlighted recent
advances in the development of nucleic acids for the purpose of constructing plasmonic
biosensors through studies published over the past five years. The authors discussed
applying simple aptamers and origami-shaped structures in SPR/LSPR, SERS, and SEF
sensing. They discussed several aspects that should be considered to improve the sensing
process, including the nonspecific adsorption of unwanted molecules and the fabrication
of homogeneous plasmon surfaces. The combination of aptamers and plasmonics has
great potential to improve the sensitivity and selectivity of biosensors and enable the
development of new diagnostic tools for various applications.

Plasmonics has made significant advances in the field of SERS, a highly effective
analytical technique for identifying and detecting molecules [33,50]. SERS significantly
amplifies Raman scattering signals when molecules are near plasmonic surfaces [4]. This
enhancement is due to the excitation of LSP in metallic nanostructures, which generate
strong electromagnetic fields that interact with molecules. SERS is a surface-sensitive tech-
nique that can detect analytes even at the level of single molecules [51]. In this Special Issue,
Beeram et al. provide an excellent overview of recent trends in SERS-based plasmonic sen-
sors for disease diagnostics, biomolecule detection, and machine learning techniques [52].
The authors review the work of the past decade and use simplified language to address
the needs of an interdisciplinary audience. In the first section, the authors discuss the need
for plasmonic sensors in biology and the advantages of SERS over existing technologies.
Next, the authors discuss the use of SERS-based biosensors for disease diagnosis, focusing
on cancer and respiratory disease detection, such as the recent detection of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). They then discuss advances in the
detection of microorganisms, such as bacteria, with particular emphasis on plasmonic
sensors for the detection of biohazardous materials. Finally, the authors discuss machine
learning techniques for identifying, classifying, and quantifying biological signals using
SERS. They discuss the various machine learning models that have been developed for
the trace detection, signal variation, quantification, and identification of SERS signals,
including principal component analysis, support vector machines, partial least squares,
decision trees, and convolutional neural networks. Considering that SERS is a complex
system with many variables, machine learning techniques can help to identify patterns that
no experts can identify.

The development of plasmonic biosensors has revolutionized not only the field of
biomedical research and diagnostics, but also food safety and environmental research [53].
This Special Issue also contains research on biosensors for food and environmental contam-
inants such as mercury [54], tetrabromobisphenol A (TBBPA) [55], and thiamethoxam [56].
Kim et al. developed an Au nanoparticle (AuNP)-based immunochromatographic lateral
flow assay (ICA) using the light scattering phenomenon of nanoparticles to rapidly detect
mercury in rice, with a detection limit of 20 ng g ! and a cut-off value of 500 ng g ~! [54]. The
proposed ICA strip can be used to qualitatively determine mercury in rice, and the results
agree with conventional instrumental methods such as inductively coupled plasma mass
spectrometry. Based on aptamer technology, Yue et al. developed a biosensor system to de-
tect thiamethoxam residues [56]. They developed a colorimetric sensor based on AuNPs to
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detect thiamethoxam in tea leaves. To screen ssDNA aptamers that bind specifically to thi-
amethoxam, they used graphene oxide SELEX (GO-SELEX) technology. They increased the
amount of GO in the screening process to increase the screening pressure. The researchers
applied the aptasensor system to the actual detection of samples. They achieved recoveries
of 96.94% to 105.86% and RSD values of 0.41% to 3.76%, indicating that the aptasensor can
be used for the rapid and sensitive detection of thiamethoxam residues. In another work,
Dai et al. developed a hydrophobic Cu-Ag chip for SERS detection of TBBPA [57]. TBBPA
is one of the world’s most widely used brominated flame retardants, but its production
and use can affect the environment and human health. Recently, there has been much
interest in hydrophobic materials due to their wide range of applications in metal corrosion
protection, self-cleaning, oil-water separation, and SERS [58,59]. According to Dai et al.,
the Cu-Ag chip’s hydrophobicity increases the substrate’s affinity for TBBPA, allowing
TBBPA to approach the surface of the SERS substrate and subsequently combine with it
via Ag-Br interactions. First, the researchers fabricated the hydrophobic copper-coated
fabric with an ordered micro-nanostructure. Then, they constructed a hydrophobic Cu-Ag
chip by introducing Ag onto the Cu surface through an exchange reaction. Combined with
ultrasound-assisted extraction (UAE), they succeeded in quantitatively detecting TBBPA
in electronics. After UAE, they extracted and determined the TBBPA content in the elec-
tronics with a detection limit of 2.0 mg kg~ (0.01 mg L~ for the TBBPA solution). SERS
offers several advantages over conventional methods such as high-performance liquid
chromatography (HPLC), including speed, convenience, and sensitivity.

The COVID-19 pandemic, caused by the novel coronavirus SARS-CoV-2, has resulted
in a global public health crisis, affecting millions of people worldwide. Rapid, accurate,
and sensitive diagnostic methods are critical for optimal patient care. Recently, SERS has
emerged as a promising point-of-care testing technique for detecting various analytes,
including viruses [60]. Unlike conventional methods such as polymerase chain reaction,
which is limited to the analysis of genetic material, SERS offers high specificity and can
detect a wide range of analytes. Furthermore, flexible SERS substrates are becoming increas-
ingly important in practical application research due to their robustness and versatility [61].
In this Special Issue, Mousavi et al. evaluated the importance of the flexible SERS substrate
for detecting SARS-CoV-2 [62]. They provided an overview of the flexible SERS substrates
used to detect different subtypes of the novel SARS-CoV-2 coronavirus and discussed how
this method has the potential to become a point-of-care diagnostic tool. In addition to
discussing recent advances in SERS-based COVID-19 detection, they discussed the princi-
ples of SERS and their amplification mechanisms, the detection of analytes, and the use of
multiplex analysis to detect coronaviruses.

In summary, plasmonic biosensors represent a promising technology for the label-free
and sensitive detection of biomolecules. The sensitivity, specificity, and label-free detec-
tion offered by plasmonic biosensors make them an attractive alternative to conventional
detection methods. This Special Issue on “Plasmonic Biosensors”, published in Biosensors,
provides a comprehensive overview of recent developments and applications in the field
of plasmonic biosensors. The research articles present their original work in developing
plasmonic biosensors for detecting various biomolecules, including DNA. In addition, this
Special Issue highlights the significant advances in the development of plasmonic biosen-
sors and their potential applications in various fields. This Special Issue also highlights
the importance of interdisciplinary research and collaboration in developing plasmonic
biosensors. Researchers from diverse backgrounds, including physics, chemistry, and
biology, have contributed to progress in this field.

In conclusion, this Special Issue on “Plasmonic Biosensors” provides an excellent
platform for researchers to present their latest work and exchange ideas regarding the future
directions of plasmonic biosensors. The articles in this Issue demonstrate the enormous
potential of plasmonic biosensors for various applications, and we can expect to see further
advances in this field. As researchers continue to explore the fundamental principles
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of plasmonics and SERS, we can expect more exciting developments in this field in the
coming years.
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Abstract: Conducting metal oxide (CMO) supports lossy mode resonance (LMR) at the CMO-dielectric
interface, whereas surface plasmon resonance (SPR) occurs at the typical plasmonic metal-dielectric
interface. The present study investigates these resonances in the bi-layer (ITO + Ag) and tri-layer
(ITO + Ag + ITO) geometries in the Kretschmann configuration of excitation. It has been found that
depending upon the layer thicknesses one resonance dominates the other. In particular, in the tri-layer
configuration of ITO + Ag + ITO, the effect of the thickness variation of the sandwiched Ag layer is
explored and a resonance, insensitive to the change in the sensing medium refractive index (RI), has
been reported. Further, the two kinds of RI sensing probes and the supported resonances have been
characterized and compared in terms of sensitivity, detection accuracy and figure of merit. These
studies will not only be helpful in gaining a better understanding of underlying physics but may also
lead to the realization of biochemical sensing devices with a wider spectral range.

Keywords: optical fiber sensor; surface plasmon resonance; lossy mode resonance; indium-tin oxide;
silver; sensitivity; detection accuracy

1. Introduction

Surface plasmon resonance (SPR) is generated at metal and dielectric interface by
transverse magnetic fields (TM) or p-polarized light [1]. It is impossible to excite the
SPR mode by direct light due to the momentum mismatch between the SPR mode and
incident light [2]. In order to efficiently excite these modes, we need a momentum matching
scheme. Several such schemes have been proposed, e.g., passing light through a high
RI prism, using a grating, etc. [3]. Further, there exist two coupling configurations for
SPR excitation—Otto and Kretschmann [4,5]. Owing to its ease of implementation, the
Kretschmann configuration is preferred often.

The growing field of SPR has attracted significant research attention over the years due
to its wide range of applications, which includes nano-antennas [6], imaging [7], biosensing,
and so on and so forth [8]. Several extensive theoretical and experimental studies have been
conducted on SPR-based sensors in the past [9-13]. A sensor’s novelty is determined by the
particulars of the plasmonic material used and the design implemented. Waveguide-based
sensors have attracted a lot of attention due to their industrial applications. These sensors
use a plasmonic material deposited as a thin film around the waveguide (e.g., an optical
fiber). These materials can be classified into three categories based on the resonances
they support. The first class of materials is plasmonic materials, which support SPR and
have a real permittivity that is negative and larger in magnitude than both the imaginary
permittivity and the permittivity of the surrounding medium. In the second category of
materials, the real part of the material permittivity is positive and greater than both its
imaginary part and the permittivity of the surrounding medium. The LMR phenomenon is
observed in this category of materials. The third class of materials also exists for which the
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real part of the permittivity is close to zero and the imaginary part is large. Such a material
supports long-range surface exciton-polariton [14]. The present work only focuses on the
first and second classes of materials.

LMR results out of the coupling between lossy mode and evanescent wave at a
particular thickness of the thin film [15]. Only a few studies are reported on the application
of LMR to sensing because the selection of the appropriate material for the thin film is
critical [16-19].

Different types of waveguide structures have been utilized to realize SPR and LMR-
based sensors. In particular, plasmonic fiber grating based, U-shaped and D-shaped optical
fiber-based biosensor are explored extensively [19-21]. The simultaneous generation of
LMR and SPR on the same planer platform has also been reported [22].

Indium tin oxide (ITO) is one of the CMO materials that supports LMR. It is a trans-
parent material with an optical band gap of 3.6 eV, which restricts band-to-band transitions.
The electronic and optical properties of ITO can be tuned during fabrication, resulting
in a significant variation in its characteristics [23]. This property can be used to shift the
resonance wavelength of LMR. Unlike SPR, the excitation of LMR has the advantage of
not requiring specific polarization for incident light. Additionally, it is possible to generate
multiple dips in the transmission spectrum. LMR dips are usually found in the IR and UV
regions but, with the proper optimization of thin-film and with the use of other materials,
they can also be observed in the visible region [14]. The IR dip is observed due to oscilla-
tions in charge density along the metal-dielectric interface. In contrast, a charge density
oscillation along the thickness of the metal film is responsible for UV dip [16].

LMR is also found suitable for sensing applications. The performance and novelty of
the sensor are determined by the material and sensing probe design used. Because of the
excellent characteristics of optical fibers, these are being used as substrates for depositing
ITO thin films to constitute the sensor [24].

Our present study examines the characteristics of bi- and tri-layer fiber optic sensing
probes based on ITO that enable simultaneous excitations of SPR and LMR both. In bi- and
tri-layer geometries, we investigate ITO + Ag and ITO + Ag + ITO structures, respectively.
Applied biosensing, chemical analysis, quality assurance of food, and wavelength filtering
are some of the potential applications for the proposed sensing probe.

2. The Model

To generate LMR, the lossy mode must be coupled with the evanescent wave. At a
particular angle or wavelength, the effective index of the evanescent wave matches with
the effective index of the lossy mode. The effective RI of the evanescent wave is given by

Nepp = nyp sin(0;) 1)

where 1y, is the RI of the substrate, and 0; is the incident angle of the light. This relationship
shows that the RI of evanescent waves can be controlled by the incident angle of incident
light and /or corresponding wavelength.

Figure 1 schematically shows the proposed sensing probe in the Kretschmann con-
figuration. The probe consists of a multimode fiber with a core diameter of 400 pm and a
numerical aperture of 0.22. The 1 cm fiber cladding has been removed from the fiber probe.
On top of the unclad (exposed) core, layers of ITO and Ag have been considered.

At one end of the fiber, light from a polychromatic source is launched, and the spec-
trometer records the corresponding transmission spectrum at the other end. At a certain
wavelength, called the resonance wavelength, the spectrum exhibits a minimum transmit-
ted power. A change in the sensing medium (i.e., RI of the analyte) will alter the resonance
wavelength. The sensitivity of the sensor is defined as the shift in resonance wavelength
corresponding to the change in the RI of the analyte. Another important characterization
parameter, figure of merit (FOM) is defined as the ratio of sensitivity to the full width at
half maximum (FWHM) of the transmission dip. Additionally, detection accuracy (DA) is
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another important parameter that measures the sharpness of the resonance. The following
expression relates these parameters (sensitivity, FOM, and DA) with each other [25].

_ Sensitivity

FOM = TWEM Sensitivity x DA )

where DA o« m
Some materials are highly sensitive but have low FOM. In contrast, others have poor
FOM. Hence, materials need to be carefully selected.

Spectrometer

TH Lamp

(=

Computer

3D-MO

Cladding

ITO Ag  Analyte

Figure 1. Schematic of the presented SPR setup (TH: tungsten halogen, 3D-MO: microscopic objective
with 3D movement).

For multilayer structures, the transfer matrix method is used to calculate the transmis-
sion spectrum. Consider a Kkth layer of thickness dy, having complex RI ny, and dielectric
coefficient e;. The transfer matrix for N layer system is expressed as

A _ [Mu M| [ cos(Bi) —i sin(By/qx)
M 7k1;Isz ; {Mﬂ Mzz} ; {_iQkSi”(.Bk) cos(PBr) ®

where B and gy are defined as (27td; /M) (e — nlzsinzf)l)l/z and (g — nlzsinzel)l/z/ek,
respectively and 6 is the incident angle of the ray, while A is the wavelength of the incident
light. The reflection coefficient r), of p-polarized (TM polarized) incident wave through the
film is expressed as:

(M11 + Miagn)91 — (M1 + Maogn)

ry = 4
P (Mg + Mign) g1 + (Mo 4+ Maagn) @

The reflectance, R, for TM polarized light is given as
2
R=|r| ®)

A detailed description of this matrix method is given elsewhere [6,13]. The rays
launched within the well-defined range of angle would be guided and the range is given
by 61 = sin~! (ng/ny) to 6 = 7/2.

The transmitted power at the output end of the fiber is given by

f9912 Rg”f(g)n% (sinGcosG/ (1- n%c0529)2>d9

(6)

Py =
rans 9912 n% (sinGCOSG/ (1 — n%CUSZG)Z)dG
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where L
Nef(0) = 57— @)
The number of reflections occurring in the sensing region is denoted by the
Equation (7), where L is the length of the unclad region and D is the diameter of the
fiber. The dielectric constant of the Ag and ITO layer is calculated by the Drude dispersive
model expressed as

AZAc
A) = je; =1 — — "¢
€(A) = er + ¢ (e +A) ®)
and )
o A2A,
€(A) =e +ie; =38 B0 )

respectively, where A, and A, is the wavelength corresponding to bulk plasma frequency
and collision wavelength. In the case of Ag, A, = 0.14541 pm and A, = 17.6140 pm,
whereas A, = 0.56497 pm and A, = 11.21076 pm for ITO. The Sellmeier equation has been
used to determine the RI of the fiber core [13]. We have assumed that above dispersion
relations are valid in the whole wavelength range of investigation.

In order to fabricate the sensing probe, we use multimoded plastic clad fibers. The
cladding can be removed by a few centimeters (a length of 1 cm of cladding is suitable
for sensing applications) and then cleaned in a vacuum chamber using ion plasma bom-
bardment and acetone. The unclad port of the fiber can be coated with metal or ITO after
cleaning. Depending on the deposition techniques we have used, the uniformity of the
films will vary. In order for the sensing probe to work correctly, the film uniformity must be
good. A high-quality film can be achieved using sputtering and e-beam evaporation. The
probe can be characterized by injecting light through one of the fiber faces and analyzing
its sensing performance using a spectrometer at the other end of the fiber [26-30].

3. Results

The following two cases have been discussed in this section- in the first case, the ITO
layer is deposited directly on the fiber core followed by the Ag layer (bi-layer sensing
probe), and in the second case, an additional layer of the ITO is deposited over the Ag
(tri-layer sensing probe).

3.1. Bi-Layer Configuration (ITO + Ag)

In this section, we numerically investigate a bilayer configuration of ITO + Ag coated
fiber probe. In the first round of the simulation, the thickness of the ITO layer is fixed at
80 nm, whereas the thickness of the Ag layer is varied from 10 nm to 60 nm.

In the transmission spectrum, we observe two resonance dips for probe configuration
with 80 nm ITO and 10 nm Ag for various values of analyte Rls, as shown in Figure 2a. Since
the real part of the dielectric constant of the ITO is positive and larger than its imaginary
part, at the lower wavelength region the condition of LMR generation is supported. Experi-
mental evidence supports the LMR generation at short wavelengths and SPR excitation
at long wavelengths [18]. The resonance dip in the visible region is caused by the LMR
phenomena, while the second dip is the result of SPR. We would like to note here that the
dielectric constant of ITO remains positive only for shorter wavelengths while at longer
wavelengths it becomes negative (see Equation (9)). Therefore, for longer wavelengths,
we see SPR resonance while in shorter wavelengths the probe supports LMR. These ob-
servations are well documented in the literature [14]. We would also like to note that for
SPR excitation we require an interface of materials with opposite permittivity (one positive
and other negative). An SPR dip can be observed even for a thin layer of Ag (i.e., 10 nm).
Figure 2b illustrates that the SPR dip is more pronounced at a larger thickness of Ag. The
thickness of the Ag layer, therefore, plays a critical role in the development of the SPR
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dip. In addition, as Ag thickness increases, the SPR dip becomes less sensitive to the RI
variations in the analyte, while the LMR dip’s sensitivity increases.

1 1
5 ITO =80 nm = RI-1.33
z (a) Ag=10nm £ (b) IT0=§0/mm
Sos o8
< 3
£06 £ 06
2 £
£ g
04 S04
3 g
i i ——Ag=10nm
£02 £0.2 ——Ag=15nm
5 5 Ag=20nm
z z ——Ag=25mm
0 0
0.5 1 1.5 0.5 1 15
‘Wavelength (;zm) ‘Wavelength (pm)

Figure 2. Normalized transmission spectra of sensing probe with (a) ITO (80 nm) + Ag (10 nm) and
(b) for various thicknesses of Ag for 80 nm ITO and analyte RI ng = 1.33.

The thickness of the ITO layer, however, significantly impacts the development of
SPR and LMR resonances. As shown in Figure 3a, both resonances emerge with increasing
thickness of the Ag layer for the 50 nm thick ITO layer. If the thickness of the ITO layer is
less than 50 nm, SPR and LMR resonance dips still grow with the thickness of the Ag layer
as shown in Figure 3b. Both of these cases show that SPR dip is insensitive to the RI of the
sensing medium (transmitted power plot not shown).
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Figure 3. Normalized transmission spectra of sensing probe for various thicknesses of the Ag and
(a) ITO (50 nm) (b) ITO (30 nm) and RI of the surrounding medium is 1.33.

In Figure 4a, we have plotted the LMR and SPR dip sensitivity against the thickness of
the Ag layer for 80 nm thick ITO film. Both resonances are initially sensitive to changes
in RI, but their sensitivities are drastically influenced by the thickness of the Ag layer.
Nevertheless, the LMR sensitivity is improved as a result of the thicker Ag layer, while the
SPR sensitivity is reduced as depicted in Figure 4a. At a very large thickness of the Ag layer,
the SPR dip becomes insensitive to any RI variation of the analyte. This insensitive dip
can be used as a reference point for characterizing the sensor’s performance. The variation
in the resonance wavelength of the LMR and SPR dip is also shown in Figure 4b. As Ag
thickness is increased, the SPR resonance wavelength shifts slowly towards the smaller
wavelength side. Also, shown is the transmitted power at the resonance wavelengths in
Figure 4c. From the figure, we observe that the wavelength that corresponds to the LMR
transmitted power minimum decreases to a minimum at a particular thickness of the Ag
layer, and then increases. In contrast, the transmitted power for SPR dip is shifted toward
the lower wavelength side with an increasing layer thickness of Ag. Previously a similar
study is reported in [13], where resonance dip, observed in the visible region, was found
useful for sensing applications and the second dip that appeared in the NIR region was
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insensitive to the surrounding RI, but we will not focus on this insensitive SPR dip here,
since it is already detailed nicely in the literature [13].

1
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Figure 4. (a) Sensitivity (b) resonance wavelength and (c¢) minima of the transmission spectra at
resonance wavelength of the LMR and SPR modes with the variation of Ag layer when ITO (80 nm)
and RIs of the analyte are 1.33 and 1.34.

Further, we have studied the sensitivity and DA of both the resonances as a function
of the analyte RI for different values of the Ag layer thickness as shown in Figures 5 and 6.
The sensitivities of both the modes (LMR and SPR) increase with an increasing RI of the
sensing medium as shown in Figure 5a,b. These plots also suggest that LMR dip is far
more sensitive as compared to SPR dip. Figure 6 shows the corresponding DA variation as
a function of the thickness of the Ag layer. DA for LMR dip (Figure 6a) is also relatively
large as compared to that for SPR dip (Figure 6b). Also, note the opposite trends in
Figures 5 and 6 with variations in the Ag layer thickness. Hence there is a trade-off between
optimum values of sensitivity and DA for designing the bi-layer sensing probe.
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Figure 5. Sensitivity of the (a) LMR and (b) SPR dip with the variation of RI of the sensing medium
for different thicknesses of Ag layer and 80 nm thickness of ITO layer.
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Figure 6. Detection accuracy of the (a) LMR and (b) SPR dip with the variation of RI of the sensing
medium for different thicknesses of the Ag and 80 nm thickness of the ITO layer.
3.2. Tri-Layer Configuration

In this section, we investigate the tri-layer configuration (ITO + Ag + ITO). In the
following tri-layer configuration, SPR is found to be more sensitive than the LMR dip. The
following sub-sections analyze two important cases.
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3.2.1. ITO (10 nm) + Ag (10 nm) + ITO (X nm)

This configuration examines the resonance characteristics of a tri-layer ITO + Ag + ITO
coated fiber sensor, where a 10 nm layer of ITO is considered on the fiber core that is
followed by a 10 nm thick layer of Ag, and then a third layer of ITO with varying thickness.
Two resonance dips appear in the transmission spectra when the third layer of ITO is 10 nm
thick, as shown in Figure 7a. The resonance dip in the visible range corresponds to LMR
and the second dip to SPR. Increasing the thickness of the third ITO layer (40 nm) causes
a new resonance dip to appear in the near-infrared region, known as LMR. The newly
developed LMR dip (middle dip) is not affected by the change in RI of the surrounding
medium, as shown in Figure 7b. Compared to the first LMR dip, the SPR dip (third dip)
shows much better sensitivity.
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Figure 7. Normalized transmission spectra of sensing probe with (a) ITO (10 nm) + Ag (10 nm) + ITO (10 nm)
and (b) ITO (10 nm) + Ag (10 nm) + ITO (40 nm).

The occurrence of the new LMR as a function of the thickness of the third ITO layer is
shown in Figure 8a,b, where the sandwiched Ag layers are kept 10 nm and 20 nm thick,
respectively. Figure 8a,b illustrates that increase in the thickness of the Ag layer from 10 nm
to 20 nm shifts the resonance wavelength of the first LMR and SPR dips toward the longer
wavelength side. However, the resonance wavelength of the insensitive LMR dip (central
dip) remains nearly unchanged. Also, it seems that with the ITO layer thickness variation,
the central dip merges with SPR dip. Alternatively, it also suggests a switch-over behavior
between the two dips. This observation requires further exploration.
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Figure 8. Normalized transmission spectra of sensing probe with (a) ITO (10 nm) 4 Ag (10 nm) + ITO (X nm)
and (b) ITO (10 nm) + Ag (20 nm) + ITO (X nm).

As the thickness of the third ITO layer increases, the LMR dip’s sensitivity decreases,
whereas SPR’s sensitivity increases as shown in Figure 9. The sensitivity variations of SPR
and LMR dips in the tri-layer case are opposite to those in the bi-layer case (see Figure 4a).
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Figure 9. Sensitivity of the First LMR and SPR dip with the variation of the third ITO layer when the
first layer is ITO (10 nm) and the second layer is Ag (10 nm) and RI of the sensing medium varies
from 1.33 to 1.36 RIU.

Additionally, the DAs for the first LMR and SPR dip are shown in Figure 10a,b,
respectively, for varying thicknesses of the third ITO layer. The DA for LMR decreases with
sensing medium RI while the opposite trend is observed for SPR dip in Figure 10b.

4.8 45
—+—ITO =50 nm
46 (a) 41 ——1TO =60 nm (b)
1TO =70 nm

—+—ITO =80 nm
~—+—ITO =90 nm

>
IS
»w
n

»
S
w

&
g
n

—+—ITO =50 nm
—*—ITO = 60 nm

ITO =70 nm
—*—ITO =80 nm
—*—1TO =90 nm

ol
%
~

Detection Accuracy (/ zm)
Detection Accuracy (/p1m)

b
S

4 1
133 1.34 135 1.36 133 134 135 1.36
Refractive Index Refractive Index

Figure 10. Detection accuracy of the (a) first LMR and (b) SPR dip with the variation of third ITO
layer for 10 nm thick first layer ITO and 10 nm thick Ag layer.

Furthermore, the variation of the FOM with sensing medium RI for two dips is
depicted in Figure 11a,b. The figure clearly shows the better performance of the SPR dip.
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Figure 11. FOM of the (a) first LMR and (b) SPR dip with the variation of the third ITO layer thickness
where the first layer is ITO (10 nm) and the second layer is Ag (10 nm).

3.2.2. (ITO (50) + Ag (X) + (ITO (50))

This section presents the normalized transmission spectrum for a tri-layer configura-
tion with an Ag layer sandwiched between two ITO layers of thickness of 50 nm each. In
this configuration too, two dips of LMR and one of SPR are observed, and the characteristics
of these resonances are dependent on the thickness of the Ag layer, as shown in Figure 12a,b.
Figure 12a shows transmittance variation with change in the sensing medium RI, while
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in Figure 12b, the RI of the sensing medium is kept fixed at 1.33 RIU and the thickness
of the Ag layer is varied. Figure 12a depicts that SPR dip is relatively more sensitive and
central LMR dip is completely insensitive. Figure 13 indicates that on further increase in the
thickness of the Ag layer, the resonance wavelength of SPR dips shifts toward the shorter
wavelengths; however, the resonance wavelength of the first LMR dip shifts toward the
longer wavelength. The LMR dip observed in the NIR region is insensitive to the analyte
RI variations. Moreover, the increased thickness of the Ag layer tends to annihilate the SPR
dip as shown in Figure 13.
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Figure 12. Normalized transmission spectra of sensing probe with (a) ITO (50 nm) + Ag (10 nm) -+ ITO (50 nm)
and (b) for varying thickness of the Ag layer when both ITO layers are 50 nm thick.
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Figure 13. Normalized transmission spectra of sensing for varying thickness of the Ag layer when
both ITO layers are 50 nm thick.

Further, we study the DA, sensitivity, and FOM of each resonance dip. We demonstrate
that the DA, sensitivity, and FOM of the first LMR are improved as the Ag layer thickness
is increased, as illustrated in Figure 14a,b,c, respectively.
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Figure 14. (a) DA, (b) sensitivity, and (c) FOM of the first LMR dip as a function of RI of the analyte.

This investigation is extended to the third resonance dip, as depicted in Figure 15.
With the increase in the thickness of the Ag layer, DA, sensitivity, and FOM of SPR dip are
improved as shown in Figure 15a,b,c respectively.
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Figure 15. (a) DA, (b) sensitivity and (c¢) FOM of the SPR dip as a function of RI of the analyte.

Furthermore, we have plotted the absolute square of the electric field component
along the interface across all the thicknesses of probes in two configurations- ITO (10 nm)
+Ag (10 nm) +ITO (40 nm) and ITO (50 nm) +Ag (10 nm) +ITO (50 nm). The corresponding
wavelength values are given in figure captions. These figures clearly show a large enhance-
ment in the field at SPR resonance (see Figures 16¢c and 17c). These also corroborate the
observed high sensitivity for SPR resonance.
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Figure 16. Electric field distribution corresponding to (a) first LMR (b) second LMR (c) SPR at their
respective resonance wavelength at 561, 1065, and 1532 nm respectively for probe configuration
ITO (10 nm) +Ag (10 nm) +ITO (40 nm).
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Figure 17. Electric field distribution corresponding to (a) first LMR (b) second LMR (c) SPR at their
respective resonance wavelength at 631, 995, and 1798 nm respectively for probe configuration
ITO (50 nm) +Ag (10 nm) +ITO (50 nm).

We would like to note that since in the present study a plastic-clad highly multimode
fiber is considered, the proposed probe is only good for room temperature applications.
Although slight variations in temperature do not influence the sensor performance, at high
temperatures the fiber cladding will melt down.

4. Discussion and Conclusions

In conclusion, ITO + Ag-based bi-layer and tri-layer fiber-optic sensors have been
studied. In the case of bi-layer geometry, two modes of resonances are possible. These
are called LMR and SPR, and these resonances can be used for sensing purposes. In this
bi-layer configuration, the LMR dip shows better sensitivity compared to the SPR dip. DA
of the LMR dip is also far better than that of the SPR dip. As the thickness of the Ag layer
increases further, the SPR dip becomes insensitive and only the LMR dip can be used for
sensing. We suggest that at this thickness, the SPR dip can work as a reference, and this
turns the sensor into a self-referenced sensor. By choosing the appropriate thickness of Ag,
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this configuration can be used in chemical, and bio-sensing, whereas the same configuration
can also be utilized in wavelength filtering.

Further, two configurations of tri-layer geometry are explored, wherein one SPR and
two LMR dips have been observed. In the first tri-layer configuration, the thickness of the
outmost ITO layer was varied, the first LMR dip that arises in the visible region is found
less sensitive as compared to the SPR dip. The other LMR dip (middle dip) that appears in
the NIR region is found insensitive to any change in analyte RI. This insensitive LMR dip
appears if the thickness of the third layer of ITO is increased. In the second configuration,
the thickness of the Ag layer was varied. Particularly, it has been shown that the resonance
wavelength of SPR dip shifts toward the shorter wavelength side; however, the resonance
wavelength of the LMR dip shifts toward the longer wavelength side. Furthermore, we
have plotted the electric field component along the interface across all the thicknesses of
probes in two tri-layer configurations to demonstrate field enhancement. The observation
of the insensitive second LMR dip and its manipulation with ITO layer thickness variation
are the main contribution of this work as this suggests a switching of resonance type
between LMR and SPR. Also, this work provides design rules of ITO-based bi- and tri-layer
structures which support the excitations of LMR and SPR. The results of the study are
summarized in Table 1. We see from the table that SPR dip exhibit a very high sensitivity of
14 pm/RIU and good DA and FOM.

Table 1. Summary of the results obtained in bi layer and tri layer configurations.

. . Wavelength of Refractive Sensitivity 1 Figure of
Configuration Operation pm Index Range (um/RIU) DA (pm™) Merit (RIU~1)
0.4-0.8 (LMR) 1.33-1.36 ~26(X=60nm) ~26(X=060nm)
ITO10)/AgX) 0.8-1.5 (SPR) 1.33-1.36 ~1(X =20nm) ~ 7.5(X =20nm)
ITO(10)/ Ag(10)/ 0.4-0.8 (LMR) 1.33-1.36 ~11(X=40nm) ~47(X=90nm) ~4 (X =50nm)
ITO(X) 1.2-2.5 (SPR) 1.33-1.36 ~14 (X =120nm)  ~4(X=90nm)  ~ 60 (X =90 nm)
ITO(50)/ Ag(X)/ 0.4-0.7 (LMR) 1.33-1.36 ~07(X=25nm) ~7(X=25nm) ~5(X=25nm)
ITO(50) 1.2-3 (SPR) 1.33-1.36 ~14 (X =25nm) ~35(X=25nm) ~ 26 (X =25nm)
Author Contributions: A K.M. and S.K.M. discussed the plan and agreed to it. The calculations were
done by D.S.G. and A.P. The data was analyzed by all authors. The original manuscript was written
by D.S.G. and A.P,, S K.M. and A.K.M. revised and finalized it. All authors have read and agreed to
the published version of the manuscript.
Funding: This research received no external funding.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon request.
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Abstract: Label-free detection of biomolecules using localized surface plasmon resonance (LSPR)
substrates is a highly attractive method for point-of-care (POC) testing. One of the remaining
challenges to developing LSPR-based POC devices is to fabricate the LSPR substrates with large-scale,
reproducible, and high-throughput. Herein, a fabrication strategy for wafer-scale LSPR substrates is
demonstrated using reproducible, high-throughput techniques, such as nanoimprint lithography,
wet-etching, and thin film deposition. A transparent sapphire wafer, on which S5iO,-nanodot hard
masks were formed via nanoimprint lithography, was anisotropically etched by a mixed solution of
H,S04 and H3POy, resulting in a patterned sapphire substrate (PSS). An LSPR substrate was finally
fabricated by oblique deposition of Au onto the PSS, which was then applied to label-free detection
of the binding events of biomolecules. To the best of our knowledge, this paper is the first report on
the application of the PSS used as an LSPR template by obliquely depositing a metal.

Keywords: patterned sapphire substrate; localized surface plasmon resonance; oblique deposition;
nanoimprint lithography; wafer-scale

1. Introduction

Localized surface plasmon resonance (LSPR), which occurs in metal nanostructures,
has attracted considerable attention from various optical- and electrical-based research
fields, such as optical biosensors, color engineering, spectroscopy, metamaterials, and plas-
monic optoelectronics [1-5]. Thus, large-scale, reproducible, high-throughput fabrication
methods of wavelength-tunable LSPR substrates are in high demand not only for research
but also for commercialization [6-8]. To fabricate LSPR substrates, two primary methods
have been used until now: (i) the synthesis of metal nanoparticles (NPs), and covalent
attachment of the NPs on substrates through self-assembled monolayers (SAMs) [9,10];
and (ii) the patterning of metal nanostructures by nanolithography techniques [7,11,12].

Regarding the former (i), various shapes of gold (Au) NPs were synthesized in
a solution, such as spheres, rods, triangles, and spiked structures, which could eas-
ily tune LSPR properties depending on the shape [13,14]. However, the formation of
SAMs on a substrate was usually unstable, which lowered reproducibility for the fab-
rication of LSPR substrates [15,16]. Moreover, it was difficult to align metal NPs on a
substrate [17]; instability issues when metal NPs were immobilized on a substrate were also
noted [18,19]. As for the latter (ii), various nanolithography techniques, such as colloidal,
e-beam, and nanoimprint have been applied to fabricate metal nanostructures on sub-
strates [20-22]. The limitations of e-beam and colloidal lithography are low-throughput
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and non-elaborate patterning, respectively [23]. Although nanoimprint lithography en-
abled a high-throughput process and elaborate patterning, it also encountered difficulties
in the fabrication of various shapes of master molds, leading to limitations in the tuning of
LSPR properties [24].

Herein, we report on a fabrication method for wafer-scale, elaborate LSPR substrates
using high-throughput methods, such as nanoimprint lithography, wet-etch processing,
and thin film deposition. In detail, the LSPR substrates were accomplished by oblique de-
position of Au onto a (triangular-pyramid shape) patterned sapphire substrate (PSS) which
was obtained through a wet-etch process, resulting in the formation of Au nanostructures
on one side of the PSS. Thus, unlike typical strategies for fabrication of LSPR substrates
that directly fabricated patterned metal nanostructure using nanolithography [20-22], the
strategy suggested in this paper for LSPR-substrate fabrication was to pattern a substrate
first, followed by oblique deposition of Au on the patterned substrate. This approach can
variously tune LSPR properties according to the shape of PSS controlled by the wet-etch con-
dition, deposition angle and/or direction of metals, which would be highly advantageous
for obtaining wavelength-tunable LSPR substrates. Therefore, such a fabrication method
could be an inspiring approach for nanofabrication and /or LSPR-based research fields.

2. Materials and Methods
2.1. Formation of a SiOz-Nanodot on the Sapphire Wafer

Si0;-nanodot was formed on a sapphire wafer (2 inches in diameter) via nanoimprint
lithography, as reported in our previous study (Figure S1) [23]. In brief, a nanodot-patterned
master stamp was used to pattern a thermoplastic resist layer that had been coated on
the sapphire wafer. Then, Cr was obliquely deposited on the resist pattern to form the
Cr hard masks only on the top of the resist layer that was not stamped by the master
stamp. Next, O, plasma was treated to etch the resist layer where it was not covered by
the Cr hard mask. A SiO,-nanodot pattern was formed by the deposition of SiO, using an
e-beam evaporator. Finally, the resist layer was completely removed using acetone. Such
nanoimprint lithography is a highly advantageous technique for fabricating nanosized
patterns on substrates because of its high speed and high-throughput, as well as high
reproducibility and fidelity [23]. The diameter, height, and pitch of the SiO, nanodots were
130, 50, and 300 nm, respectively.

2.2. Fabrication of PSS via Wet-Etch

The SiO; nanodot-deposited sapphire wafer was annealed using a furnace under air
at 750 °C for 12 h to densify the SiO,. Then, the sapphire wafer was soaked in a beaker
containing a mixture of HySO4 and H3POy (1:3 v/v), and heated for 1 h at 310 °C to etch
the sapphire wafers [25,26]. After finishing the wet-etch process, the beaker was cooled to
20 °C, and the PSS was washed with deionized (DI) water.

2.3. Formation of Metal Nanostructures on the PSS

Au nanostructures were formed on the PSS by oblique deposition (45°) of Au using a ther-
mal evaporator. The deposition thickness and rate were set to 20 nm and 0.5 A/s, respectively.

2.4. LSPR Shift of the Au Nanostructure-Formed PSS Due to Biomolecule Attachment

An LSPR shift was observed by exposing it to streptavidin (STA), biotin-bovine serum
albumin (BSA), and STA, in turn. To attach STA onto the Au surface, 100-uM biotin-
HPDP was attached to the Au nanostructure on the PSS overnight, followed by washing
of the Au/PSS with EtOH and deionized (DI) water. Then, STA (50 ug mL~!) and biotin-
BSA (50 pg mL1) were attached in turns; and at each step, absorbance was measured
after washing.
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3. Results and Discussion

To fabricate a patterned sapphire substrate (PSS), S5iO, nanodots—which played
a role as hard masks—were well-orderly formed on the entire surface of the sapphire
wafer (Figure la—c). Figure 1a shows blue light scattering observed when the sapphire
wafer was exposed to light due to the well-ordered SiO, nanodots on the wafer. In ad-
dition, SEM images proved that precisely ordered SiO, patterns were present on the
sapphire wafer; the diameter, height, and pitch of the pattern were 130, 50, and 300 nm,
respectively (Figure 1b,c).
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Figure 1. (a) A digital image and (b,c) SEM images of the SiO, nanodot array on the sapphire wafer
(2 inches) ((b) top and (c) tiled view). (d) Schematic of the fabrication of the patterned sapphire
substrate (PSS) via wet-etch. (e) A digital image of a piece of the PSS. (f-h) SEM images of the PSS for
top, 45° tilted, and side views, respectively.

The SiO; nanodot pattern on the sapphire wafer was annealed using a furnace under
air at 750 °C for 12 h to densify the SiO, nanodots before proceeding with the wet-etch
process. This process was essential because as-deposited SiO, nanodots using the e-
beam evaporator were not able to act as hard masks under high temperatures and acidic
conditions (such as a mixture of HySO4 and H3POy), as shown in Figure S2. After the
annealing process, the sapphire wafer was wet etched by a mixed solution composed of
H,S04 and H3POy at an elevated temperature of 310 °C for 1 h (Figure 1d). The composition
of a wet-etching solution was 3:1 v/v.

As a result of the wet-etch, a PSS was fabricated, which was analyzed by digital
(Figure le) and SEM images regarding top, 45° tilted, and side views (Figure 1f-h).
Triangular-pyramid shape patterns in the PSS were observed across the entire wafer
(Figure 1f,g). The triangular pyramid could have been formed because the SiO, hard
mask prevented direct contact between the single crystal sapphire wafer and acidic etchant
(HpS04 and H3POy). The height of the triangular pyramids on the PSS was approximately
360 nm (Figure 1h), which varied depending on the wet-etch temperature (Figure S3).
This process occurred because although H,SO,4 and H3POy can etch sapphire as follows
(Equations (1) and (2)):

A1203 + 3H2504 — Alz(SO4)3 + 3H20, (1)
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A1203 + 2H3PO4 — 2A1PO4 +3H,0, (2)

the roles of both etchants are different in terms of etching direction (H,SO4 and H3POy
for perpendicular and lateral, respectively) [25]. In addition, these different behaviors
also depended on the temperature. Thus, shape control was achieved by controlling the
composition of the etchant. In addition, after the first etch of the sapphire wafer, the
second etch of the wafer using a different composition of etchant resulted in sharp or broad
triangular-pyramid shapes on the PSS (Figure S4).

Wafer-scale Au nanostructures were fabricated by oblique deposition of Au (20 nm)
on the PSS using an evaporator. Oblique deposition (45°) of Au on the PSS resulted in
Au nanostructures being only formed on only half of the available surface area of the
triangular pyramids on the PSS, described as red lines in Figure 2a; moreover, a shadowing
effect was observed due to adjacent triangular pyramids (red arrow in Figure 2b). For
better visualization, a schematic illustration was demonstrated for obliquely deposited
Au (45°)/PSS (Figure 3c). Whereas, vertical deposition resulted in nearly full coverage of
Au on the PSS (Figure S5). In the case of oblique deposition of Au, the shape of the Au
nanostructures was determined by the shape of triangular pyramids on the PSS, which can
be controlled by the composition of etchant and etching temperature (Figures S3 and S4).
Consequently, the shape of Au nanostructure can vary not only depending on the shape of
the triangular pyramids on the PSS but also the deposition angle and/or direction with
respect to the PSS.

Figure 2. (a,b) SEM images after oblique (45°) deposition of Au onto a PSS ((a): top view,
(b): 45° tilted view). Scale bars in the images are 300 nm. Red lines in (a) and arrows in (b) in-
dicate Au nanostructure and the shadowing effect due to adjacent triangular pyramids, respectively.
(c) Schematic illustration of obliquely deposited (45°) Au on PSS.
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Figure 3. (a) Absorbance of obliquely and vertically deposited Au on PSSs, and vertically deposited
Au on flat glass and sapphire substrates. (b) LSPR shift of the PSS with obliquely deposited Au:
(i) biotin-HPDP, (ii) STA, (iii) biotin-BSA, and (iv) STA. (c) Schematic illustration for step-by-step
biomolecule detection using an Au/PSS. The stages of (i), (i +ii), (i + ii + iii), and (i + ii + iii + iv)
correspond to those in Figure 3b.
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The phenomenon of a localized surface plasmon resonance (LSPR) of the Au nanos-
tructures on the PSS was observed by measuring absorbance (Figure 3a). LSPR peaks were
observed in the cases of Au deposition on a PSS, but not on flat substrates. The LSPR
peak appeared in the vertically deposited case because the vertical deposition between
the sample and Au sources in the thermal evaporator used in this work was not exactly
vertical (Figure S6). Regarding the obliquely deposited case, the LSPR peak was red-shifted
compared to that from the vertically deposited case; this was because the shapes of Au
nanostructures in each case were different. Different shapes of metal nanostructure induce
various LSPR properties [27]. Therefore, the location of the LSPR peak can be controlled
by the shape of triangular pyramids on the PSS and deposition angle and /or direction of
the PSS.

One of the most popular applications of the LSPR phenomenon is in biosensing fields
because the LSPR shift occurs by perturbation in the presence of target molecules located
near the metal nanostructures (~10 nm), which is a label-free tool that monitors molecular
bindings in real-time, in small-volume samples [28]. Hence, Au nanostructures on PSS
were exposed to biomolecules (STA, biotin-BSA, and STA, in turn), and LSPR shifts were
observed (Figure 3b). A schematic illustration is depicted for the procedure for biomolecule
detection (Figure 3c). In detail, to attach STA on the surface of the Au nanostructures,
biotin-HPDP was, at first, covalently functionalized on the Au surface through the thiol-Au
interaction [29]. As a result of the step-by-step attachment of STA /biotin-BSA /STA, the
LSPR peak of the Au nanostructures was red-shifted step-by-step due to the attachment of
the biomolecules (detailed values of LSPR are shown in Table S1). The redshift phenomenon
occurred because the biomolecules attached to the Au nanostructures caused a change
in the refractive index near the Au surface. Thus, our Au nanostructure on PSS could
have an application as LSPR biosensors by manipulating the structures of the PSS and/or
oblique deposition conditions. Furthermore, a thorough investigation of LSPR properties
by controlling the PSS and deposition variables, such as the plasmonic substrate, could
be further applicable to color engineering, spectroscopy, metamaterials, and plasmonic
solar cells.

We also fabricated Au/PSSs where Au was deposited at different angles: 30°, 45°,
and 60° (Figure S7). Among them, the LSPR peak obtained from Au (45°)/PSS showed
the sharpest. This work is a preliminary study demonstrating the application of PSS for
LSPR substrate by obliquely depositing Au on the PSS, and thus, LSPR properties of the
Au nanostructure on PSS can be improved further, depending on Au deposition angle, the
thickness of deposited Au, the direction of PSS under oblique deposition of Au, and the
shape of PSS.

4. Conclusions

In this paper, we have suggested a fabrication method of wafer-scale LSPR sub-
strates by engineering a single crystal substrate and obliquely depositing Au, using high-
throughput and high-reproducibility techniques. As a single crystal substrate, sapphire
wafers were chosen because of their transparency, which is highly advantageous for op-
tical applications, such as optical biosensors, metamaterials, and solar cells. The PSS
was fabricated using a nanoimprint lithography technique, thin film deposition, and wet-
etching (using HySO4 and H3POy). The oblique deposition (45°) of Au on the PSS enabled
the formation of Au nanostructures on the PSS due to the three-dimensional structure
(triangular-pyramid shape) of the PSS. The Au nanostructures formed by the oblique depo-
sition exhibited a red-shifted LSPR peak compared to those prepared by vertical deposition,
implying that LSPR properties can be controlled not only by the shapes of the PSS but also
by the deposition conditions, such as angle and/or rotation of the PSS. The Au nanostruc-
ture on PSS was applied to detect biomolecules by observing the LSPR shift; the LSPR peak
was red-shifted by attaching STA, biotin-BSA, and STA, in turn.

PSS has been widely used as a substrate for light-emitting diode, so far due to its
transparency, wafer-scale patterning, and high-throughput production. Here, we applied
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such a PSS to the fabrication of an LSPR substrate by obliquely depositing Au on the
PSS. Further technical approaches could improve our fabrication strategy to expedite its
application for commercially available products. As an example of the approaches, some
experimental variables—Au deposition angle, the thickness of deposited Au, the direction
of PSS under oblique deposition of Au, and the shape of PSS—could be addressed. In
addition, due to the high expense of the sapphire wafer, the PSS might be used as a master
mold to fabricate the reverse-shaped polydimethylsiloxane (PDMS) that could be used as
patterned PDMS substrate for the angle deposition of Au.

Thus, such a fabrication method of wafer-scale plasmonic substrates could pave the way
for use in LSPR biosensors by manipulating the structures of the PSS and/or oblique depo-
sition conditions. This technology is also expected to be useful in other optical applications,
such as color engineering, spectroscopy, metamaterials, and plasmonic optoelectronics.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390 /bios12030158 /s1, Figure S1: Schematic of the formation of
a SiO, nanodot array on a sapphire wafer, Figure S2: SEM image of the SiO, nanodot (not annealed)-
patterned sapphire wafer after the wet-etch, Figure S3: SEM images of a PSS, Figure S4: SEM images
after the second wet-etch of PSS, Figure S5: SEM images of vertically deposited Au on PSS. Figure S6:
Schematic illustration of vertical and oblique depositions of Au on PSS, Figure S7: Analysis of
Au/PSSs where Au was deposited at different angles, Table S1: LSPR-shift observation of obliquely
deposited Au on PSS when exposed to biomolecules.
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Abstract: Glancing angle deposition (GLAD) is a technique for the fabrication of sculpted micro- and
nanostructures under the conditions of oblique vapor flux incident and limited adatom diffusion.
GLAD-based nanostructures are emerging platforms with broad sensing applications due to their
high sensitivity, enhanced optical and catalytic properties, periodicity, and controlled morphology.
GLAD-fabricated nanochips and substrates for chemical and biosensing applications are replacing
conventionally used nanomaterials due to their broad scope, ease of fabrication, controlled growth
parameters, and hence, sensing abilities. This review focuses on recent advances in the diverse
nanostructures fabricated via GLAD and their applications in the biomedical field. The effects of
morphology and deposition conditions on GLAD structures, their biosensing capability, and the use
of these nanostructures for various biosensing applications such as surface plasmon resonance (SPR),
fluorescence, surface-enhanced Raman spectroscopy (SERS), and colorimetric- and wettability-based
bio-detection will be discussed in detail. GLAD has also found diverse applications in the case of
molecular imaging techniques such as fluorescence, super-resolution, and photoacoustic imaging.
In addition, some in vivo applications, such as drug delivery, have been discussed. Furthermore,
we will also provide an overview of the status of GLAD technology as well as future challenges
associated with GLAD-based nanostructures in the mentioned areas.

Keywords: glancing angle deposition (GLAD); biosensors; biomedical detection; GLAD substrates;
plasmonics

1. Introduction

Biosensors have emerged in recent decades as a quintessential tool in the fields of
healthcare, bioscience, the food industry, the chemical and biomedical industries, defense
and security, and environmental monitoring [1]. Any system or chip consisting of a surface
that is capable of binding to a specific biological substance that recognizes it, together
with the ability to translate the biophysical or chemical reaction into a quantifiable signal,
can be referred to as a biosensor [1]. The biosensor recognizing element may be nucleic
acids, proteins, carbohydrates, lipids, antibodies, or an entire cell. These elements may be
attached or immobilized on the sensor using various methods such as adsorption, bond
formation, encapsulation, or entrapment [2]. Selectivity, specificity, reproducibility, stability,
and sensitivity are various characteristics of a typical biosensor. Recently, the scientific
community has witnessed vast development in optical, chemical, and physical transducers
along with a specific affinity for biochemical interaction. This has led to vast progress in
the development of biosensors in various fields. The most widely and extensively used
biosensors are those that are based on nano-regimes due to their low detection limits, high
stability, easy operation, low cost, short response time, and low power requirement [2].
Metallic-based nanostructures, therefore, possess specific unique features that ensure high
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sensitivity of the biosensors compared to other planar sensor configurations due to their
nanoscale dimension and periodicity, thus ensuring strong binding of the target analyte
and increased sensing properties [3].

The rapid advancement in the field of biosensing utilizing plasmonics has led to
an extensive study of metallic nanostructures and their sensing applications [4-6]. One
such emerging tool for fabricating metallic nanostructures is the glancing angle deposition
(GLAD) technique [7]. It is a physical vapor deposition (PVD) process in which the gaseous
flow of depositing atoms impinges on the substrate in a vacuum at an oblique angle such
that the deposited film results in a columnar morphology [7,8] as a result of the shadowing
effect. The tilting of the as-deposited column is controlled by the angle of incidence. The
morphology of the columnar structure can be modified using a mobile substrate whose
position can be managed during deposition [9,10]. The GLAD technique is considered better
than the other chemical growth methods in terms of ease of fabrication of nanostructures
due to controlled size, shape and spacing of columns in single step [11] Additionally, the
nanostructures grown by this method possess high surface area to volume ratio [12], high
porosity [13], crystallinity, and uniformity [11,14] making it the most suitable method for
sensing applications. These structure has been widely investigated in designing different
sensor devices [15], energy devices [16], and optical devices [17]. The GLAD technique
has been extensively studied and developed over the past 15 years, but there is still much
to explore.

The last few decades have witnessed a high increment in gold and silver-based
nanostructures for catalytic [18] and biomedical applications such as immunotherapy,
nanomedicine, and in vitro diagnostics [19-22]. Silver- and gold-based nanostructures are
most widely used for sensing applications due to their high plasmonic properties [23-25],
particularly their extinction band lying in the visible region [26] and low dispersion losses.
Silver has a strong bactericidal effect due to the interaction of Ag ions with the thiol group
and antimicrobial activity against microbes [27,28]. Gold has an excellent affinity for bind-
ing to antibodies [29], and hence, is most suited for antigen-antibody surface plasmon
resonance [30,31] (SPR)-based detection. Silver- and gold-based nanostructures are shown
to be the preferred transducers for LSPR-based sensing [32], surface-enhanced Raman
scattering (SERS)-based sensing [33], as well as fluorescence resonance-based energy trans-
fer [34] (FRET) sensing [35]. The highest SERS enhancement obtained using Ag nanorods
prepared using the GLAD technique is 10° [36], so GLAD-based nanostructures combined
with other techniques provides variations in metallic nanostructure shape, pattern, and pe-
riod, extending the scope of their sensing abilities. The colorimetric- and wettability-based
properties of these metallic nanostructures are found to be highly sensitive towards certain
chemical and biological processes, revealing their use in biosensing detection [37-39]. The
ongoing research in biosensor technology highlights an increase in the use of nanostruc-
tures and nanoparticles as a receptor or chip to enhance detection sensitivity and capability.
Nanostructure-based biosensors or biochips fabricated using PVD methods exhibit advan-
tages over conventionally prepared nanomaterials in terms of their high surface-to-volume
ratio, fast response time, high versatility, multiple-fold increase in sensitivity, and better
target-specific element recognition [40].

In this review, the biosensing and other imaging properties of GLAD-fabricated nanos-
tructures are evaluated. We shall discuss the fabrication of these nanostructures with
different types of substrate structures along with their implications in biosensing and other
biomedical applications. The abilities of these nanostructures in various biosensing fields
have been explored. A comparison of GLAD-based nanostructures with conventionally
used nanoparticles and chips will be highlighted along with their advantages over the
latter. There are various advantages of GLAD-based deposition over other chemical route
depositions; for example, no precursor materials are needed in GLAD, which provides
safety from toxic precursors and by-products [41]; atomic-level control of chemical compo-
sition and thickness can be afforded in this deposition [42]; and a higher temperature is
not required and heat-sensitive substrates can be fabricated using this technique. GLAD
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is a green fabrication technique which produces very little pollution [43], promising high
uniformity and repeatability in the structures [44—46].

2. Recent Strategies for Fabrication of Nanostructures Using the GLAD Technique

PVD methods such as sputtering, electron-beam vapor deposition, and thermal evapo-
ration are most commonly used to fabricate thin films. When the vapor flux is normally
incident over the substrate, thin-film formation takes place. However, if the angle of
incidence is large with respect to the normal of the substrate surface (>70°), columnar
structures are formed. This type of PVD deposition, carried out using either thermal evapo-
ration or e-beam evaporation, is referred to as oblique-angle deposition (OAD) [3]. This
extended OAD combined with azimuthal substrate rotation, giving various shapes and
size of nano-columns, is referred as GLAD [14,47] or as dynamic oblique-angle deposition
by some researchers [48]).

2.1. Setup Configuration of GLAD

Figure 1a shows the schematic of a GLAD setup where « is the angle subtended
by the incident vapor with the substrate normal, called the deposition angle. ® is the
azimuthal angle that measures rotation about the substrate normal. The vapor flux falls
on the substrate at a particular glancing angle (>700), initially leading to the formation of
random nuclei, which is supported by the Volmer-Weber growth mechanism [49]. These
further grow into isolated columns as a result of competition between shadowing and
adatom diffusion due to larger nuclei and adatom surface diffusion. The columns lead to
shadowing with size distribution and the screening of smaller neighboring nuclei from the
coming flux. Therefore, the growth of the smaller nuclei is suppressed and ultimately ends
due to complete shadowing [7]. This process of column extinction continues throughout
the film’s growth.

% o (b) I>°‘/

a-rotation

Vapour flux

D\\Tl/_ﬂ

Figure 1. (a) Schematic of GLAD setup where « is the angle subtended by the incident vapor flux
with respect to substrate normal and ® is the azimuthal angle. (b) Mechanistic view of GLAD-based
growth. (i) Incident vapor flux, shown by full arrows at an angle (o), resulting in random nucleation.
(ii) Nucleus growth casting a nearby shadow, as shown by dotted lines. (iii) Column growth in
progress, suppressing neighbors” growth via shadowing. (iv) Full column growth at a certain specific
angle () with respect to the normal.

More vapor flux deposition takes place as the nucleus growth continues developing
into isolated columns. Finally, the isolated columns are formed, and are tilted towards the
source of the vapor flux. {3 is the column tilt angle. This process is shown in Figure 1b.
It must be noted that { is different from deposition angle «, and 3 = 0 for the columns
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parallel to the substrate. The relationship between angles o and {3 is given by the tangent
rule, given by Niewenhuizen and Haanstra [50], as

tan o = 2tan 3 1)

when the deposition angle increases obliquely with respect to the normal, in which case,
the tangent rule is not followed.

B = arcsin(%) 2)

2.2. Effect of Various Growth Parameters
2.2.1. Tilt Angle

As discussed earlier, the dependence of the tilt angle cannot be fully described in
terms of angle of incidence by a single relationship. The general relationship is given by the
tangent rule (Equation (1)), and Tait’s rule [51] (Equation (2)) is satisfied only under certain
conditions and must be cross-verified for a specific material under the given conditions such
as deposition rate, pressure, substrate type, and temperature. All these factors influence
the tilt angle 3. Nakhodkin and Shaldervan investigated the nature of films of different
materials (Ge, Si, GeTe) as a function of tilt angle [52]. They found that most of the films are
formed of crystallites inclined to the substrate due to obliquely incident vapor flux. They
classified and correlated the structures based on material, cross-section, and tilt angle up to
a thickness of 300 nm. Salazar et al. used GLAD-fabricated Cu electrodes at a 65° tilt angle
to study their sensing ability for the detection of glucose in blood samples [53]. Most of the
recent reports showing GLAD-based biosensing applications have employed tilt angles
ranging from 65° to 85° with high sensitivity and reproducibility [53,54].

2.2.2. Azimuthal Rotation (¢)

This represents the rotation of the substrate about the normal to the substrate. The
azimuthal angle ¢ measures the rotation of the substrate, exploiting the growth direction
steering the columnar structure along the growth path. The substrate position and the
effect of azimuthal rotation on growth is depicted by « and ¢ and their variations. Control
of both of these angles in a desirable manner during substrate rotation is the most crucial
part of GLAD technology. If « and ¢ remain constant throughout the deposition, then
it means that the substrate is stationary. o and ¢ may also change periodically at a
given angle, but otherwise, may remain stationary [7]. There are six to nine basic GLAD
structures that can be formed by different combinations of « and ¢, which, along with
their implications in biosensing, are discussed in detail in the next section. This variety of
microstructures provides more enhanced properties that have a strong effect on the binding
of biomolecules to the substrate and cause a change in the plasmonic properties of these
substrates. Zhang et al. investigated the dependence of o and ® on the biosensing ability
of a Au nanostructured array fabricated over closely packed polystyrene balls and obtained
the highest SPR and LSPR sensitivity for optimal values of & and & [55]. This regime as a
function of tilt angle or azimuthal angle, due to the corresponding change in the substrate
morphology and column growth, has not yet been fully explored and still has a long way
to go.

2.3. GLAD-Based Nanostructures

The GLAD deposition technique can be used to create thin films of different morphol-
ogy and sizes. As described in the previous section, the vapor flux falls on the substrate at
a certain glancing angle (x > 70°), resulting in the formation of microstructures because
of competition between the shadowing effect and adatom diffusion. The formation and
categorization of various GLAD structures depend on the variation in « and ¢ during the
deposition process.
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The formation of the plane metallic film takes place when the substrate is held perpen-
dicular to the vapor flux (« = 0°). However, this type of thin film is not very sensitive to
biomolecule detection. Agrawal et al. has shown, using Rigorous coupled-wave analysis
(RCWA) simulation, how nanohole array in a gold film can be employed for enhanced
biosensing compared to planar gold film [56]. Some roughness over the surface of the nanos-
tructure increases the sensitivity of biomolecules multiple-fold [57,58]. Slanted nanorods
are the most commonly used GLAD structure for biosensing. These are formed when
the substrate is held in the stationary position. « is taken to be greater than 70° (~86°).
However, other desired micro- and nanostructures can be sculpted by varying the position
of the substrate, and hence, the direction of the incoming vapor flux [59]. High sensitivity
and plasmonic enhancement have been obtained using slanted nanorods with single arms
and multiple arms [60]. Slanted nanorods have been utilized and studied widely in various
biosensing applications using different materials (Ag, Si, Ni, TiO,) [60-62] due to their
ease of fabrication, lower material requirement, lower complexity, and high optimized
sensitivity [36].

Chevron or zig-zag multi-armed nanorods are formed by a series of slanted nanorods.
The substrate is initially held at a specific angle (e, ) for the first arm, then, rotated by 180°
(«, @ + m) for the second arm, and again by 180° («, ¢ + 2m) for the third arm, etc.; that is,
every time, the direction is rotated by 180° [7]. Square spirals can also be fabricated in the
same way as chevrons with a rotation of 90°. The optimized slanted nanorods have shown
enhanced biosensing and have been widely employed for SPR-, SERS-, colorimetric-, and
wettability-based biosensing and detection. Sensitivity comparisons of various bioanalytes
using various types of these GLAD-fabricated nanostructures have been performed by
different groups [63]. Enhanced sensitivity, which can be employed for biological sensing
using vertically standing nanoporous zig-zag or chevron nanorods providing hot spots
with high SERS enhancement, has been shown by researchers [64,65]. Vertical nanorods
are formed when the substrate is rotated at a constant rate during deposition. If the
substrate is rotated at a constant slow rate, a helical columnar structure is formed with
a constant pitch. Similarly, high and low morphology can be formed with a continuous
change in ¢ while changing « in a discrete manner [66]. These structures form a Bragg
stack and can be highly suitable for optical biosensing applications. Recently, Kumar et al.
reviewed the fabrication and recent biochemical applications of various GLAD-fabricated
substrates for SERS. They discussed, in depth, the advantages of these substrates and
how these overcome the various limitations of conventional substrates [67], (Figure 2a—e).
These GLAD-fabricated nanostructures have recently been employed in various biosensing
detection settings. Recently, Kim et al. reported OAD-based LSPR substrates with a
very high throughput by fabricating Au nanostructures (at 45°) over patterned sapphire
substrates (PSS) [68] (Figure 2f). Very high LSPR sensitivity was obtained for various
biomolecules and bioanalytes.

33



Biosensors 2022, 12,1115

Figure 2. Different GLAD-structured thin films. (a) Slanted-post films; (b) zig-zag (chevron) films
with 4 arms; (¢) AgNR/SiO, SCL/SiO, /PCL/Ag multilayer substrates; (d) helical film; (e) vertical
post structure (reproduced with permission from [67]); (f) 45° tilted top view of Au mushrooms
(reproduced with permission from [68]).

Hence, GLAD is a sophisticated technique used to design thin films with specific
geometries. The geometries can be tailored in a controlled and desired manner to provide
specific advantages for detection over conventional nanoparticles and nanofilms. The
analyte binding sites, as well as the hotspots and scattering points (typically for optical
sensing), can be increased in the desired way using this technique. The substrates can be
fabricated in a controlled manner using multifunctional materials of different kinds by
varying the substrate orientation and deposition conditions. The detailed bio-detection and
sensitivity of various geometries and structures are yet to be explored in depth and could
provide high scope in the future; they may provide certain specific binding sites for the
proteins, amino acids, etc. present in biomolecules typically suited for SERS or fluorescence
detection or antigen—antibody binding sites for SPR and LSPR.

3. Designing Substrates and Chips for Biosensing Applications

The sensitivity, binding, limit of detection, and other essential biosensing activities of
a biosensor strongly depend on the substrate. However, there are only a few methods that
can be used to develop uniform, reproducible, robust, stable, and cost-effective substrates.
Recently, the GLAD technique has been employed to fabricate columnar thin-film substrates
with high sensitivity [60,69]. Various studies have been conducted to study the sensing
ability of the columnar Ag film [70,71]. Zhao et al. studied the s- and p-polarization
absorbance spectra of Ag nanorod arrays with different heights and topologic shapes
(cylindrical, needlelike, periodic, L, and Y shapes) in detail [72,73]. Additionally, the
nanorods with complicated shapes, such as periodic, L, and Y shapes, had more hot spots
for optical sensing applications than perfectly aligned nanorods. Thus, it is more suitable to
observe the biosensing abilities of a small number of molecules on irregular nanorods than
on a perfectly aligned nanorod. Recently, various types of GLAD-based nanostructures have
been tested, optimized, and fabricated to increase the sensitivity of bioanalytes and expand
their applications in the biomedical field. These substrates offer numerous advantages over
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the conventional GLAD-based substrates as they are more sensitive, durable, and flexible,
and bind bioanalytes more effectively. The biosensing applications of the various newly
fabricated substrates in the field of biomedicine and biosensing are discussed below.

3.1. Low-Temperature Biosensing Chips and Arrays

Aligned AgNR array films have been fabricated at low temperatures (LT; 140 K) and
also at higher temperatures (HT; 373 K) [74,75]. The effects of temperature, from low to
high, on the deposition of nanostructures and the morphology of films have already been
discussed in the earlier section. Singh et al. deposited tilted AgNRs on glass slides at a
substrate temperature of T = 140 K. The surface morphology changed drastically for the
LT-deposited Ag nanostructured film. The aligned AgNR array SERS substrates deposited
at a low-temperature oblique angle exhibited better SERS enhancement with good optical
transmission compared to the standard room-temperature (RT)-deposited AgNR SERS
substrates. The LT-deposited Ag nanostructured film was more porous, whereas the
RT-deposited Ag nanostructured films appeared to be solid and rod-like. The nanorods
with lengths of 1 pm, corresponding to a d = 2 um QCM reading, deposited at room
temperature showed the maximum spectral intensity, which is advantageous for optical
(SERS, fluorescence, SPR) biosensing applications. However, for AgNR, the LT AgNR
substrates, along with the maximum response, also provided substantial cost savings.
A recent study by Yadav et al. demonstrated that magnetic surface-enhanced Raman
spectroscopy (M-SERS) was effective in detecting hemozoin, a metabolic by-product of
malarial parasites with paramagnetic properties. Using the GLAD technique, the SERS-
active AgNRs were fabricated over neodymium substrates (0.3 T) kept at low temperature
(120 K). Both hemozoin and hemoglobin were measured via a magnetic field-based SERS
method on M-SERS substrates. In the absence of an external magnetic field, the intensity of
the SERS signal was reportedly ten times greater than that of conventional SERS substrates.
Figure 3a,b shows a SEM image of AgNR arrays fabricated over glass substrates at room
temperature and at low temperature (120 K), respectively. Bunches of uniform nanorods
were formed along the direction of vapor flux with slight variations in their lengths. The
SEM images of AgNRs grown on magnetic substrates at a 120 K substrate temperature
indicate the zone A type of morphology. A comparison in the XRD pattern between the
crystalline phase of AgNRs at room temperature and at low temperature is shown in
Figure 3¢ (JCPDS no. 04-0783). AgNR arrays exhibit a polycrystalline structure, as indicated
by the XRD patterns. As a result of the differences in peak intensities and FWHM values
between the two structures, a small difference in crystallinity can be observed.

3.2. Flexible Substrates

Compared to conventional hard and rigid substrates, flexible substrates and chips
have several advantages. They are able to conform to the underlying object, allow efficient
extraction of the target molecule from complex surfaces, have highly physicochemical
properties, and can be integrated into wearable devices that provide bio-detection and
health-monitoring services. Polydimethylsiloxane (PDMS) and polyethylene terephthalate
(PET) sheets are the most common substrates used for the growth of AgNR on flexible
substrates [76-78]. Singh et al. prepared a mechanical-strain-resistant AgNR on flexible
PDMS and PET substrates [76]. The SERS response of these flexible SERS substrates
was comparable to the AgNR on conventional glass slides. Flexible SERS substrates are
capable of withstanding high tensile strain (¢) (30%) without losing their SERS performance.
However, similar bending can reduce SERS performance by up to 13%. Kumar et al.
fabricated flexible and robust SERS-active substrates by embedding the AgNR into the
PDMS. Peipei and Young presented a flexible nanoprobe for high-performance real-time
SPR biosensing. They constructed plasmonic optical fiber by transferring the metallic
nanostructure from patterned templates to optical fiber using epoxy and reported a high
figure of merit for SPR sensors.
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Figure 3. (a) SEM images of AgNRs over glass substrates at room temperature (300 K). (b) SEM
images of AgNRs at 120 K deposited using GLAD technique. (c¢) XRD pattern for the two AgNR SERS
substrates. (d) Comparison of the Raman and SERS spectra of BPE analyte over the three different
substrates (c-SERS and M-SERS substrates, and 200 nm thin Ag film). Reproduced with permission
from [63].

3.3. Multilayer Substrates

Increased sensitivity and strong field enhancement can be achieved in metal-dielectric—
metal multilayer structures [79]. Suzuki et al. fabricated Ag and Au nanorods with
quasi-parallel principal axes on a SiO; shape control layer (SCL) with a strongly anisotropic
surface morphology [80,81]. They also demonstrated that the morphological and optical
properties could be tuned by the deposition conditions without any pre- or post-treatment.
Additionally, these structures supporting surface waves such as Bloch surface waves
(BSW) could be used for advanced biosensing applications with enhanced sensitivity for
protein interaction detection [82]. Multilayered structures have been used not only to
tune the plasmon resonance but also to increase the number of hotspots [83,84]. Rajput
et al. fabricated four-arm zig-zag Ag nanostructures of Ag and Al, with Al deposited
on the edges of the zig-zag structure during growth [64]. The researchers etched less
stable Al using a 2.5 wt% HCI solution from the Ag-Al zig-zag structure to generate intra-
particle gaps, as depicted in Figure 4. These gaps at the elbows of the nanorods acted as
additional hotspots while maintaining the zig-zag morphology. In their study, the SERS
performance increased with the number of the increasing arms, which was attributed to
the increased hot spots along the edges of the elbows of the zig-zag structure. The SERS
performance further improved in the generation of nanoporous zig-zag Ag nanostructures
obtained via de-alloying, and a high enhancement factor of ~10° was observed. These Ag
structures are further under study for their applications in enhanced biosensing and early
disease detection. Sun et al. constructed a sensitive biosensor based on self-assembled
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multilayer film for organophosphate pesticide using CdTe as a fluorescence probe. This
multilayer film showed 100 times the sensitivity of CdTe in aqueous solution. Bhalla
et al. created a new fabrication approach by exploiting the reactive plasma environment
of SF¢ to assemble gold nanoplasmonic structures [85]. They developed mushroom-like
gold-topped nanostructures on SiO, substrate. They used it as an LSPR chip for generic
bioassay characterization and applications. A uniform protein coating was applied over
the LSPR chip, achieving an LOD of 66 zM for biomolecules. These recent multilayered
fabricated chips and nanostructures, therefore, are reported to show good stability and easy
regeneration, along with increased bio-sensitivity. These can be employed as a promising
platform for point-of-care diagnostics.
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Figure 4. (a—e) An illustration of the fabrication of nano-porous zig-zag AgNR arrays; SEM images
of zig-zag AgNR arrays on silicon substrate with: (f) 1 arm; (g) 2 arms; (h) 3 arms; and (i) 4 arms,
respectively. Yellow lines show the approximate arm positions. (j) BPE SERS spectra (0.1 mM)
acquired over zig-zag AgNR arrays with different numbers of arms. (k) Enhancement factor for the
BPE SERS peak at 1200 cm ! as a function of arm number. Calculated enhancement factor values for
(I) 2-arm zig-zag AgNRs and 3-arm nanogap AgNR arrays and (m) 3-arm zig-zag AgNRs and 3-arm
nanogap AgNR arrays. Reproduced with permission from [64].
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3.4. Patterned Substrates

Patterned substrates have been demonstrated by various groups; periodically arranged
nanostructures might result in enhancement in the localized electric field of plasmonic
metals compared to that of randomly arranged nanostructures employed for optical sensing
applications [86]. Studies have been performed to couple the periodicity of the grating with
the metal nanostructure [87], localize the deposition within a micro-well, [88,89] formation
of a hexagonal lattice of nanorods, [90,91] and couple discrete metal nanoparticles to
photonic-crystal surface-resonant modes [92]. Researchers have demonstrated the feasibility
of patterned substrate formation by combining GLAD and electron beam lithography; thus,
they have designed numerous patterned structures in which structure period and structure
diameter can be adjusted in a controlled manner, hence controlling the sensitivity [86].
Therefore, this type of substrate can be useful for numerous biosensing applications where
patterned structure dimensions play an important role. Anisotropic organometallic halide
perovskite nanowalls fabricated using the GLAD technique have recently been reported [93].
Their high plasmonic biosensing ability can be extracted and employed for early and low-
cost efficient detection and analysis. Lee et al. [94] developed a unique 3-dimensional
patterned substrate employed in ultra-thin-layer chromatography (UTLC) and SERS-based
sensing consisting of Si nanowire arrays fabricated using a facile photolithographic and
chemical etching technique, and further decorated it with Ag nano-dendrites. These
patterned substrates can be further employed for SERS-based study for the distinction
and detection of diseases and their co-infections. These multifunctional substrates could
simultaneously be used for target localization, mixture separation and label free detection,
and therefore, could be readily employed for biochemical assays and food safety. Kumar
et al. proposed a flexible nanoslit-based sensor using patterns on periodic optical disks
employing imprint lithography for periodic pattern printing on polydimethylsiloxane
(PDMS) [95]. Patterned PDMS was obtained using a DVD-R disk and Ag was deposited
over the patterned substrates using dynamic oblique-angle deposition at an angle 76° The
sample was rotated by 1800 after 5 nm deposition to form a nanoslit in the grating valley as a
result of the shadowing effect. Films of thickness 50-400 nm were finally obtained. Figure 5
shows the SEM images (top view) of Ag nanoslit samples of varying thickness. They further
investigated the SERS-based biosensing capability of these substrates using a bilirubin
solution. Therefore, patterned substrates can be used as highly sensitive multipurpose
substrates in biochemical sensing.

3.5. Coated and Co-Deposited Nanostructured Thin-Film Substrates

The practical application of Ag nanostructures has been limited by their chemical
instability due to the oxidation, sulfuration, and etching of Ag. Alloyed or coated sub-
strates made via the co-deposition of two or more materials have been studied for in-
creased performance and shelf life [95]. There are various reports on increasing shelf life
without compromising the sensing performance of a substrate either by coating the Ag
with an ultra-thin layer of graphene, SiO,, [96] Al,O3, [97] or by fabricating bi-metallic
nanostructures [95,98-100]. The use of low-temperature atomic layer deposition (ALD) to
wrap AgNR arrays with a very thin but dense Al,O3 layer can improve their robustness in
morphology up to 400 °C, and can provide surface coverage that stabilizes SERS activity in
air without reducing their sensitivity to SERS.
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Figure 5. SEM images of Ag nanoslit substrates (top view) with thicknesses of (a) 50 nm, (b) 100 nm,
(c) 150 nm, and (d) 250 nm. (e) Cross-sectional view of 100 nm thickness. (f) Net thickness of the
film deposited at different substrate points (black region) with orange dotted lines showing incident
flux direction and gray arrows showing columnar growth direction. (g) Plot of slit width vs. film
thickness with a scale bar of 250 nm. (h) SERS spectra of 0.06 mg/mL bilirubin over Ag nanoslit
substrate corresponding to 100 nm thickness. Reproduced with permission from [87].

3.6. Recyclable Chip and Substrates

Most of the chips and substrates fabricated for sensing applications are for one-time
use only, and given the value of noble metals, these cannot be fully explored as a routine
analytical technique. Much study has, therefore, been focused on developing reusable
substrates [101]. Kumar et al. fabricated a reproducible and reusable Ag nanoparticle-
decorated TiO, SERS substrate since TiO, is renowned for its photocatalytic properties.
The intensity of the Raman signal decreases rapidly in the presence of UV light because the
dye concentration decreases rapidly. Approximately 150 min after illumination with UV
light, these Ag-TiO, nanorod SERS substrates recover completely. Hu et al. [102] reported
a highly recyclable and sensitive biosensing platform comprising carbon-doped TiO,
nanotube arrays. These can be refreshed and regenerated photo-catalytically, maintaining
high selectivity and sensitivity when irradiated with UV or infrared light. Hunt and
Armani [103] developed a new idea to generate recyclable optical microcavity via a dry
chemistry method using oxygen plasma treatment. This recycling treatment, therefore,
helped in reducing cost and preventing harsh and wet chemistry treatment for recycling.
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3.7. Microfluidics-Based Substrates

There is tremendous interest in developing nanofluidic channels with a large surface-
to-volume ratio that exhibit localized surface plasmon resonance due to the strong inter-
action between the fluids and the channel walls [104]. The advantages of the nanofluidic
and microfluidic platforms are: reduced unwanted and nonspecific binding, and detection
time minimization by studying multiple analytes or ligand interactions using a single
device [105]. By using these nanofluidic channels with plasmonic nanostructures, SERS
signals from molecules trapped near electromagnetic hotspots were enhanced. A mono-
layer of Ag film over silica nanospheres (AgFONSs) was fabricated on a glass surface and
covered with a polydimethylsiloxane (PDMS) slab. This amplifies SERS by a factor of ten
or more, allowing label-free detection of important neurotransmitters in the nanomolar
range, rather than using only plasmon resonance.

4. Biosensing Applications of GLAD-Fabricated Nanostructures
4.1. SPR-Based Detection

Surface plasmon resonance is a powerful analytical method for detecting the high
sensitivity of biomolecules, and is based on plasmonic materials” optical properties. The SPR
method has shown great promise with large sensitivity for biomolecular applications [106],
especially for real-time biomolecule interaction, protein action, antigen, and nucleic acid
detection [107-109]. SPR-based sensors are useful for label-free detection because of the very
high sensitivity of the surface plasmon polaritons (SPP) to changes in the local environment
in the measurement of both refractive indices and dielectric constants [110,111]. SPR-based
biosensors possess the advantage of high versatility and can be tailored for the detection
of a vast number of analytes since this type of detection does not demand any special
characteristic of the bioanalyte, such as fluorescence properties, or absorption or scattering
bands. Additionally, SPR-based bio-detection does not require analytes or the biomolecules
to possess fluorescent or radioactive labels.

The primary sensing phenomenon in SPR is related to propagating surface plasmon
polaritons. A surface plasmon polariton (SPP) is an electromagnetic wave propagating
at the metal-dielectric boundary. The electromagnetic field of an SPP confined at the
metal-dielectric interface decreases exponentially in both metals and dielectrics [112]. The
dielectric constant of the propagating surface plasmon wave is highly sensitive to changes
in the local refractive index of the dielectric. This property is the underlying principle of
SPR biosensors. Metal-binding molecules or the recognition element attached to the surface
of the metal capture the analyte, resulting in a change in the local refractive index at the
metal surface. This change in the local refractive index creates a change in the propagation
constant, which can be easily measured using various methods112. Figure 6 shows the
underlying mechanism followed during SPR sensing using the Kretschmann configuration.
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Figure 6. Schematic of SPR-based detection of biomolecules using Kretschmann configuration. The

dip in the resonance peak shifts due to the change in the refractive index.
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Recently, new strategies, such as the generation of frictional charges using triboelectric
surfaces, have been employed for the detection and generation of localized surface plasmon
resonance (LSPR) wavelength shifts in large-area Au nanostructured surfaces [113]. These
LSPs with frictional charges, using recent methods such as spectroscopic and triboelectric
measurements, have been found to show a complex interplay of bioconjugation and bio-
complex detection. These budding strategies in combination with GLAD-fabricated nanos-
tructures can be employed for enhanced biosensing detection and applications. GLAD-
fabricated metallic thin films facilitate the development of SPR- and LSPR-based biosensors,
possessing the advantage of a considerable increment in sensitivity. These nano-sculptured
thin films have been demonstrated, both theoretically and experimentally, to possess high
SPR sensitivity [114,115]. Additionally, their periodicity, gap, etc., can be tailored in a
desired way, hence the binding of bioanalytes and sensitivity enhancement [115].

4.1.1. Bi-Material-Based SPR Enhancement

The properties of two different materials favorable for experimental sensing studies
can be exploited together through the fabrication of biomaterial GLAD nanostructures.
Additionally, using biomaterials also helps to eliminate the unfavorable properties of either
of the two materials; for example, silver is highly plasmonic and provides a sharp SPR
curve with high sensitivity but becomes easily oxidized. The oxidation of silver can be
eliminated if a thin layer of some inert material is used over its surface. Graphene, possess-
ing high impermeability [116] for gases and easy adsorption [117] ability for biomolecules,
can be used to coat Silver to provide high SPR sensitivity. Wu et al. reported an SPR-based
graphene biosensor in which the graphene layer was coated over a gold sheet. The sen-
sitivity of the chip was shown to increase several times through calculations compared
to the conventional gold film used for SPR biosensing. In another work, Choi et al. [118]
presented a numerical model showing a layer of graphene coated over a 60 nm silver film.
The SPR sensitivity was shown to increase several times due to the graphene coating and
also to prevent the oxidation of silver. Over the graphene surface, a bimolecular DNA
hybridization was modeled as a thin dielectric layer. The group showed improvement
in the SPR bimolecular sensitivity of the graphene-coated substrate compared to conven-
tional gold film chips employed for SPR biosensing applications. Graphene adds to the
SPR sensitivity in comparison to the gold film due to its better adsorbing properties of
biomolecules; this is due to the pi interactions between the biomolecules’ carbon ring
structure and graphene hexagonal cells [119,120]. Gold/zinc oxide (Au/ZnO), as well as
gold/chromium (Au/Cr)-based nanocomposite thin films, have also been studied and
were used effectively for enhancing SPR performance for the detection of a carbohydrate
antigen, which is a tumor marker for breast cancer. The linear range for the SPR sensor
was shown to increase from 1 to 40 U/mL [120]. Therefore, bimetal GLAD structures can
be used to increase SPR-based bio-sensitivity along with increasing the inertness of the
metallic structures.

4.1.2. Nanocolumnar Thin-Film-Based SPR Chips

As discussed in the earlier section, thin-film nanocolumns fabricated using the GLAD
technique provide high sensitivity for the detection of bioanalytes. They are easy to fab-
ricate, possess a high surface —volume ratio, require less material, and are broadly used
as SPR chips. The use of these metallic nanocolumnar thin-film biosensors enhances both
angular as well as spectral sensitivity due to increased roughness and porosity, and in-
duces SPR broadening due to scattering losses inside the porous metallic film [120,121].
Kaur et al. [122] reported ZnO thin-film-based SPR detection for cholesterol biosensing
applications. ZnO was coated over the gold film using the GLAD technique. ZnO/Au
prism was used in the Kretschmann configuration. The cholesterol oxidase (ChOx) enzyme
had been immobilized over the ZnO surface. PDMS microchannels fabricated over the
ChOx/ZnO/Au/prism setup were used to pass different cholesterol concentrations, and
SPR reflectance was obtained for both static and running mode, showing high SPR sensi-
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tivity. Figure 7a shows the SPR reflectance curves for various cholesterol concentrations
over the ChOx/ZnO/Au prism, and Figure 7b shows the calibration curve for the variation
in the resonance angle with cholesterol concentrations. However, in most of the work
discussed above employing SPR detection using thin metallic films, the sensor chips were
fabricated as planar thin films using GLAD-based techniques. The experimental use and
applications of GLAD-based columnar thin films using different structural morphologies
are still limited for biosensing applications. The effect of porosity on the SPR dip for
different metallic nano-columnar thin films (Al, Ag, and Au) fabricated via GLAD using
Kretschmann configuration has also been studied. The SPR dip widens with an increase
in the porosity of the thin film, and finally, disappears near the TIR region. This group
showed the vast possibility of SPR-based biosensors utilizing the porosity of the metals
with increased sensitivity compared to nonporous films.
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Figure 7. (a) SPR reflectance curve for ChOx/ZnO/Au prism corresponding to different cholesterol
concentrations. (b) Calibration curve for variation in resonance angle with cholesterol concentrations.
Reproduced with permission from [122].

Shalabney et al. [123] have explained this phenomenon very well both via theoretical
calculations as well as experimentally. They carried out SPR measurements in Kretschmann
configuration for GLAD-fabricated Ag nano-columnar thin films for different values of 3
and studied the SPR sensitivity in both angular as well as spectral modes. They indicated
that for more porous films, the resonance wavelength shows a clear redshift of about 15 nm
with respect to less porous films, and hence, higher sensitivity. Further, a theoretical calcu-
lation of the dielectric tensor of the material was carried out. There was an enhancement
in the electromagnetic field intensity distribution as there was an increase in the volume
interaction of the evanescent field in both the columnar void region and the sample area.
These nanocolumnar thin films provide a high increment in sensitivity compared to planar
metallic films. Agrawal et al. [114] presented a 2D nano-pillar array with nano-gaps for
biosensing. They used rigorous coupled-wave analysis (RCWA) simulations to study the
SPR sensitivity. The biosensor performance was studied in terms of sensitivity, charac-
terized by spectral shift AX. The effect of polarization of the light incident was studied
using simulations, which showed that nano-pillars’ biosensing capability is independent
of incoming light. The sensitivity of SPR chips can be most suitably defined in terms of
differential reflectance amplitude (DRA) since the sensor performance also depends on
reflectance contrast along with reflectance change. Agrawal et al. [56] also demonstrated,
in another work, the increased sensitivity of the SPR detection of nanohole arrays of gold
compared to planar gold film (Figure 8). The SPR sensitivity of the biosensor had been
calculated in terms of DRA. They carried out RCWA simulations to study the effect of
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variation in the diameter and period of the nanoholes. Byun et al. [124] experimentally
confirmed the high SPR bio-sensitivity of a gold nanowire array compared to conventional
gold film. They used an angular interrogation scheme to perform biosensor characteriza-
tion and showed that their results were in agreement with RCWA simulated results. They
fabricated gold nanowires with two different periods—200 nm and 500 nm—with each
showing increased sensitivity of 44% and 31%, respectively, when evaluated using ethanol
of varying concentrations.
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Figure 8. (a) Schematic diagram of circular nanohole array over the gold film. P, D, h, and H represent
array period, array diameter, gold film thickness below the nanohole, and gold film thickness without
the nanohole, respectively. This array is further coated with a 1 nm thick layer of biomolecules.
(b) Reflectance spectra calculated for a planar gold film of thickness 60 nm and for gold film structure
array with a period (P) and diameter (D) of nanohole array of 50 nm and 30 nm, respectively; gold
film thickness without nanohole (H) of 60 nm; and gold film thickness below nanoholes of 40 nm.
Reproduced with permission from [56].

Combining the two different ideas discussed above, one may suggest the fabrication of
nanocolumnar thin films consisting of GLAD-engineered structures of different morpholo-
gies combined with other materials (ZnO, graphene, and gold) to increase bio-sensitivity.
This may lead to us to ultra-high sophisticated SPR biosensors with multiple-fold sensitiv-
ity increments.

4.1.3. Microfluidics-Based SPR Chips

Microfluidic microchannels and systems are mainly employed for the SPR imaging
approach. The advantages of the microfluidic platform are: reduced nonspecific binding
and detection time minimization by studying multiple analytes or ligand interactions using
a single device [105]. SPR-based microfluidic assays have been developed for various
biomolecular interactions such as antibody-binding targets [125], multi ligand /analyte
biosensing [126], and foodborne pathogen detection [127]. Malic et.al. [128] reported
a multichannel droplet-based SPR detection platform comprising electrowetting on a
dielectric microfluidic device for SPR imaging. The device was fabricated using Cr and
Au layers as SPR supporters followed by the patterning of 24 um photoresist as a lift-off
mask. A 50 nm Au film was etched to define a thin Au layer as ground. So, a spot-by-spot
detection achievement was employed. Natarajan et al. [129] reported a 3D microfluidic
system for protein sample deposition to discrete spots of a target. They showed exposure of
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each spot to a larger sample volume due to continuous flow and increased uniformity of the
spots, and hence, expanded the protein array applications for protein printing. A compact
and robust microfluidic flow cell for SiO; film followed by a PDMS microfluidic surface
has been developed [130]. This biosensor flow has the advantage of operation up to 185
kPa in an aqueous environment. A unique droplet-based SPR biosensing platform coupled
to a surface acoustic wave microfluidic system (SAW) has also been reported [131]. Surface
acoustic wave excitation in continuous mode for different levels of power generation was
studied. Droplet-based microfluidic SPR systems possess the advantage of limiting mass
transport in comparison to conventional microfluidic flow.

Though most microfluidic systems focus on on-chip fabrication for SPR imaging,
the major challenges of cost-effectiveness and the simplicity and compatibility of the
detection and monitoring of SPR signals still require further effort and research. GLAD-
fabricated arrays and chips can be very promising candidates for highly sensitive SPR
imaging purposes.

4.2. SERS-Based Biosensing

Surface-enhanced Raman scattering (SERS) is the enormous amplification of Raman
signals from molecules, by several orders of magnitude, when adsorbed on metal colloidal
nanoparticles or a rough metal surface, discovered in 1974 by Fleischmann et al. [132,133].
The detection of analyte molecules even at a single-molecule level can be realized by
employing the SERS technique, which expands its practical applications [134]. SERS has
found applications in various fields, including the detection of trace chemicals [135] such
as dye molecules, food additives, [136] and pesticides, [77] and in bioanalysis, medical
diagnosis, [36] the detection of biomolecules, [137] cancer diagnosis, [138] in vivo molecular
probing in live cells, [139] and explosives detection [140]. SERS substrates are the nanostruc-
tured platform that supports plasmon resonance and amplifies Raman signals [141-143]
and are broadly classified as random morphology or ordered/periodic SERS substrates.
Random morphology SERS substrates (which include roughened electrodes, metallic silver
and gold colloids, and metal-island film on a planar substrate) are inhomogeneous and
are not highly reproducible [144]. Periodic arrays of metallic nanostructures (using nano-
lithography and other physical vapor deposition techniques) can overcome this issue by
providing uniform and controlled morphology of SERS substrates [145].

SERS has become a powerful technique for chemical and biological sensing applica-
tions due to its excellent sensitivity and specificity. Uniform and highly reproducible SERS
substrates with batch-to-batch reproducibility that have a SERS signal variation of less than
15% can be fabricated using the GLAD technique [146]. Using SERS multivariate statistical
analysis, various pathogen species or even strains can be differentiated. Therefore, extrinsic
detection using Raman labels is more widely explored.

4.2.1. Detection of Pathogens

SERS substrates fabricated via GLAD have been utilized for the detection of human
pathogens, particularly respiratory syncytial virus, human immunodeficiency virus, and
rotavirus; the bacteria of mycoplasma pneumonia, tuberculosis, E. coli, and Pseudomonas
aeruginosa; and the identification and classification of various virus strains. [54] Gahlaut
et al. demonstrated the diagnosis of dengue (DENV) from clinical serum samples using
a Ag nanorod array-based hand-held SERS platform [36]. Using the GLAD-deposited
SERS substrate and principle component analysis (PCA), the DENV-positive, -negative,
and healthy samples were analyzed and differentiated (Figure 9). They identified the
SERS spectra of pure NS1 protein, both separately and in serum, and the corresponding
characteristic peaks of NS1 protein. This portable, rapid, and cost-effective method can
diagnose dengue early in the field, and with a high degree of sensitivity and reproducibility.
Kumar et al. demonstrated a facile and straightforward method to increase the SERS
enhancement of bacteria [78]. They deposited AgNRs on 30% pre-stretched PDMS using
the GLAD technique and directly pipetted bacterial suspension (3 pL, 10® cells mL~!) onto
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the AgNRs grown on the stretched PDMS substrate. They performed SERS measurements
before and after releasing the strain of the stretched AgNR-PDMS SERS substrate. The
release of the strain led to the formation of high-density hotspots in the AgNRs, allowing the
bacteria and AgNRs to interact more effectively. Compared to a pre-stretched AgNR-PDMS
film, these buckled AgNR-PDMS array substrates showed an approximately eleven-fold
enhancement in SERS. Yadav et al. demonstrated a rapid SERS platform for rapid HIV-1
detection. The group performed a detailed study over five different HIV-1 subtypes. HIV-1
envelopes possessing glycoproteins bind to the AgNRs SERS substrate without any external
reagent, thus providing specific signature peaks of HIV-1. Additionally, they showed a
distinction in SERS spectra based on tropism. Their proposed technique could successfully
distinguish between X-4 and R-5 tropic HIV viruses [54] (Figure 9d).
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Figure 9. (a) Figure showing principal component 1 versus principal component 2 for three different
groups of samples (antigen NS1-positive, -negative, and healthy). (b) Graph showing Raman shifts
with the PC1 loading of plot (a). (c) SERS spectra obtained for the healthy, NS1-negative, and NS1-
positive sera collected from the patients (each spectrum is an average of 20 spectra). Reproduced
with permission from [36]. (d) Schematic diagram showing rapid handheld SERS platform for early
HIV detection. Reproduced with permission from [54].
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4.2.2. Detection of Biomarkers

A biomarker is any indicator of the severity or presence of a particular disease in an
organism. Kumar et al. demonstrated the potential application of Ag nanoslit (AgNS) SERS
substrates through bilirubin detection. Bilirubin is a toxic metabolite of heme reduction,
and excessive levels of bilirubin result in well-known symptoms of liver jaundice. The
group detected the SERS signal of bilirubin with a concentration much below the normal
concentration in human blood using this AgNS substrate [87]. Yadav et al. used hemozoin
and exploited its magnetic properties for the early and easy detection of malaria. They
presented a unique magnetic field-based surface-enhanced Raman spectroscopy (M-SERS)
technique for magnetic biomarkers. SERS-active Ag nanorods were grown over magnetic
neodymium substrates (0.3 T) at low temperature using the GLAD technique. Figure 10
shows the complete mechanism of M-SERS and the obtained SERS spectra. The obtained
limit of detection of hemozoin for M-SERS was as low as 10~!! M (< 10 parasites/pL), mean-
ing it can be employed for early-stage malaria detection [63]. Srivastava et al. developed a
biosensor chip for the detection of a protein biomarker of endocrine-disrupting compounds,
vitellogenin (Vg), in an aquatic environment [147]. The researchers immobilized the anti-Vg
antibody on 4-Aminothiophenol-coated Ag thin films for the specific detection of Vg. They
also performed a control experiment to demonstrate the specificity of the sensor towards
Vg using fetuin for the control experiment, which is a glycoprotein like Vg. The SERS
substrate also exhibited high stability over a period of one year. SERS-based sensors for the
detection of specific biomarkers is, therefore, a well-established sensing phenomenon and
can be employed with advanced substrate growth techniques for enhancing sensitivity to
the single-molecule level.
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Figure 10. (a) Schematic diagram showing pyridine-AgNR interactions for the unmagnetized Hz
and Hg over AgNS substrate (c-SERS), in the presence of a magnetic field (M-SERS). (b) Comparison
of SERS spectra for Hz on AgNR arrays fabricated over glass (Hzg) (neodymium magnet (Hzm), Hzg
substrate kept at 0.3 T external magnetic field for 1 h (Hzex)) and (c) Hg on AgNR arrays fabricated
on glass (Hbg) (neodymium magnet (Hby,), Hbg substrate kept at 0.3 T external magnetic field for
1 h (Hbey)). Reproduced with permission from [63].
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4.2.3. Detection of microRNA and Neurotransmitters

MicroRNAs (miRNAs) are a class of non-coding RNAs that play essential roles in
regulating gene expression and also act as biomarkers for disease [148]. The evaluation of
miRNA expression patterns is limited to cumbersome assays that often lack sensitivity and
specificity to distinguish between different miRNA families and members. A SERS platform
for the detection and classification of miRNA using GLAD was demonstrated by Driskell,
and Tripp [149,150]. They detected and differentiated five unrelated miRNAs and eight
members of the hsa-let-7 family using SERS. In their study, the SERS platform overcame
the limitations of data normalization, empirical probe selection, and RNA labeling or
amplification depending on the intrinsic stability and specificity of the reagents used in the
PCR-based assays. By using SERS, microRNAs can be rapidly and specifically detected
without amplification, providing a molecular fingerprint of each analyte and requiring only
limited amounts of sample for analysis. Additionally, it improves comprehension of the
spectrum properties of miRNAs, making it easier to interpret the results.

Oh et al. demonstrated the biosensing capability of microfluidic-based SERS substrates
fabricated using GLAD by sensing two major neurotransmitters, named dopamine and
gamma aminobutyric acids (GABA) [104]. Interstitial nanogaps between AgFONs and the
PDMS channels were shown. Capillary force was used to inject a very small amount of
analyte at a very low concentration into these nanofluidic channels. Due to the coexistence
of nanofluidic stagnation points and hotspots with plasmon resonance, the SERS signals
were greatly enhanced. Dopamine and GABA solutions at different concentrations were
prepared in distilled water. SERS signals were detected at different concentrations in the
nanofluidic channels and compared with those in the reservoir. It was found that the SERS
signals increased with increasing concentrations of the neurotransmitter. While the peak
intensity of GABA at 1370 cm~! was 20 times higher in the nanofluidic channel than in the
reservoir, the SERS peak intensity of dopamine at 1605 cm ™! was eight times higher in the
nanofluidic channel.

4.2.4. Detection of Pesticides and Chemicals

Pesticide and trace pollutant detection are essential because of the hazard to the
environment and public health caused by the accretion of these harmful chemicals. SERS
substrates fabricated using the GLAD technique have been extensively utilized for the
detection of these harmful chemicals [76].

Kumar et al. demonstrated a highly optimized SERS-active substrate for the easy
and rapid detection and extraction of target molecules from complex surfaces [77]. The
researchers directly collected traces of the pesticides thiram and chlorpyrifos from an
apple surface using AgNRs embedded in PDMS substrates using a simple “paste and peel
off” method (Figure 11). They were able to detect a Raman band at 1386 cm ™! even at
a concentration of 107® M R6G, outperforming more established methods such as high-
performance liquid chromatography (HPLC). They reported a limit of detection (LOD) of
thiram of 2.4 x 107 g/cm?, demonstrating the practical application of SERS substrates
for the rapid trace detection of thiram, with an LOD much lower than the permissible
limit for apple peels (~2 x 107¢ g/cm?). Hou et al. developed SiO, nanorod (NR)@Au
nanoparticles (NPs) for the detection of monochlorobiphenyl (CB) as low as 1 x 107 M
with an enhancement factor of 108 [151]. Moreover, the authors also demonstrated the
reusability of the SiO,@Au SERS substrate in order to detect trace CB.
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Figure 11. Schematic showing fabrication of AgNR-embedded PDMS SERS substrates (a-d). (e) SERS
spectra of thiram pesticide. (f) SERS spectra of rhodamine 6G with different concentrations on
AgNR-embedded substrate. Reproduced with permission from [77].

4.2.5. Detection of Drugs and Food Adulterants

The GLAD technique for SERS substrate fabrication has been used for the trace
detection of methamphetamine and its primary metabolite, amphetamine, in human
urine [152,153]. The rapid onsite screening of food contamination in quality control and
market surveillance applications has also been reported [154]. Nuntawong et al. proposed
an alternative method for the pre-treatment of urine-based samples to prevent urea from
binding to the surface of SERS-active substrates [152]. Assuming that the acidic dilatation
treatments would convert the urea to the much less soluble urea nitrate, allowing precipi-
tation from the mixture, and that the remaining urea would be negatively inhibited from
adhering to the SERS-active surface, they added dilute nitric acid to the urine samples.
Consequently, they performed the SERS measurements from a series of mixtures of the
urine-based samples and the diluted nitric acid via a compact SERS detection system using
a portable Raman spectrometer.

Sodium saccharin (SS) is a commonly used synthetic sweetener in carbonated soft
drinks and beverages. Han et al. developed a sensitive SERS method for the quantification
of SS in soft drinks [155]. SERS peak intensity and SS concentration in the concentration
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range of 0.5-100 mg/L showed an excellent linear relationship, with a LOD of 0.3 mg/L.
They also performed PLS-DA analysis to determine the LODs of SS in four soft drinks—
Sprite (20 mg/L), Cola (5 mg/L), Fanta (10 mg/L), and Schweppes (20 mg/L)—which
were far below the national standard.

Therefore, GLAD is a versatile nanofabrication technique for the design of nanostruc-
tured thin films for SERS sensing [67]. However, there are still a number of challenges that
must be overcome before SERS can be used as a common analytical technique, like HPLC,
for complex food matrices and pathogens in the real world. These include the high cost of
the Raman spectrometer and the lack of commercially available, low-cost SERS substrates.
When SERS measures trace amounts of any analyte in a food, background interference
from food components is still a major problem. Therefore, further research is needed to
successfully advance the SERS approach in practical applications of food analysis and
disease identification.

4.3. Fluorescence-Based Biosensing

Fluorescence is defined as ‘a short-lived kind of luminescence’, created as a result of
electromagnetic excitation caused when light energy is absorbed in a short wavelength, and
then, emits the light at a longer wavelength [156]. Fluorophores or fluorochromes are the
molecule that shows fluorescence. Fluorophores emit energy in the form of light radiation
or sometimes dissipate in the form of heat. The basic concept of biosensing using a fluo-
rophore involves the coupling of target recognition with some change in the fluorescence
of the reporter molecule. Different types of fluorescence biosensors can be proposed based
on the nature of the sensing and binding elements [157]. The change in the intensity of
fluorophores attached to the recognition element is very sensitive to the local environment
and is monitored directly. This change in the fluorescence intensity may be due to a change
in fluorophore-biomolecule interactions, [158] or due to fluorophore-target molecule inter-
actions, for example, the interaction of single-stranded DNA protein binding [159]. The
basic advantages of fluorescence-based biosensors are its simplicity, its ability to detect
smaller ligands, the availability of many donors and acceptors, its convenient transducing
optical signals, and its suitability for short distances. Metallic nanostructures are known to
enhance the fluorescence of fluorophores [160-162]. The fluorophores interact with the plas-
monic field at the metal surface, therefore increasing the local field, resulting in enhanced
fluorescence intensity [160,161,163]. The metallic structures are known to increase the local
electric field as well as the radiation decay rate up to a factor of 1000 [161]. The sensitivity of
fluorophore detection due to combined local field increments and increased photostability
is enhanced by 10° [164]. Metallic nanostructures are employed for enhanced fluorescence
detection of DNA [165], protein micro arrays [166], pathogens, cancer cells [167], and
single species in tissue samples [168]. Enhanced fluorescence detection using chemical
method-based metallic nanoparticles is, however, limited due to the inhomogeneity of
the structure and non-proportion of fluorophore interaction with metals that provide en-
hancement. Plasmonic fluorescence enhancement by PVD-deposited metal nanostructures
tends to provide increased enhancement due to the formation of periodic arrays over a
large surface area. Controlled growth parameters and deposition rates may provide a large
array of nano-columns with different shapes, sizes, periodicity, and interparticle separation,
which can be regulated on the metal surface. Different applications of fabricated metal
nanostructures in enhanced fluorescence-based bio-detection are discussed.

4.3.1. Protein- and DNA-Fluorescence-Enhanced Detection

The development of optically active metallic nanostructure substrates enhancing fluo-
rescence can be used for detection using fluorescence-tagged analytes in DNA analysis and
protein detection assays. Yang et al. [169] described, in their paper, a selective and sensitive
carbohydrate microarray for glycan protein interaction detection. They deposited gold
nanostructures using thermal evaporation, coating it further with a silicon carbon alloy
layer, which was subjected to a surface-linked azide group for immobilization of glycan
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through the formation of covalent bonds. Investigation of the enhanced fluorescence-
sensing ability of metal nanostructures via the characterization of carbohydrate lectin inter-
actions has been conducted. The fluorescence-labeled lectins Concanavalin A (ConA) and
peanut agglutinin (PNA) were chosen for specific interaction with lactose- and mannose-
modified LSPR interfaces (Figure 12). In another work, Li et al. [166] presented highly
sensitive fluorescence-enhanced detection in a silver metal microarray. Detection of IgE
and streptavidin has been conducted using aptamers for tag-C preparation. The silver
nanostructures formed using tags and fluorescence-enhanced solutions provided excellent
enhancement. Fluorescence enhancement studies for DNA microarrays, with the help of
GLAD-deposited silver nanorods of various lengths, have been performed; the highest
enhancement of 200 folds is reported for Ag nanorods of 500 nm in length, which is multiple
times higher than the commercially available amine slide [165]. Zang et al. [170] reported
that fluorescence intensity enhancement increased 114 times using a GLAD-fabricated
TiO, nanorod film applied over the surface of a label-free photonic crystal device. The
fluorescence enhancement of the device was studied both experimentally and theoretically
(RCWA simulations) for cy5-conjugated streptavidin application, and the enhancement of
the signal was compared with the device without nanorods. These studies showed that
GLAD-fabricated nanostructures can be an invaluable tool to study sensitive fluorescence
enhancement for bio-detection and similar devices can be designed for sensing applications.
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Figure 12. (A) Fluorescence images arrays spotted after interaction with (a) Con A(0.9 mg/mL) and
(b) PNA (0.9 mg/mL). (B) Histogram of corresponding fluorescence intensity for diluted glycan
spots. (C) Fluorescence histogram curve for spotted arrays with 100% lactose and 100% mannose
after interaction with ConA and PNA (with a fluorescence exposure time of 2 s) followed by PBS
rinse (D). Fluorescence histogram for spotted 3 nm thick Si 0.8 C0.2:H Au nanostructure array with
100% lactose and 100% mannose after ConA and PNA interaction (fluorescence exposure time of 5 s)
followed by PBS rinse. Reproduced with permission from [169].

50



Biosensors 2022, 12,1115

Step 1

Step 2

4.3.2. Detection of Pathogens

The rapid, cost-effective, selective, and sensitive detection of bacterial pathogens is
very important for disease treatment, preventing bioterrorism, diagnosis, and foodborne
disease identification. However, the majority of methods used are laborious, costly, and
time-consuming. The fluorescence-based detection of these pathogens using nanostructures,
however, can overcome these limitations. Geddes et al. [171] patented a method in which
they provided a system whereby metal particles placed over a quartz substrate are attached
to a biomolecular probe that possesses an affinity for the target pathogen. The binding
target pathogen in contact with the biomolecular probe causes fluorophores to be at a
sufficient distance from the metal structure, resulting in enhanced fluorescence emission
when irradiated by a source. Therefore, they developed an entire platform for the rapid
and sensitive identification of target pathogens via fluorescence emission. Park et al. [172]
developed a novel biosensor for rapid pathogen detection using hetero-nanorods. The
GLAD-fabricated silica nanorods were gold-sputtered and the dye immobilized via bond
formation between the primary amine group and the dye ester. This was followed by
antibody conjugation and bacteria detection. The entire detection process is shown in
steps in Figure 13. The dye molecules attached to the nanorods resulted in an enhanced
fluorescence signal and Salmonella detection using microscopic imaging. Hence, GLAD-
fabricated nanostructures of different materials can be employed for fluorescence-based
biosensing to detect foodborne pathogenic bacteria.

(a)

D .

Figure 13. (a) Step-by-step process for Salmonella detection using Au/Si rods comprising nanorod
fabrication, dye immobilization, antibody conjugation, and bacteria detection through antigen—
antibody conjugation, respectively. Fluorescence microscopic images with BSA blocking under
fluorescent light and white light for (b) anti-salmonella/Au/Si nanorods and fixed salmonella and
(c) Au/Sinanorods and fixed salmonella. Reproduced with permission from [172].

4.3.3. Single-Molecule and Tissue Detection

Single-molecule detection techniques are, nowadays, vastly explored. These tech-
niques provide a new powerful idea to explore biochemical and life science components
at the elementary level. However, conventional optical methods face diffraction-based
limitations [173]. Fluorescence-based detection enhancing the signals, even for very small
analyte concentrations, opens up new possibilities for single-molecule detection.

Zhang et al. [174] reported target molecule imaging using fluorescent material probes.
They synthesized silica metal nanoshells encapsulated by Ru(by);?* to obtain fluorescence
properties. Avidin silver complexes were formed, and imaging measurements indicated
that individual complexes could be distinctly isolated while the tissue remained stained by
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organic dyes. Hence, the group successfully demonstrated that metal-based nanoprobes
could be employed for single-target-molecule tissue detection during fluorescence imaging.
Metal nanoprobes have also been used to detect CCR5 receptors over the cell surface using
a covalent bond between anti CCR5 monoclonal antibodies and silver nanoparticles [168].
The mAb-metal complex showed a single nanoparticle emission. Punj et al. [175] described
that plasmonic nanoparticle dimer antennas can be extremely promising for single-molecule
enhanced fluorescence detection at micromolar concentrations. They quantified the flu-
orescence enhancement and detection volume for various self-assembled nanoantennas
using fluorescence spectroscopy. Hence, the combination of metallic nanostructures along
with fluorescence enhancement can be used for an extended variety of single-molecule
detection applications.

4.4. Colorimetric- and Wettability-Based Detection

Sensing based on the change in color and surface wettability has also been realized on
GLAD substrates, especially plasmonic metallic arrays. Silver has the highest reflectance
among all metals, at over 97% throughout most of the visible region and about 99% in the
IR region. Pure silver looks shiny and whitish in color, as seen by the naked eye. However,
silver nanoparticles exhibit a plasmonic effect with a very high extinction coefficient, and
plasmonic absorption lies in the visible range and varies with particle size and shape,
interparticle separation, and the refractive index of the surrounding medium [176]. A
homogenous colloidal solution of nanoparticles of a particular size scatters a specific
wavelength of light, which makes them promising for distinguishable colorimetric visual
readout sensors. Such properties of metal nanoparticles enable them to be exploited in
various analytical tools, e.g., the absorbance or fluorescence spectroscopy. Colorimetric-
based assays have been developed by illustrating changes in the color associated with
the aggregation of noble metal nanoparticles [177-179]. However, the employment of
GLAD-fabricated silver nano-columnar thin film in such sensing applications is limited.
The pristine aligned AgNR array fabricated by GLAD in a high vacuum looks bright
due to the multiple scattering and multimode localized surface plasmon. In addition
to optical-based sensing, these nanorod substrates have also been studied for gas and
biosensing by exploiting their novel characteristic colorimetric properties. The chemistry
between silver and sulfur has been studied by different groups [180-182]. Graedel et al.
extensively explored the reaction between silver- and sulfur-containing gaseous molecules
and found out the dependence of the reaction rate on relative humidity. Thereafter, Chen
et al. demonstrated the use of AgNP films as H,S gas sensors. According to their findings,
the reaction between AgNPs and H,S gas follows a first-order reaction rate law and is
proportional to the 1.3 power of the H,S gas concentration [182-184]. This relationship was
used to determine the H,S gas concentration under ambient conditions. The intensity of
the LSPR peak of the AgNP’s films decreases and exhibits a shift upon exposure to HyS
gas. Though they have several applications in art conservation, AgNPs are used to detect
the emission of H,S from degraded materials, e.g, aged wool fabrics, rubbers, etc. under
ambient conditions. A GLAD-fabricated AgNR array was employed as an H,S gas sensor
by Gahlaut et al. [185]. The authors demonstrated a dual-mode, i.e., colorimetric- as well as
wettability-based detection, using a mobile app which calculates the change in greyscale
intensity of the AgNR array upon exposure to HS gas. The optical darkness ratio (ODR)
was defined as the relative change in the average pixel intensity of pristine and exposed
AgNR arrays. The variation in ODR values is shown in Figure 14b.
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Figure 14. Variation in (a) water contact angle and (b) optical darkness ratio (ODR); inset shows
respective photographs. (c) Surface reflectance of AgNR array samples after 5 ppm H,S exposure
times of 1, 3 and 5 min. Reproduced with permission from [185].

The limit of detection and response time of the detector were determined as 5 ppm
and 30 sec, respectively. The method was also applied to the detection of H,S emission
from aged wool fabric placed in textile museums and art galleries to prevent artifacts made
of silver. In another report [38], the same group also demonstrated the determination
of viability and antibiotic resistance in bacterial cells based on the colorimetric change
in an AgNR array, as shown in Figure 15. The nanorod array was found to be highly
sensitive and selective toward H;,S gas in the presence of sub-ppm concentrations under
ambient conditions.

(a)

Exposed to live cells
ODRT CAT

Exposed to dead cells

40

304

14
g 20 o

o
£ c
: £

(]
2104 =2
o ©
= <
© o

Pristine Media Dead 6 h 16 h

Figure 15. Determination of live and dead E. coli bacteria using a change in ODR and CA. (a) A digital
photograph of the sensing array and water droplet on the array for the ODR and CA measurements.
(b) Graph showing the percentage change in ODR and CA for pristine array and after 6 h and 16 h
of culture. The media and heat-killed bacteria were considered as a control. A demarcation line is
drawn representing the threshold values above which the live bacteria are distinguishable from dead
bacteria. Reproduced with permission from [38].
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Ahn et al. [186] introduced a highly inexpensive and facile colorimetric system for se-
lective H,S detection in living cells using a silver-embedded Nafion/polyvinylpyrrolidone
(PVP) membrane. The membrane was applied to a polystyrene microplate cover. A known
concentration of the H2g-donor Na;S solution was used to evaluate the performance of
the in vitro colorimetric detection assay with the silver/Nafion/PVP membrane, which
was performed both at room temperature and at 37 °C in an incubator containing 5%
CO,. Last but not least, they used the silver/Nafion/PVP membrane to determine the
endogenous H,S concentration in live C6 glioma cells stimulated with and without Cys
and L-homocysteine. The rationale behind the detection of H,S gas was that silver reacts
with the gas to form Ag,S, which has a brown color.

Hao et al. [187] developed a highly sensitive H,S detection platform by using single
gold and silver core-shell nanosphere for mapping the local distribution of H,S in living
cells. The concept of sensing was the same colorimetric variation of the Ag shell in the
presence of sulfide. The formation of Ag,S on the surface led to a large difference in the
refractive index between Ag (~0.17) and AgsS (~2.2), which resulted in a redshift in the
plasmonic spectrum, allowing highly sensitive detection of H;S.

Their biocompatibility and efficient thiol binding ability make gold nanoparticles
(AuNPs) an ideal candidate for rapid biosensing based on the sensitivity of the surface
plasmon resonance to the aggregation state, which produces a visible color change. Addi-
tionally, therefore, antibody-conjugated AuNPs have been used in the rapid colorimetric
detection of pathogenic bacterial species in multiple systems, [188-191] Huan et al. [191]
have developed a simple phage display for calorimetric detection of a variety of bacterial
species, (Figure 16). This stage involeves Au nanoparticles for simple, efficient and sensitive
detection of bacterial cells upto 100 cells with no cross reactivity between different species.

In addition to gold, silver nanostructures have been employed in plasmonic-based
colorimetric sensors [192,193]. Dong et al. [194] demonstrated colorimetric detection of
thiosulphate using AgNPs by measuring the variation in RGB value via a smartphone
application. Another novel selective colorimetric method for the detection of iodide using
citrate-stabilized silver triangular nanoplates was reported by Yang et al. [195]. Researchers
have also demonstrated a colorimetric detector using helically structured Ni nanofilms on
silicon substrates fabricated via GLAD and found that these films exhibited peroxidase-like
activity to catalyze the oxidation of tetramethylbenzidine (TMB) [196]. This colorimetric
detection of uric acid was able to achieve a low LOD (3.3 uM) and was found to be sensitive
throughout the entire clinically relevant range (15—500 pM).

GLAD-fabricated sculptured thin films have been extensively used for chemical
and biosensing, especially for exploiting their LSPR and SERS properties. However, for
colorimetric- and wettability-based applications, there are only a few reports are available;
therefore, there is a gap yet to be filled. In recent years, considering the huge possibility of
tuning the porosity of GLAD-fabricated substrates, there is large scope for surface wetting
modification in a wide hydrophilic to superhydrophobic range. Some studies have been
carried out on anisotropic wetting and water droplet evaporation on nano-columnar thin
films for self-cleaning and the Leidenfrost effect [197-200]. Wettability-based sensing could
be a promising method for the detection of analytes. Gahlaut et al. demonstrated a GLAD
nanorod array of silver for H,S gas sensing by observing a rapid and drastic change in the
water wetting property of the array. As-grown AgNR arrays were found to be hydrophobic
with a contact angle of 128°. Exposure to H,S gas led to the formation of Ag,S on the
surface of the AgNR array and resulted in the enhancement of wettability with a water
contact angle of 60° [185]. They also presented a novel method of bacterial viability detec-
tion using the wetting behavior of the AgNR array and further discriminated antibiotic
resistance in bacterial species [38]. The used AgNR array was reutilized in the form of
Ag-Ag>S nano-heterostructures for various energy and environmental applications, e.g.,
water purification, hydrogen evolution, and antibacterial activity [201]. All these novel
applications of nano-sculptured thin films grown via oblique-angle deposition signify
promising future scope in various domains.
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Figure 16. (a,c) Digital photographs showing detection of E. coli using thiolated M13KE and AuNPs.
(b,d) UV-vis spectra. From left to right in (a), samples containing AuNPs and: no bacteria or phages
(black line in (b)), unmodified M13KE with 10° CFU E. coli (red line in (b)), and thiolated M13KE with
E. coli at different CFU’s (10?, 10, and 10°) (blue, magenta, and green lines, respectively, in (b)). From
left to right in (c), samples containing AuNPs and: no bacteria (black line in (d)), unmodified M13KE
phage and ~10 CFU of E. coli (red and blue lines in (d), respectively), and thiolated M13KE phage
and ~10 CFU of E. coli (magenta and green lines in (d), respectively). Reproduced with permission
from [191].

4.5. Molecular Imaging

The complex biological processes that occur in the cell and its microenvironment can
be visualized using a molecular technique. Using this technique, the internal mechanisms
of living systems can be visualized. Additionally, certain specific molecules can be studied
and the pathways related to the molecules can be unveiled [202]. Disease progression
and drug intervention can be effectively studied using imaging. The resolution and noise-
to- sound ratio (NSR) is a challenge in molecular imaging. To improve both of these
features, the design and development of probes used in imaging in nanoscale regimes
have an encouraging future [203]. Contrast materials show unique physical and chemical
properties in the nanoscale zone, and this feature is exploited in this molecular imaging.
Different chemical and biological methods are used for the fabrication of NPs used in the
molecular imaging technique. However, the fabrication cost and the complexity of its
preparation has limited its use in biomedical applications. In this current section, we will
be discussing the GLAD-based fabrication of NPs and its application in different molecular
imaging applications [204,205].

4.5.1. Fluorescence Imaging

Being a very versatile technique, fluorescence finds a wide variety of applications
in biomedical fields; these include sensing, bioimaging, diagnosis, and detection [206].
Signal intensity is one of the challenges of fluorescence and it can be met by using metal-
enhanced fluorescence (MEF) [207]. MEEF is a very powerful and sensitive technique
whereby the fluorophores interact with metallic nanoparticles, resulting in an enhancement
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in fluorescence. Different NP structures affect the plasmonic resonances, which, in turn,
enhance fluorescence. The plasmonic effect, along with the enhanced electric field, increases
the signal intensity of fluorophores [172,208,209].

Dhruv et al. used a GLAD-fabricated Ag nanorod array to study surface-enhanced
fluorescence (SEF), which showed very good enhancement due to the morphology of nanos-
tructures. The spectra of Rh6G were taken on both Ag nanorods and reference substrates.
SEF with the length of the nanorods was also found by the group [162]. Jonghyun et al.
fabricated Ag nanorods using oblique-angle deposition (OAD) for enhanced fluorescence
substrates for improving the sensitivity of microarray analysis used in medical diagnostics.
A maximum enhancement of 23 was obtained from the substrates [209].

M.A. Badshah et.al used GLAD-fabricated vertical nanorods for understanding their
effect on the sensitivity of DNA microarrays. The group used a kallikrein-related pepti-
dase 7 (KLK7) ssDNA duplex with cyanine 5 dye for checking the sensitivity of the Ag
nanorods [165]. Similarly, X Ji et al. used zig-zag Ag nanorod arrays fabricated using GLAD
and studied the improved protein and DNA detection. Biotin-neutravidin fluorospheres
were attached to the zig-zag Ag nanorods. The enhancement was found to increase with the
folding number of the zig-zag nanorods. Additionally, temperature was found to affect the
florescence enhancement. Finally, the DNA detection limit was found to be 0.01 pM [210].

4.5.2. Super-Resolution Imaging

On the grounds of medicine, imaging plays a very significant role. Optical microscopy,
due to non-invasiveness and simplicity in use, has always been a priority for biologists.
Its spatial resolution is a major setback in the case of imaging [211]. Over the years,
super-resolution microscopy (SRM) has taken place in imaging techniques to overcome
the drawback of optical imaging. Super-resolution microscopy’s higher resolution helps
researchers study single molecules and their interactions [212]. Different SRM methods
have been developed over the years, such as stochastic optical reconstruction microscopy
(STORM), stimulated emitted depletion (STED), photoactivated localization microscopy
(PALM), near-field scanning optical microscopy (NSOM), and fluorescence photoactivation
localization microscopy (FPLM) [213-215]. Along with the high-frequency spatial informa-
tion, contained in evanescent waves, this type of microscopy uses mathematical modeling
and a series of diffraction-limited images, and also optical, electrical setups, to increase
the diffraction limit to sublevels. Still, there exist some limitations in super-resolution
microscopy; for example, NSOM requires lengthy scan times, whereas FPLM works only
with a single-wavelength light source [216,217]. Overall, super-resolution microscopy uses
sophisticated instrumentation and is expensive. So, in order to improve the signal-noise-
ratio without using a complex setup, different nanostructures are used. Additionally, one
of the important applications of super-resolution microscopy is single-molecule imaging;
single-molecule imaging is feasible within a limited fluorophore concentration range of 1
PM to 10 nM, whereas protein interaction and enzyme activity require a fluorophore conc.
of 1 uM or more. Hence, single-molecule imaging is difficult for biomolecules [218-220].
So, in order to tackle this challenge, the density of hotspots should be increased.

Chen et al. used GLAD to fabricate a patterned substrate. To improve the hotspots
and enhancement, plasmonic gratings with periodic nanogaps were developed. Silver
film growth on polymethylsilsesquioxane (PMSQ) polymer gratings were replicated from
HD DVD gratings molds. The silver was deposited at an angle of & = 60° using GLAD.
SM fluorescence images were taken on these GLAD-based gratings for a DNA/RNA
duplex tagged with cyanine 3 and cyanine 5 labels. GLAD gratings with incorporated
nanoprotrusions enabled SM imaging over a wide range of fluorescence from 50 pM to
10 uM. Additionally, the nanoprotrusions allowed the group to use multiple-emitter fitting
analysis to solve the crowded field problem created by higher fluorophore concentration.
Patchy microspheres fabricated using GLAD setup have also shown potential application in
improving the diffraction limit of super-resolution microscopy [221]. Wood et al. performed
similar work whereby they used DVD to produce gratings in polymethylsilsesquioxane
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(PMSSQ) deposited on a glass substrate via microcontact lithography. Ag was deposited
using GLAD fabrication. This formed nanoprotrusions and nanogaps that enhanced the
LSPR activity and also increased the hotspots, exciting the fluorophores [222].

Shang et al. fabricated microsphere-nanospheres by coating 100 nm thick Ag films
using GLAD on the BaTiO3 glass (x = 60°), and the patchy microsphere was made from
p-BTG particles. The imaging contrast of p-BTG was found to be improved by a factor of
6.5. Overall, this patchy microsphere improved the imaging contrast without the use of
immersion liquid and led to greater advances in the field of super-resolution microscopy.

Liu et al. worked on improving super-resolution optical imaging by using core-shell
microfibers. Etching of the optical microfiber was performed to a 6 um diameter followed
by the deposition of different metallic thin films using GLAD (Figure 17). By controlling
the angle of deposition and substrate orientation, a uniform metallic shell was deposited
on the dielectric microfiber core surface. The core-shell microfiber was placed directly
on the nanoscale grating surface and SRM was performed. Due to the surface plasmonic
properties due to thin metal films, high-definition imaging was obtained compared to the
microsphere and microcylinder counterparts. The gold shell produced the best resolution
and magnification, with higher contrast [223]. Hence, it was shown by the group that
with GLAD-based metallic coating, the intensity of a photonic nanojet can be adjusted and
higher-definition imaging is possible.

Reflective light

Light source

Light source

Figure 17. (a) Schematic diagram showing SRM microscopy performed. (b) Core-shell microfiber
shown in the setup whereby the core shell consists of metallic films deposited by GLAD (c) Core shell
microfiber placed on the top of the specimen. Reproduced with permission from [223].
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4.5.3. Photoacoustic Imaging (PA)

A non-invasive biomedical imaging technique exixsts whereby ultrasonic waves
are excited into the tissues via irradiation with pulsed or modulated light [224]. The
main principle of this method is to convert electromagnetic radiation into acoustic signals
through thermoelastic expansion. PA imaging is considered to be one of the prevalent
techniques for in vivo studies. This technique plays a crucial role in cancer diagnosis
and progression [225], blood oxygen monitoring [226], brain mapping [227], etc. The
acoustic signals are detected using an ultrasound receiver which is mostly piezoelectric in
nature. Currently, piezoelectric receivers are slowly being replaced by optical receivers to
acquire ultrasonic signals, due to their advantage of reduced electrical interconnects [228].
Some of the optical detectors include the Fabry—Perot interferometer (FPI) and micro-ring
resonators (MRR) [229]. Hajireza et.al. used an FPI-based detector that utilized nano-thin
films fabricated using GLAD. GLAD allows low acoustic impedance of the FP device.
These thin films are used for in vivo PA imaging. Multilayers of thin films were deposited
using GLAD to act as a mirror in FPI fabrication. TiO, was used as the material due
to its high refractive index. An alternate layer of GLAD mirror and parylene C was
prepared and a final layer of SiO2 antireflection coating was deposited to improve the
optical coupling. This multilayer GLAD optical-resolution PAM(OR-PAM) was used for
the demonstration of in vivo imaging of the chorioallantoic membrane (CAM) of a five-
day-old chicken embryonic model, showing its application in in vivo imaging [230]. This
shows the potential application of GLAD in in vivo PA imaging. The same group also
used GLAD-based FPI for measuring carbon fiber networks with a 7 um diameter of each
fiber [231].

High resolution PA imaging is possible using multilayer mirrors fabricated using
GLAD. This shows the potential of GLAD in improving the resolution of PA microscopy.
Additionally, more intense work should be conducted in this field to establish FPI using
GLAD and improve its applicability.

4.6. In Vivo Application of GLAD

Biomimicking and biomaterial synthesis are new necessary fields in biomedical re-
search. They have an enormous and substantial effect on healthcare, as new materials
provide novel properties that can be used in prosthetics and drug carriers [232]. Biomate-
rials with an anisotropic composition are now currently used in drug delivery for cancer
treatment, as biomarkers, as bactericidal agents, for tissue engineering, and for vaccine
development [233]. Due to their multi-applicability, anisotropic NPs are currently in de-
mand. They have varied in composition, functionality, shape, and size on the different
surfaces of single NPs [234,235]. With this huge diversity, various in vivo applications are
possible. Janus particles (JP) and patchy particles, and are the types of NPs used for such
applications [236].

JPs or patchy particles are asymmetric colloidal particles with more than one composi-
tion and chemical modification at different sites [237]. JPs, due to their multicomposition,
can be used for binding with specific molecules and probes [238]. Various methods are used
for fabricating JPs, including physical deposition, chemical routes [239], electrochemical
methods [240], microfluidics [241], electrohydrodynamic methods, and lithography [242].

As the position of the substrate, as well as the angle, can be varied using the GLAD
setup, this vapor flux deposition method is used for obtaining different geometries required
in Janus particles [243]. Both the thickness and geometric structures can be controlled by
adjusting the flux rate and rotation of the substrate [244]. Xuan et al.’s group designed
self-propelling Janus micromotors whereby GLAD was used for depositing Pt at a specific
angle over the Si microparticles (Figure 18). Further, the micromotors were modified with
biotin so that the charged organic dyes could be transported while maintaining the fast
speed of the micromotor. This showed the efficacy of Janus particles in drug delivery
applications [245].
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Figure 18. Janus micromotor with one hemisphere coated with Pt and the other hemisphere coated
with biotin for specific drug delivery. Reproduced with permission from [245].

Peng et al. combined both top-down and bottom-up fabrication techniques to prepare
nanomotors, which were polymeric vesicles deposited with Pt that showed very high drug-
loading efficiency. The Janus polymersome nanomotor showed enhanced permeability
and retention (EPR) enhancement and also released the encapsulated cargo in a controlled
manner under external stimuli [246].

Tejeda-Rodriguez et al. and his group reported making a Janus nanomotor with the
capsid from a plant virus on one hemisphere and Pt on the other hemisphere. The Janus
viral nanomotor was found to carry and deliver the chemotherapeutic drug tamoxifen
to breast tumor cells. The drug release was controlled by a pH-shift mechanism. As the
capsid was a biomaterial, it showed an immense advantage over other materials; moreover,
surface modification was easy to achieve in this case.

Zhiguang et al.’s group made an extraordinary development in this area by designing
micropropellers that can penetrate the delicate vitreous humor of the eye and can perform
drug delivery in the retina. The helical magnetic micropropellers were fabricated using
GLAD. Ni was deposited onto the Si nanoparticles at an oblique angle. Then, Si was
sequentially deposited upon rotation, forming a helical structure. Further, inspired by the
sticky liquid layer found on the carnivorous Nepenthes pitcher plant, a non-toxic silicone
oil and fluorocarbon coating was used as a slippery surface. Under the influence of a
magnetic field, the coated micropropellers showed controlled movement and were able to
reach the retina within half an hour [247].

GLAD is a versatile and cheap fabrication method, which has future potential in the
fields of drug delivery and biomolecule transportation. Further research could be conducted
in the area on its use as a cargo transporter and gene delivery system. GLAD, being a
simple and cheap fabrication method, could be explored for various in vivo applications in
biological fields. Very little exploration has been done in this field.

4.7. Optical and Electrochemical GLAD-Based Sensors

Though GLAD-based biosensors are vastly employed in various sensing systems such
as gas sensors [185], optical sensors [6], and electrochemical sensors [248], most of the work
that has been conducted and reported employs optical and electrochemical systems due
to the high porosity, plasmonic nature, and greater diffusion properties of these metallic
nanostructures. Plasmonic metals such as Ag, Au, Cu, and Pt exhibiting high plasmonic
resonance in the optical region and the formation of dense electromagnetic hotspots among
these nanostructures further increase their sensitivity as optical biosensors. A comparative
study highlighting the advantages, LOD, and limitations of GLAD-based optical and
electrochemical biosensors is shown below (Table 1).
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Table 1. Comparative study of GLAD-based optical biosensors and electrochemical biosensors.

GLAD-Based Optical Biosensors GLAD-Based Electrochemical Biosensors
1.The aspect ratio and morphology of the nanostructures are 1. An electrode surface is coated with biological sensing
tuned and optimized to improve sensitivity to a variety of material for potentiometric, amperometric, or conductimetric
optical properties (fluorescence, absorption, etc.). measurements [249].

2. Enhanced sensitivity is provided by the plasmonic nature of
metals such as Ag, Au, Cu, and Pt.

2. Involves the modulation of electrical properties such as
potential, current, or impedance associated with the interaction
of biomolecules with the working electrodes [250].

3. By forming electromagnetic hotspots, GLAD-based
nanostructures significantly improve optical spectroscopy
(Raman, fluorescence, and infrared) and plasmon resonance

sensing [24].

3. High porosity, large exposed areas, and excellent diffusion
properties make GLAD-based metallic nanostructures excellent
electrochemical sensors [251,252].

4.10OD ~ 1 fM [253]

4.1OD ~1 pM [251]

5. Nanostructures must be optimized to match optical
measurements, must possess high sensitivity, and require
trained personnel to operate [54]

5. Comparatively low sensitivity, costly instruments, trained
personnel required for their operation [248].

5. Limitations of GLAD Technique

The glancing angle deposition technique possess certain limitations. The nucleation
process that occurs is random and cannot be controlled. Due to the shadowing effect
taking place, the substrate used for deposition cannot be rough or uneven; otherwise, the
portion pointing inside will not be able receive sufficient nucleation due to the shadowing
of the outward-pointing portion of the substrate. The technique also involves a lot of
material wastage and is not very economical. Due to the high sensitivity and considerable
expertise required, limited research has been conducted using this technique. In areas
such as molecular imaging, multimodal imaging, and in vivo biosensing, limited research
has been conducted using the GLAD technique due to most of these limitations. These
gaps can be filled by precise usage and expertise, and the technique can be explored to its
fullest potential.

6. Conclusions

In conclusion, GLAD is emerging as a convenient technique for the fabrication of
nanostructures for different biosensing applications. The homogeneous structures fabri-
cated by GLAD allow reproducible, enhanced, and predictable signals over a large volume.
We discussed, in detail, recent advances and strategies in the fabrication techniques of
GLAD, their geometrical aspects, and their applications in a number of emerging biochem-
ical and biomedical sensing techniques. In addition, the superiority of the GLAD-based
fabrication technique over other conventional techniques and overcoming the limitations
of other techniques were discussed in detail. In addition, various types of GLAD -based
substrates with improved sensitivity, longevity, and flexibility that have been used in
biomedical detection in recent years were discussed. The versatile use of these nanostruc-
tures in optical-based biosensing applications such as SPR-, SERS-, and fluorescence-based
sensing, as well as colorimetric- and wettability-based detection, has been extensively
discussed and studied. The GLAD method in combination with certain new techniques,
such as triboelectric methods, new spectroscopic methods, etc., has recently flourished
because of their high reproducibility, durability, and sensitivity. The emerging use of
GLAD in molecular techniques and in vivo detection was highlighted. A discussion of
work conducted by different groups shows the high potential of these fabricated metal
nanostructures for biological applications including effective target analyte immobilization.
These studies open new horizons for improved bio-detection and applications, and form
the basis for further development in the biomedical field, as well as for clinical trials and
studies. We also pointed out the challenges of the technology that limit its use in certain
applications and emerging fields. Certain limitations of the technique, such as high cost,
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the need for trained personnel, and sample loss, still need to be addressed. Our review
shows the high potential of GLAD-fabricated nanostructures of different morphologies and
materials for future biosensing applications. These nanostructures can be a promising tool
for certain applications such as single-molecule detection, in vivo biosensing, multimodal
imaging, as well as diagnosis, although the use of GLAD-based nanostructures in these
fields is yet to be extensively explored.
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Abstract: Noble metal nanostructures are known to confine photon energies to their dimensions with
resonant oscillations of their conduction electrons, leading to the ultrahigh enhancement of electro-
magnetic fields in numerous spectroscopic methods. Of all the possible plasmonic nanomaterials,
silver offers the most intriguing properties, such as best field enhancements and tunable resonances in
visible-to-near infrared regions. This review highlights the recent developments in silver nanostruc-
tured substrates for plasmonic sensing with the main emphasis on surface plasmon resonance (SPR)
and surface-enhanced Raman spectroscopy (SERS) over the past decade. The main focus is on the
synthesis of silver nanostructured substrates via physical vapor deposition and chemical synthesis
routes and their applications in each sensing regime. A comprehensive review of recent literature
on various possible silver nanostructures prepared through these methodologies is discussed and
critically reviewed for various planar and optical fiber-based substrates.

Keywords: silver; plasmonics; sensors; surface-enhanced Raman spectroscopy; surface-enhanced
fluorescence; surface-enhanced infrared spectroscopy

1. Introduction

The study of light-matter interaction in coinage metals has been of great interest
since ancient times, and their ability to reflect light was admired for ages [1]. The other
historical uses of these metals have also been widely found in artifacts such as medieval
stained glasses, the Lycurgus Cup and the global antibacterial use of silver by the Greeks
and Romans [2]. However, in addition to more sophisticated scientific developments and
understandings in the field of the atomic world, the recent use of these metals has gained
intensive interest, touching almost every possible area of science and technology. With pre-
cise control over the nano dimensions of these metals, a very strong light-matter interaction
arises through the free electrons of the metals, popularly known as the field of plasmonics.
Initially this light confinement was only possible with dielectrics, which is diffraction
limited to areas smaller than the wavelength of light [3]. Plasmonic modes, however, can
localize light in the dimensions of the supporting metallic structure, i.e., nanostructured
metals can tightly concentrate and manipulate light with unrivaled accuracy in the nanome-
ter regime. The two major roles served by metal nanostructures in plasmonics are to guide
light to desired locations and to serve as nano-antennas for localized strong electric fields,
thus bridging the gap between the micro and nano worlds. As a proof-of-concept, plasmons
have been known for over 150 years since the documentation by Michael Faraday in 1857 [4].
However, the recent applications of plasmonics have made significant developments since
the discovery of nanoscience and have opened doors for processes that were considered
impossible earlier. Thus, plasmonics is considered a burgeoning field of nanotechnology
with an unraveled level of control over light manipulation, with applications including
catalysis [5], photovoltaics [6], superlenses [7], plasmonic circuitry [8], waveguides [9],
SPASER [10], single-photon transistors [11] and sensors [3,12-14].

Biosensors 2022, 12, 713. https:/ /doi.org/10.3390 /bios12090713 71

https:/ /www.mdpi.com/journal/biosensors



Biosensors 2022, 12,713

The confinement and enhancement of light by metal nanostructures have led to
point-of-care plasmonic sensors achieving new competencies in their sensitivities. Plas-
monic sensors are one of the first, most widely used and successful applications that
have gained intensive research interest due to their ultrahigh sensitivity now reaching the
single-molecule level [15]. These sensors gain an advantage from the highly enhanced elec-
tromagnetic field around the metal nanoparticles, which is extraordinarily sensitive to the
surroundings. These highly sensitive plasmonic sensors can provide a sound interpretation
of biological processes in a simple and noninvasive manner for an improved healthcare
system and, hence, have been surveyed by recent interesting review articles [16]. Since the
discovery of plasmonic biosensors about four decades ago, technological advances over
time have improved the fundamental and advanced understanding of this field, while
many challenges are still being actively looked into within the research community. Almost
every spectroscopic technique, such as Raman [17], fluorescence [18], infrared and UV—
vis [19], have gained advantages from the field of plasmonics in the context of enhanced
light-matter interaction and, hence, higher sensitivity. The most important factor in the
growth of this field is the explicit control of nanostructured components in terms of their
ease of fabrication, cost-effectiveness and efficacy in general environments, along with
unprecedented sensitivity.

Among all the metals reported for plasmonic sensors, silver and gold are considered
the most useful owing to their strong plasmon resonances in the visible range, biocom-
patibility and stability [13]. Silver has been long known for its antibacterial applications
even in historical times. It was considered an efficacious weapon against pathogens due
to the interaction of silver ions with the thiol group in bacteria and proteins leading to
cell death [2]. However, the efficiency of silver at nano dimensions was discovered re-
cently due to the growing field of plasmonics. In plasmonics, the interaction of light with
a metal nanoparticle is best described by Mie scattering, which provides an extinction
(absorption + scattering) cross-section of a spherical nanoparticle as
2

&

(er + 25m)2 + 812-

24 72R263/?

Cext = i

)

where R is the radius of the nanoparticle, A is the excitation wavelength, €, and ¢; represent
the real and imaginary parts of the complex dielectric function of the metal and ¢, is the
dielectric constant of the medium surrounding the metal nanoparticle [3,20]. The dielectric
properties of a metal are governed by ¢, and ¢;, which depend highly on the excitation
wavelength. Thus, the interaction between a metal nanoparticle and light depends on its
dielectric properties, as stated in Equation (1). Among all other factors important to the
engineering of plasmonic sensors, the optical properties of the metal are key. Examining
Equation (1) tells us that C,y;, which signifies the strength of this electromagnetic interaction,
increases to reach infinity when the denominator in the bracket approaches zero, indicating
resonance in the excitation light and electronic oscillations in the metal. This will occur
when ¢, is nearly equal to —2¢,, and ¢; is near zero, which is not possible for dielectrics,
which typically have ¢, values greater than one. These conditions can be satisfied only
by some of the metals, and their plasmon strength depends on the quality factor (QF)
broadly described as the ratio of ¢, to ¢;. The high value of QF is associated with strongly
confined plasmons, whereas a low QF is associated with lossy plasmons with low Cey;.
Silver has the highest QF across most of the visible spectrum, from 300 to 1200 nm, although
aluminum (Al) provides a higher value in the UV region [3,21]. Considering the interband
transitions from the conduction band to higher energy levels, which weaken SPs modes,
Au and copper (Cu) are limited by their localized surface plasmon resonance (LSPR)
excitation, above 500 and 600 nm [22]. However, for Ag, these transitions occur far above
the LSPR frequencies. The other factors to be considered for the best plasmonic material
for biosensors are their toxicity and stability. Although these factors make Au the choice
over silver, a passivating layer may overcome these challenges for silver very easily. The
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controlled synthesis techniques and overall cost of the metal will also greatly determine its
feasibility for large-scale applications. Keeping in mind all the above factors, silver offers a
unique choice for plasmonic biosensors owing to the strongest plasmonic resonances, cost-
effectiveness and the ease of synthesis of Ag structures with controlled shape/size [3,23].

This review focuses on the various synthesis methodologies for diverse silver nanos-
tructures reported for plasmonic sensors. The aim of the article is to compile the literature
specifically on silver as a plasmonic material for various sensing applications, as com-
pared to the more generalized articles reported so far, to emphasize the peculiarity of
silver over other plasmonic materials in terms of cost and efficacy [16]. It mainly focuses
on the chemical methods involving solution-phase synthesis and physical methods such
as vapor deposition; glancing angle deposition (GLAD); and lithographic techniques for
silver nanostructures, ranging from nanoparticles, nanocubes, nanotriangles, nanorods and
nanowires. Further, the review elaborates on recent spectroscopic techniques, focusing
on plasmonic enhancement for biosensing methods such as SPR/LSPR, SERS, surface-
enhanced fluorescence (SEF) and surface-enhanced infrared spectroscopy (SEIRS) using
Ag as the plasmonic material. In addition, the focus will be on the advancements made
in these fields underlying the fundamental mechanisms and applications specific to silver
nanostructures for environmental and food monitoring, defense applications and biological
detection. The scope of the article is schematically presented in Figure 1.
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Figure 1. Schematic showing the scope of the review article.
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2. Synthesis of Silver Nanostructures

A wealth of synthesis methods has been reported and modified over time to de-
termine a precise control over the shape and size of AgNPs. These methods may be
broadly classified into two categories as physical methods (lithography, vapor deposition,
microwave-assisted synthesis, laser ablation) and chemical methods (involving reduction,
precipitation, photoreduction, biological/green synthesis, hydrolysis, etc.). The focus
will be on the major methods reported for the synthesis of silver nanostructures for plas-
monic sensors, i.e., chemical reduction, green synthesis, photoreduction, physical vapor
deposition and lithography.

2.1. Chemical Synthesis

A fine tuning of the shape, size and composition of silver nanoparticles can greatly
affect their optical, thermal, electronic and catalytic properties for a wide range of plas-
monic applications. Solution-phase synthesis is the most widely accepted method for
maneuvering the shape and composition of silver nanostructures with great uniformity [3].
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As compared to isotropic nanoparticles such as spheres, tuning the shape of nanoparti-
cles to obtain anisotropic structures has been a focus of researchers due to the very high
enhancement of plasmonic electromagnetic fields and the possibility of tuning the reso-
nances over a wide wavelength range, spanning from the visible to IR spectrum. Thus,
the engineering of anisotropic metal nanoparticles is very important for plasmonic sen-
sors, especially for SERS-based sensing, where tuning the size of a hotspot may lead to
the detection sensitivities up to single-molecule level [24,25]. Chemical methods provide
good control of the morphology of nanoparticles to obtain various shapes. Here, a metal
salt (generally silver nitrate; AgNO3) is reduced in the presence of a stabilizer to provide
innumerable possibilities of morphological control for the synthesis of silver nanostruc-
tures [14]. The reduction of Ag* ions in the precursor causes elemental Ag atoms to grow
into clusters and, finally, into nanostructures. The major factors controlling the growth and
stabilization of nanostructures are the choice of reducing agent, stabilizer, temperature,
relative concentrations and time. The reduction of metal salt/precursor may be performed
in several ways, i.e., chemical reduction (using reductants such as sodium borohydride,
hydroxylamine, citrate, hydrogen, hydrazine, etc.), photoreduction, electrochemical or
sonochemical reduction. This reduction process is then stabilized using surfactants, ligands
or organic molecules, which inhibit columbic repulsion/steric hindrance by adsorbing on
the nanoparticle surface [26].

2.1.1. Polyol Reduction

Polyol-based chemical reduction is the most widely accepted method for the synthesis
of silver nanoparticles of various shapes and sizes. Basically, a polyol, typically ethylene
glycol, is used as a solvent and reducing agent in this synthesis procedure. At an elevated
temperature, silver precursor (mainly AgNOj3) and a stabilizer or capping agent such
as PVP (polyvinylpyrrolidone) are added to polyols for the reduction of Ag* ions to
silver nanostructures of various shapes. Several parameters, such as temperature, pH
and trace ions, have been reported for the shape engineering of silver nanostructures over
time to tune the SPR properties of AgNPs in polyol synthesis [27-30]. Several reports
have provided detailed mechanisms for the reduction process in polyol synthesis where
ethylene glycol (EG) is used both as a reducing agent and a solvent for the silver precursor.
It was later proposed that EG forms glycolaldehyde in the presence of oxygen at high
temperatures, and then it is the major reductant in EG-based polyol processes [31]. In these
processes, the final shape of the nanostructure is controlled by the twin planes present
in the seed formed at the initial stage. When silver nitrate is reduced by EG, the initial
seeds may take single-twin, multiple-twin or single-crystal shapes depending on the more
thermodynamically favored system, as shown in Figure 2a [27]. The nucleation and growth
of one of these structures may be controlled by selecting the reaction conditions to obtain
the desired shape of the final nanostructure. Single-twin seeds can be modified into right
bipyramids and beams, multiple-twinned seeds can be grown into 1D nanowires and
nanorods and single-crystal seeds can produce nanocubes [27]. Various morphologies
have been reported by the introduction of the NaCl- and NaBr-etching of these seeds, as
shown in Figure 2b. The capping agent also plays a major role in controlling the growth of
selective crystal planes (100) or (111) and has been extensively used to see the effect on the
morphology of the final structure [28]. On the other hand, it is believed that anisotropic
structures, such as silver nanoplates, where the lateral dimension is much larger than
their thickness, have the highest electromagnetic field enhancement and tunability of the
LSPR peak. A simple preparation of silver nanoplates with spherical colloids of 3.5 nm was
reported after refluxing in ambient light conditions. Light and the driving force provided by
refluxing is assumed to transform spherical seeds into nanoplate-like structures, as shown
in Figure 2c [32]. A photochemical synthesis route has also been proposed to produce
silver nanoplates from citrate-capped spherical nanoparticles [33]. Here, the anisotropic
growth of these structures is favored in the presence of excess Ag* ions and sodium citrate.
It is believed that the presence of twin planes in the seeds and the preferential capping
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of (111) facets by citrate are responsible for the growth of the plate structure. Later, a
DEFT theoretical model of this preferential binding was provided [34]. It was noticed
that three-fold symmetry in citric acid matches with Ag (111). This leads to stabilization
of this particular facet and growth in the lateral dimension. Zhang et al. [35] provided a
detailed understanding of the formation of these kinds of structures and the most important
factors involving the role of citrates and other similar carboxyl compounds. They carefully
analyzed the role of the most extensively used PVP ligands and explained their trivial role
in a much-simplified process of large-scale synthesis. The critical role of hydrogen peroxide
(H20,) in the formation of planar-twinned seeds to produce silver nanoplates was carefully
examined and emphasized in their process. Their versatile method was later utilized by
Song et al. [36] for a sensitive fiberoptic LSPR sensor.

(b) ()

Multiply Twinned

Singly Twinned

Y]
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Figure 2. (a) The growth of silver nanostructures in polyol synthesis caused by the formation of silver
nuclei with low surface energy twin boundary defects in order to multiply twinned, singly twinned
or single-crystal seeds. The final morphology may be controlled by engineering the growth of these
seeds with various parameters [27]. (b) (i,ii) TEM and SEM images of Ag nanobars produced with
NaBr; (iii) single-crystal nanorice formed with the storage of nanobars in PVP; (iv) the formation of
right bipyramids just by reducing the NaBr concentration to half, producing single-twinned seeds
by causing the degree of etching to be moderated [27]. Reproduced with permission from ref. [27].
Copyright 2007, American Chemical Society. (c) (i) Triangular silver nanoplate self-assembled
monolayer formed by a simple reflux of silver seeds in ambient laboratory conditions, and (ii) a high-
resolution TEM showing single-crystallinity in the (111) direction [32]. Reproduced with permission
from ref. [32]. Copyright 2003, American Chemical Society.

Sun and Xia [26] reported the synthesis of silver nanocubes through such a polyol
process in a very nice, shape-controlled manner. Many modifications with the involve-
ment of Cl~ [37], SH™, HCI [38], Fe?* /Fe3* [39], and Br~ [40] have been reported for
monodispersed cubic particles. Most of the studies conclude that PVP chain length and
the molecular weight on the final structure are important. The main hypothesis is the
selective binding of PVP to (100) facets as compared to (111) facets, resulting in shapes
mainly terminated by (100) facets [26].

A very well-studied polyol synthesis was reported recently with an emphasis on the
role of C1~ ions in the formation of well-oriented uniform silver nanocubes [37]. Experi-
mental and theoretical considerations were taken into account to elucidate the role of C1~
in the formation of Ag nanocubes. It was found that adding HCI, on the one hand, controls
the rate of AgNO3 reduction due to the formation of HNO; and, on the other hand, controls
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the formation of silver cubes due to the release of Cl1™ ions, which preferentially stabilize
Ag (100). Thus, by increasing the concentration of C1~, the shapes change from truncated
octahedra to truncated cubes and, finally, to cubes, as shown in Figure 3.

Figure 3. SEM images of AgNPs synthesized with varying concentrations of CI™:
(@) 3 mM HNO;3 + 0.03 mM NaCl, (b) 3 mM HNOj3 + 0.3 mM NaCl and () 3 mM HNO3 + 3 mM NaCl.
Insets show the validation of experimental observation with abinitio thermodynamic calculations.
Reproduced with permission from ref. [37]. Copyright 2019, American Chemical Society.

Zhu et al. [41] reported the synthesis of silver nanowires with a polyol process using
PVP as the capping agent. The growth mechanism is nicely explained in terms of increasing
molecular weight and the chain length of PVP due to the chemical adsorption of Ag* ions
on PVP chains. Tsuji et al. [29] also reported a microwave-assisted polyol process for the fast
synthesis of silver nanostructures from 2D nanosheets and nanoplates at short PVP chain
length (10 K) into 1D nanorods and nanowires with an increasing PVP chain length (40,
360 K). Xia’s group extensively studied the growth mechanism and many factors related
to the growth of silver nanowires in the polyol process [30]. They observed pentagonal
cross-section NWs in a PVP-controlled polyol process. Here, the initial molar ratio of
PVP and AgNO; at a particular temperature results in multiply twinned nanoparticles
(MTPs) through Ostwald ripening, which further governs the growth of NWs. PVP acts
as a capping and stabilizing agent that selectively passivates the {100} facets rather than
{111} and facilitates the uniaxial growth of silver in 1D leading into uniform nanowires,
as shown in Figure 4a [30]. Later, they also studied the role of Fe (II), Fe (III) [39] and
Cu (I) and Cu (II) [42] ions in the polyol reduction process. The iron ion concentration
greatly affects the nanostructure and controls the formation of nanocubes (Figure 4b(i)) or
nanowires (Figure 4b(ii)) [39]. It was observed that the lower iron ion concentration results
in the selective etching of MTPs, as they are unable to completely remove atomic oxygen,
which is adsorbed on the surface of nanoparticles and leads to the formation of nanocubes.
In a similar way, the higher concentration prevents etching and allows for the growth of
twinned seeds in nanowires by removing the adsorbed oxygen. In the case of copper salt,
the rapid synthesis of nanowires was attributed to the presence of both cation and anion,
where CI~ helps control the amount of Ag* in the initial stage, and Cu(I) helps prevent
oxidative etching, as shown in Figure 4c [42].

The synthesis of branched nanowires was realized by Cong et al. [43] for SERS-sensing
applications using polyethylene glycol (PEG) as a solvent and reducing agent for silver
nitrate and PVP as the capping agent. The branches were observed to be grown anisotropi-
cally from the defects on silver nanowire surfaces.

76



Biosensors 2022, 12,713

Figure 4. (a) Mechanism for the growth of pentagonal cross-section silver nanowires. (i) Formation
of a nanorod from a multiply twinned nanoparticle (MTP) of silver due to the strong interaction
between PVP and {100} facets and weak interaction with the {111} facets. (ii) Diffusion of silver atoms
toward the two ends of a nanorod, with the side surfaces completely passivated by PVP. (iii) SEM
image of pentagonal facet silver NWs [30]. Reproduced with permission from ref. [30]. Copyright
2003, American Chemical Society. (b) (i) Formation of nanocubes (<0.44 uM) at a low concentration
of iron ions and (ii) nanowires at high concentrations (2.2 uM) of iron ions from silver MTPs [39].
Reproduced with permission from ref. [39]. Copyright 2005, American Chemical Society. (c) (i,ii) SEM
images of Ag nanowires prepared with the polyol reduction of AgNOj3 in the presence of CuCl, and
PVP at different magnifications [42]. Reproduced with permission from ref. [42]. Copyright 2008,
Royal Society of Chemistry.

2.1.2. Citrate Reduction

The second most popular chemical synthesis technique for the production of silver
nanoparticles is citrate reduction, which was proposed in 1982 [44]. Here, typically sodium
citrate is used in a dual role, i.e., the reduction and stabilization of silver NPs. In a typical
synthesis, an aqueous solution of sodium citrate is added to a boiling solution of silver
nitrate to obtain diverse-shaped nanoparticles. A detailed study on the control of the shape
and size of AgNPs in this method was conducted by Pillai and Kamat [45] using pulse
radiolysis. Here, mostly large-sized silver NPs (50-100 nm) were obtained with well-defined
facets. The concentration of citrate ions plays a critical role in controlling the kinetics of
Ag™" reduction and, hence, defines the final morphology. The increase in the concentration
of sodium citrate decreases the growth of silver particles by forming a complex with Ag?*
dimers, thereby producing larger clusters. Citrate has also been reported to be used for the
photoinitiated conversion of silver nanoparticles into nanoplates [46,47]. The role of pH in
this process was also investigated due to the change in the activity of citrate with pH [48].
It was found that, at high pH, citrate shows a higher reduction rate for silver precursor,
resulting in spherical and rod-like nanoparticles, whereas low pH results in the formation
of triangles and polygons. The TEM images of various nanoparticles prepared using this
method are shown in Figure 5.
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Figure 5. (a) TEM images of silver nanoparticles synthesized under pH values of (i) 11.1, (ii)
8.3, (iii) 6.1 and (iv) 5.7. (b) TEM images of silver nanoparticles synthesized using the stepwise
method with initial pH values of (i) 9.0, (ii) 7.7 and (iii) 6.9, as well as (iv) their corresponding UV-
visible absorption spectra. Reproduced with permission from ref. [48]. Copyright 2009, American
Chemical Society.

A modified citrate synthesis method has also been reported for “clean surface”
nanowires without any surfactant or seed processes [49]. Here, citrate serves as a re-
ducing agent and hydroxyl ions in NaOH facilitate the nanowires’ growth at elevated
temperatures. It is believed that, although citrates provide isotropic structures at room
temperature, at high temperatures, the equilibrium constant of this process may differ, and
citrate binding is restricted at certain crystal faces, allowing for the growth of wire structure.
The concentration of hydroxyl ions was found to be responsible for the growth of nanowires
and their aspect ratios. The advantage of these methods is the clean surface, as compared to
template-directed methods (using polymers and surfactants), where multiple washings are
required to remove the template for sensing applications such as SERS. Molecular dynamics
simulations were also provided by the same group to better understand the growth of these
nanowires in citrate-mediated processes [50]. The citrate-capped AgNPs have been the
choice for SERS-based studies for a long time. The LSPR properties of single and dimeric
silver nanoparticles prepared with citrate reduction have been studied thoroughly with
electron microscopy [51] and later applied to single-molecule SERS studies [52].

More recently, the field of the green synthesis of silver nanostructures has picked up
pace due to its ample availability and environmentally friendly route [53-56]. A green syn-
thesis approach has been proposed for spherical and crystalline silver NPs, self-assembled
on NH,-modified glass substrates using citrus peel extracts from orange fruit (AgNP-
Ora), tangerine fruit (tangerine fruit, AgNP-Tan) and lemon fruit (AgNP-Lem) [57]. These
substrates were utilized for SERS studies of 4-aminobenzenethiol, rhodamine 6G and
methylene blue as Raman probe molecules in ptM concentrations. However, a lack of
shape-controlled structures still limits their use in real applications and provides a lot
of room for the research community. Various other methodologies such as homogenous
and heterogenous seed-mediated growth [58-60], template-directed growth [61-64] and
light-mediated [65] chemical synthesis methods have also been reported for AgNPs.

Therefore, till now we discussed major routes of chemical synthesis of AgNPs. How-
ever, a major issue with the colloidal substrate is the tendency to aggregate after the addition
of analyte solution, which makes the colloid unstable and often leads to the poor repro-
ducibility of the signal. In addition, there is very low control over the tuning of analyte-NP
surfaces in colloidal nanoparticles, leading to the comparatively low enhancement of spec-
troscopic signals. Moreover, the transfer or deposition of colloidal NPs on any surface has
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always been a concerning factor in many applications due to inherited inhomogeneity at
the macro- and nano-level [66,67]. For example, deposition on curved substrates, e.g., op-
tical fiber, is not an easy task. Binding chemistry to attach NPs needs to be meticulously
designed to ensure uniform coating. Hence, although the wet synthesis of NPs is found
to be a very easy and cost-effective synthesis method, at the same time, the response and
enhancement are compromised. This leads to very few commercially available plasmonic
sensors fabricated with colloidal nanoparticles due to difficulty in reusability, homogeneity
and disposal after every use. In contrast, physical vapor deposition techniques, such as
thermal and e-beam evaporation, sputtering, etc., ensure very high reproducibility, purity,
uniformity and the high enhancement of plasmonic signals. These substrates may prove to
be very reliable plasmonic nanosensors with great stability for commercial and large-scale
fabrication needs. Thus, the next section is devoted to discussing the physical deposition
techniques for plasmonic sensors.

2.2. Lithography-Based Silver Substrates

Photolithography is the most used technique for the deposition of patterned arrays of
metal and semiconductor materials on planar substrates, especially for device fabrication.
Due to the diffraction limit of light, it does not fulfill the resolution requirement for smaller
feature sizes. Electron beam lithography (EBL) and focused ion beam lithography (FIB) are
top-down approaches utilizing polymeric resists to fabricate masks for the deposition or
etching of metal with high resolutions. They have the ability to control the size, shape and
periodicity of the nanostructured substrates [68]. In EBL, a focused electron beam is scanned
over a substrate, mainly silicon (Si), through a programmed desired mask. The Si wafer is
already spin-coated with a special polymer layer called a resist. This polymer is sensitive to
exposure to e-beams. It could be a positive or a negative resist. In the case of a positive resist,
for example, polymethyl methacrylate (PMMA), the exposed area breaks down after being
illuminated by an e-beam, and then it dissolves into a solvent (developer). The substrate is
coated with a silver layer of desired thickness using a metal evaporation process, and the
rest of the metal, which is a resist, is lifted off, leaving a regular array of silver nanoislands.
The resolution capability of EBL has repeatedly been reported to be up to 10 nm [68].
Similarly, in FIB, a gallium ion (Ga*) beam is used in place of an electron beam for metal
deposition and etching. However, FIB includes the possibility of maskless deposition. Very
thin, rectangular nanoarrays and overhanging nanostructures with very high resolution are
possible with FIB [69,70]. The major issue with these conventional lithographic techniques
is that they are expensive, time-consuming and need sophisticated equipment, which limits
their use for scalable fabrication. Consequently, a facile lithographic technique known
as nanosphere lithography (NSL) was developed by Fischer and Zingsheim [71]. NSL is
cost-effective and timesaving as compared to the aforementioned techniques. In parallel,
Deckman and Dunsmuir also successfully illustrated this technique in 1982 by preparing
a monolayer of spherical particles on a substrate to use as a mask for the fabrication of
nanomaterials and called this technique “Natural Lithography” [72].

NSL, also known as natural lithography (as previously noted), colloidal lithography
and shadow nanosphere lithography, is a promising technique for the fabrication of two-
dimensionally arranged periodic, disconnected nanostructures on both rigid and flexible
substrates. In this technique, a monolayer of colloidal nanospheres is deposited on the sub-
strate, e.g., Si or glass, to use the pattern for the mask [72,73]. Over time, different methods
have been invented, e.g., a self-assembled monolayer of polystyrene nanospheres on the
air/water interface, spin-coating, rubbing, etc., in order to design a template for fabrication
in a large area. Creating a closely packed hexagonal monolayer of spherical particles on a
larger area of the substrate, with a high-quality, single-crystalline domain, is still a challeng-
ing task. Recently, Zhao's group extensively exploited NSL for patterning 2D arrangements
of tunable plasmonic substrates, also shown in Figure 6a [74]. Zhu et al. demonstrated Ag
nanorod bundles array vertically when grown on a Cu/Au substrate using colloidal lithog-
raphy combined with the binary-template-assisted electrodeposition method, as shown
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in Figure 6b [75]. Lee et al. demonstrated a defect-free silver nanohole (diameter 300 nm)
array over a millimeter-sized area. A colloidal, self-assembled monolayer of polystyrene
nanospheres was deposited on a substrate at the air-water interface. Then, reactive ion
etching (RIE) was employed to shrink the nanospheres before silver deposition, which led
to the formation of a metallic nanohole array (shown in Figure 6c¢) after nanosphere removal
with extraordinary optical transmission [76]. The fabricated array exhibited a high density
of hotspots for the SERS-based sensing of phenolic pollutants. Ingram et al. demonstrated
Ag-Cu mixed phase nanopatterns at different compositions of metals, combining shadow
nanosphere lithography and glancing angle co-deposition (Figure 6d) [77]. Combining NSL
with oblique angle deposition, they designed a transparent metallic nanohole array over a
large surface area with improved electrical properties [78]. A thick layer of Ag (>100 nm)
was made transparent with a periodic array of hollow nanocones using NSL. The optical
transmission was measured with the height of the tips and the diameter of the holes. A
SEM image of hollow nanocones, with a height/diameter of 500/350 nm, is shown in
Figure 6e [79]. By extension, the same group demonstrated a surface plasmon sensor by
fabricating disk-in-volcano array structures using NSL, as shown in Figure 6f [80].

Figure 6. Ag nanostructured substrates fabricated by NSL. (a) Top-view SEM images of a 200 nm thick
layer of Ag, deposited on monolayers of polystyrene nanospheres of (i) 350 nm (ii) 500 nm diameter
at a tilt angle of 8 = 55° [74]. Reproduced with permission from [74]. Copyright 2020, IOP. (b) SEM
images of as-prepared Ag-nanorod bundle arrays: (i,ii) top views at different magnifications, (iii) side
view of the bundle arrays and (iv) top view of a single bundle of Ag-nanorods [75]. Reproduced with
permission from [75]. Copyright 2016, John Wiley & Sons. (c) (i) SEM showing an Ag nano-mesh film
with a PS 600 nm nanosphere template after 50 nm thick Ag deposition and (ii) the resulting large area
(~30 x 30 um?), a single-crystalline, hexagonal-aligned hole array [76]. Reproduced with permission
from [76]. Copyright 2009, American Chemical Society. (d) Ag—-Cu mixed phase nanopatterns at
the calculated composition of Ag 40% using shadow nanosphere lithography and glancing angle
co-deposition [77]. Reproduced with permission from [77]. Copyright 2017, IOP. (e) SEM image
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(45° tilting views) of hollow nanocones with a height/diameter of 500/350 nm; the insets show
the cross-sectional view of the corresponding samples [79]. Reproduced with permission from [79].
Copyright 2014, American Chemical Society. (f) SEM of disk-in-volcano arrays at a 30° tilting view
with a bottom hole diameter of D = 340 nm; the top-hole diameter is d = 220 nm; the height of the
volcano is H = 250 nm; the height of the disk is h = 100 nm; and the total thickness of the film = 150 nm.
The red arrow points to the disks inside the volcanos [80]. Reproduced with permission from [80].
Copyright 2015, Royal Society of Chemistry.

In another report, a close-packed monolayered polystyrene (PS) sphere array was
successfully prepared using the HyO,-assisted air-water interfacial floating method. The
advantage of HyO, over water is the decreasing number of second-layer defects and the
promotion of the self-assembly of PS nanospheres to form a close-packed SAM [81]. For
more details about NSL, readers are referred to a comprehensive review [82] and other
useful research articles [83,84].

NSL, nonetheless, has been found to be a promising and easy-to-use technique to
fabricate a regular pattern of plasmonic nanostructures in a 2D arrangement, but, like
other techniques, it also has some limitations, for example, the moderate ability to tune the
shape of nanostructures and fabrication on large surface areas. In addition, self-assembled
metallic colloid is another method to produce regular-patterned nanostructures [85]. Yet
again, the reduction of metallic salt takes place on the substrate, which can lead to random
aggregation and low reproducibility. To overcome all these challenges, the entire thin film
community came up with a solution by using physical vapor deposition (PVD) techniques.

2.3. Glancing Angle Deposition (GLAD)

In general, PVD comprising thermal evaporation, e-beam evaporation and sputtering
has been extensively used for uniform thin film deposition on a large-area solid substrate.
If the vapor flux is incident on the substrate at a normal incidence angle, a thin film or
nano-island growth be achieved [86]. Conversely, if the substrate is placed at an angle
(generally > 70°) from the incoming vapor flux, a new era of sculptured thin film deposition
starts. This specialized PVD method is generally known as oblique angle deposition (OAD)
or glancing angle deposition (GLAD) [87-90]. As this tool has much potential to fabricate
a variety of nanostructured substrates with high purity, uniformity and reproducibility,
it has been accepted by numerous researchers worldwide, specifically those working on
plasmonic sensors [89,91]. GLAD is a specialized version of physical vapor deposition
(PVD), offering a provision of manipulation of the substrate orientation during thin film
deposition in a high-vacuum chamber. The substrate can be rotated in polar and azimuthal
directions with respect to the direction of the incoming vapor flux. The ballistic shadowing
effect plays a major role in the foundation of columnar thin films in GLAD, which is only
possible when the incoming vapor flux is well collimated toward the substrate, which could
be glass, Si or sapphire. A large angular spread in incoming vapor flux may result in poor
shadowing [88]. There are two prominent approaches to obtaining collimated vapor flux: a
large distance between the vapor source and substrate or physical obstacles that select a
subset of the uncollimated vapor flux. A great distance from the source to the substrate not
only improves the collimation of the incidental vapor flux, but also increases the number
of collisions of atoms before reaching the substrate. Vapor’s mean free path is another
important parameter that should be larger than the source-substrate distance in GLAD
configuration. One needs to optimize all the deciding parameters to attain high-quality
nanostructured films using GLAD. To evaporate the metal powder or pellets, electron
beam and thermal sources are usually employed in GLAD depositions. At a larger angle
of incidence (>75°), the low surface diffusion of adatoms and the shadow cast by the
larger nucleation collectively result in one-dimensional columnar growth. Initially, the
incident atoms are randomly deposited on the substrate, having some defects or roughness.
Following the Volmer-Weber growth model, these adatoms form small islands and then
3D nuclei on the substrate. As deposition proceeds, the initial nucleated islands start

81



Biosensors 2022, 12,713

projecting ballistic shadows on the surrounding region. The larger islands receive more
than the smaller ones or the shadowing regions, which converts them into a columnar
structure tilted in the direction of the incident flux. The direct and spontaneous growth
of nanostructured thin films of a wide range of materials on various substrates can be
easily attained using GLAD [87-91]. M.]. Brett et al. [87,88] pioneered this technique, and
then it was widely explored by many researchers for the fabrication of various metals and
insulator-sculptured thin films.

In recent years, a large number of 3D nanostructures, e.g., columns, rods, helices,
zigzags, springs, etc., have been obtained using GLAD, as shown in Figure 7. In the scope
of this article, we focused on various silver-sculptured thin films manifested by GLAD.
Ag-decorated SiO, helical films were deposited on large-area transparent substrates, and
the plasmonic chiroptical properties of these arrays were studied using circular dichroism.
The chiral nanohelices are shown in Figure 7a [92]. This could be an exceptionally facile
method to fabricate metamaterials on any solid surface. In recent years, GLAD-fabricated
nanocolumnar pure Ag nanorod arrays were used for gas-sensing applications for the first
time (Figure 7b) [93]. A drastic change in the colorimetric and water wettability properties
of AgNR arrays was observed in the presence of a low amount of H,S gas. The same feature
of these substrates was exploited for the detection of viability and antimicrobial resistance
in bacteria [94]. Further, sulfurized AgNRs were utilized in the form of multifunctional
material Ag-Ag,S nanoheterostructures, on which photocatalysis, hydrogen evolution,
SERS and antimicrobial properties were investigated [95]. In another report, the same
group studied the effect of a number of Ag arms in a zigzag array (shown in Figure 7d,e)
on the EM enhancement of the SERS signal [96]. Moreover, Jen et al. fabricated a chiral Ag
nanohelix array, and the effect of GLAD parameters (angles, deposition rate and rotation
speed) on their growth was studied in detail (Figure 7f-k) [97].

The fabrication of silver film on patterned or templated substrates can also be realized
using GLAD. Aligned tilted AgNR arrays have been fabricated on commercial compact
discs (CDs) and digital versatile discs (DVDs) by using this technique. Before depositing Ag,
the thin polycarbonate protective coating found on these discs was removed by immersing
them in a concentrated nitric acid solution for a certain amount of time. The disc was then
washed and rinsed with deionized water and blow-dried with nitrogen gas. It was then
loaded into a vacuum chamber for metal evaporation at an angle of 86° with respect to the
vapor direction. Due to the shadowing effect caused by deposition, the resulting hybrid
structure acts as an effective anisotropic grating, with a period for the disc. The structure
exhibited an optical anisotropy that depends on the polarization of the incident light. The
variations in the plasmonic resonant shift with respect to the aspect ratio of the AgNRs and
film thickness were studied [98,99]. Ag nanostructured grating substrates show significant
plasmonic enhancement and, therefore, have been exploited for surface plasmon-based
refractive index sensors [100,101] and SERS-based sensors [102,103].

There are tremendous possibilities in designing and fabricating numerous nanostruc-
tures by controlling deposition parameters, such as incident angle 6, azimuthal angle ¢,
substrate rotation, deposition rate, substrate temperature, material to be deposited and
substrate [104,105]. Sculptured thin films fabricated using GLAD have potential applica-
tions in numerous fields, and above all, plasmonics is the major one. The GLAD-fabricated
substrates emerged to overcome the challenges of uniformity and reproducibility in SERS
substrates, which were extensively reviewed recently [106]. The simplicity, flexibility, cost-
effectiveness and versatility to deposit a variety of materials are the main features that
make GLAD stand out as the most promising tool for micro- and nanofabrication [107].
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Figure 7. (a) Schematic of the GLAD technique used to fabricate a dielectric 3D template in the first
step, followed by the evaporation of Ag metallic islands in the second step. SEM images of the
nanostructured surfaces without (top) and with (bottom) the Ag metallic islands [92]. Reproduced
with permission from [92]. Copyright 2013, Royal Society of Chemistry. (b) Photograph of the
substrate, (c) SEM image of Ag nanorod array fabricated on glass substrate by using GLAD [93].
Reproduced with permission from [93]. Copyright 2017, American Chemical Society (d) SEM images
of zigzag silver nanostructures on Si substrates with different bending numbers: two arms; (e) four
arms. Yellow lines indicate the approximate arm positions [96]. Reproduced with permission
from [96]. Copyright 2017, Royal Society of Chemistry. Top-view and cross-section SEM images of
Ag nanohelix arrays deposited at different deposition angles: (f,g) 80°, (h,i) 83° and (j,k) 86° [97].
Reproduced with permission from [97]. Copyright 2017, MDPI.

3. Detection Methodologies for Silver Nanostructure-Based Plasmonic Sensors

The field of sensing has found its quintessential implications in next-generation devices
for environmental monitoring, food safety, defense applications, medical diagnostics and
the development of smart medicines, etc. Portable, fast and easy-to-use sensors are in
demand with the fast pace of development in every area of human life. Plasmonic sensing
has continuously emerged as a vital tool for fast and specific detection in the past decade.
The enhanced and tightly confined electromagnetic (EM) field associated with plasmonic
nanostructures influences almost all optical spectroscopic methods and is at the forefront
of rapidly emerging surface-enhanced spectroscopies such as SERS, SEF and SEIS. In the
next sections, the fundamentals of these technologies and their applications in sensing will
be discussed in the context of silver nanostructures.
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3.1. Surface Plasmon Resonance

Over the past two decades, the field of plasmonic sensors based on SPR and LSPR
schemes has sufficiently matured, with a plethora of label-free and continuous monitor-
ing applications. Since the initial reports studying interactions on metal surfaces and
gas-sensing, there has been a rapid development in the fundamental mechanisms and
applications of this field, making it a prime tool to monitor label-free surface interactions in
real-time. Recent developments have focused on sensitivity enhancement and the quantum
aspects of these sensors, as well as their applicability in the form of industrial devices that
will clearly revolutionize the field of optical sensors [108,109]. The goal now is to focus
the attention of the SPR community on advancing the technology from proof-of-concept
to industrial devices, such as the first one commercialized in 1990 by Biacore, by taking
note of thousands of articles focusing on the quantification of clinical and environmentally
relevant analytes at desired concentration levels. The fundamentals of SPR sensors have
been extensively reported in various reviews and books over the past decade, with various
possible transducer geometries such as the prism-based Kretschmann configuration, planar
waveguides, gratings, optical fibers and many more [110-117]. A brief overview of the
concept is provided here for the purpose of completion.

Plasmons are the collective electron oscillations in metals that can be confined to
metal-dielectric interfaces known as propagating surface plasmons (PSPs) or to the surface
of a metallic nanostructure (of dimensions less than the wavelength of light) that are termed
localized surface plasmons (LSPs). The coupling of these modes to incident light gives
rise to resonances that strongly depend on the compositions, shapes and sizes of the metal
nanostructure, as well as the dielectric properties of the surrounding medium, making it
a critical tool to probe surface processes. The EM field associated with SPs and LSPs is
bound to the surface and decays exponentially in the surrounding medium with decay
lengths of ~30 nm and ~ 200 nm, respectively. Thus, the sensors based on these mechanisms
are extremely sensitive to changes near the surface. SPR and LSPR sensors are based on
modulation in the refractive index of the sensing layer around the metallic nanostructure
due to physicochemical interaction with the analyte.

The sensors based on silver nanostructures are discussed here with widespread appli-
cations in environmental monitoring, biosensing, food safety and defense security. Recently,
a fiberoptic SPR sensor based on silver thin film for the sensing of the phenolic compound
catechol, a dangerous environmental pollutant, was reported [118]. The thermal deposition
of 40 nm silver film was used as a plasmonic metal with the sensing layer comprising a
ZnO/CNT nanocomposite for the interaction of catechol. The nanocomposite was func-
tionalized with cetyltrimethylammonium bromide (CTAB), which governs the sensing
performance of two pH regimes. The schematic of the sensing mechanism, the experimental
setup and the SPR response of the two pH regimes are shown in Figure 8. The performance
was analyzed over a concentration range of 0-100 uM, with the detection limit reaching
0.1 uM, making it feasible for real applications.

Moreover, Ag has also been incorporated with other metals and semiconductors to
enhance their optical and electrical properties in low-dimensional hybrid nanomaterials.
Nonlinear optical absorption and electrical conduction in multiwalled carbon nanotubes
(MWCNTs) were observed to be enhanced when they are coated with AgNPs. The optical
nonlinearities exhibited by Ag/MWCNTs can be attributed to the saturable absorption
regarding the absorption band associated with the SPR of AgNPs [119]. In another report,
MWCNTs decorated with AgNPs were demonstrated to improve acetone gas-sensing
at room temperature using the resistive sensing method [120]. Some other SPR-based
sensors utilizing carbon nanomaterials and silver-based nanocomposites were reviewed
by Gupta et al. [121]. In addition, Ag-metal oxide nanohybrid systems have been widely
explored in sensing applications [86,122].

Recently, a self-referenced optical fiber LSPR sensor for the detection of environmental
pollutants, mercury and hydrogen peroxide (Hg?* and H,O,) was reported, using the
layer-by-layer nanoassembly of silver and gold NPs [123]. The plasmonic substrates were
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prepared using the electrostatic attraction between poly(acrylic acid) (PAA)-capped AuNPs
and poly(allylamine hydrochloride) (PAH)-capped AgNPs. The AuNPs showed a higher
affinity for Hg?" as compared to other metal ions and resulted in a wavelength shift of
LSPR spectra, whereas the AgNPs showed degradation due to the catalytic decomposition
of HyO,. Thus, a self-referenced sensor was realized as SPR wavelengths of either Ag or Au
shifted upon exposure to Hg?* and H,O,. Similarly, numerous sensors have been realized
based on plasmonic silver for the detection of environmental analytes such as nitrates,
arsenic ions [124], phenolic compounds [125], hydrogen peroxide [126], methane gas [127]
and ammonia gas [86].
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Figure 8. (a) The sensing mechanism and experimental setup for the sensing of catechol using
silver thin film as the plasmonic material and CTAB-functionalized ZnO/CNT nanocomposite as the
sensing layer. (b) SPR response and (c) calibration curve for the regime: pH of the sample, 9.5, and
CTAB concentration = 4 mM. (d) SPR curves. (e) Calibration curve for the regime: pH of the sample,
7.0, and CTAB concentration = 0.8 mM. Reproduced with permission from [118]. Copyright 2020,
American Chemical Society.
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A great deal of progress has also been made in the field of SPR-based biosensors using
silver nanostructures. A silver nanoparticle-based SPR/LSPR fiber probe was reported for
the sensing of cholesterol using the enzyme cholesterol oxidase (ChOx) and graphene oxide
(GO) sheets in the sensing layer [128]. The performance of three types of probes shown in
Figure 9 was compared and optimized for a range of pH. The first probe involves a ChOx-
entrapped hydrogel layer over Ag thin film; the second probe has a layer of GO nanosheets,
along with ChOx, over Ag thin film; and the third probe contains ChOx immobilized
on AgNPs embedded in PVA over GO nanosheets. It was noticed that the probe with
silver nanoparticles and GO showed the best response due to the combined effect of SPR
and LSPR, along with the role of hydrogen peroxide decomposition due to AgNPs. The
third probe showed the best sensitivity and the lowest limit of detection (LOD) value for
cholesterol, reaching 1.131 mM.
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Figure 9. Schematic and corresponding SPR response for (a) ChOx-entrapped hydrogel layer over
Ag thin film, (b) GO nanosheets along with ChOx over Ag thin film and (¢) ChOx immobilized on
AgNPs embedded in PVA over a GO nanosheet probe. Reproduced with permission from [128].
Copyright 2018, IEEE.
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Similarly, very recently, a biosensor for detecting NS1 antigen related to dengue fever
that uses silver thin film and an antibody-antigen interaction mechanism was reported [129].
The probe was optimized for various self-assembled monolayers of alkanethiols for effective
antibody attachment, which finally governs the stable interaction with the NS1 antigen. The
schematic for the probe design and interaction mechanism is shown in Figure 10a. The SPR
response is depicted as a red shift in the resonance wavelength with an increasing antigen
concentration (Figure 10b). The feasibility of the sensor was tested for dengue-positive
blood serum samples, underlying its usage in direct clinical applications for early dengue

diagnosis with a very fast response time of 20 min.
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Figure 10. (a) Fabrication steps of the fiber probe for NS1 antigen detection, and (b,c) SPR response
curves with changes in NS1 concentration at two antibody concentrations. Reproduced with permis-
sion from [129]. Copyright 2022, Elsevier.

A similar rapid biosensor was also reported for SARS-CoV-2 detection using a silver
nanotriangle array as an LSPR sensing platform functionalized with human angiotensin-
converting enzyme 2 protein (ACE2). The sensor selectively and rapidly detected the
COVID virus, with LOD values of 0.83 pM, 391 PFU/mL and 625 PFU/mL in the spike
RBD protein and CoV NL63 in the buffer, and untreated saliva providing a very effective
alternative to rapid antigen tests [130]. A plethora of biosensor reports are available in
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the literature for the silver-based LSPR sensing of various biomarkers and bioanalytes
for, e.g., glucose [131], ErbB2 breast cancer biomarker [132], triacylglycerides [133], cys-
teine [134], endotoxins [135] dopamine [136], ascorbic acid [137], urea and glucose [138].

Another important domain of SPR-based sensors is food monitoring and homeland
security. A recent review summarizes plasmonic sensors for food security [139]. Shri-
vastav et al. proposed a molecular imprinting (MIP)-based fiberoptic SPR sensor for the
detection of erythromycin (ERY) residue in milk and honey [140]. To overcome the limita-
tion of the lower sensitivity of bulk MIP, MIP nanoparticles prepared with the two-phase
mini-emulsion method were utilized. The sensing principle relies on a change in the re-
fractive index of the MIP layer coated over the silver thin film on the optical fiber. ERY
is imprinted in the MIP matrix during the synthesis step using certain monomers and a
cross-linker. Thus, during the sensing step, ERY molecules bind noncovalently with these
imprinted sites, bringing the change in the refractive index with a changing concentration.
A schematic of the sensing mechanism, optical fiber probe and SPR response for ERY quan-
tification are shown in Figure 11. ERY was spiked in milk and honey to test the feasibility
of the probe in a real sample analysis. Another report also explored the sensing of the
adulterated, nitrogen-rich compound melamine based on a similar MIP technique [141] for
food safety.
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Figure 11. Application of silver-based SPR sensors for food safety. (a) Sensing mechanism in
a MIP-based approach for the sensing of ERY in milk and honey. (b) Optical fiber probe. (c) SPR
response with an increasing concentration of ERY. Reproduced with permission from [140]. Copyright
2017, Elsevier.
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A very recent report on homeland security [142] utilized a molecularly imprinted
(MIP) AgNPs composite for the LSPR sensing of an explosive taggant of trinitrotoluene
(TNT), i.e., 3-nitrotoluene (3-NT). A one-step synthesis of MIP nanocomposite embedded
with AgNPs was reported in the PEI matrix, which also serves as a reducing agent for Ag (I)
to AgNPs. The synthesis steps are shown in Figure 12a, along with the sensing mechanism
in Figure 12b. The sensor had a highly sensitive response due to the synergistic approach of
LSPR and MIP, as shown in Figure 12c. LOD for 3-NT was reported to be 54.8 ng, with an
extremely specific response in the presence of other NO,-containing molecules, as shown in
Figure 12d. The approach can easily be implemented for portable readout sensors in remote
detection and bomb-disposal robots. Another group [143] also reported porous silica
embedded with silver clusters for the sensing of nitroaromatic and nitroaliphatic explosives.
Thus, silver-based SPR and LSPR sensors are extensively reported in the literature for all
possible sensing applications.
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Figure 12. (a) Synthesis of a MIP layer for detecting explosive taggant 3-NT; (b) sensing mechanism;
(c) SPR response; and (d) selectivity. Reproduced with permission from [142]. Copyright 2021,
American Chemical Society.

3.2. Surface-Enhanced Raman Spectroscopy (SERS)

As the name suggests, SERS is a technique to enhance the originally weaker Raman sig-
nal on the surface of plasmonic nanostructures. Before the discovery of SERS in 1974, [144],
Raman was only used as a characterization tool within a limited area of interest. However,
after the discovery of SERS, Raman spectroscopy gained tremendous attention in many
avenues of research. SERS has the potential to detect chemical and biomolecules at a
single-molecule level [15,145]. Therefore, is employed in various fields, e.g., medical diag-
nostics [15,17,146], food safety and security [147,148], environmental monitoring [149,150]
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and defense and security [151-154]. An appropriate laser excitation induces a local intense
electromagnetic field in metal nanoparticles, which enormously enhances the Raman (as
well as the fluorescence) signal of the molecule adsorbed on the surface. The magnitude
of the signal enhancement is referred to as the enhancement factor (EF) [155], which is
provided as

I(SERS) x N(Bulk)

EF= N(SERS) x I(Bulk) @
where I(SERS) and I(Bulk) are the signal intensities of the analyte molecule under SERS and
the bulk (normal) Raman, respectively; N(SERS) and N(Bulk) are the number of analyte
molecules being probed with SERS and the bulk Raman excitation, respectively. In general,
the EF provided by equation 2 is in the order of 10°~10°%; however, several reports claimed
it to be up to 10141015 [145]. The SERS enhancement mechanism is still debatable, and,
globally, physicists and chemists are continuously working to find more insights into this
phenomenon. However, most of them agree on the two popular mechanisms known as
(i) electromagnetic (EM) enhancement (plasmonic) and (ii) chemical enhancement (charge
transfer) [20,21,156]. The first one has a higher contribution of about four folds, whereas the
latter amplifies the signal by two orders of magnitude. Figure 13a shows the schematic of
the enhancement mechanism (EM), and Figure 13b shows the charge transfer mechanism.
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Figure 13. Schematic of enhancement mechanisms in SERS. (a) Electromagnetic (EM) enhancement
mechanism in SERS, including the two-step enhancements illustrated in the nanogap of two metal
nanoparticles. Reproduced with permission from [157]. Copyright 2018, American Chemical Society.
Reproduced with permission from [158]. Copyright 2016, Springer Nature Limited. (b) Chemical
enhancement through charge transfer (CT) between metal /semiconductor and the adsorbed molecule.
The CT transitions (uCT) arrows show the CT directions. Red and white circles represent molecular
orbitals. CB, conduction band; EF, Fermi level; HOMO, highest occupied molecular orbital; LUMO,
lowest unoccupied molecular orbital; VB, valence band. Reproduced with permission from [159].
Copyright 2021, Springer Nature Limited.

The quality of the SERS substrate is a prominent factor in the enhancement of the
signal, which opens a new domain of research focusing on the fabrication and engineering
of SERS-active substrates. Generally, there are two important criteria in developing a
useful SERS substrate. First, the material should demonstrate superior optical responses
(plasmonic activity) in the visible or NIR regime. Ag and Au qualify this very well, as
the real and imaginary parts of their dielectric function have a large negative and a small
positive value, respectively, in this region of wavelength. Second, the surface should be
roughened or nanostructured to generate hotspots (the sharp curvatures or nanogaps
on the structures) for sufficient E-field enhancement. For the highest enhancement, the
molecules should be present in these hotspots. Here, anisotropy in nanostructures plays
a very important role. Anisotropic nanoparticles, e.g., rods, flowers, stars, etc., provide
higher surface area and a large density of hotspots as compared to isotropic particles
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such as nanospheres. The array, clusters or aggregates of these nanoparticles exhibit the
enormous enhancement of the Raman signal [25]. The signal collected from the hotspot
(also called hotspot SERS) is always at least 10° times greater than the signal coming
from other surfaces of the nanoparticles. For example, the dimer of two closely placed
nanospheres only generates one hotspot region, whereas the dimer of nanostars or flowers
generates many hotspots. Even if a single molecule is placed in the hotspot region, SERS
will be observed. Therefore, single-molecule detection is possible and is attained using Ag
hotspot SERS.

Not only plasmonic metals, such as Ag, Cu, Pt, Al and Cu, but many other nonmetallic
materials (including metal oxides, sulfides, graphene, etc.) have also been investigated
for SERS. However, the remarkable response of Ag is still unparalleled in this field. In
addition, cost-effectiveness could be considered the second reason to select Ag over Au.
In the following sections of this review, some important reports on silver-based SERS
substrates and their applications will be discussed. Silver being the best choice amongst
plasmonic materials, Ag-based SERS substrates have been fabricated by various methods
and implemented in different domains of applications. The single-molecule detection
limit by SERS has been attained by using Ag nanostructures [15]. AgNR arrays, vertically
standing over a large-area substrate fabricated by GLAD, were optimized to provide a
very high SERS enhancement. The effects of the aspect ratios of the NRs, as well as the
gap between them and underneath reflecting silver thin film, were extensively studied
experimentally and theoretically by Zhao's group [160,161]. Subsequently, similar AgNR
arrays were substantially explored in biosensing applications on the planar and flexible
substrates by our group [162,163]. SERS-assisted single-molecule detection using a AgNP
uniform monolayer was demonstrated by Chen et al. [164], as shown in Figure 14a-d. We
reported an enhancement of about 10% in the Raman signal of a probe molecule trans-1,2-bi-
(4-pyridyl) ethylene (BPE) on a AgNR array fabricated over glass substrates, as illustrated
in Figure 14e,f [165].
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Figure 14. (a) FESEM image of a one-monolayer (1 ML), close-packed AgNP film on quartz, the
diffraction pattern acquired from fast Fourier transform with an image area of 0.7 x 0.7 pum? and the
schematic showing the interparticle gap regulated by the thiolate chain length. (b) Transmission and
reflection photographs illustrating the effect of collective plasmonic resonance. (c) Structure of the
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SERS substrate (close-packed AgNP film) and the analyte layer, which is a spin-coated layer of crystal
violet (CV) molecules embedded in spin-on-glass (SOG); the cross-sectional SEM image shows the
thicknesses of the CV/SOG layer and AgNP film are about 5 and 6 nm, respectively. (d) Raman
spectra (vertically offset for clarity) obtained from a CV/SOG layer on AgNP film, a bare AgNP
film and a bare CV layer. Reproduced with permission from [164]. Copyright 2015, American
Chemical Society. (e) SEM of a GLAD-fabricated AgNR array. (f) Enhanced Raman signal of a BPE
molecule deposited on the SERS-active array compared with normal the Raman of the molecule and
substrate background signal. Reproduced with permission from [165]. Copyright 2020, American
Chemical Society.

Further, to create a high density of hotspots (defined in the previous section), the
substrates were modified into zigzag and multiple-armed geometry [96]. The effectiveness
of the substrate is defined by the order of enhancement factor. Probe molecules with a high
Raman cross-section are generally used, e.g., BPE, Rhodamine G (RhG), Methylene Blue
(MB), Nitrothiophenol (NTP), Aminothiophenol (ATP), etc., for the determination of EF.

Raman spectroscopy is considered a vibrational fingerprint of a molecule, and its
advanced version, SERS, has overcome the low-intensity limitation of normal Raman.
Therefore, SERS has become an established technique and has attracted immense atten-
tion for all the sensing applications in chemical and biosensing. There is hardly any
domain left untouched by SERS-based detection. Recently, to make the technique user-
friendly and cost-effective, various academic and industrial collaborations have developed
portable/handheld or field-deployable SERS-based platforms, which have been imple-
mented in biomedicine, defense and security. In view of rapid health monitoring for
mass communities, especially in developing and highly populous countries such as India,
SERS-based portable devices have been developed and tested on real clinical samples of
dengue- [165] and HIV-infected [166] patients in hospitals. The label-free detection of the
NS1 antigen present in dengue-infected patients was illustrated on an AgNR array, as
illustrated in Figure 15a,b. The study was carried out over 100 subjects and the collected
SERS data were successfully classified with the help of the principal component analysis
(PCA) statistical tool [165]. The same strategy was applied for the detection of human
immunodeficiency virus (HIV1) in clinical samples and also determined the tropism. The
SERS spectra of control and HIV-infected blood plasma are shown in Figure 15¢, and their
classification using PCA is plotted in Figure 15d [166].
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Figure 15. AgNRs as a portable SERS platform in disease diagnostics. (a) Schematic of the process of
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handheld SERS using a AgNR array. (b) The average SERS spectra of dengue-infected (NS1 positive),
non-infected (NS1 negative) and healthy subjects. Reproduced with permission from [165]. Copyright
2020, American Chemical Society. (c) SERS spectra of healthy plasma (control) and HIV subtype
D virus spiked in plasma (conc. 10° copies/mL). (d) Principal component analysis (PCA) plot of
HIV-1-positive and -negative plasma samples. Reproduced with permission from [166]. Copyright
2021, Elsevier.

Recently, the AgNP-based, label-free SERS detection of SARS-CoV-2, human aden-
ovirus 3 and the HIN1 influenza virus were demonstrated. AgNPs were modified by
utilizing calcium ions as aggregators, citrate ions were removed from the surface and ace-
tonitrile was added to ensure the formation of high-quality hotspots. SERS measurements
were performed on the samples obtained from 20 random groups of SARS-CoV-2 subjects.
The schematic of the whole protocol is shown in Figure 16a [167].
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Figure 16. (a) (i) Schematic diagram of the preparation of silver-enhanced substrate and virus
detection using SERS. Ag@cit: Silver nanoparticles obtained via the reduction of citrate; Ag@B: Silver
nanoparticles modified by bromide ion; Ag@BCNPs: Ag@B with acetonitrile and calcium ions added.
(ii) Conceptual schematic diagram of the relationship between the virus sample and the “hotspots”
generated by the silver-enhanced substrate. (iii) SERS spectra obtained by 20 random groups of
SARS-CoV-2 patients (10* PUF/test) and HAdV (10° copies/test) samples under the current method
(Ag@BCNPs). Reproduced with permission from [167]. Copyright, 2022, Elsevier. (b) (i) Schematic
showing the preparation of AgNR-embedded, PDMS-based flexible SERS substrate and (ii) SERS
spectra of different concentrations of the pesticide thiram. Reproduced with permission from [148]
Copyright, 2017, Elsevier.

Food safety is another domain in which SERS could be a promising tool. For detailed
literature, readers are referred to the review papers [168,169]. As flexible substrates, AgNRs
embedded in PDMS polymer were utilized as SERS tape for the detection of pesticide in
fruits [148]. The flexibility and robustness of the substrate were examined under mechan-
ical tensile strain conditions and using the scotch tape peeling test. A schematic of the
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substrate preparation is shown in Figure 16b(i) and the trace level detection of the pesticide
thiram successfully achieved by the SERS spectra at different concentrations, as shown in
Figure 16b(ii). Thus, SERS has proven to be a versatile tool for detecting and studying the
kinetics of various chemical reactions. To obtain more insight into the present and future of
this technique, readers are directed to several extensive reviews [158,170-173].

3.3. Surface Enhance Fluorescence Spectroscopy (SEFS)

Detection at the single-molecule level has gained considerable attention in the sensing
and imaging community over the last few years. Among all the single-molecule opti-
cal spectroscopies, single-molecule fluorescence is the oldest and most widely applied
spectroscopic technique due to inherited advantages such as noninvasive detection, fast
and simple application and high contrast. Fluorescence is the property of certain organic
molecules (fluorophores) to absorb and emit light through a transition in their electronic
energy levels. However, for most fluorophores, fluorescence is limited by the low quan-
tum yield, long relaxation time, poor photostability or photobleaching, which limit the
single-molecule measurement due to a low signal-to-noise ratio. Purcell suggested in 1946
that the spontaneous emission properties of a molecule may be modified by controlling
the external EM field in close vicinity [174]. Thus, the optical properties of a fluorophore
may be effectively modified by keeping it in proximity to the nanostructured metal. The
low fluorescence efficiency benefits from the interaction between fluorophores and the
high nearfield enhancement caused by metal NPs, and it is referred to as metal-enhanced
fluorescence (MEF) or surface-enhanced fluorescence (SEF) [67,175,176].

MEF emerged as the most effective and important technique in improving the low
fluorescence of molecules after the first classical interpretation of environmental effects on
the excited state electronic transition of fluorophores by Drexhage in the 1970s [177]. Both
the excitation and emission properties of a fluorophore may be modulated by controlling
the EM field around it. Metal NPs can majorly enhance fluorescence efficiency with two
processes [175]. Firstly, at the plasmon resonance wavelength, the nearfield around the
NP is strongly enhanced, resulting in an increased absorption cross-section of vicinal fluo-
rophores, which, consequently, enhances excitation and emission efficiency. Fluorescence
is strongly quenched in the directly adsorbed molecules on the metal surface, but at a
few nanometer distances, fluorescence can be strongly enhanced. The second process is
the increased radiative decay rates of molecules due to coupling with metal NPs. Here,
the excited state fluorophores may transfer their energy to surface plasmons, resulting
in an increased decay rate and emission intensity from the metal-fluorophore complex
system. This improves both the fluorescence intensity and photostability (less time in an
excited state) of the molecule or fluorophore. In addition, MEF is confined to a volume
surrounding the plasmonic particle and, hence, greatly limits the background signal from
freely diffusing molecules. Thus, the interaction between a fluorophore and metal NPs,
in general, may lead to the quenching of fluorescence or its enhancement depending on
various parameters such as fluorophore-metal distance and relative orientation, shape
and size of metal NPs; spectral overlap between LSPR modes; and fluorophores [178-180].
Chen et al. studied DNA linkers for the attachment of dye molecules to silver nanoprisms.
They analyzed the near-filed effects leading to the enhancement in fluorescence intensity as
a function of the spectral overlap between the LSPR resonance of silver nanoprisms and
the dye’s emission and absorption spectra [181]. A detailed mechanism of MEF is available
in a wealth of literature covering various possible mechanisms and factors responsible for
the enhancement. A schematic depicting processes in MEF is shown in Figure 17 in terms
of the spectral overlap of a fluorophore and a metal NP [16].
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Figure 17. Depiction of MEF. (a) If the plasmon overlaps with the absorption of the fluorophore, an
excitation enhancement is possible. (b) If the plasmon overlaps with the emission of the fluorophore,
an emission enhancement is possible. Reproduced with permission from [16]. Copyright 2015, Royal
Society of Chemistry.

Numerous AgNPs based fluorescence enhancement methods have been reported in
the literature with experimental and theoretical validations [182-184]. Several reviews
highlight the critical applications of these methods for sensing [18,185,186]. Lin et al. pro-
posed a silver nanoprism-based MEF sensor for the detection of sulfides in an aqueous
solution. Atto550 has been used as a fluorophore attached via polymer COOH-PEG-SH
and a streptavidin-biotin bond to silver nanoprisms. A series of nanoprisms were tested
with resonance wavelength tuning in the range 500-900 nm. The highest enhancement
in the fluorescence intensity was 10-fold, and it was obtained for prisms with an LSPR
wavelength of 570 nm [187]. Ray et al. also demonstrated a several-hundred-fold flu-
orescence enhancement in Cy5 dye assembled on a silver NPs-dielectric-mirror (PDM)
substrate. They elucidate the importance of single-molecule spectroscopy through these
kinds of ensembles with a several-fold enhancement in fluorescence intensity and an
up-to-10-fold enhancement in the decay rates of Cy5 [184]. Similarly, a core-shell silver-
poly(3-acrylamidephenylboronic acid-co-acrylic acid) (Ag@PAPBA-PAA) structure was
reported for pH and glucose sensing, incorporating porphyrin molecules (Por4+) as a fluo-
rophore. The schematic of the fluorescence response and fluorescence spectra are shown in
Figure 18. The response clearly indicates the distance-dependent fluorescence enhancement
mechanism due to the swelling and shrinking of the PAPBA-PAA shell in response to the
increased glucose concentration or pH [188].

Similarly, aptamer-modified AgNPs were used for the fluorescence-based detection
of single and multiplexed proteins. The sandwich assay of aptamer-coated AgNPs as
capture probes, as well as fluorophore-labeled aptamers as detection probes, improved
the detection limit of thrombin and platelet-derived growth factor BB (PDGF-BB) by 80 or
8 times, reaching 21 pM and 625 pM, respectively. A schematic of the sandwich-type assay
for multiplex detection is shown in Figure 19a, and the corresponding fluorescence readout
for varying concentrations of thrombin and PDGE-BB is shown in Figure 19b [189].
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Figure 18. (a) Schematic illustration of the swelling—shrinking Ag@PAPBA-PAA hybrid nanoparticles
with pH- and glucose concentration and the corresponding controllable MEF effects. (b) Fluorescence
spectra of the Por4+/Ag@PAPBA-PAA nanocomposite as tuned by (i) various glucose concentrations
and (ii) the pH of the environment. Reproduced with permission from [188]. Copyright 2012,

American Chemical Society.

As ordered metallic arrays have been found to be better substrates as compared to
aggregated or randomly prepared nanoparticle suspensions, Ag nanorod arrays prepared
with GLAD have also been explored for effective MEF substrates [190,191]. Enhancement
factors have been analyzed in detail with a number of branches in zigzag Ag nanorod
arrays. The detection limits of 0.01 pM have been achieved with an enhancement factor of
28 considering the hybridization of two oligonucleotides containing 33 base pairs using
Alexa448. Here, the plasmon resonance of the nanorods may be tuned by varying their
size to have a good spectral overlap with the fluorophore. Thus, it was concluded that
a maximum 14-fold enhancement can be achieved for 7-fold zigzag nanorods due to an
increase in the scattering intensity of the emission wavelength of the fluorophore and with
an increase in the nanorods’ folding number. Several other sensors for the detection of
insulin [192], heparin [193], proteins [194] and tetracycline [195] have been reported based

on silver nanostructured MEF.
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Figure 19. (a) Schematic for an aptamer-modified AgNP-based sandwich assay for multiplexed
protein (thrombin and PDGF-BB) detection. (b) Fluorescence images for the multiplex analysis of
the mixture of thrombin and PDGF-BB in different concentrations. Reproduced with permission
from [189]. Copyright 2016, Elsevier.

3.4. Surface-Enhanced Infrared Absorption (SEIRA)

Infrared (IR) spectroscopy measures the vibration of molecular bonds by considering
the absorption in the mid-IR spectral region (3000-600 cm ™). IR spectra are intrinsically
endowed with the chemical fingerprint of the molecule and, hence, may be leveraged for the
direct measurement of molecular mechanisms. However, conventional IR spectroscopy has
limitations such as low sensitivity and difficulty measuring aqueous solutions due to the IR
activity of water. The enhancement of IR absorption in the molecules adsorbed on metallic
nanoparticle surfaces is referred to as surface-enhanced infrared absorption spectroscopy
(SEIRAS) and can significantly overcome the limitations of IR spectroscopy. The first
study on SEIRA was reported after almost a decade of SERS by Hartstein et al. [196]. The
mechanism of enhancement is quite similar to the SERS phenomenon, as Raman and IR are
just two complementary vibrational spectroscopies. The detailed mechanism can be found
in a number of review articles, chapters and books dedicated to this topic [19,197-199]. Of
note, the localized EM field around metal NPs and the charge transfer between the molecule
physiosorbed or chemisorbed on the surface of metal NPs give rise to a 10-1000-fold
enhancement of IR absorption as compared to conventional techniques. Although the
enhancement factors are much lower than SERS, the much higher infrared absorption
cross-section compared to Raman scattering has maintained the interest of researchers in
this field. Depending on the polarization and angle of incidence of the IR light, enhanced
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spectra may be collected in the attenuated total reflection mode (ATR), the transmission
mode or the diffuse reflection mode.

The potential of SEIRA has been recently explored over citrate-stabilized AgNP sub-
strates for the identification of microorganisms: Candida albicans (C. albicans), Escherichia
coli (E. coli) and Staphylococcus aureus (S. aureus). It was concluded that SEIRA provides
more explicit molecular information about these species as compared to conventional FTIR
spectroscopy [200]. Similarly, a novel chalcogenide waveguide sensor using Ag-island
film was reported exploiting SEIRA for the detection of the gaseous and liquid phases.
Various thicknesses of Ag-island film were fabricated for the best sensing performance, and
it was found that a 1.8 nm thickness provides the best results. The absorbance enhancement
factors of >1.5 for ethanol (CoHgO) at 1654 nm and >2.3 for methane gas (CHy) at 3291 nm
were also obtained. Lift-off and GLAD were used for the fabrication of this SEIRA waveg-
uide sensor [201]. The application of this sensor for shale gas measurement was reported,
which is very useful for exploring natural resources. Similarly, an ATR SEIRA analysis of
fatty acids was also successfully performed on silver nanoparticles [202]. Apart from this,
many recent review articles have covered the field of biosensors using SEIRA [203,204].
The aforementioned plasmonic sensing techniques and their applications are summarized
in Table 1.

Table 1. Ag-based plasmonic sensing techniques and their applications for sensing various analytes.

Sensing Technique Ag Substrate Structure Sensing Method Sensing Layer Analyte Ref.
SPR Thin film Thermal evaporation ZnO/CNT nanocomposite Catechol [118]
SPR Thin film Thermal evaporation SnO; thin film Ammonia gas [86]

LSPR Nanoparticles Chemical reduction PAH capped Ag NPs Hydrogen peroxide [123]
SPR/LSPR Thin film and NPs Thermal evaporation Cholesterol oxidase in polya.crylamlde Cholesterol [128]

and chemical gel and graphene oxide
SPR Thin film Thermal evaporation Anti-NS1 antibody over SAM layer Dengue [129]
LSPR Nanotriangle array NSL and e-beam ACE2 protein SARS-CoV-2 [130]
evaporation
SPR Thin film Thermal evaporation MIP Erythromysin [140]
LSPR AgNPs Chemical reduction MIP -] [142]
SERS AgNP film Chemical Closely packed AgNP film on quartz Ccv [164]
SERS AgNPs Chemical AgNPs m.o&.ilﬁed by brpmlqe ions, SARS—COV—Z/ HIN1 1nﬂuenza 11671
acetonitrile and calcium ions virus, Human adenovirus-3
SERS AgNR array GLAD AgNR array embedded in PDMS Thiram [148]
SERS AgNR array GLAD AgNR array on glass Dengue [165]
SERS AgNR array GLAD AgNR array on glass HIV-1 [166]
SERS Zigzag Ag-Al array GLAD Ag—Al zigzag array on glass BPE [96]
SERS AgNR bundles NSLand Porous AAQ coated with AgNR Phenolic pollutants 1751
electrodeposition bundles
SERS Ag nanotriangles Chemical reduction Ag nanotriangles on silicon Picric ac1d§igdatae mmonium [153]
ATTO550 attached via
SEF Ag nanoprisms Chemical reduction COOH-PEG-SH and Sulfides [187]
streptavidin-biotin
SEF AgNPs Sputtering AgNPs on silica Cy5 [184]
SEF AgNPs Chemical Ag@PAl’BA-l?AA gel embedded with pH and glucose [188]
porphyrin as a fluorophore

SEF AgNPs Chemical Aptamer-modified AgNPs Thrombin and PDGF-BB [189]
SEF AgNR array GLAD Biotin-coated AgNRs Neutravidin and DNA [190]
SEIRA AgNP suspension Chemical AgNP direct detection C. albicans, E. coli, and S. aureus [200]
SEIRA Ag nanoislands film GLAD Direct detection by Ag nanoislands Ethanol and methane gas [201]
SEIRA AgNPs Chemical Direct detection Fatty acids [202]

4. Conclusions and Outlook

In the current scenario, most of the research on nanotechnology has somehow moved
toward the involvement of plasmonics due to the attraction capability of plasmonic nano-
materials for light confinement and manipulation. In other words, plasmonic metal nanos-
tructures act as optical antennae to covert light into localized electric fields and route it to a
desired location with nanometric precision. This field is growing so profoundly that the
entire fraternity of nanoscience is engaged in understanding more insights into the phe-
nomenon and also in developing new technologies employing this extraordinary feature.
In this review article, we exclusively discussed the most competent candidate, Ag, among
all plasmonic materials. Although Au is an equally accepted metal, we have emphasized
the choice of Ag over Au. The outstanding plasmonic response in the desired spectral
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range and the cost-effectiveness have overpowered the issues of biocompatibility and the
stability of Ag nanoparticles. Different facile synthesis methods have also played a vital
role in making it more accessible. Here, major techniques for AgNP chemical synthesis and
physical deposition have been discussed and reviewed to date. Recent developments in the
field of controlled synthesis and the assembly of Ag nanostructures involving nanoskiv-
ing and DNA origami are still motivating researchers to unravel the new dimensions of
plasmonics and its applications.

The localized plasmonic electric field resonating with external light has enriched spec-
troscopic techniques, e.g., Raman, fluorescence and UV-vis. Therefore, metal nanoparticles
enable surface-enhanced spectroscopy such as SERS, SEF and SEIRS, which are emerging
as techniques for the sensing and detection of chemicals and biomolecules. They have been
found to have promising applications in numerous fields. In this article, we tried to cover
the applications of silver nanostructured substrates in the above techniques with major
emphasis on SPR and SERS-based plasmonic applications, e.g., biosensing, environmental
monitoring, security and food safety. It is now well understood that the limits and commer-
cial applications of plasmonic sensors can be pushed with an in-depth understanding of
the underlying theoretical principles of each of these techniques. Each technique has its
own limitations and advantages, which must be carefully taken into account to develop
the final prototype for a particular application. The commercialization of SPR-based sen-
sors is promoted due to their high sensitivity and the miniaturized devices facilitated by
optical fiber substrates. However, the realization is still limited by their reusability and
durability due to the requirement of designing the specific sensing layer. Fluorescence-
enhancement mechanism caused by metals provides a boost to the well-established field of
fluorescence and FRET-based sensing, improving their sensitivity and providing low-cost,
easy-to-handle, readily available commercial systems. However, the low quantum yield of
visible fluorophores and tuning the metal NP—fluorophore distance in such systems remain
challenges to be addressed in order to carefully avoid fluorescence quenching and to realize
enhancement. Similarly, SEIRA sensors have gained advantages from the enhancement
of IR signals by metals up to the order of 104, but they are still limited by the inherited
properties of IR spectra, such as interference from aqueous solutions due to the strong IR
signal from water. Among all the surface-enhanced spectroscopies, SERS has proven to be
the most reliable and sensitive technique, as it can provide the direct fingerprint of target
chemical species, avoiding any interference possibilities. This has enormously guided re-
searchers all over the globe to explore SERS-based sensors for a plethora of applications. As
Raman spectrometers are generally large and expensive, this has limited the point-of-care
devices based on SERS as compared to the compact instrumentation required for SPR and
SEF studies. Thus, now the research is focused on miniaturizing SERS-based systems by
developing paper-based substrates, microfluidic platforms and palm-sized spectrometers
to commercialize SERS as a promising detection tool.

Thus, plasmonics has emerged as an important fundamental science for resourceful
technologies. Apart from sensing, many new applications for metal NPs are rapidly emerg-
ing in the fields of plasmonic catalysis, circuitry and quantum computing. The plasmon
decay in metals generates highly energetic electrons (hot electrons) and localized heating,
which can be utilized in many ways, such as modulating various chemical reactions and
the conversion of solar energy to chemical energy. Water splitting, hydrogen, oxygen
generation, CO; reduction and many more make up the attraction to plasmonics nowadays.
The fast-paced growth of plasmonics is evidence of its versatility in next-generation techno-
logical solutions for society, and it still inspires researchers worldwide with open questions.
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Abstract: In today’s world, the use of biosensors occupies a special place in a variety of fields such as
agriculture and industry. New biosensor technologies can identify biological compounds accurately
and quickly. One of these technologies is the phenomenon of surface plasmon resonance (SPR) in
the development of biosensors based on their optical properties, which allow for very sensitive and
specific measurements of biomolecules without time delay. Therefore, various nanomaterials have
been introduced for the development of SPR biosensors to achieve a high degree of selectivity and
sensitivity. The diagnosis of deadly diseases such as cancer depends on the use of nanotechnology.
Smart MXene quantum dots (SMQDs), a new class of nanomaterials that are developing at a rapid
pace, are perfect for the development of SPR biosensors due to their many advantageous properties.
Moreover, SMQDs are two-dimensional (2D) inorganic segments with a limited number of atomic
layers that exhibit excellent properties such as high conductivity, plasmonic, and optical properties.
Therefore, SMQDs, with their unique properties, are promising contenders for biomedicine, including
cancer diagnosis/treatment, biological sensing/imaging, antigen detection, etc. In this review, SPR
biosensors based on SMQDs applied in biomedical applications are discussed. To achieve this goal, an
introduction to SPR, SPR biosensors, and SMQDs (including their structure, surface functional groups,
synthesis, and properties) is given first; then, the fabrication of hybrid nanoparticles (NPs) based on
SMQDs and the biomedical applications of SMQDs are discussed. In the next step, SPR biosensors
based on SMQDs and advanced 2D SMQDs-based nanobiosensors as ultrasensitive detection tools
are presented. This review proposes the use of SMQDs for the improvement of SPR biosensors with
high selectivity and sensitivity for biomedical applications.

Keywords: surface plasmon resonance; biosensor; smart MXene quantum dots; biomedical

1. Introduction

The rapid improvement of technology, in line with the growing needs of modern
societies in today’s world, has paved the way for the development of the factors involved
and lifestyles. Sensors are devices that help researchers in various fields such as industry,
agriculture, etc. to achieve certain goals by measuring predetermined parameters. Biosen-
sors are a special category of sensors used to study and detect chemical and biological
parameters. The diagnosis of diseases, the discovery of new drugs, and the identification
of contamination by biological factors such as DNA, proteins, antibodies, enzymes, and
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viruses are performed by systems called biosensors. Based on their operation, these sensors
are classified into mechanical, chemical, electrical, and optical groups. Apart from these,
optical biosensors are divided into labeled and label-free sensors [1-3]. Optical biosensors
have several advantages, including high sensitivity and insensitivity to electromagnetic
interference. Optical biosensors have also covered a wide range of substrates, including
SPR, localized surface plasmon resonance (LSPR), interferometers, ring amplifiers, etc. [4].
There are certain types of biosensors that use light sources and light guidance based on
different methods to achieve detection and detection objectives. One of the most common
types of these sensors are biosensors that use plasmonic sensing in the design of their struc-
ture and are referred to as surface plasmon resonance biosensors. SPR biosensors stimulate
the phenomenon of the oscillation of electrons in the metal-dielectric junction when their
rate of motion matches the rate of motion of the incident light. This category of sensors
is of interest to many researchers and scientists in this field due to their small size and
optimal sensitivity [5,6]. Therefore, the development of SPR biosensors can be an important
area of research to find chemical and biological substances that cause diseases or have
negative consequences [7-9]. One of the most important aspects in the development of SPR
biosensors may be the accurate detection of ‘target molecules’ to prevent the occurrence
of disease and facilitate early medical therapy. Ultimately, this will accelerate therapeutic
efficacy [9-11]. To this end, high selectivity and sensitivity are the most important prop-
erties to be considered in the development of SPR biosensors. Numerous nanomaterials,
including metal NP and transition metal dichalcogenide (TMD) NP, are being investigated
for the development of SPR biosensors [12-15]. Although metal NPs have been more
commonly used in the past [16-19], after the discovery of carbon nanomaterials, such as
graphene, these nanomaterials showed a more efficient performance than current metal
NPs [20-23], and their biocompatibility can render them suitable for monitoring cell-size
conditions [24-26]. However, the development of new nanomaterials for SPR biosensors
is possible because the demand for nanomaterials with exceptional properties and effi-
cient performance is constantly increasing. 2D nanomaterials, such as smart MXene, are
becoming increasingly popular due to their special properties, such as physical, electrical,
and chemical properties [27,28]. The term ‘smart MXene’ has been used by a number of
researchers for MXene-based hybrid materials, indicating their unique application-related
properties. Such unique compounds make MXene a potential candidate for the fabrication
of transparent conductors. MXenes offer transmittance up to 95% in the visible and UV
regions with very low sheet resistance (up to 0.01 kO per square). Due to their excellent
mechanical properties and tunable optical properties, MXenes can be used as transparent
conductive electrodes for touchscreen applications, various sensors, light-emitting diodes,
and flexible displays [29-31]. Among the nanomaterials for SPR biosensors, SMQDs attract
much attention due to their great potential and exclusive properties in developing SPR
biosensors [32-34]. SMQDs are 2D inorganic compounds composed of transition metal
carbides and possess a significant atomic layer thickness. Their exceptional properties
include high conductivity and plasmonic and optical qualities [35-38]. SMQDs can be used
in biomedical applications due to their biocompatibility. [39-42]. This new nanomaterial
is now the best option for the development of SPR biosensors in biomedical applications,
based on the present research to improve SPR biosensors. The main objective of this review
is an ultra-sensitive plasmon resonance nano biosensor on a surface based on SMQDs for
biomedical applications. This article is divided into three topics: an introduction to SPR
and SPR biosensors; explanation and characteristics of SMQDs; and SPR biosensors based
on SMQDs. Accordingly, this review clearly presents the characteristics of SMQDs for
the development of SPR biosensors and their biomedical applications. In summary, the
team believes that this article can highlight current research directions as well as ways to
utilize SMQDs for the efficient improvement of SPR biosensors with a high selectivity and
sensitivity in biomedical applications.
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2. SPR

SPR refers to the collective oscillations of electrons on the surface of metal nanostruc-
tures that occur in response to an external stimulus such as light or a charge. When the
particle size reaches the order of nanometers, the electron can spontaneously accelerate
on the surface of the particle and absorb electromagnetic waves of a certain wavelength; a
schematic of this phenomenon is shown in Figure 1a [43-45]. The solutions of nanoparticles
of rare metals such as silver and gold (which have a high conductivity) often show a strong
absorption band in the visible spectrum. When the solution of these nanoparticles with the
same size range is exposed to electromagnetic radiation, part of the radiation is scattered,
and part of it is accelerated by the free electrons of the nanoparticles; therefore, in this
phenomenon, certain frequencies are absorbed, resulting in an enhancement of the electron
resonance and appearing as a strong peak in the visible region. The shape and frequency of
the resonance spectrum depend on the size, shape, and distance between the nanoparticles
and their dielectric properties but, most importantly, on the dielectric properties of the
environment in which the nanoparticles are located [46-48]. Figure 1b shows the steps of a
typical SPR method. Each sensor-level measurement begins with the selection of a suitable
buffer solution, which is the most basic task before starting the association process. At this
stage, the sensor surface contains active ligands ready to accept the target analytes. By
injecting the solution containing the analytes, the association cycle begins. If the correct
ligands are not selected, special bonds can form between the ligands and the analytes
after the solution has passed, leading to the instability and detachment of the ligands from
the surface. In this step, the kinetic energy resulting from the interaction of analytes and
ligands is measured in real time. In the next step, a solution is brought into contact with the
sensor surface to regenerate the initial state. As shown in Figure 1b, this step destroys the
non-specific binding elements so that the mass accumulated on the surface can be recovered
from the sensor reaction. At this stage, analyte dissociation also begins, and the kinetic
energy of the dissociation process can be studied. Finally, the regeneration solution is
injected, breaking the link between ligands and analytes. If the ligands are properly placed
on the surface, they will remain on the surface after passing the regeneration solution as
the analytes are gradually removed [49,50].
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Figure 1. (a) Schematic of the surface plasmon (electronic cloud) resonated due to the electric field.
(Reprinted with permission [51]. Copyright © 2016, The Author(s). Licensee: IntechOpen.) (b) Steps
in a typical SPR method. (Reprinted with permission [49] Copyright © 2020 by the authors. Licensee
MDPI, Basel, Switzerland).
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Biosensor Using SPR

The light beam propagates in a medium with a larger refractive index n1 and reaches
the common section of a material that has a lower index with a refractive form than the first
medium, i.e., 11y (117 > 113). At an incidence angle greater than the limit angle (), the light is
completely reflected and returns to the environment with a higher refractive index [52-55].
Additionally, no energy is lost during the reflection of the beam, and the light beam causes
the penetration of an electric field intensity into the material with a low refractive index,
which is introduced as an evanescent wave. The ‘P-polarized’ component of the evanescent
subject can penetrate the metal layer and excite electromagnetic surface plasmon waves
that are propagated inside the conductive surface associated with a material with a low
refractive index if the total internal reflection interface is covered with a layer of appropriate
conductive materials, such as metal with an acceptable thickness. This ‘surface plasmon
wave’ has P polarization for a non-magnetic metal, namely, ‘gold’, and because of its
electromagnetic properties and diffusion surface, it generates an amplified evanescent wave
in comparison to incident electromagnetic waves. If the size and directions of the ‘photon
wave’ vector kx and the plasmon wave vector ksp are equal for waves of the same frequency,
an amplified evanescent field is produced. When this condition occurs at the landing angle
0, the ‘intensity of reflection” at the angle 6 can be zero due to the conversion of the energy
into a ‘surface” electric field. With increasing penetration into the thinner material n2, the
loss in this evanescent field wave’s amplitude is approximately half the wavelength of
its resonance away from the surface. To put it another way, the field loss for visible light
is of the order of several hundred nanometers. As a result, just the quenching zone is
used to investigate analyte molecules. The SPR biosensor is a group of optical biosensors
that have advantages such as real-time detection, a short response time, the simultaneous
detection of several types of analytes, and non-labeled sensors [56-59]. Exciting surface
plasmon waves and their characteristics depend on the electromagnetic properties of the
dielectric metal interface. Resonance coupling causes a valley in the reflection spectrum
at the SPR resonance angle. SPR biosensing can be obtained by the absorption of ‘target
analytes’ on the metal surface and dependent changes in the wavelength and intensity in
reflected light. These optical changes can rely on alterations in the refractive index due
to the phenomenon of surface absorption. Figure 2 shows the basis of SPR biosensors.
The high sensitivity to alterations in the features of the dielectric is caused by the transfer
of incident light energy to the ‘surface plasmon wave’ and the resulting high density of
the electromagnetic field in the dielectric near the metal layer. The gold metal layer’s
penetration depth of 200-300 nanometers offers the chance to detect minute variations
in the thickness or ‘refractive index’ of layers on the surface of the metal [60-62]. The
resolution limit of SPR biosensors provides the possibility of detecting surfaces with an
approximate coverage of 1 picogram/mm [63,64]. Currently, SPR-based biosensors are
the most commercialized type of optical biosensors; they usually have large dimensions
and high prices and are suitable for laboratory use [65-67]. The technology of surface
plasmon resonance sensing as a detector or diagnostic has developed rapidly and has now
become an effective tool for direct monitoring and, especially, the analysis of biomolecular
interactions. It is also widely used for interactions of biological molecules such as protein—
protein supplements, drugs—protein, nucleic acid—-protein, nuclear acceptor-DNA, and
DNA-DNA. Its fields of application include immunodiagnosis, signal transduction, drug
screening, antibody conjugation, and protein conformational changes (Table 1) [56,68].

112



Biosensors 2022, 12, 743

Analyte Protein

/1 Evanescent field
o © M ﬂ < Vo )
mobillzed Protein A
Ftlnnol:mme Blnckm -
(o] NH (|)
Amine Groups <« Yﬁ S —> Thiol Groups
T il o +_) K

Gold Disk Plasmon|wave

—> Immersion oil

T

<— Reflected Light
SPR Angle ®

Lighf Source

Figure 2. The functionality of SPR biosensors. When the analytes interact with the ligands fixed on
the ‘surface’, the dielectric index on the gold ‘surface’ changes, and the reflection maximum is seen at
a different angle. This angular shift is the result of the interactions between the analyte and the ligand.
(Reprinted with permission [69]. Copyright © 2020, Authors. Exclusive licensee: Bio-protocol LLC.)

Table 1. Applying surface plasmon resonance biosensors in medical diagnosis.

Field Detection Species Ref.
Virus marker Ebola, Hepatitis B virus [70,71]
Cardiac marker Myoglobin [72]
Medical diagnostics Drug Warfarin, Morphine [73,74]

Cancer marker Ir\terleu'k mn 8 . [75,76]
Prostate—spec1ﬁc antigen

3. SMQDs Structure

The aging of the ‘MAX -phase’ ‘A’ layers leads to a layered structure of SMQDs, a
new class of 2D materials. These MAX phases consist of a large family of nitrides as well
as carbonitrides with the chemical formula nAX M;,,1, where ‘M’ stands for the primary
transition metal (such as Sc, Zr, HE, V, Nb, Mo, Ta, Cr) in layer n + 1, ‘A’ stands for an
element from the periodic table (usually group 13 or even 14), and ‘X’ stands for carbon
as well as ‘nitrogen’ in layers X. [77-80]. In Figure 3, all constituent elements of the phase
MAX are marked with different colors.
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Figure 3. Periodic table of the elements that make up the ‘"MAX’ phases as well as SMQDs: M:
metals with early transition, I: ‘Group A" element, X: C as well as Tx, and N: ‘surface function group’.
(Reprinted with permission [81]. Copyright © 2021, The Author(s).)

Here, ‘n’ can take the numbers 1, 2, and 3. By changing n from ‘1" to ‘3", SMQDs
contain layers between three and seven layers of atoms for ‘M2x’, ‘M3 x 2’, and ‘M4 x 3’,
respectively [82,83]. As shown in Figure 4, during the etching process, the group A element
from the MAX phase is replaced by surface groups such as oxygen (—0), hydroxyl (—OH),
and fluorine without destroying the MX layers by suitable chemicals [84,85]. In several
studies, TizC,Tx with a surface termination group of -Cl has also been observed, and the
general formula is My, X Tx, where T is the symbol for the surface groups [86-88]. MAX
has ‘layered’ structures in which the bonds between the layers are weaker than the bonds
in the layer [89,90]. In other words, the bonds between M and X are a mixture of ionic
and covalent bonds, which can be much stronger than the bonds between M and A [91,92].
As a result, the bond between M and A is decomposed at high temperatures, and the 2D
structure My, 4 1 Xy, is formed. Upon deformation, they become laminated and exhibit a
combination of unusual and sometimes unique properties that are intermediate between
those of ceramics and metals. For example, like metals, they are capable of conducting
electricity and heat, and they can be hard, brittle, and heat-resistant [93,94]. In addition, they
are resistant to chemical agents and thermal shocks. However, these ceramics are fabricated
as 3D materials, and one of the first experiences with their 2D fabrication is due to ‘2D
Ti3Cy" nanoplatelets. Researchers attempted to remove aluminum from titanium aluminum
carbide (Ti3AlC;) powder by placing it in hydrofluoric acid. Through a chemical process
called exfoliation, 2D Ti3C2 nanoplatelets were thus obtained [95,96]. The interesting thing
about SMQDs is the naming of this substance. This material is produced from a bulk crystal
called Max with the suffix ‘ene” added to the end, similar to graphene [97,98].
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Figure 4. Etching of the MAX phase and creation of SMQDs with surface groups. (Reprinted with
permission [99] Copyright © 2021 by the authors. Licensee MDPI, Basel, Switzerland.)

3.1. Functional Group on the Surface of SMQDs

Surface end groups that are —OH or —O replace the A layers by the chemical etching
of the MAX phase to produce SMQDs. In these materials, two to four M layers are
interspersed with layers of C (carbon) or N (nitrogen) in the clever MXene QD structure.
Unlike graphene, the surfaces of these materials have functional groups, —O or —OH,
that make them hydrophilic. These surface groups are strongly dependent on the etching
technique [100,101]. For example, TisC,Tx etched with HF has four times more ‘F-functional
groups’ than the material etched with a LiF mixture [102,103]. These functional groups also
have a great impact on the detection of the electronic functions of SMQDs. For example, it
has been shown that both —F and —OH functional groups on the surface of Ti3C; lead to
a semiconductor behavior with a band gap of 0.05 to 0.1 ev, while TizC, without surface
termination exhibits a metallic behavior [104,105]. Moreover, surface functional groups
can influence the energy storage application of SMQDs. For example, density functional
theory studies confirm that Ti3C, without functional groups stores more lithium ions than
its counterpart with a fluorine functional group (TizC,F) because the surface functional
groups block lithium adsorption [106,107].

3.2. SMQDs Synthesis

The synthesis of SMQDs by precursors is called the top-down method. Depending
on the type of precursor, i.e., either MAX or not MAX, this method is divided into two
subgroups [100,102]. The most common SMQD precursor is a part of 3D layered carbides
as well as nitrides, called the SMQD phase [108,109]. In the precursor materials of the
MAX phase, such as M1 AIX; or M;,,15iXy, various etching methods are used to break
the bonds within the layers and replace the individual elements Al and Si with surface
groups [110,111]. Layered materials, where the ‘layer-to-layer’ bonding is not significantly
stronger than the bonding between layers, are divided into one or more atomic layers
to produce 2D materials. Ghidiu and co-workers [107] argued in 2014 that MAX can be
etched with a solution of lithium fluoride and hydrochloric acid or with various amounts of
hydrofluoric acid. Table 2 lists various approaches for the synthesis of SMQDs. In general,
experimental factors such as the etching time, the particle size of the MAX phase, and the
acid concentration used affect the better performance in the preparation of higher-quality
SMQDs [33]. Recently, some non-Mex phase precursors have been used to fabricate MXs.
For example, Zr3Al3Cs has been used as a precursor, although its constituents are similar
to those of Al-bonded MAX phase precursors; however, in this precursor, an ‘Al-C’ layer
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is etched instead of a pure ‘Al’ layer to produce MXene Zr3C; [112,113]. Considering that
both the constituents of the composition and the surface end groups can be changed, the
properties and characteristics of SMQDs can also be easily modified [114,115].

Table 2. A summary of the different SMQDs synthesis methods.

SMQDs Functionalization(s) Synthesis Method of SMQDs Ref.
Manganese oxide (MnOx), ‘soy bean’ .

TayCs phospholipid (SP) HF etching [116]
Ti3Cy Poly ‘“lactic-co- glycolic acid” (PLGA), SP, IONPs HF etching, TPAOH intercalation [117]
TiO,-TizCy Hemoglobin (Hb), Nafion Hydrothermal synthesis [118,119]
Ti3Cy Cobalt nanowires (CoNWs), Dox LiF + HCl etching [120]
TizCy QDs - Hydrothermal synthesis [121]
TipN QDs SP KF + HCl etching, sonication in NMP [122]

HF etching, TPAOH sonication
Nb,C QDs - (ultrasoundassisted) [123]

3.3. Characteristics and Features of SMQDs

The SMQD material has very interesting properties; for example, although it falls into
the category of ceramics, unlike many others, it has good electrical conductivity, which makes
it suitable for biomedical applications. The electronic properties of SMQDs are of particular
importance because they can be tailored by changing the ‘elemental” composition of the
SMQDs or the surface functional groups. Other factors such as the band gap can also affect
the electronic properties of SMQDs. Unlike graphene, SMQD is hydrophilic, which can be
very advantageous in many applications. It is also flexible, pliable, and soft. Because of these
properties, it can be formed into complex shapes (its use in the form of a tube or a sheet for
materials with a conductivity as high as that of metals is very undesirable) [124,125].

3.4. Preparing Hybrid NPs Using SMQDs

A SMQDs composite with tiny magnetic Fe3O4 NPs with a size of about ~4.9 nm
(Ti3CyTx/Fe304/TiO,) was prepared in an ‘aqueous’ solution of vitamin C and Fe®* salt
for 5 h at 150 °C in a stainless steel autoclave with Teflon coating by the hydrothermal
method. It is also possible to selectively enrich different biomolecules/antigens based on
affinity interactions through these hybrid magnetic NPs. Another interesting alternative for
nanocomposites is the combination of SMQDs sheets and metal NPs, which are modified
by crosslinkers to detect target molecules due to their strong affinity for SMQDs or other
biomolecules [126-128]. SMQDs/metal nanoparticle-based nanocomposites can be pre-
pared using an external reducing agent such as NaBH, or the reduction of noble metal salts.
To form particles showing surface-enhanced Raman spectroscopy (SERS), the spontaneous
reduction of metal salts such as silver, gold, and palladium is applied to Ti3C,Tx SMQDs
sheets [129] to form NPs. In addition, it is possible to increase the detection sensitivity of on-
comarkers such as microRNA using an AuNP/SMQDs composite [130]. The composite has
also been used to detect important small bioactive compounds [131] and electrochemical
catalysis [132]. The formation of a composite with SMQDs is also possible using graphite
oxide as another 2D material, and such a composite for sensor-based applications leads to
the maintenance of the biological activity of hemoglobin even after inkjet printing, as well
as the stable and efficient electrochemical detection of H,O, [133].

4. SPR Biosensors Based on SMQDs

Along with other 2D materials, SMQDs are a potential biosensor application material.
In biosensing, the unique benefits of SMQDs include their biocompatibility and minimal
cytotoxicity. In addition, MXenes provide a wide adsorption range for optical detection and
enhanced DNA interaction [134,135]. MXenes are also related with metallic conductivity,
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intrinsic surface functionalization, and hydrophilic characteristics, all of which may increase
the efficacy of SPR biosensors based on MXenes. The features of MXene that make it necessary
for biosensors are summarized in Figure 5a. TizC,, among other compounds, has been
extensively documented. Few studies have been conducted on additional MXenes and their
composites with metallic nanoparticles, particularly in immunosensing. Ti3Cp, a member
of the MXenes and titanium families, is used in a variety of applications, including SPR
biosensors. Numerous publications on the diverse uses of Ti3C, MXenes in electrochemical
and optical smart biosensors have been published [136-140]. Although MXenes have been
widely investigated, the biosensor applications of TiyC-MXenes, particularly their composites
with nanoparticles, have received less attention (e.g., Au, Ag, etc.). Wang et al. described
the production and optical characteristics of Ti,C@Au core-shell nanosheets for photonic
applications [141]. Zhu et al. built a bifunctional smart nanosensor platform based on
Au-Ag nanoshuttles (NSs), utilizing Ti,C for the electrochemical and SERS measurement of
ultratrace carbendazim (CBZ) residues in tea and rice for environmental monitoring [142].
The mechanisms behind SPR biosensors based on SMQDs usually utilize the exclusive
“electrocatalytic’ properties of the MXene sheet with respect to the relationship of the ‘target
signal” (Figure 5b) [143]. The electronic properties and current signal change when biological
targets are attached to SMQDs films. The 2D layered nanostructure provides a large surface
area to accommodate biological materials. The electrocatalytic properties change and lead
to a linear response when biological components can be immobilized by functional groups
on SMQDs nanocomposites. SPR biosensors built on smart MXene QDs have impeccable
repeatability, stability, and reproducibility. The use of functional groups enriched on the
surface of SMQDs material could be a potential solution, since non-covalent interactions and
physical adsorption are not sustainable for some biomedical applications. This would allow
for surface bonding in new and controllable ways to alter surface properties [144-148].

Cell Culture Media. \i Target Biomolecules

MXene strips T ﬂ‘

(b)

Figure 5. (a) Schematic representation of the main features of MXenes with regard to their appli-
cation in biosensors. (Reprinted with permission [149]. This journal is © The Royal Society of
Chemistry 2022.) (b) Mechanisms of the SPR biosensors based on SMQDs groups. (Reprinted with
permission [150]. Copyright © 2020, Author(s). Published by IOP Publishing Ltd.)
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5. Advanced 2D SMQDs-Based SPR Nanobiosensors as Ultra-Sensitive Detection Gadgets

The use of biosensing platforms that use nanomaterials or nanostructures with excep-
tional optical, magnetic, electrical, mechanical, and electrocatalytic capabilities promotes the
link between advancing detection and routine testing. Incorporating new multifunctional
nanoscale structures, morphologies, and controlled structures and a large surface-to-volume
ratio enables immobilization in bioreceptors while maintaining biostability, biocompati-
bility, and biodistribution [151]. Therefore, the SPR sensing strategy using nanomaterials
can not only be used as an effective tool for the detection of difficult-to-detect molecules in
the concentration range between pmol and amol, but it also facilitates the improvement of
sensing properties [152]. It is expected that the design of SPR biosensors is promising for
the ultrasensitive and selective detection of cancer. 2D layered materials such as SMQDs
have anisotropic electron transport behavior and a large surface area, which makes them
potential transducer materials for biosensing applications [153-155]. The results of Wu et al.
show an increase in the sensitivity of an SPR biosensor by about 25% with ten graphene
layers [156]. Gupta et al. also investigated an SPR biosensor with graphene and silicon to in-
crease the sensitivity [157], and their results showed a maximum sensitivity of ~134.6° /RIU.
Ouyang et al. investigated an SPR biosensor with MoS, and silicon to increase the sensitiv-
ity [158], and the highest sensitivity was ~125.44° /RIU. Wu et al. investigated a novel SPR
biosensor with Ti3C,Tx-MXene multilayers to increase the sensitivity. According to their
results, the sensitivity can reach 224.5° /RIU [159]. SMQDs nanomaterials exhibit a unique
combination of excellent mechanical properties, an ease of functionalization, an excellent
electrical conductivity, an extremely thin 2D sheet-like morphology, etc. compared to other
2D materials such as graphite carbon nitride, MoS,, and graphene [160,161]. Among the
properties that significantly affect the strength, sensitivity, and selectivity of a biosensor are
the inherent properties of the bioreceptor, including its tendency to be structurally stable
during the operation of the biosensor, the analyte, and the method used to stabilize the
bioreceptor on the surface of the transducer. The bioreceptor component is often attached
to a surface, placing it in close proximity to the transducer. Additional requirements that
must be met for improved biosensor performance include the interfacial density of the
bioreceptor and the distance between the bioreceptor and the transducer (surface). Ap-
tamers, antibodies, enzymes, and protein molecules can be used to influence the design of
biosensors based on 2D SMQDs nanomaterials to improve biocompatibility and increase
the transporter surface area of the biosensor in conjunction with the increased activity
of the catalyst [162-164]. In addition, the implementation of SMQDs as next-generation
diagnostic devices requires a significant improvement in the stability of SMQDs against
oxidation. Biosensors are small, portable analytical instruments that convert a biochemical
process into a quantitative, analytical signal. Because of their high ‘specificity’, small size,
and ease of use, biosensors are the preferred instruments for biological components and
chemical detection. Biosensors consist of two parts: a bio-detection component that uses a
biological element (enzymes, antibodies, nucleic acids, etc.) that interacts with an analyte
in a specific biochemical manner, and transducers in which the interaction is converted into
quantifiable signals. The integration of the bio-receptor into a suitable matrix for the inter-
action between analytes and such receptors are the two main obstacles to the improvement
of biosensors [165]. Chen et al. designed a new SPR biosensor using thiol-functionalized
niobium carbide MXene QDs (referred to as Nb,C- SH QDs) as a bio-platform for the N58
aptamer targeting the N gene. As shown in Figure 6, this biosensor was investigated for
the sensitive detection of the N gene in various complex environments (e.g., human serum).
By the solvothermal method, Nb,C-QDs were obtained from Nb,C-MXene nanosheets and
then modified with thiol groups (Figure 6a). The Nb,C- SH QDs were homogeneously
distributed on the surface of the chip due to the self-assembly effect between Nb2C- SH
QD and the SPR gold chip, and the N58 aptamer was stabilized by hydrogen bonding, r-rt*
stacking, and electrostatic adsorption. In the presence of SARS-CoV-2, it is also possible
to form a G-quadruplex between the N58 aptamer and the N gene of SARS-CoV-2. Thus,
upon binding to the N gene, the structure of the aptamer strands is altered, resulting in
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an increase in the contact area or the distance between the probe molecule and the chip.
These changes were then translated into changes in the SPR signal for the detection of the
SARS-CoV-2 N gene (Figure 6b) [166].
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Figure 6. (a) Synthesis of Nb,C-SH QDs. (b) Fabrication of an Nb,C-SH QD-based SPR aptasensor
for SARS-CoV-2 N-gene detection. (Reprinted by permission [166]. Copyright © 2022, Springer
Nature Switzerland AG. Part of Springer Nature.)

5.1. MXene-Based Electro-Chemical SPR Nanobiosensors

Electro-chemical biosensors can be promising selective tools for detecting cancer dis-
eases in the early stages [167]. SWV (square wave voltammetry), CV (cyclic voltammetry),
DPYV (differential-pulse-voltammetry), and EIS (electro-chemical impedance spectroscopy)
are among the electro-chemical methods [168-170]. ‘Lab-on-chip” biosensors have been
miniaturized instruments used in the biomarker research of tumors, leading to potential
clinical properties. The small volume of analytes, the direct miniaturization, and the opti-
cally absorbing and fluorescent compounds are among the attractive features of biosensors
that use surface nano-architectures with this type of detection. Kumar et al. investigated the
covalent binding of bioreceptors to f-TizC; SMQDs for the electro-chemical detection of car-
cinoembryonic antigen (CEA) as a cancer detector. Single-layer SMQDs (TizC,) nano-sheets
were used with 3-aminopropyl tri-ethoxy-silane. The enhancement of antibodies anchoring
and faster access to analytes are possible by ultra-thin 2D nano-sheets of single/multilayer
TizC, SMQDs. According to the findings, the synthesized biofunctional TizC; SMQDs
have a linear detection range of 0.0001-2000 n.gm L~!, with a sensitivity to approximately
37.9 Ang~! mL cm~2 per 10 years [160]. A conductive support for the immobilization of
aptamer probes is also employed in 2D SMQDs because of their outstanding electrical
conductivity and sizable particular surface areas by a variety of possible binding sites.
Lorenkova et al. investigated the electrochemical performance of Ti3C2Tx-MXenes as
sensors [162]. The results obtained showed that the detection limit of 0.7 nm is comparable
to the best result obtained so far, which is 0.3 nm [171]. However, there are few reports
on SPR sensors integrated with MXene. A recent theoretical study of an MXene-based
SPR sensor showed that the coating layers on the gold film can increase the sensitivity
of the gold-based SPR sensor. An RI sensitivity of 160 was achieved with four layers of
coated gold film at an excitation wavelength of 633 nm, while it was 137 for the devoid
setup [159,172].
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5.2. SMQDs-Based Optical SPR Nanobiosensors

An important technique for the in situ detection of the affinity of various biomolecules
that do not require enzymatic labeling is SPR. SPR optical sensing technology is also useful
for biomolecule detection. To make the SPR optical biosensor specific for the analytes of
interest, they need to be functionalized by bio-recognition molecules (such as proteins,
RNA, DNA, cells, etc.). The adhesion of biomolecules to the optical surface is generally
achieved by chemical bonds such as (3-aminopropyl) triethox-ysilane and N-succinimidyl-4-
maleimidobutyrate [173-175]. In recent years, 2D transition metal dichalcogenides (TMDs),
especially MoS,, have attracted the attention of researchers in various scientific fields
due to their high optical absorption efficiency, high electron conductivity, and tunable
band gap [176,177]. The distinctive features of MoS, that make it a potential material
for the development of biosensor interfaces include the presence of free sulfur atoms, its
hydrophobic nature, and its large surface area [178,179]. In addition, MoS; layers are also
used to inhibit the oxidation of metal layers such as aluminum in SPR biosensors [180].
Additionally, improved operating parameters using nanomaterials have the potential to
develop SPR biosensors [181]. The SPR detection platform offers useful advantages such
as the ease of miniaturization, ‘label-free” and ‘real-time” detections, and rapid detection
for bioassays. Ti3C,Tx SMQDs multilayers improve the applicability of SPR biosensors
due to their absorption [159]. The ‘gold layer’ SMQDs/WS; ‘phosphorus’-based platform,
using a monolayer of each nanomaterial, was shown to be a new SPR ‘sensing material’
with an increased sensitivity of 15.6% compared to bare ‘metal films’ [182]. SMQDs-based
composites such as g-C3Ny/SMQDs AgNPs containing g-C3Ny as a photocatalyst, SMQDs,
and AgNPs as electron mediators enhance the photocatalytic activity. In the interface
modified with the nanocomposite, the decrease in the band gap energy and the increase
in the optical absorption can be observed thanks to the SPR effect of the ‘deposited silver
NP’ [183]. The label-free detection of the bovine serum albumin (BSA) protein using an
alternative method of fiber optic SPR probe activation with antibodies was evaluated by
Kaushik et al. In this new method, gold-coated fibers were first modified with molybdenum
disulfide (MoS;) nanosheets. The developed technique enables the direct and chemical-free
binding of representative antibodies through hydrophobic interactions and also allows
for the amplification of SPR signals by the synergistic effects of MoS; and the gold metal
thin film. The results showed that the sensitivity of the modified MoS, sensing probe was
improved with a detection limit of 0.29 pug/mL compared to the optical fiber SPR biosensor
without MoS, coating [184].

According to Wu et al., employing composites constructed of SMQDs, such as g-
C3N4/SMQDs AgNPs, which include g-C3N4 as a photocatalyst, SMQDs, and AgNPs as
an electron mediator, increases the photocatalytic activity. The band gap energy is decreased
and the optical absorbance is raised at the nanocomposite modified interface as a result
of the deposited silver NPs SPR influence. As a signal amplifier, amino-functionalized
N-TizCp-MXene-hollow gold NPs (HGNPs)—staphylococcal protein A—were employed
for the detection of CEA with a L.O.D of 0.15 fM (linear range of 0.001 to1000 p.M) in SPR
(Figure 7) [185].

Ti,C,-MXene
JAPTES
N-Ti,C,-MXene

Figure 7. Plan of the prepared ‘SPR biosensor” detection method. (Reprinted with permission [185].
Copyright © 2020, The American Chemical Society.)
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6. Biomedical Applications of SPR Biosensors Based on SMQDs

SPR biosensors provide a label-free, sensitive, specific, and rapid detection method
that is preferred for chemical analysis and medical diagnostics [186]. Over the last three
decades, since their beginnings in 1982 as gas sensors [187], SPR biosensors based on 2D
nanomaterials such as SMQDs have emerged as suitable sensing platforms for a wide
range of applications, e.g., in medicine. Various SPR-based configurations have also
been investigated for medical and environmental applications, including SPR biosensors
based on SMQDs and fiber-optic SPR sensors [188-190]. Thus, VDW (Weak van der
Waals) forces combined with strong ‘hydrogen bonding interactions” between ‘surface
functional groups’ cause SMQDs to assemble into stacked 2D layers [191]. Chemical
reactivity and functionalization ability are among the properties of surface functional
groups. In biomedical studies, the level of SMQDs is adapted to various materials suitable
for cancer treatment and diagnosis, biosensing, antigen detection, drug delivery, and
antimicrobial activity (Figure 8) [81]. The medical applications of SMQDs are shown in
Table 3.

‘ Drug delivery

Figure 8. Biomedical applications of SMQDs. (Reprinted with permission [192] Copyright © 2022 by
the authors. Licensee MDPI, Basel, Switzerland.)

Table 3. The medical applications of SMQDs.

SMQDs Applications Ref.
Ti3Cy Detection of curcumin and hypochlorite (CI0™) [193]

TizCy Glutathione detection and photoelectrochemical biosensing [194]

V;,C Quantum dots (Bio)imaging, photothermal therapy, and tumor detection [195]
Ti3C, Bioimaging, macrophage labeling, and Cu?* detection [196]

2D Nb,C-MXenes Photothermal therapy [197]
TizCy Tx-SP Drug delivery [198]

6.1. Detection of Cancer Biomarkers

SMQDs as new 2D nano-materials have the potential to affect aspects of biosensing
such as SPR biosensors in medical applications. Therefore, to detect cancer biomarkers
in ‘blood’, SPR biosensors based on SMQDs offer sufficient sensitivity up to ng-m~! or
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better. In order to simultaneously immobilize biomolecules while resisting non-specific
protein binding, much effort should be devoted to finding suitable decoration strategies
for SMQDs. These criteria state that, due to their distinct physical and chemical features,
SMQDs-based SPR biosensors may be employed to assess complicated substances such as
plasma or blood serum (Table 4) [142]. Additionally, the Ti3C; MXene-based SPR biosensor
in human serum samples exhibits an ultrasensitive cancer biomarker response with a high
recovery, good reproducibility, and good selectivity [161]. Additionally, SMQDs with a
high density of functional groups have an ultrathin 2D nano-sheet morphology that can
optimize biomolecule loading and speed up access to the analyte. In addition to enabling a
larger density of bound biomarkers, which improves biosensor performance, the covalent
immobilization of bioreceptors including enzymes, DNA, and proteins can also enhance
homogeneity and dispersion [199]. Sundaram et al. studied the engineering of MXenes
nitrides and 2D transition metal carbides for the therapy and diagnostics of cancer. The
findings show that electro-chemical devices based on MXene have the ability to detect
cancer biomarkers and have an extraordinarily high sensitivity in identifying the target
analyte [200]. To determine the osteosarcoma cancer biomarker by a microgap dielectrode
sensor, the MXene surface on multiple connection triangles was investigated. The detection
limit and sensitivity were found to be one fM by having good regression co-efficient values
(v = 1.0036% +0.525; R? = 0.978), and a current increase was found when raising the target
DNA concentration. Based on the results of detecting the levels of operating system
complications and the quantification of the survivin gene at a lower level, it can be said that
the microgap device with the dielectric surface of multiple connection triangles modified
with MXene is useful [201].

Table 4. SPR nanobiosensor-based SMQDs to detect cancer biomarkers.

MXene-Based Biosensors Target Biomarker LOD Diagnosis Method Ref.
ssRNA, MoS,, AuNPs, TisCy, GCE, miRNA-182 0.43 fM Electrochemical/DPV [202]
and BSA
PMo12/PPy@Ti3C, T/ Apt/AE OPN 0.98 fg m-L! Electrochemical /EIS [203]
CD63 aptamer that has been tagged 3 . 1 . .

with Cy3 and TisC, MXenes Exosomes 1.4 x 10° particles m-L Ratiometric fluorescence resonance [204]

M B, DNA, HT, HP 1, AuNPs, Ti3Cy, .
BivO,, and GCE VEGF45 33ftM Photoelectro-chemical [205]
MXene/IDE HRP-Au-Ab2-PSA-Ab1l PSA 0.031 ng m-L 1 Electrochemical /EIS,CV [35]
N-TizC, Ty-MXene CEA 1.7 pgm-L~1 SPR [206]

6.2. Detecting an Exosome as a Supply of Biomarkers of Cancer by Applying 2D SMQDs

Exosome signals transmit in intercellular communications. Additionally, exosomes
have the ability to deliver cargo that affects nearby cells and can form pre-metastatic
cavities. Exosomes are responsible for the initiation, development, and progression of
local malignancies, as well as the formation of metastatic lesions. Exosomes themselves
are a popular choice for cancer diagnosis since tumor cells produce more exosomes than
normal/healthy cells due to their significantly increased cellular activity [168]. Due to
its quick response time, minimal background signal, and high sensitivity, electrochemilu-
minescence (ECL) has been extensively employed for biomarker research [169]. Because
2D Ti3C,; MXenes nanosheets have a great conductivity, a large surface area, and catalytic
characteristics, Zhang et al. studied the possibility of using them as ECL nanoprobes to
create a sensitive ECL biosensor to detect exosomes. The results showed that the limit
is about 124 uL~! particles, which is more than 100-fold lower than that of the current
enzyme-linked immunosorbent assay (ELISA) method (Figure 9) [207].
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Figure 9. ECL biosensor principle for the signal amplification strategy of exosome activity detection.
(Reprinted with permission [207]. © 2018 Elsevier B.V. All rights are reserved.)

6.3. Detection of Carcinoembryonic Antigen

Carcino-embryonic antigen (CEA) can be one of the cancer markers considered for
cancer diagnosis [161]. TizC, SMQDs that are monolayer- or multilayer-coated with an
acceptor amino group for covalently immobilizing the carcinoembryonic monoclonal
antibody for cancer biomarker detection are the first SMQDs-based CEA detectors. SPR
technology, which enables chemical molecules as well as refractive index measurements,
has been introduced as a technology to increase the sensitivity of the CEA biosensor [185].
However, due to a lack of quick and accurate diagnostic techniques, it is difficult to identify
CEA-related tumors at an early stage, which is essential for effective treatment. SPR
biosensor technologies can thus be crucial in reaching this objective [171,172]. While ELISA
is traditionally used in scientific settings, SPR biosensors based on SMQDs provide a
label-free and real-time detection approach. [208]. SPR biosensors according to SMQDs
using genetics [209,210] present in tissue have been used for other ailments that take place
at high incidence levels [211]. Liu et al. evaluated the detecting growth differentiation
factor-11(GDF11) anti-body using an SPR fiber biosensor based on Ti3C, MXenes. They
found that the detection of GDF11 after activation with the GDF11 antibody is performed
by the fiber SPR sensor, and the sensitivity of the fiber SPR sensor increases to 4804.64
nm/RIU. Likewise, the limit of detection in comparison with the single-molecule ELISA
procedure could reach 0.577 pg/L, which is 100-fold lower in comparison with that of the
single-molecule ELISA procedure [212]. Altintas et al. studied carcinoembryonic antigen
cancer biomarker detection. The results showed that a detection limit of 3 ng/mL CEA
was achieved with sustainable detections with a correlation co-efficiency of 1 as well as
0.99 for rabbit anti-mouse (RAM) recording assays [213]. Wu et al. used an SPR biosensor
based on 2D transition metal carbide MXene for ultrasensitive CEA detection. They also
found that Ti3C; MXene, as a novel class of 2D transition metal carbides, provides a large
compatible hydrophilic surface that is ideal for SPR biosensing. Based on the results, the
dynamic range and detection limit for determining CEA is from 2 x 107 t0 2 x 1078 M
and 0.07 fM, respectively. Additionally, the results showed that this biosensor approach
shows good reproducibility and high specificity for CEA in real serum samples, which
provides a promising procedure for evaluating CEA in human serum for the early detection
and monitoring of cancer [161].

7. Conclusions and Futures Outlooks

In the development of SPR biosensors to achieve high sensitivity and selectivity, nu-
merous nanomaterials have been synthesized and used due to their inherent properties
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such as extreme conductivity and plasmonic nature. SMQDs attract a lot of attention in
developing SPR biosensors due to their exceptional properties. Accordingly, their potential
for biosensor development has been widely investigated since the first reports on SMQDs.
Moreover, recent research on the improvement of SPR biosensors based on SMQDs has
confirmed that, among various nanomaterials, SMQDs may be the best candidates for the
development of various types of biosensors, including fluorescent, optical, and electro-
chemical biosensors. Moreover, there is still much room for progress in the development of
SPR biosensor systems and other next-generation biosensors. These views are supported
by recent research on the properties of SMQDs and SPR biosensors based on them. SMQDs
improve the performance of SPR biosensors and help in the development of SPR biosensors,
as explained in this article. The practical application of these SPR biosensors based on
SMQDs faces several challenges, such as the reproducibility of these SPR biosensors and
their potential for mass production. However, the commercialization of various SMQDs
and the development of SPR biosensors based on SMQDs will depend on ongoing research
to develop new synthesis techniques or new SMQD architectures. In addition, it is ex-
pected that this ongoing research will lead to a more efficient method of combining SMQDs
with other nanomaterials to improve the intrinsic properties of new SMQDs that will be
developed in the near future.
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Abstract: Since 2010, DNA nanotechnology has advanced rapidly, helping overcome limitations in
the use of DNA solely as genetic material. DNA nanotechnology has thus helped develop a new
method for the construction of biosensors. Among bioprobe materials for biosensors, nucleic acids
have shown several advantages. First, it has a complementary sequence for hybridizing the target
gene. Second, DNA has various functionalities, such as DNAzymes, DNA junctions or aptamers,
because of its unique folded structures with specific sequences. Third, functional groups, such as
thiols, amines, or other fluorophores, can easily be introduced into DNA at the 5 or 3’ end. Finally,
DNA can easily be tailored by making junctions or origami structures; these unique structures extend
the DNA arm and create a multi-functional bioprobe. Meanwhile, nanomaterials have also been
used to advance plasmonic biosensor technologies. Nanomaterials provide various biosensing plat-
forms with high sensitivity and selectivity. Several plasmonic biosensor types have been fabricated,
such as surface plasmons, and Raman-based or metal-enhanced biosensors. Introducing DNA nan-
otechnology to plasmonic biosensors has brought in sight new horizons in the fields of biosensors
and nanobiotechnology. This review discusses the recent progress of DNA nanotechnology-based
plasmonic biosensors.

Keywords: biosensors; DNA nanotechnology; DNAzyme; plasmonic biosensor; aptamer; DNA origami

1. Introduction

Nucleic acids are regarded as the one of the most vital molecules in living organ-
isms; they have been credited with the origin of life on Earth [1,2]. Our understanding
of nucleic acids has led to immense advances in medicine, pharmacology, biology, and
biotechnology [3-5]. In particular, the convergence of biotechnology and nanotechnology
has resulted in the development of innovative technologies for biosensors, drug delivery,
and bioimaging [6-8]. Among these, DNA nanotechnology has received the most attention
from researchers interested in the material rather than genetic characteristics of DNA [9,10].
DNA nanotechnology has brought forth a new paradigm for DNA research, one that em-
ploys the genetic functionality of DNA for engineering applications in biosensors [11,12],
nanoarchitecture [13,14], drug delivery [15,16], and computations [17,18]. This integrated
approach has resulted in the development of a tremendous line of products, which would
have been impossible with conventional nucleic acid research or nanobiotechnology alone.

Prior to the rise of DNA nanotechnology, DNA was regarded as a molecule studied
exclusively in the fields of life sciences and medicine. DNA nanotechnology has shifted
its focus to the valuable material characteristics of DNA, which provides unusual stability,
flexibility, complementary binding, and tailored functionality [19-21]. Several researchers
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have reported on DNA-based computations [22], DNA origami structures [23], DNA-based
biosensors [24], DNA-based vaccines [25], and drug development using DNA [26]. Of note
are the DNA aptamers [27-29] and DNAzymes (deoxy — ribozymes) [30-32] that mimic
the characteristics of natural antibodies and enzymes, respectively. A DNA aptamer can
bind a specific target with high binding affinity. Usually, the DNA aptamer and DNAzyme
can be produced by the systematic evolution of ligands by exponential enrichment (SELEX)
that can bind specifically designed targets [33]. An aptamer is nucleic acid or peptide
sequence that can mimic the functions of an antibody. The terms aptamer and SELEX were
reported by different research groups [34,35].

Several groups reported on the application of aptamers in medicines [28], pharma-
cology [36], and molecular biology research [27]. Several types of aptamers are reported
to have biosensor and diagnostic applications [37-41]. The DNA or RNA aptamer is
a great bioreceptor that can alter an antibody with the manufacturing cost. Aptamers
can also be produced via chemical synthesis without requiring experiments on animals
for antibody production. Moreover, compared to antibodies, chemical production can
easily be scaled up in aptamers because of the short production time. DNAzymes (De-
oxyribozyme), also known as catalytic DNA, act as enzymes that can catalyze specific
reactions [41,42]. These DNAzymes can be produced by the SELEX method [28]. Unlike
natural enzyme, DNAzymes were reported to have several functionalities such as DNA self-
modification [43], RNA cleavage [44] and H,O, reduction [45]. These unique characteristics
make DNAzymes a good material for biosensor construction as the bioprobe [43-46].

In particular, the study of DNA nanotechnology has led to innovative advances
in biosensors. Here too, the structural flexibility and malleability of the structure of
DNA allows the nucleic acid to be employed as the bioprobe [23,47,48]. For example, the
DNA 3-way junction (3W]) structure has added one more sequence to the typical double-
stranded DNA that can add extra functional groups to the structure [49,50]. Likewise,
Y-shaped DNA gives a similar effect [51,52]. Based on this concept, DNA 4-way junctions
(4W]) provide additional arms to improve the functionality of biosensor fabrication [38,53].
G-quadruplex DNA-Based Biosensors are a good example of the structural application of
DNA nanotechnology [54,55]. Conventional single-stranded DNA can bind complementary
sequences; this principle is used as the basis of a PCR-based in vitro diagnostic (IVD)
apparatuses or other genetic biosensor constructions. DNA origami, in contrast, provides
unprecedented DNA structures that expand the various structural bioprobes. Thus, DNA
nanotechnology offers new methods for biosensor development.

Incorporating DNA nanotechnology with the plasmonic biosensors provided sev-
eral merits compared to conventional protein-based biosensors. (1) The multi-functional
bioprobe can minimize the bioprobe construction. For example, the DNA can be easily
manufactured by chemical synthesis that means we can easily introduce the chemical linker
or fluorescence dye at the end of each terminal. (2) The production cost of aptamer is cheap
compared to a protein or antibody. (3) DNA hybridization with nanomaterial provides
the new sensing platform for plasmonic biosensor. Based on those advantages of DNA
nanotechnology, the focus of this review will be on the recent progress of nucleic acid engi-
neering for plasmonic biosensor construction. The applications of both simple aptameric
structures and origami-shaped structures in SPR, SERS, and MEF will be discussed.

Meanwhile, researchers in the field of biosensing have shifted their attention to plas-
monic biosensors. This propriety can be harnessed through multiple applications in the
field of biosensing [56]. For instance, to generate surface plasmon resonance (SPR), an
incident light produces energetic electrons that propagate through the surface [57]. In
contrast, in local surface Plasmon resonance (LSPR), coherent oscillations are confined
to a metallic nanostructure and cannot propagate thus generating an electromagnetic
field (EM) [58]. These properties can be harnessed for multiple applications in the field
of biosensing [56]. For instance, when a molecule, such as a protein or an aptamer, is
adsorbed on to the plasmonic surface, the refractive index changes and such values can
be measured. SPR/LSPR is a highly sensitive, simple, low cost, and label-free detection
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method [59,60]. Raman scattering is the inelastic scattering of photons caused by a high-
intensity incident light. This effect generates a spectrum fingerprint proper to the molecule
of interest [61]. However, such measurements are not precise at low concentrations or
for complex structures such as proteins [62]. To overcome this issue, surface-enhanced
Raman scattering (SERS) combines a major LSPR EM-induced enhancement and a lesser
chemical enhancement induced by Raman reporters. Thus, leading to a stronger peak
detection signal in SERS that can provide information on the chemical species and structure
of a wide range of molecules [63]. Metal-enhanced fluorescence (MEF), also referred to as
radiative decay engineering, is another application of LSPR EM that has been extensively
studied. It is known that radiating surface plasmons can affect the spectral properties of
a fluorophore [64], i.e., the combination of a metal and a fluorescent molecule at optimal
distance has been shown to increase fluorescence emission, prevent photobleaching, and
increase the sensitivity of detection, among other things [65].

As the field of nucleic acid-based Plasmon biosensors is continuously evolving, a
regular reviewing of the latest breakthroughs and the most trending technologies is neces-
sary. To highlight the recent progress of nucleic acid engineering for Plasmonic biosensor
construction, this review will be chiefly focused on research outcomes published within the
last five years. The applications of both simple aptameric structures and origami-shaped
structures in SPR/LSPR, SERS, and MEF will be discussed.

2. Aptameric Structure-Based Plasmon Biosensor

Despite the promising results shown by antibody-bound plasmon-generating struc-
tures in sensing a multitude of molecules from proteins to whole cells, the biosensor trend
is progressively shifting toward aptameric detection probes for numerous reasons. Not
only do aptasensors have a low cost of production and are easy to use, but they also have
repeatedly demonstrated a high sensitivity to an extensive range of targets.

2.1. SPR/LSPR-Based Sensing

Using broad-spectrum antibiotics can significantly affect both the environment and
the living organisms involuntarily exposed to them by generating drug resistant bacteria.
Oxytetracycline (OTC), a semi-synthetic antibiotic, is commonly used in animal feeds and is
often released into the environment. In Huang et al.’s experiment, a liquid crystal catalytic
amplification-nanogold SPR aptamer absorption assay was developed for the detection
of trace OTC [66]. The team developed a novel SPR spectrophotometric analysis method
by combining 4-heptylbenzoic acid (HPB) and HAuCly. The reduction of HAuCly to gold
NPs was hindered by the adsorbed OTC-binding aptamers. When in the presence of the
target molecule, the aptamer would be released and the NPs would catalyze the reaction.
This sensing mechanism achieved a detection limit of 0.50 ng/mL for OTC [66]. In their
research, Ecija-Arenas et al.,, developed an aptamer-based SPR biosensor for the determina-
tion of kanamycin, an aminoglycoside bacteriocidal antibiotic, residue in food [67]. The
team tested the combination of a gold and a graphene film through two methods: self-
assembly of reduced-graphene (rGO) and chemical vapor deposition (CVD) of graphene
(GO) (Figure 1a). The former step consisted of a 1-pyrenebutyric acid (PBA) modification
via m-stacking before binding the kanamycin specific aptamer to the graphene surface. As a
proof of concept, the sensor was tested on kanamycin spiked commercial cow milk samples.
Overall, the GO-based sensor had a detection limit of 285 nmol L™, seven-fold lower than
the rGO-based platform. This was most likely due to the homogeneity of the GO monolayer
when directly deposited through CVD [67]. As the sensitivity of SPR sensors can be affected
by the homogeneity of the probe surface, producing a homogeneous deposition is one of the
challenges to overcome. In their study, Chen et al., constructed an SPR aptasensor for the
detection of SARS-CoV-2 based on a gold chip coated with thiol-modified niobium carbide
MXene quantum dots (Nb2C-SH QDs) [68]. This was followed by the immobilization of
a detection aptamer (N58) through m-m stacking, electrostatic adsorption and hydrogen
bond on to the chip. The multifunctional proprieties of the chosen nanoparticles allowed
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for a homogeneous deposition leading to a detection limit of 4.9 pg/mL for the N-gene of
SARS-CoV-2. Furthermore, the sensor displayed good selectivity in the presence of other
viruses and a great stability when tested in other environments such as human serum [68].

(a) Preparation of the aptamer sensor active zone
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Figure 1. Aptamer-based SPR detection mechanism: (a) Kanamycin sensing platform. (b) Surface
plasmon resonance absorption spectra of the nanosilver sol systems with a-g as As>* concentrations
of 0; 0.0945; 0.189; 0.2835; 0.378; 0.4725 and 0.567 ug/L. (Reproduced with permission from [67],
published by Elsevier 2021; reproduced with permission from [69], published by Elsevier 2020).

Arsenic is a naturally occurring poisonous non-metallic element. The standard method,
silver diethyldithiocarbamate spectrophotometry (SDDC), for determining the arsenic
concentration in water is simple but has a detection limit of 0.5 mg/L. Considering that
ingesting 1 mg of arsenic is highly toxic for the human body [69,70], the development of a
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more sensitive detection method is necessary. Through a catalytic amplification method
based on colored nanosilver surface plasmon resonance (SPR), Zhang et al., achieved a
detection limit of 0.01 ug/L [69]. The sensing mechanism was based on the catalytic effect
of gold-doped carbon dots (CDAu) in the reductive reaction of AgNO3 with glucose. In
the initial stage, aptamers were adsorbed on to the CDAu surface, stopping the catalysis.
Only in the presence of arsenic (As>*), which forms a conjugate with the aptamer, would
the carbon dots be released. The ensuing reaction would lead to the synthesis of yellow
spherical silver nanosols exhibiting an intense SPR absorption peak (Figure 1b) [69].

Both SPR and LSPR aptameric sensors offer great advantages when compared to other
sensing platforms. However, due to the nature of the interaction between the aptamer,
the target, and the LSPR/SPR generating structure, certain factors must be taken into
account. Some detection probes are solely based on the adsorption of a target detection
aptamer onto a metallic nanostructure which in the presence of the target would detach
and subsequently modulate the aggregation of the nanoparticles. Yet, in certain cases, the
target itself has been shown to adsorb onto the nanostructures. For instance, Ochratoxin A
(OTA), one of the most common food contaminants, an extremely toxic molecule for living
organisms, can also adsorb onto AuNPs, thus making accurate detection difficult [71,72].
This phenomenon was first described by Liu et al.,, during their attempt to widen the
detection range of OTA by doubling the calibration curve of their gold NP aptamer-based
localized surface plasmon resonance (LSPR) sensor [71]. The team established that at low
concentration, OTA would bind to its aptamer inducing the aggregation of the AuNPs but
as the concentration increases the free OTA would directly bind to the AuNPs and protect
them from aggregating. By developing a double calibration curve the sensing mechanism
achieved a detection limit of 10~10> g/mL. More importantly, the same effect was observed
for different analytes such as adenosine triphosphate (ATP) and 173-estradiol (EST) [71].

2.2. Surface-Enhanced Raman Scattering-Based Sensing

Herbicides have detrimental side effects on human health and their long term expo-
sure can lead to chronic disease and childbirth defects [73]. To achieve the detection of
glyphosate (GLY) at very low concentrations, Liu et al., constructed a simple and sensitive
quantitative analysis based on gold nanoplasmon resonance Rayleigh scattering (RRS) and
SERS [74]. In this study, gold nanoparticles (AuNPs) were generated through the catalytic
effect of a covalent organic framework (COF) on a glycol and chloroauric acid reaction.
The COF was prepared by the polycondensation of melamine and p-benzaldehyde, and
could interact with a GLY-binding aptamer through hydrogen bonds (HB), hydrophobic
interactions (HI), and intermolecular forces (IF). However, in the presence of GLY, the
aptamers would detach from the CPF and allow for the catalysis of AuNP synthesis in a
proportional manner (Figure 2a,b). The detection of GLY was possible through RRS, but
as the blank was high, SERS analysis showed a better signal with a peak at 1617 cm~!
using Victoria blue B molecular probes. The team was able to achieve a detection limit of
0.002 nmol/L for GLY [74].

Urea, a protein decomposition product, is another harmful molecule that needs to
be monitored [75]. Yao et al., used a similar RRS/SERS dual-mode method to detect urea
concentrations as low as 0.06 nM and 0.03 nM, respectively, in milk [76]. The slow reaction
of Citrate-Ag (I) can be catalyzed using a polystyrene nanosphere (PN) to produce yellow
silver NPs (AgNDPs). Similar to the previous GLY detection mechanism, PN adsorbed
urea-binding aptamers would weaken the RRS and SERS signal (Figure 2c,d). When in the
presence of their target, the aptamers would release the catalytic NPs in a linear manner,
thus generating a stronger signal [76].
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Figure 2. SERS aptameric catalysis mechanism: (a) Aptamer-mediated MaBd catalysis of GC-HAuCl4
nanogold reaction for the detection of glyphosate. (b) Raman spectra of glyphosate detection
peak. (c) Aptamer-mediated PN-AgNO;-Cit catalytic amplification reaction for the detection of
urea. (d) Raman spectra of RRS and SERS dual-mode urea detection. (Reproduced with permis-
sion from [74], published by Elsevier 2021; reproduced with permission from [76], published by
Elsevier 2022).

Cancer detection is also a great application of SERS-based plasmonic sensors due to
the low concentration of most biomarkers. In a study by Bhamidipati et al., the combination
of gold nanostarts and truncated aptamers allowed for the quantification of epithelial
cell adhesion molecules (EpCAM), a common cancer biomarker, at the single cell level
with concentrations in the subnanomolar range [77]. As the expression of cancer markers
can vary at the cellular level, the quantification of EpCAM density in individual cells can
help clinicians monitor the phenotypic evolution of cancer cells. Herein, the biomarker
expression of both MCF-7 and PC-3 cancer cell lines, with high and low EpCAM expression,
respectively, was successfully measured with aptamer-functionalized gold nanostarts
(Figure 3a,b). Interestingly, when compared to a longer, 48-base-pair oligonucleotide, a
truncated EpCAM aptamer seemed to have better sensitivity, most likely due to a reduction
in the number of conformations possible at room temperature [77]. Ning et al., exploited an
aptamer-bound gold—silver bimetallic nanotrepang structure in their SERS analysis for the
simultaneous detection of multiple cancer-related exosomes [78]. By alternating between
a gold nanorod (GNR) core, Raman reports and silver layers, external interference was
prevented, and the SERS signal was 151.7-fold stronger when compared to GNRs only.
Furthermore, this structure provides an outer shell for functional modifications without
the traditional competitive binding of Raman reports. Although the sensor required
streptavidin-modified magnetic beads as capture substrates, which may be viewed as an
extra step compared to previous sensors, it was successfully tested on real blood samples
of cancer patients [78].

Multiplexed detection of biomarkers can also be applied in the diagnosis of neurode-
generative diseases, such as Alzheimer’s disease (AD). Zhang et al., engineered a SERS
detection platform that detected both Ap (1-42) oligomers and Tau protein simultane-
ously [79]. To do so, the team combined different Raman dye-coded polyA aptamers with
AuNPs. The simplicity of the system was based on two types of Raman dye-coded polyA
aptamer-AuNPs. In the presence of the protein of interest, the polyA aptamer would detach
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(a)
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from the AuNPs which would induce the aggregation of the NPs. This would activate a
strong SERS signal and a colorimetric change in the solution (Figure 3c,d) [79].

@ gy NaCl il )

Figure 3. Gold nanoparticles aptamer binding: (a) TEM of synthesized gold nanostars and (b) 4-
aminothiophenol and EpCAM aptamer-functionalized gold nanostars. (Scale bars are 100 nm)
(c) Photo of the ionic strength-dependent color change of the non-polyA-Tau apt/DTNB/AuNPs.
(d) Photo of the ionic strength-dependent color change of the polyA-Tau apt/DTNB/AuNPs. (Repro-
duced with permission from [77], published by American Chemical Society 2018; reproduced with
permission from [79], published by American Chemical Society 2019).

2.3. MEF-Based Sensing

Metal-enhanced fluorescence (MEF) is a promising application of aptameric plasmon
sensors. As the intensity of MEF can be affected significantly by the distance between the
fluorophore and the localized surface plasmon resonance-generating structure, aptamers
present a convenient method to optimize such factors [80]. Hence, Choi et al., took ad-
vantage of this aspect to design a rapid, simple, and one-step technique for the real-time
monitoring of intracellular proteolytic enzymes, such as Caspase-3 (Figure 4a) [81]. The
nanobiosensor was based on an AuNP with a double connection to a fluorophore molecule,
fluorescein isothiocyanate (FITC). The first link was made of peptides and was meant to
keep the FITC molecule close to the AuNP and quenched in the absence of caspase-3. The
second link, single-stranded oligonucleotides, was designed to allow an optimal MEF of
FITC, in the presence of a proteolytic enzyme that would degrade the peptide connection.
The short reaction time of 1 h and the low detection limit of 10 pg/mL allowed for the
successful detection of preapoptotic cells [81].

Jiang et al., developed a highly sensitive fluorescence-enhanced aptasensor based on
a polyAp-aptamer nanostructure for the detection of adenosine triphosphate (ATP) [82].
Their approach involved optimizing the distance between fluorophores, in this case fluores-
cein (FAM), and the AuNP to enhance fluorescence by adjusting the number of adenosine
bases at the 5" end of a polyAs-aptamer. A FAM-bound aptamer would hybridize with the
AuNP-bound polyAy-aptamer and induce stronger fluorescence. However, in the pres-
ence of targeted ATP, the FAM-aptamer would be released, leading to weak fluorescence
(Figure 4b). Through this mechanism, a detection limit of 200 pM was successfully achieved
when the polyA,-aptamer reached a length of 9 nm, a seven-fold sensitivity improve-
ment compared to more common detection methods [82]. Since ATP is a very important
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molecule in living organismes, it is not surprising to find many studies aiming to improve
its detection. Zheng et al., designed a sensing mechanism based on structure-switching
aptamer-triggering metal-enhanced fluorescence for Cy7 [83]. Gold nanobipyramids were
synthesized by a seed-mediated growth method, then separated and functionalized with
an aptamer probe that can bind ATP (Figure 4c,d). The team reported the first hybridization
chain reaction-induced MEF, but despite the novelty of their method, the detection limit
achieved was not as low as other biosensors with a marked 35 nm [83].

Dox 1000 ng/mL Dox 1 ng/mL Dox 1 pg/mL Negative control

Excitation Emission

L
s - TV "33;“ WDﬂiﬂ:)}\ v .
S N

Detection “L 9%  Precipitate

R RN -

~
25 ]

RS . Ty ’\OE,'

)

-
Gl Supernate

\

-

e
Q . b -
AuNps PloyA,  Aptamer FAM-DNA  Target M

Figure 4. Metal-enhanced fluorescence biosensors: (a) Fluorescence imaging of Dox-treated MCF-
7 cells. (Scale bars are 100 um) (b) AuNPs@poly An-aptamer@FAM-DNA nanostructure for ATP
detection. (c) TEM image of synthetized AuNBPs with LPRW at 751 nm before separation. (d) TEM
image of AuNBPs with LPRW at 751 nm after separation. (Reproduced with permission from [81],
published by American Chemical Society 2020; reproduced with permission from [81], published by
Elsevier 2019; reproduced with permission from [83], published by Elsevier 2020).

MEF aptasensors were also proven to be efficient in the detection of viral DNA.
Furui et al., constructed another MEF microarray for the detection of hepatitis B with a
LOD of 50 fM [84]. The enzyme free detection mechanism was based on the sandwich
binding of Tag-A and Tag-B, both aptamer-functionalized silver nanoparticles (AgNPs),
through a capture probe immobilized on to the chip with the viral target serving as a bridge.
The detection assay demonstrated up to 120-fold enhancement factor due to the increasing
number of fluorophores and the MEF caused by the AgNPs [84].

3. DNA Origami-Based Plasmonic Biosensor

Due to its versatile structure modifications, DNA origami can easily be applied in the
development of biosensors [85,86]. Biosensors designed with synthetic DNA origami are
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rolled to two specific goals. First, the specific structure of DNA origami was applied to a
biosensor platform. For example, the DNA tetrahedron or DNA branch structure can be
introduced to bioprobe [85,87]. Second, each arm is designed to have unique functionalities
including target recognition, signal generation or immobilization. Conventional single-
stranded or double-stranded DNA only has two ends. However, DNA origami, such as Y
shape or 3WJ] DNA, has an additional arm to serve as a multi-functional bioprobe [53,88].
Furthermore, the X shape or 4W] can improve functionality significantly. Assembled, multi-
functional DNA origami can reduce the fabrication and labeling process for biosensors.

Lee et al., developed the LSPR biosensor which contained a multi-functional DNA
3W]J on the hollow Au spike-like NP-modified substrate for detecting avian influenza [89].
In this report, DNA 3W] was designed to provide several functionalities, such as target
recognition, immobilization, and signal enhancement, simultaneously. Each end of the
DNA arm has a functional moiety. The DNA 3W]-a arm was tagged to the hemagglutinin
(HA)-binding aptamer as the bioprobe, the DNA 3WJ-b arm was connected to the FAM dye
for signal enhancement function, and the DNA 3W]-c arm was modified to the thiol group
for anchoring the surface. Hollow Au spike-like NPs provided the plasmonic platform
for target detection (Figure 5a,b). In this paper, Hollow Au spike-like NPs provided more
surface roughness compared to normal Au nanoparticle that can provide more bioprobe
immobilization number. Additionally, Hollow Au spike structure enhanced the LSPR effect
compared to normal Au NP. Based on this DNA 3WJ] and NP combination, the HA protein
can be detected in PBS buffer and diluted chicken serum. The detection range of HA protein
is 1 pM to 100 nM with high selectivity (Figure 5c,d). Thus, DNA 3W] is a great tool for
LSPR biosensor fabrication.
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Figure 5. (a) Schematic diagram of multi-functional DNA 3W] for AIV H5N1 detection through LSPR,
(b) Expected 2D structure of multi-functional DNA 3W], HA protein, spike protein. (c) Detection of
HA protein in 10% chicken serum on the DNA 3WJ-based localized surface plasmon resonance (LSPR)
biosensor. Absorbance increases from different HA concentrations in 10% chicken serum (1 pM to
10 nM) of (d) Calibration characteristics of the different concentration of HA protein range from
1 pM to 10 nm with correlation coefficient (R2) of 0.9796. (Reproduced with permission from [89],
published by Elsevier 2019).
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Puchkova et al., demonstrated fluorescence enhancement using a DNA origami
nanoantenna technology and proposed an MEF sensor [90]. The researchers attached
100 nm colloidal gold NPs to columnar DNA origami and a fluorophore was incorporated
into the inter-particle spacing. The gold NPs were functionalized with thiol groups and
bound to DNA origami to induce a particle distance between 12 and 17 nm. Furthermore,
the authors quenched the fluorophore with NiCl, employing the phenomenon that effec-
tive quantum yield improves if the intrinsic quantum yield of the fluorophore is lower
(>10). As a result, a fluorescence enhancement index of 306 was obtained, which is the
highest value reported to date (Figure 6a,b). In this contribution, the researchers showed
substantial improvements in the plasmonic structure by improving DNA origami, reducing
the interparticle distance, and introducing a quencher to reduce the fluorophore quantum
yield. Since nanoantennas are shown to be capable of detecting individual molecules at
concentrations as low as 25 uM, DNA nanotechnology creates the possibility of placing
molecules in self-assembled plasmonic nanoantennas.

Thacker et al., showed that DNA origami and two gold NPs are powerful tools for
generating SERS active NPs [91]. Strong plasmonic binding was induced by holding two
gold NPs (40 nm in diameter) at a distance of 3.3 &= 1 nm, which is one of the shortest inter-
vals that can be made by DNA origami assembly. Moreover, the attachment of individual
ssDNA-coated gold NPs to DNA origami sheets allowed for the characterization of the
red shift and the subsequent extraction of the effective refractive index of DNA origami.
Consequently, they showed the efficiency of dimer structures for SERS measurements using
enhancement factors of up to 7000 times. It showed local field enhancement through the
detection of short single-stranded DNA oligonucleotides as well as a small number of dye
molecules. This demonstrated the effectiveness of the combination of DNA origami and
SERS, suggesting that it has great potential in various biosensing fields.
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Figure 6. (a) Sketch of the DNA origami pillar (gray) employed to build the optical nanoantenna
with two 100 nm Au nanoparticles together with a top-view (lower-left inset), (b) Photon count rate
histogram for the dimer nanoantennas with no quencher, (¢) Design of DNA origami-templated meta-
molecules with programmable surface-enhanced Raman scattering (d) Single-particle Raman spectra
of Raman tag (4-mercaptobenzoic acid, 4-MBA) after adsorbed onto Ag@Au hexagon monomer
metamolecules of varied silver growth time. (Reproduced with permission from [90], published by
American Chemical Society 2015; reproduced with permission from [92], published by Elsevier 2020).
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There is also a case where DNA origami became a template and SERS was pro-
grammed. Zhou et al., improved the complexity of SERS programming using DNA origami
to increase the number of NPs in SERS metamolecules and arrange them into elaborate con-
figurations [92]. The template was designed based on DNA origami hexagon tiles (DHT),
and six gold NPs (10 nm in diameter) were fixed on the outer surface of the hexagon, and
Ag—Au core—shell NPs were formed through subsequent Ag growth. The longer the silver
growth time, the longer the color wavelength, and the metamolecules containing the largest
NPs had the strongest interparticle electromagnetic field and Raman enhancement effect
(Figure 6c,d). In general, SERS metamolecules are assembled into clusters of a small number
(2-4) of nanoparticles and have limited programmability, but in this study, they expanded
the structural complexity by increasing the number of nanoparticles. In other words, new
plasmon research was made possible using DNA origami templates to precisely control the
structural composition of metal NP clusters. This technology, it was shown, has several
applications in fields such as photonics and sensing.

Jung et al., confirmed that DNA nanotechnology capable of calculating molecular
information, called toehold-mediated DNA strand displacement (TMSD), could be linked to
in vitro transcription and act as an information-processing unit for cell-free biosensors [93].
They developed design rules for interfacing small molecule sensing platforms with toehold-
mediated strand displacements to construct hybrid RNA-DNA circuits that allow fine-
tuning of reaction kinetics. Additionally, a cell-free biosensor platform, called an RNA
output sensor, could be activated by ligand induction and combined with the computational
power of TMSD to construct 12 different circuits that realize seven logical functions. Thus,
a circuit capable of estimating the concentration range of a target compound in the sample
was designed and verified. As a result, they extended their functions by interfacing
with toehold-mediated strand displacement circuits through programmable interactions
between nucleic acid strands. This platform presented the potential for different types of
molecular computations in cell-free systems and of TMSD circuits that improve cell-free
biosensing technology.

Dass et al., presented recent studies of plasmon sensing using DNA-based nanostruc-
tures. Using DNA origami for the coordinated arrangement of plasmonic nanoparticles
holds great promise in the field of biosensing. Plasmonic particles can also be detected,
ranging from fluorescence enhancement to enabling visualization of nanoscale dynamic
behavior. Among prevalent technologies, DNA-based nanotechnology is the most suc-
cessful strategy, and plasmonics coupled with DNA origami provide a novel and more
effective approach [94]. This capability provides a suitable platform for the fabrication of
plasmonic sensors for single-molecule measurements. From this point of view, the authors
discussed recent developments and future research directions for plasmonic sensing with
DNA origami, such as fluorescence-based plasmon sensing, SERS sensing, and chiral sens-
ing. It was concluded that the fabrication of DNA origami-based plasmonic sensors is a
new technology platform for engineering molecular scale sensors and has reached a level
that can be applied in the field.

Recently, the DNAzyme is also used as the bioprobe for constructing plasmon biosen-
sor. Conventionally, in the area of biosensors, the DNAzyme has been used to construct
electrochemical biosensor beause of thier catalytic effect including H,O, reduction or DNA
cleavage [95-97].

Other than aptamer or origami-based plasmonic biosensors, few researchers have
worked on developing plasmonic biosensors. Only recently have scientists introduced this
unique material for plasmon biosensor fabrication. The group developed a DNAzyme
integrated with magnetic beads (MBs) to create an Escherichia coli specific plasmonic biosen-
sor [98]. They used DNAzyme because its RNA-cleaving characteristics would offer
accurate target recognition. The MBs provide the plasmonic effect for the biosensor. When
the DNAzyme-MB reacted with E. coli lysate, DNA cleavage was activated. Based on this,
signal amplification was processed by a hybridization chain reaction with silver etching via
an enzyme-triggered reaction. This detection method can selectively detect E. coli compared
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to other samples including M. subtilis, M. peli etc. E. coli was even detected in apple juice or
skim milk using the DNAzyme-MB system. The detection range of E. coli was reportedly
50 to 5 x 106 cfu/mL.

Lee et al., also reported the use of DNAzyme conjugated with gold NPs for detecting
Salmonella choleraesuis [99]. This study used multi-component DNAzymes for performing
various functions in plasmonic biosensors. Multi-component DNAzyme can cleave the
target, make the color change, and can be attached with gold NPs for plasmonic detection.
The proposed biosensor can detect the 16 rRNA real target sample in the range of 50 nM to
500 nM. Moreover, Wu et al., fabricated a lead (II) ion detecting SPR biosensor composed
of DNAzyme-gold NP hybrids [100]. The substrate cleavage characteristic with Pb*? ions
using the DNAzyme can be combined with the gold NP for SPR biosensor. LOD was
determined to 80 p.m. in drinking water. Thus, DNAzyme is also a versatile bioprobe for
plasmonic biosensor development.

4. Conclusions

This review covered the most recent progress in nucleic acid-based plasmonic biosen-
sor fabrication (Table 1). From cancer marker sensing to toxin detection, the combination of
plasmon resonance-generating structures with oligonucleotides, such as aptamers, or more
complex constructions, such as origami folded aptamers and DN Azymes, has certainly
proven to be efficient. Not only do nucleic acid-mediated sensors have better affinity and
stability, they are also easier to produce. Furthermore, surface plasmon resonance-based
sensing presents numerous advantages, such as lower detection limits due to their in-
creased sensitivity and a shorter sensing time. Yet, certain aspects, such as the nonspecific
adsorption of unwanted molecules and the production of homogeneous plasmon surfaces
should be considered for further improvements. Only then can the potential of plasmonic
biosensors for application in real sample analysis be achieved. Nonetheless, based on recent
studies, DNA nanotechnology for plasmonic biosensors offers a more sensitive and less
costly alternative to other traditional sensing methods.

Table 1. DNA nanotechnology for plasmonic biosensor construction.

Detection Method Oligonucleotide Plasmonic Target LOD Reference
Component Component
AuNPs Oxytetracycline 0.50 ng/mL [66]
Graphene coated .
Au chip Kanamycin 285 nmol/L [67]
SPR ! Aptamer niobium carbide
MXene quantum
dots coated N-gene of SARS-CoV-2 4.9 pg/mL [68]
Au chip
Ag nanosols Arsenic (As®*) 0.01 pg/L [69]
Ochratoxin A, triphosphate,
Aptamer AuNPs 17B-estradiol and 107105 g/mL [71]
oxytetracycline
LSPR 2 hydrochloride
DNA 3'Way Hollow 'Au Avian influenza 1pM [89]
Junction nanospike
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Table 1. Cont.

Oligonucleotide

Plasmonic

Detection Method Target LOD Reference
Component Component
Au nanosols Glyphosate 0.002 nmol /L [74]
Ag nanosols Urea 0.03 nM [76]
Epithelial cell adhesion
Au nanostars molecule (EpCAM) 100 nM to 500 nM. [77]
Aptamer PSMA, Her2 and AFP 6 particles/pL,
Au-Ag bimetallic proteins expressing 72 particles/uL
SERS 3 nanotrepangs exosomes derived from and [78]
LNCaP, SKBR3 and HepG2 35 particles/uL,
cell lines respectively
AuNPs Tau protein and AR (1-42) 3.7 x 1072 nM [79]
N/A N/A [90]
o AuNPs N/A N/A 1]
DNA origami AuNPs and
AgNPs N/A N/A [92]
AuNPs Caspase-3 10 pg/mL [81]
ATP 200 pM [82]
MEE # Aptamer
P Au ATP 35 nM [83]
nanobipyramids
AgNPs aggregates Hepatitis B virus DNA 50 ftM [84]
! Surface Plasmon Resonance. 2 Localized Surface Plasmon Resonance. > Surface-Enhanced Raman Scattering.
4 Metal-Enhanced Fluorecence.
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Abstract: Surface-enhanced Raman spectroscopy/scattering (SERS) has evolved into a popular tool
for applications in biology and medicine owing to its ease-of-use, non-destructive, and label-free
approach. Advances in plasmonics and instrumentation have enabled the realization of SERS's full
potential for the trace detection of biomolecules, disease diagnostics, and monitoring. We provide
a brief review on the recent developments in the SERS technique for biosensing applications, with
a particular focus on machine learning techniques used for the same. Initially, the article discusses
the need for plasmonic sensors in biology and the advantage of SERS over existing techniques. In
the later sections, the applications are organized as SERS-based biosensing for disease diagnosis
focusing on cancer identification and respiratory diseases, including the recent SARS-CoV-2 detection.
We then discuss progress in sensing microorganisms, such as bacteria, with a particular focus on
plasmonic sensors for detecting biohazardous materials in view of homeland security. At the end of
the article, we focus on machine learning techniques for the (a) identification, (b) classification, and
(c) quantification in SERS for biology applications. The review covers the work from 2010 onwards,
and the language is simplified to suit the needs of the interdisciplinary audience.

Keywords: biosensing; SERS; plasmonics; disease diagnosis; biomolecules; microorganisms; COVID-19;
biohazardous molecules; cancer

1. Introduction

Plasmonics is the study of electron oscillations in metal nanostructures and their
interaction with electromagnetic radiation. Since its conception in the 1950s, researchers
have been interested in studying the fundamentals of the effects of shape, surrounding
medium, material, and their interaction with light of different wavelengths [1]. With this
well-established knowledge, plasmonics is witnessing an enormous potential for applica-
tions in different fields, including forensics [2]; environmental safety [3]; biosensing [4-11],
e.g., SARS-CoV-2 detection [12]; and homeland security [13]. The applications of plas-
monics majorly rely on surface plasmon resonance (SPR) or localized surface plasmon
resonance (LSPR) effects [14]. Some of the significant techniques that were developed using
these include higher-order harmonic generation, microscopy, drug delivery, photovoltaics,
surface-enhanced Raman spectroscopy (SERS) and fluorescence, and surface-enhanced
infrared absorption spectroscopy (SEIAS) and waveguides. The use of plasmonics in these
techniques has significantly improved their efficiency over existing conventional tech-
niques, offering flexibility, signal enhancement, and ease of use [15]. Advents in plasmonics
have led to the emergence of SERS with impressive signal enhancements over traditional
Raman spectroscopy [16]. SERS-based sensing is being widely used for the trace detection
of different molecules, such as explosives [17], pesticides [18,19], food adulterants [20,21],
drugs [22], biomolecules [23-27], medicine [28-30], and microorganisms [31].
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SERS typically utilizes localized surface plasmon resonances in metal nanostructures
to enhance the weak Raman signal significantly. The phenomenon was first observed by
Fleischmann in 1974 while studying pyridine adsorbed on a roughened silver electrode [32].
However, the enhancement was attributed to increased surface area for adsorption. It took
further experiments in 1977 by two independent groups, Jeanmaire and van Duyne [33] and
Albrecht and Creighton [34], to understand the origin of the enhancement. Now it is estab-
lished that the enhancement predominantly comes from two mechanisms: electromagnetic
enhancement (EE) and chemical enhancement (CE) [35]. The electromagnetic enhancement
in SERS is a two-step process, and the total enhancement is multiplicative. When a molecule
of interest is in the vicinity of a plasmonic nanostructure, it experiences an enhanced field
called local field enhancement (LFE). The molecule then radiates with increased efficiency,
referred to as radiation enhancement [36,37]. In addition, there is chemical enhancement
which occurs because of charge-transfer mechanisms between nanoparticles and the analyte.
Figure 1 summarizes the two enhancement mechanisms in SERS. The type of the plasmonic
material, choice of wavelength, surface coverage of the molecules, and concentration of
the analyte are the factors that influence SERS'’s efficiency [38]. This technique is label-free,
rapid, non-destructive, and water compatible and offers the fingerprint of the molecule,
making it suitable for numerous applications. Nobel metals such as Au, Ag, and Cu and
their alloys are the widely used materials for SERS for their tunability in the visible and IR
region, inertness, sensitivity, and compatibility [39,40]. Despite the superior performance of
Ag owing to its high-quality resonance in the visible region, Au is the preferred material, as
it is known to be biocompatible and non-reactive in an oxygen atmosphere. The near-field
enhancement in SERS is dependent on the shape and size of the nanostructures, in addition
to the distance between the nanoparticles and distribution of probe molecules around
the nanoparticles [41]. The different morphologies of nanoparticles, such as core-shell,
rods, spherical, triangular, stars, and nanopyramids, are synthesized by widely reported
chemical routes in bottom-up or top-down approaches [42]. Anisotropic nanostructures
such as dendrites, rods, stars, and triangle are considered highly desirable for SERS since
they enable lower detection limits owing to the lightening-rod effect [43,44]. The perfor-
mance of SERS is also dependent on the choice of wavelength, and most biological tissues
are transparent in the IR region, making it a preferred choice [45]. Recently, there is also
growing interest in the UV and deep UV SERS for applications concerning biomolecules
such as amino acids and DNA bases because they have electronic transitions in the UV
region [39].
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Figure 1. Schematic of total enhancement in SERS via electromagnetic and chemical enhance-
ment mechanisms.

With a growing population and, consequently, the diseases worldwide, there is a
need to develop point-of-care (POC) devices that are easy to use, reliable, rapid, and low
cost. Over the years, SERS has been proven to possess all of these advantages, including
trace detection with sub-picomolar sensitivity. Particularly, there are many reasons for
the surge of using SERS for biosensing. Firstly, given the low scattering cross-section
of water, SERS is extremely compatible with liquid samples, paving the way for use in
biology applications, including liquid biopsy [46,47]. SERS has been widely used for disease
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diagnosis using urine, blood, serum, plasma, saliva, breath, and tear samples, establishing
its compatibility. Measurements in SERS can be performed using liquids, gases, solids,
and powders, unlike traditional tests. Secondly, SERS gives specific molecular information,
which is often a vibrational fingerprint of the molecule or cell under study. Biomarkers
that are Raman active are extensively used for the identification of different diseases, using
SERS [48]. Frequently, when the variations are unrecognizable to the human eye, machine
learning techniques are used to extract the patterns and discriminate the samples [49].
This was successfully used to classify normal and cancer cells [50], identify microorganism
species [51], and monitor disease progression [52]. Thirdly, SERS is a rapid technique, can
accomplish trace detection, and has a test time of three to five minutes [53]. Combined with
recent developments in flexible SERS sensors, it also offers easy sample-collection methods,
such as swabbing from an uneven surface [54]. Lastly, advances in portable instrumentation
and low-cost lasers leveraged the usage of SERS for real-world applications [55]. The easy
availability of IR lasers that have a low damage threshold with biology samples, as well
as quench fluorescence, has favored the development of SERS for biosensing. All of these
advantages have made SERS a popular choice for biosensing recently.

There have been many review articles concerning the applications of plasmonics for
biosensing and biosensors over the years. Salazar et al. and Han et al. reviewed different
techniques, including LSPR, Chiral Plasmonic Biosensors, Magnetoplasmonic Biosensors,
and Quantum Plasmonics Biosensors [56,57]. Anand et al. published a comprehensive
review on plasmonic biosensors for the detection of viruses, with a special focus on COVID-
19. They have focused on LSPR, SPR, SERS, SEF, and SEIAS techniques [58]. There are
reviews and book chapters elaborating specifically on various SPR [59-61] and LSPR [62]
techniques that are currently being used for biosensing. Similarly, Sarah et al. focused
exclusively on LSPR techniques and associated challenges in the detection [63]. Alexandre
reviewed the future of plasmonic biosensing with a goal of single-molecule and single-
particle sensing [64]. Juanjuan et al. discussed on the challenges and future of using
plasmonic materials for point-of-need applications [65]. However, although significant
work has been performed using SERS for biology applications, no reviews of the literature
can be found in this area. Here, we present a review of the work conducted in SERS
for biosensing and the recent developments, with a special focus on machine learning
techniques that are being used for the same. The article covers work from 2010 onwards
and is organized into different sections, as shown in the index. Figure 2a,b illustrate
the statistics of publications in different areas discussed in this review article. The data
presented in the figure indicate that there is a growing interest in the usage of SERS for
cancer-related applications and the usage of machine learning techniques for biosensing
using SERS. There is also relative growth in using SERS for respiratory disease diagnosis
recently owing to the COVID-19 situation.
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Figure 2. (a) Trends in research on SERS based plasmonic applications in the detection of microorgan-
isms, cancers, respiratory diseases, other diseases such as heart ailments and diabetes and the use
of different machine learning techniques for SERS based biosensing. (b) Bar chart with percentage
contribution from each area shown on the label for the past 12 years. Source: Scopus search with the
keywords mentioned in both the panels as on 5 January 2023.
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2. SERS for Disease Diagnosis

With growing zoonotic diseases, cancers, diabetes, and other ailments, there is a
pressing need to develop low-cost and POC identification techniques. Early and rapid
diagnosis is the key to saving a life and prevent the rapid transmission of diseases. A
trace detection technique such as SERS will aid in tracking the minute changes in cells
or biomarkers, thus enabling early diagnosis. SERS is being extensively used for the
same in both labeled and label-free approaches, often targeting specific biomarkers of
the disease expression [30]. In the label-free approach, the sample is directly studied in
contact with the plasmonic material, whereas in the labeled approach, a Raman reporter,
such as fluorophores, antibodies, or ligands, is attached to the sample for detection and
imaging [66,67]. Different biomarkers, such as proteins, antibodies, miRNAs, exosomes,
and DNA, are used as indicators for the presence of the disease. In our observation, where
full cells, tissues, or body fluids are studied, a machine learning algorithm is used hand in
hand for accurate identification. SERS has been used for the detection of conditions such as
Alzheimer’s [68-71], PCOS [72], diabetes [73,74], inflammation [74], Crohn’s disease [75],
and single Hb molecule [76], to name a few. Here we review the progress on SERS for the
diagnosis of (a) cancer, paying special attention to lung and breast cancer, as they are the
leading causes of deaths due to cancer; and (b) respiratory viruses, including COVID-19.

2.1. Cancer Diagnosis and Theranostics

Cancer is the new pandemic and a leading cause of deaths in the modern world [77].
There is an increase in the incidence of various types of cancers, including mouth, gas-
tric, lungs, ovaries, skin, and blood cancer. Numerous factors, such as environment, diet,
lifestyle, and smoking, can trigger cancer. The early diagnosis of cancer is extremely impor-
tant, as it is lifesaving with existing treatment protocols. Conventional cancer diagnosis is
often performed using imaging techniques such as X-ray, computerized tomography scan
(CT), positron emission tomography (PET), ultrasound, and magnetic resonance imaging
(MRI). These techniques are often destructive, posing the risk of radiation ionization, and
are often not compatible with patients with pre-existing conditions and medical devices
such as pacemakers [78]. These are also expensive, involve sophisticated instruments,
are time-consuming, and are often performed with multiple tests to avoid ambiguity [79].
Recently, there has been an increase in using plasmonic biosensing for cancer diagnosis
and therapy, with review articles summarizing the progress in the same [80-86]. They are
established to be minimally invasive, rapid, low cost, and offer point-of-care testing [87,88].
Of all plasmonic-based detection techniques, SERS is being extensively used for cancer iden-
tification, monitoring, and other theranostics, including imaging and chemo/photothermal
therapy [89-96]. Figure 2 also indicates the growing interest in the last decade for the use of
SERS-based plasmonic techniques for cancer diagnosis. SERS facilitates liquid biopsy [96]
by using urine, saliva, and serum, thus making it low cost and enabling easier frequent sam-
pling compared to the existing tissue-biopsy techniques, which are often destructive [97].
Different cancer biomarkers, such as miRNA [98,99], proteins, exosomes [100,101], cir-
culating tumor DNA (ctDNA), genes [102], peptides [103], and blood plasma [104], are
studied using SERS for disease identification. SERS tags that specifically bind to the targets
under study are widely used for analyzing cancer samples [105-109]. Machine learning
algorithms are used to analyze complex patterns and recognize buried signals overcoming
noise from undesirable constituents of cells and other bio-fluids. Here, we focus only on
SERS-based plasmonic biosensing for cancer-related applications in recent times, focusing
on lung and breast cancers.

2.1.1. Lung Cancer

Lung cancer is known as the most fatal and frequently diagnosed cancer of all [110].
The cited report projected 2.89 million cases of lung cancer by 2030. Smoking, the presence
of carcinogenic substances in the environment, and lifestyle are considered to be the main
causes of lung cancer [88]. There are two kinds of lung cancers, non-small cell (NSCLC) and
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small cell lung cancer (SCLC). NSCLC is the most common kind of lung cancer, accounting
for 80% of the cases. SCLC is the most fatal and fast-spreading cancer, and it is often
diagnosed only at the later stages. SERS has been successfully used for the diagnosis of
both kinds of lung cancers, with a prospect of developing point-of-care and rapid testing.

Using DNA-based complexes as SERS tags and miRNA as a biomarker, Mao et al.
have developed a lateral-flow-assay-based SERS substrate for the rapid detection and
quantification of lung cancer biomarkers in less than 30 min [111]. Two types of biomarkers,
miR-21 and miR-196a-5p, were detected simultaneously and with comparable accuracy
with the existing QRT-PCR techniques. Similar studies were carried out with a flexible
filter paper substrate [112] and with different biomarkers [113,114]. They extended their
studies with ctDNA as the biomarker, thus implying the versatility of SERS [115]. Similarly,
miRNA has been used for the detection of lung cancer by using circular exponential am-
plification reaction (EXPAR)-based SERS [116]. With a combination of asymmetric PCR
and SERS, in regard to mutation genes in ctDNA, Guo et al. achieved a highly specific
(100%) and sensitive (75%) lung-cancer-detection method in blood samples. Asymmetric
PCA was performed to obtain single-stranded DNA, followed by the SERS-based detec-
tion using specifically labeled Au substrates [117]. With exosomes as biomarkers, lung
cancers at different stages were identified accurately (~90%) by using SERS and a deep
learning algorithm to classify healthy and malignant samples, exhibiting potential for
early diagnosis, as shown in Figure 3 [118]. Serum samples of normal and lung-cancer
patients were analyzed using PCA and PLS analysis to discriminate and identify the cancer
samples with SERS spectra and achieved an accuracy of 92% [119]. Similarly, using a
core-satellite type of plasmonic materials and SERS, serum samples of healthy, benign, and
malignant cases of lung cancers were classified with a combination of principal component
analysis (PCA) and support vector machines (SVMs) [120]. CtDNA-based identification
of lung cancer using a DNA-rN1-DNA-mediated SERS frequency shift method was de-
veloped to achieve sub-femtomolar sensitivity [121]. Similarly, exosomes derived from
bronchoalveolar fluid were used for the detection [122]. Whole-exosome SERS spectra
have been analyzed using PCA to classify lung cancer and normal samples with 95.3%
sensitivity and 97.3% specificity [123]. Lung-cancer biomarkers (aldehydes) and cells were
identified rapidly using renewable porous CuFeSe; /Au nanostructures achieving an LOD
of 1 ppb [124]. Challenging gaseous biomarkers called volatile organic compounds, which
serve as indicators for lung cancer, were detected using ZIF-8-coated gold superparticles
for the sensitive identification of lung cancer [125]. Pleural effusions of lung cancer and
normal samples were studied using SERS and machine learning techniques to achieve a
classification accuracy of 85% [126]. A combination of PCA and LDA has been used to
classify lung cancer and normal samples with SERS analysis of serum samples, achieving
sensitivity and specificity of 100% and 90%, respectively [127]. The same technique was
used for SERS-based classification of lung-cancer-tissue slices [128]. Using common protein
carcinoembryonic antigen (CEA) and a-fetoprotein (AFP) as biomarkers, SERS-based detec-
tion was performed for the diagnosis of lung cancer [129]. A non-destructive photothermal
therapy targeting lung cancer cells (A549 cells) was developed using NIR radiation and
Ag-Au shell—core structures were used for the SERS-based detection of the A549 cells.
These nanostructures are highly specific and have different affinities for cancerous and
non-cancerous cells, thus helping in tagging the cells. Based on the SERS activity of R6G
molecules, the detection and phototherapy can be monitored [130]. Similar studies were
carried out using reduced graphene oxide plasmonic substrates [131]. A multivariate anal-
ysis (SVM and PCA) of SERS data was used to identify and classify different types of lung
cancers with an accuracy of 95% [132]. Choosing aldehydes in exhaled breath as biomark-
ers, highly sensitive, portable detection was performed, achieving LOD of 1.35 nM [133].
Chemometric techniques coupled with slippery liquid-infused porous surface-enhanced
Raman spectroscopy were used for concentrating blood samples in a small area and thus
enhancing the SERS signal for trace detection [134]. A gap mode plasmonic SERS substrate
with a combination of Ag nanocubes and Au nanorods was used for the identification of
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lung-cancer-related exosomes [135]. A SERS analysis of saliva samples was performed to
classify healthy and cancerous samples, using SVM and random forest, with a sensitivity
of 95% and 97%, respectively [136]. With adenosine as a biomarker, urine samples were
analyzed using SERS with Fe304/Au/Ag-based substrates, achieving good reproducibility,
stability, and sensitivity of 1010 M [137].
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Figure 3. Schematic of work created by Hyunku et al. in lung cancer identification via a combination
of SERS and deep learning. (a) Exosomes that were used as biomarkers for sensing. (b) Sample
preparation and data collection. (c) Deep learning model used for the classification of normal and
cancer cells exosomes using SERS spectra. Reproduced with permission from [118]. Copyright (2020),
American Chemical Society.

2.1.2. Breast Cancer

Breast cancer is considered to be the second leading cause of death among women
after lung cancer [138]. Breast cancer is often diagnosed by a mammogram, ultrasound,
MRI, or biopsy. Furthermore, it is often concluded by a histopathological test, which
is unfortunately time-consuming and is highly prone to human interpretation error. In
addition to identification using urine, serum [139], and tear samples [140], SERS has also
been used to understand the drug carrier mechanism [141] and classification of different
stages of breast cancer [142], as shown in Figure 4.
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Figure 4. Breast cancer detection using SERS. (a) Schematic of workflow for (A) sample collection
and (B) deep learning model-based breast cancer detection with exosomes-based SERS sensor. Re-
produced with permission from [143]. Copyright (2022), American Chemical Society. (b) SERS and
Photoacoustic (PA) imaging of breast cancer cells (A): (i) brightfield microscopic images and SERS
mapping area, and (ii) corresponding SERS spectra in different regions labeled in (i). (B) (i) Photo
of mouse with tumor, (ii) corresponding representative PA images for different post injection times,
and (iii) PA intensity at 750 nm. (C) (i) Optical image of tumor, (ii) SERS image of tumor, and
(iii) corresponding spectra for different regions in the image. Reproduced with permission from [144].
Copyright (2021), American Chemical Society.

Using the epidermal growth factor receptor as a biomarker, a gold-nanorods-based
SERS tool that can identify and image the spatial and temporal distribution of breast
cancer cells was developed by Xiao et al. [145]. Sialic acid, with its specificity towards a
phenyboronic-acid-based nanoprobe, was used as biomarker for identification and imaging
of breast cancer in human cells and saliva [146,147]. The miRNA of breast cancer was
detected with a high sensitivity of 1071 M, using a hybrid SERS substrate of GaN nanos-
tructures with Au/Ag [148]. Functionalized SERS substrates with specific tags were used
for the simultaneous isolation and detection of breast cancer cell lines [149]. Zheng et al.
developed a SERS-based microfluidic channel for detection and quantification of prominent
breast cancer biomarkers in real samples [150]. A combination of SERS and electrochemical
biosensor was developed to monitor the drug response of DNA associated with breast
cancer cells [52]. Hameed et al. have worked on fabricating anisotropic gold nano-stars
that showed specific affinity to breast cancer cells compared to normal cells, aiding in
the detection of the same [151]. Multiple SERS tags were used for understanding the
drug-carrier mechanisms in breast cancer cells for the antineoplastic drug tamoxifen [141].
Similar studies were carried out with estrogen receptor alpha (ER-x) as the biomarker [152].
ER-a-based SERS has also been used for understanding cellular uptake mechanisms in
breast cancer [153]. Labeled hollow silica-encapsulated gold nano-spheres were used for
identifying and quantifying breast cancer biomarkers [154]. Choi et al. developed SERS
nanotags by using Ag-Au hollow nanospheres that are durable, reproducible, and sensitive
for the detection of various biomarkers for SERS [155]. A SERS-based 3D holograph was de-
veloped to detect and quantify nine miRNAs corresponding to breast cancer. Hairpin-like
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DNA was used as SERS tags along with Raman reporters for each miRNA that are spatially
separated on the SERS substrate [156]. Similar studies were carried out by Weng et al. [157],
Lietal. [158], and Lee et al. [159]. A ratio-type method was developed for the discrimina-
tion of breast cancer and non-cancer cells, using the SERS technique. A plasmonic material
with Rh6G as a tag for breast cancer biomarker (MMP-2), along with a standard (2-NT),
was used for analyzing the live cells based on the ratio of SERS signals in standard and
R6G [160]. Li et al. also performed similar studies [161] and was also used for quantitative
molecular phenotyping in a different study [162]. Recently, ratiometric SERS has been used
for the identification of breast cancer using Au@Ag and GO nanostructures [163]. Cell
suspensions of normal and breast cancer cells were analyzed using SERS coupled with
Random Forest classifier to understand the differences. It was found that breast cancer cells
have high cholesterol, lipids, proteins, and nucleic acids relative to the normal cells, and
the classification accuracy was nearly 78% [164]. A comparison was made between SERS
and Raman performance for the classification of different stages of breast cancers, using
PCA and PLS-LDA, and found that SERS leads to better accuracy (94%) relative to the
Raman (83%) method [142]. PLS-LDA was also used by Zheng et al. for the identification of
breast-cancer biomarkers, using HAp [165]. PLS-SVM, PLS-LDA, and PCA-LDA were used
for the classification of breast cancer and the normal group [166-176]. An exosome-based
CNN model was developed for the classification of breast cancer and normal samples, with
an accuracy of 95% [177]. A systematic analysis of SERS spectra obtained from urine and
serum samples was performed, and it was found that the urine samples demonstrated
better accuracy in the classification [170]. Biomarkers tracking the epithelial-mesenchymal
transition in the plasma samples of breast cancer cells were identified using SERS im-
munoassay [178]. SERS-based cancer cell imaging was performed using gold nanoparticles
based on the specific affinity of phenylalanine [179]. Different methods for the preparation
of plasmonic Ag nanoparticles and their effects in SERS signal were discussed by Beata
et al. [180]. Photothermal therapy and SERS-based identification of breast cancer were
performed using gold nanorods [181] and gold nanobipyramids [182]. NIR and SERS-based
phototherapy and detection were also performed [183]. A three-in-one tool consisting of
photoacoustic imaging, thermosurgery, and SERS was developed to address the concern of
residual microtumors in breast cancer [144]. By combining artificial intelligence and SERS,
researchers developed a label-free detection method of breast cancer exosomes with 100%
accuracy. This was also used to assess the outcomes of the surgeries [143]. Au/HCP-PS
nanospheres were used for the SERS-based detection of breast cancer, using tears from
asymptomatic patients, along with chemometric analysis [140]. A Pt-based SERS template
was developed using cost-effective methods for the detection of breast cancer exosomes
that achieved a sensitivity of 83.3% and a specificity of 95.8% [184]. A combination of 2D
graphene and plasmonic gold nanostars was used for trace identification of exosomes [185].
There are many reports of researchers using exosomes as biomarkers for the identification of
cancer, using SERS [186]. A highly sensitive (EF ~10°) and reproducible (2.7%) method was
developed using Au@Ag nanospheres for the detection of breast-cancer-based extracellular
metabolites [187]. Systematic experiments were performed to understand the effects of laser
power and acquisition time on the reproducibility in immune-SERS microscopy and found
that a longer acquisition time and higher laser power lead to poor reproducibility [188].

2.1.3. Miscellaneous

With the mechanism for detection being the same, SERS has been extensively used for
the detection of several other cancers, including gastric [189], oral, liver, ovarian [190,191],
and prostate cancers [192-197]. Gastric cancer diagnoses have been performed using dif-
ferent plasmonic materials by analyzing SERS spectra of serum samples [198-200], blood
plasma [201], exosomes [202], extracellular vesicles [203], telomerase [204], saliva [205], and
ctDNA [206]. In a breakthrough study, a breath analysis based on SERS was performed to
identify different stages of gastric cancers by analyzing the Raman bands [207,208]. Differ-
ent chemometric techniques such as PCA [209,210], PCA-LDA [201,211-213], SVM [214],
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ANN [215], and PCA-QDA [216] were also used for classification and identification of
gastric cancers. Li et al. used a combination of classification algorithms, such as PCA-LDA,
PCA-SVM, and PCA-CART, for identifying gastric diseases in serum samples [217]. Blood
samples from healthy and normal patients were analyzed for different cancers, such as
liver cancer, colonic cancer, esophageal cancer, nasopharyngeal cancer, gastric cancer along
with PCA-SVM and achieved an accuracy of 96% [218]. Based on the SERS profiling of
urine samples, bladder cancer was studied using machine learning algorithms with miRNA
as a biomarker [219]. PCA, random forest, KNN, and naive Bayes algorithms were used
for the identification of renal cancer, with the SERS profiling of serum samples achieving
accuracy greater than 75% [139]. Taking advantage of the coffee-ring effect, the serum
samples of lung and prostate cancer patients were identified with 100% accuracy, using
PLS-SVM algorithms on SERS data [220]. Gaussian-based CNNs were used for the same
application elsewhere [221]. Recently, there was a review article specifically focusing on
SERS-based biosensing for liver cancer detection applications [222]. Zhang et al. elaborated
on the existing literature for oral cancer diagnosis and therapy with gold nanoparticles,
highlighting the current progress and challenges [223]. A similar review article was also
published for the case of ovarian cancer [224]. Oral cancer was studied using saliva samples
and the miRNA of normal and cancer patients with the SERS technique [225,226]. SVM
in combination with SERS has been used for the early detection of oral cancer among
patients using serum and saliva samples and achieved an accuracy of 80% [227]. Prostate
cancer has been extensively studied and successfully identified using different techniques,
such as serum analysis combined with PCA-SVM [228]; detection of prostate specific
antigens [229-232]; EVs combined with CNN [230]; miRNAs [233]; different multivariate
techniques, e.g., PCA-LDA and PCA-SVM [234]; and urine profiling [235].

2.2. SARS-CoV-2 and Other Respiratory Diseases

With the onset of the pandemic and the fast-spreading variants, there was a need to
rapidly identify, detect, and quarantine the infected population. Surveying the presence of
antibodies in large populations, often called a serological survey, was important to access
the percentage of population infected and to monitor community transmission [236]. The
dominant existing technique for the identification of SARS-CoV was PCR, which relies on
analyzing the genetic material of the virus [237]. However, the test is expensive, thus pre-
venting wide usage and also is time consuming. The Raman spectrum of a whole organism,
including viruses, is contributed to by the proteins, carbohydrates, and nucleic acids that
make up the organism [238]. The expression of these building blocks is controlled by the
genetic material of the organism, hence helping in the unique identification [239]. SERS
has enabled trace, point-of-care (POC), sample-collection-friendly, rapid, flexible, and cost-
effective covid detection alternatives with the use of diverse nanomaterials [10,240-242]. In
addition, both portable and handheld systems have indeed enabled point-of-care testing
based on Raman spectroscopy [56,243]. SERS has also been widely used for the detection
of other respiratory zoonotic diseases, such as HIN1, H7N9, H3N2, and H5N1; and other
coronaviruses, such as MERS-CoV [244,245]. Often, machine learning algorithms are used
in combination to enable the identification of patterns that are not apparent to the human
eye [246,247]. The availability of large data and the ease of collection have accelerated the
potential of machine learning algorithms in identifying viruses and their variants with
reliable accuracies for POC devices [248,249]. In addition to trace identification, SERS has
also enabled quantification of viral load to access the severity of the infection [250,251].

SERS in combination with LDA has been used for the rapid (2 min) identification
of respiratory viruses, including SARS-CoV-2, human adenovirus type 7, and HIN1, us-
ing label-free silver nanoparticles [252]. Fe3O4@Ag nanoparticles tagged with specific
antibodies were used for the detection of adenovirus and influenza virus [253]. Eleven
different respiratory pathogens were identified using SERS, with nanoparticles tagged
with nucleic acids achieving remarkable LODs in the sub-picomolar range [254]. Gold
nanoparticles functionalized with a specific enzyme were used for the detection of S protein
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expressed by the COVID-19 viruses with SERS-based sensing in water [255]. Trace S pro-
tein detection has also been performed with SERS substrates enabling both chemical and
electromagnetic enhancement [256] and using DNA-aptamer-based substrates, achieving a
0.7 fg mL~! LOD [257]. Influenza-infected cells were identified based on proteins, using
SERS and PCA [258]. Influenza and covid viruses were detected in human nasal fluid and
saliva, using SERS [259], and also in untreated saliva [260]. A portable breath analyzer
for covid detection based on the presence of organic volatile compounds was developed,
achieving a sensitivity greater than 95% with less than 5 min of detection time [53]. A
lateral-flow-immunoassay-based SERS was proposed for the quantitative detection of
SARS-CoV-2 [261]. Similar work was performed for the trace detection of SARS-CoV-2
antibodies and spike proteins [262-264]. Li et al. optimized the silver nanostructures to
increase the LOD for SARS-CoV-2 detection [265]. In a unique study, Kim et al. studied
the efficacy of the Oxford—AstraZeneca vaccine by using SERS studies on tear samples
and achieved excellent reproducibility and LOD in the femtomolar regime [266]. Machine
learning algorithms such as PCA and SVM were used for the classification of normal and
SARS-CoV-2 saliva samples with SERS data, with an accuracy of 95% [267]. Different
respiratory viruses and their variants were identified using a silver-nanorods-based SERS
sensor [268]. Different respiratory syncytial viruses have been identified and classified
using SERS and classification algorithms such as PCA and HCA [269]. A deep-learning-
based on-site SERS detection was developed to detect the SARS-CoV-2 virus based on the
spike protein with 87% accuracy. This work also studied Raman modes of the spike protein
theoretically and established a database [270]. Different variants of the SARS-CoV-2 virus,
including wild-type, Alpha, Delta, and Omicron, were successfully identified using specific
antibody-tagged 3D porous Ag-based SERS substrates [271]. SERS has also shown the
potential of simultaneous detection of influenza virus (HIN1), SARS-CoV-2, and respiratory
syncytial virus by using magnetic-tags-based SERS substrates with extended studies in
throat swabs [272]. Label-free SERS was performed on serum samples of patients after 4 to
16 days of testing positive for COVID-19, and chemometric techniques were used to find
significant difference in the SERS spectral features [273]. Figure 5 summarizes different
techniques that are used for the SERS-based detection of SARS-CoV-2.
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Figure 5. (a) Optical images of the workflow used for SERS-based detection of COVID-19 disease
using breath analysis with a detection time of 5 min, achieving sensitivity >95% in nearly 500 partic-
ipants, establishing the rapidness and specificity of SERS. Reproduced with permission from [53].
Copyright (2022), American Chemical Society. (b) Schematic of nasopharyngeal-swab-based Covid de-
tection using SERS with flexible substrates enabling sensitive detection. Reproduced with permission
from [238]. Copyright (2022), MDPI.
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3. SERS-Based Detection of Microorganisms
3.1. Bacteria Sensing

A bacterium is a living cell and falls under the class of prokaryotic microorganisms.
Bacteria come in different shapes, including spheres, rods, spiral, and comma, and have
a typical size of few micrometers [274]. Bacterial cells are omnipresent, as they are found
in water, food, soil, air, and the human body, and, interestingly, the human body contains
10 times more bacterial cells than human cells. However, only 3% of the bacteria are
pathogenic, while the other 97% are essential for the survival of different life forms on the
earth [275]. The identification of bacteria is important to assess the quality and contamina-
tion of food, soil, and water as a measure of public health. In some cases, the presence of
bacteria is also desirable to ensure the decomposition of undesirable contaminants through
a process called bioremediation [276-278]. Conventionally, PCR, plate culture, and flow
cytometry are used for the detection of bacteria. However, all of them are time-consuming
and need 2 to 3 days to arrive at conclusions [279]. SERS-based sensing for bacteria is
extensively used for its proven advantages of being specific, sensitive [280-282], rapid [283],
and water compatible to perform in situ measurements [284], as well as having the ability
to quantify [285-287] and potential for trace detection [288-293]. Point-of-care devices for
detection of bacteria can also be realized through SERS [294,295]. The sensitivity of SERS
even enabled the detection of the single bacterium [295]. It is even possible to distinguish
between live and dead bacteria cells by using SERS [296]. With the use of appropriate
machine learning techniques, researchers achieved strain-level distinction using SERS
spectra [297].

A SERS biosensor using aptamer (aptamer—-Fe304@Au) and antibiotic (Vancomycin—
Au@MBA) molecules has been used for the detection and quantification of pathogenic
bacteria achieving a LOD of 3 cells/mL [298]. Vancomycin tagged NPs were also used
in fabricating a sandwich such as SERS substrate for identification and photothermal
elimination of bacteria in blood samples [299]. Different bacteria species such as S. typhi,
E. coli, and L. mono were identified using SERS with Fe30,@Au magnetic nanoparticles and
demonstrated good accuracy in real world samples such as beef, saliva, and urine [300].
Wang et al. have also used magnetic nanoparticles for the detection of S. aureus [301,302].
Inspired by polyphenolic chemistry, SERS substrates with metal phenolic networks were
designed for the detection of E. coli and S. aureus [303]. In addition to E. coli detection,
antibiotic susceptibility was studied using core—shell Au@Ag nanorods. This study was
also extended to mice blood, implying practical usage [304]. Bacteria present in serum
and human blood sampl was identified using SERS based sensing [305,306]. Polymer
mats prepared by force spinning were used for the detection of S. aureus, P. aeruginosa,
and S. Typhimurium in blood plasma [307]. Using external magnetic field and plasmonic
magnetic nanoparticles, the sensitive detection of Gram-negative bacteria was performed
by concentrating the sample to a small area [308]. Similar work was accomplished using
a microfluidic device to analyze drinking water for bacterial contamination [309]. The
quantification of Salmonella typhimurium was performed using 3D DNA-based SERS
substrates [310]. SERS-based immunoassay was used for the ultrasensitive and quantita-
tive detection of different bacteria species simultaneously [311]. Multiplexing was also
demonstrated by Hayleigh et al. [312] and Gracie et al., who then went on to conduct quan-
tification in multiplexing [313]. A ceramic-filter-based SERS substrate, along with metal
nanoparticles, was used for the detection of E. coli and Shewanella putrefaciens [314]. Nine
different species of E. coli were studied using a SERS microfluidic device and discriminated
with 92% accuracy, using support vector machine analysis [315]. The label-free and portable
detection of various foodborne bacteria was studied using SERS and different chemometric
techniques, e.g., PCA and PLS-DA [316]. Silver nanoparticles synthesized using leaf extract
were used for the detection of two bacteria species [317]. SERS, in combination with deep
learning techniques, was used for the accurate identification of Staphylococcus aureus to
achieve an accuracy of ~98% [318].
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3.2. Sensing of Biohazardous Molecules for Homeland Security

Bioterrorism is the new threat facing the world and is equally potent to cause large-
scale destruction of civil, animal, and plant life. Often, biological agents are easy to prepare
and scale up; can be contaminated in food, water, and soil; and are easy to carry, making
them the future weapons. Many countries keep them in their military stockpiles despite
the regulations [319]. According to the Centre for Disease Control and Prevention (CDC), a
biohazardous material is defined as any infectious agent or biological material that poses a
threat to human health, the environment, and animals. A review by Lister et al. summarized
different biological agents that concern homeland security [320]. Different pathogens and
biological agents, such as toxins, venom, and allergens, are some examples of biohazardous
materials. Nerve agents are a big concern owing to their high solubility, high toxicity, and
durability, with the Tokyo event in 1995 being an example [321,322]. Nerve agents can be
classified into G-series, representing agents developed by Germans; V-series for venomous
agents; GV series for the combination of G- and V-series; and Novichock series [323]. It
is imperative to have a detection system that is sensitive, rapid, portable, and functional
for different background media, such as liquids and gases, for the detection of these nerve
agents. Plasmonic sensors are widely used for the detection of chemical and biological
war threats [324,325]. Of all, SERS has its own advantages for the reasons discussed in the
Introduction section and hence is widely used for the detection of biological threats, with a
potential for field applications using portable devices [326] and chemometrics [327]. Here
we focus on nerve agents, risk-grade-two and -three bacteria species, or their biomarkers’
sensing, using SERS, with an interest in homeland security.

A sensitive and selective identification of the nerve agents Tabun, Cyclosarin, and
VX was performed using gold- and silver-coated Si nanostructures both without [328]
and with a tag (antidote) [329] in two different studies. VX and its hydrolysis products
were studied elsewhere, too [330,331]. Sarin, an organophosphorus nerve agent, was de-
tected using plasmonic Si nanocone structures [332]. Three nerve agents, i.e., isopropyl
methylphosphonofluoridate (GB), pinacolyl methylphosphonofluoridate (GD), and cyclo-
hexyl methylphosphonofluoridate (GF), were identified, and their hydrolysis degradation
was distinguished using SERS [322]. A mustard simulant, pathogenic bacteria, and cyanide
were detected using SERS [333]. A reproducible (7%), rapid (30 s), and sensitive (1 ppb) was
used for the detection of a nerve simulant, pinacolyl methyl phosphonic acid (PMPA) [334].
Gaseous warfare agents such as dimethyl methylphosphonate were identified using SERS
on LiCl microlenses [335]. Various G-series and VX nerve agents were identified using
novel pinhole shell-isolated Au nanoparticles substrates achieving sensitivity of 10 ng/L
and 20 ng/L, respectively [336]. Using plasmonic 3D fractal structures, a G-series nerve
agent called dimethyl methylphosphonate (DMMP) was detected in the gaseous state,
with a sensitivity of 12 ppmV [337]. Bacillus anthracis is a highly infectious bacteria that
causes the fatal disease anthrax in humans. It is a cause for concern because of its recent
usage as a biowarfare agent by many countries [338]. Farrell et al. summarized different
anthrax biomarkers and existing detection techniques [339]. Plasmonic metal decorated
anisotropic Ni nanostructures were used for detection of dipicolinic acid (DPA), a biomarker
for anthrax [340]. Specifically, tagged SERS substrates were used for the detection of an-
thrax protective antigens, achieving a remarkable LOD of 1 pg/mL [341]. A magnetic
microfluidic SERS sensor using specifically tagged Au nanoparticles was used for the de-
tection of the anthrax biomarker poly-y-D-glutamic acid, with an LOD of 100 pg/mL [342].
Reusable and sensitive laser-ablated Au nanostructures were used for the detection of
dipicolinic acid (DPA) with a LOD of 0.83 pg/L and signal enhancement of ~10'2 [343].
A selective SERS substrate that can discriminate between different strains of bacteria by
specifically binding to Bacillus anthracis was designed with DPA as a biomarker [344]. Gold
nanorods were also employed for the sensitive detection of DPA and anthrax-protective
antigen [345,346]. The trace detection of DPA, equivalent to nearly 18 spores, was achieved
using super-hydrophobic SERS sensors [347]. The effects of aggregation of NPs and pH
on the SERS performance for the detection of components of cell wall and endospores of
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Labelled observations

Bacillus thuringiensis were studied extensively [348]. Different chemical and biological war-
fare agents were classified using techniques such as PCA, PLS-DA, as well as hierarchical
classification techniques based on the SERS spectra [328,349].

4. Machine Learning in SERS-Based Biosensing
4.1. Introduction to Machine Learning

In recent times, machine learning is widely being used for many applications includ-
ing spectroscopy for both data pre- and postprocessing. Machine learning (ML), as the
name suggests, is a technique in which the algorithm learns patterns from the existing
data and will attempt to make accurate predictions on the unknown based on the trained
data. The potential for its ability to find complex patterns from big data sets has given an
opportunity to extract and model data purposefully. There are different existing algorithms,
both supervised and unsupervised, depending on the problem at hand. Deep learning is a
subdomain of machine learning inspired by the human brain that uses multilayered neural
networks for modeling data. Throughout this article, machine learning also implies deep
learning techniques. Advances in computation facilities and with increasing availability
and complexity of big data, deep learning, which is a kind of machine learning, has found
its place. Some popular and relevant examples of ML being classification of emails as span
and not span, identifying cancer in early stage using medical images, face recognition and
weather prediction. ML algorithms can be broadly classified into three types, namely super-
vised for labeled observations, unsupervised for unlabeled observations, and reinforcement
learning for models that learn from the errors to improve accuracy [350], as summarized in
the Figure 6 below.
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Figure 6. Flow chart illustrating the classification of different machine learning algorithms as super-
vised, unsupervised, and reinforcement models.

With the ease of data collection and availability of open source Raman spectroscopy
data, SERS has also seen a surge in machine learning models [49,351,352]. The trend is
welcoming and desirable as the nature of existing challenges in SERS involving trace
detection, signal fluctuations, quantification and identification are complex with many
variables calling for an analytical tool that has the ability to capture the patterns devoid of
experts [353]. Trace detection implies identifying signal from a noisy background where
ML could be aided. SERS is also known to have inherent signal fluctuations owing to
localization of hotspots. Especially in the case of bio samples, they have background
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contribution from different undesirable components thus interfering with the signal and
need ML algorithms to extract the useful information [2,354-357]. The process of data
collection, identification of chemical composition and quantification is non-linear and is
highly dependent on human intelligence making it a barrier to carry the benefits of SERS to
onsite [358]. Some of the widely used techniques include Principal Component Analysis
(PCA), Support Vector Machine (SVM), Partial Least Squares (PLS), Decision Trees (DTs)
and Convolutional Neural Networks (CNNs). PCA is a dimensionality reduction technique
where components representative of the data with large variance are preserved. This is
extensively used a preprocessing step in order to reduce complexity of the models or also as
a classification technique [359-361]. SVM is a nonlinear ML technique that can be used for
both regression and classification [360]. It works by finding a hyperplane that distinguishes
two or more classes using a kernel function [362]. If the data set is small and the number of
variables is large, PLS is useful for its ability to still extract useful information and is often
used for quantitative studies [363,364]. DTs are widely used for classification of the data
using a method bootstrapping [365]. CNNs are a kind of neural networks which employ
filters and pooled layers in the architecture and often used if the size of the data set is
large enough and if images are involved in the modeling [366]. Specifically, in the field of
biophotonics, machine learning models using SERS can be efficiently classified into three
domains: identification, classification, and quantification, with interests such as disease and
molecular diagnosis [367,368]; microorganism classification, identification, etc. [369-372];
and cancer diagnosis [373], as shown in Figure 7. In addition, machine learning was also
used to improve data collection to overcome signal fluctuations and enhance the usability
on site [374], to estimate the effect of scattering [375] and for the SERS signal enhancement
itself [376]. In further sections, we discuss different ML techniques that were used in SERS
for biology applications.
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Figure 7. Schematic of applications of machine learning for biosensing using SERS based plas-
monic sensors.

4.2. Identification

SERS provides the vibrational fingerprint of many biomolecules, including amino
acids, peptides, carbohydrates, pathogens, and nuclei acids [377]. It is also label free
and non-destructive, making it desirable for in situ and rapid identification. Often in
real-world situations of biology sample analysis, there are undesirable effects from back-
ground cell signals or with the similarity of spectra from two subspecies. Machine learn-
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Prediction

ing models can be successfully trained to capture these complex differences and distin-
guish two similar spectra devoid of the background helping in identification of the sample.
Figure 8 summarizes the work so far in using ML for identification applications in biosens-
ing with SERS. CNNs were used for identification of cancer using SERS with gold multi-
branched nanoparticles (AuMs), functionalized with different chemical groups, and achieved
100% accuracy in identifying the structural changes [378]. Drug-sensitive and drug-resistant
bacterial strains were identified using SERS with a combination of CNNs and achieved 100%
accuracy [379]. Different classification algorithms such as LDA, SVM, and KNN were used
for the classification of bacterial extracellular vesicles for E. coli by strain and culture time
using label-free approach of SERS [380]. SVM was successfully used for the identification
of different drugs in human urine at trace levels with an accuracy greater than 92% [381].
A SERS chip was designed to identify a cancer marker, TIMP-1, and combined it with ML
to identify lung and colon cancer in patients [382]. A label-free SERS, in combination with
different machine learning algorithms, such as random forest, PCA-LDA, and decision trees,
was used for the identification of colon cancer using serum samples. It was found that the
random forest model outperformed the other two models in terms of accuracy and speci-
ficity [383]. SERS combined with ANN was used for the identification of different pollen
samples despite many spectral contributions using Au NPs [384]. A microfluidic-chip-based
SERS substrate with Au nanoparticles was used for the identification of 1 Jurkat, THP-1,
and MONO-MAC-6 leukemia cell lysates, using SVM, and achieved 99% accuracy [385]. A
lab-on-chip SERS device was fabricated and used for the successful identification of different
species of mycobacteria [386]. The machine learning models PLS-DA and CNN were used to
identify different stages of kidney malfunction in dialysis patients by using serum analysis
by SERS. The CNN model achieved an accuracy of 96%, which is better than that of PLS-DA,
with 84% [387]. The SVM outperformed other techniques in the identification of cyanobac-
teria, using SERS spectra of mutant and wild-type strains [388]. Using a dimensionality
reduction technique, followed by a probabilistic ML. model, SARS-CoV-2 identification was
performed with an accuracy of ~85% [389]. SERS coupled with SVM was also used for the
identification of lung cancers [96].
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Figure 8. Applications of machine learning techniques used in the identification of biological samples,
using the SERS technique for the (A) identification of lung and colon cancers from exosomes HCT-116
(colon cancer biomarker), A549 (lung cancer biomarker), and non-cancerous samples performed with
(a) PCA, (b) PLSDA, and (c) SVM, with 60% of training set and 40% of test set. (d) Predicted labels for
the test set using the SVM model. Value 1 is a prediction for normal plasma, Value 2 is a prediction
for A549 (lung cancer) exosomes, and Value 3 is a prediction for HCT-116 (colon cancer) exosomes.
The highlighted portion shows labels that are wrongly identified. Reproduced with permission
from [382]. Copyright (2022), Elsevier. (B) Identification of 14 commercially available pollen species
using SERS spectra combined with an artificial neural network, using a winner-takes-all (WTA)
method. Reproduced with permission from [384]. Copyright (2015), Wiley. (C) Schematic for SERS-
based ML model used in the identification of methicillin-susceptible Staphylococcus aureus (MSSA)
and methicillin-resistant Staphylococcus aureus (MRSA) bacteria, using a CNN model. Reproduced
with permission from [379]. Copyright (2021), RSC.

4.3. Quantification

One of the interests of using SERS for sensing also lies in its ability to detect trace
and ultra-trace molecules. The intensity and concentration relation for a peak of choice in
the SERS spectrum is often non-linear due to many factors, such as the inhomogeneous
distribution of hotspots, non-uniform adsorption of molecules, and localization of the
hotspots [361,390]. This calls for machine learning models that have the ability to capture
non-linear patterns of intensity and concentration relation and further predict the unknown
concentration. As the problem demands, regression ML models such as PCR, PLSR, SVR,
and XGBR are used for the quantification of trace biomolecules.

A quantitative analysis of antibiotics and a mixture of antibiotics was performed using
PLSR with an accuracy of 96% [391]. An SERS-based lateral flow assay was used for the
quantification of E. coli in milk and beef, using the Bayesian ridge regression (BRR), sup-
port vector regression (SVR), elastic net regression (ENR), and extreme gradient boosting
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regression (XGBR) algorithm, as shown in Figure 9 [392]. A SERS substrate with plasmonic
nanogaps was fabricated and used for the trace sensing of pyocyanin, a secondary metabo-
lite of Pseudomonas aeruginosa, from a complex background. Furthermore, using machine
learning algorithms, the quantification of pyocyanin was performed with an accuracy until
five significant digits, using PLS [393]. The quantification of very low concentrations of
fumonicins in maize was performed using different chemometric techniques such as PCR
and PLSR and achieved an accuracy above 90% [394]. Thiols found in the whole blood
of umbilical cords were quantified using a PLSR model on SERS spectra collected using
silver nanoparticles as plasmonic substrates [395]. PCA, followed by SVR, was used for the
quantification of histamine, an allergen, in seafood, using spectral data from a combination
of TLS and SERS [396].

6.94 % 108 RVSE = 043

H
AuPTNSGAGP™E  SERS nanotags e

s — SR

Fr T

b & =
) =

RVISE - 0002

=099

—1
— XGBR-ghiree

0 S ik 1S 2k 0 Sk ok 18k 20k
Intensity Intensity

E.Coli (CFU/mL)
¢ 10 1010 100

Backing

Absorption pad
trocellulose pad

Goat anti-mouse IgG s

Raman intensity at

' E.coli 0157:7 detection MeAb

1200 1400 1600 1800 13314 36 7.8 910 2

v 0
E.coli O1S7:H7 capture MeAb 06 G0 me " 1vee ;
Raman shift (em!) Log (CFU/mL)

Figure 9. (A) Schematic of ML-based quantification of E. coli O157:H7, using (a) SERS nanotags
and (b) lateral flow assay along with different regression models, including SVR, BNR, and XGBR.
Reproduced with permission from [392]. Copyright (2020), Springer. (B) (a) (i) Optical images of
the lateral flow strips and (ii) SERS mapping region of the prominent peak in the SERS intensity
profile. (iii) Corresponding SERS spectra of the test lines. (iv) Intensity and concentration fit.
(b) Machine-learning-based regression fits for (i) Bayesian ridge regression (BRR), (ii) support vector
regression (SVR), and the (iii) elastic net regression (ENR) and (iv) extreme gradient boosting
regression (XGBR). (c) PCR image for the E. coli detection. Reproduced with permission from [392].
Copyright (2020), Springer.

4.4. Classification

The goal of the classification algorithms employed for data analysis in SERS for
biosensing is often differentiating different classes, species, and spectra corresponding
to different stages of the disease or different diseases themselves. So far, classification
algorithms such as SVM, KNN, and PCA; and different neural networks, such as CNN,
were used for the problems stated.

Different bacteria species were classified and identified using SVM, with an accuracy
of 87% by using SERS with bacterial cellulose nanocrystals (BCNCs) decorated with Au
nanoparticles [397]. K-nearest neighbor and decision trees were used for the classification
of SERS-based liquid biopsy assay to identify five protein biomarkers (CA19-9, HE4, MUC4,
MMP?7, and mesothelin) in pancreatic cancer patients, ovarian cancer patients, pancreatitis
patients, and healthy individuals [398]. The direct serum analysis of liver cancer samples
is performed using Au-Ag nano complex-decorated ZnO nanopillars on paper for the
classification of different stages of cancer using CNNs. This method achieved an accuracy
of 97.78% [399]. SERS combined with machine learning was also used for the screening of
PCOS, using classification algorithms on SERS data. Samples of follicular fluids and plasma
from healthy and PCOS patients were successfully classified, with an accuracy of 89%, using
stacked models for both [400]. Protein species with similar spectral profiles were classified
using principal component analysis (PCA) applied to SERS spectra [401]. CNNs without
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any preprocessing steps were used for the classification of different grades of bladder
cancer tissue, using Raman spectra, and different species of E. coli, using SERS spectra.
Different classification algorithms, such as KNN, PCA, SVM, and ANN, were used, but
CNN was found to outperform the others in terms of accuracy [402]. Using Non-Structural
Protein 1 (NS1) as a biomarker for dengue, extreme learning machine and PCA models
were used for the classification of dengue patients with 100% accuracy towards a goal of
early diagnosis [403]. Bacterial endotoxins of twelve different species were identified and
classified using SERS spectra and machine learning algorithms such as KNN, RF, SVM, and
RamanNet. While the other algorithms achieved accuracy greater than 90%, RamanNet
outperformed them, with 100% accuracy [404]. With a goal to identify cancer at an early
stage, a point-of-care diagnosis system using a novel hydrophobic SERS substrate combined
with machine learning techniques was used, as shown in Figure 10 [50]. The SERS spectra
of serum samples collected from nearly 690 patients, including normal and different cancers
(breast cancer, leukemia, and hepatitis B virus), were collected and analyzed using deep
learning techniques to achieve 100% accuracy in successfully classifying the data. They
performed external testing with an accuracy of 98%, indicating potential usage in the
real world.
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Figure 10. (A) Schematic of the architecture used for classification of different cancers and normal
serum samples using SERS spectra collected from nearly 695 patients. (B) Learning curves for the
model implemented with loss and (C) accuracy as metrics. (D) Confusion matrix for the training
(E) test data sets communicating good accuracy. Reproduced with permission from [50]. Copyright
(2021), Wiley.
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5. Conclusions and Scope

The vast existing literature and continued interest in the SERS technique for biosensing
is a promising sign to realize point-of-care devices based on SERS. This would revolutionize
disease diagnosis due to its ability to identify traces, enabling early detection, cost effec-
tiveness, and rapid diagnosis. Under optimized conditions, a single bacterial cell was also
detected using SERS, thus demonstrating its sensitivity [295]. Using SERS, it is possible
to identify disease biomarkers in a variety of bio-fluids, such as urine, saliva, plasma, and
blood, as well as in volatile compounds and gases. Unlike many commercial techniques,
SERS is reagent free and does not need sequential procedures for the identification of dis-
ease biomarkers. Machine learning techniques are extensively being used in SERS for their
ability to recognize complex and intricate patterns devoid of background noise. Different
models, such as PCA, SVM, ANN, CNN, KNN, and PLS, were used for identification,
quantification, and classification of microorganisms and different diseases, including can-
cers. In regard to cancer diagnosis using SERS, the distinguishment between normal and
cancerous samples, including cells and liquids, and the discrimination of different stages of
cancer have also been performed. These methods are cost efficient, rapid, and sensitive, as
opposed to the existing cancer-screening techniques. In response to the pandemic situation,
SERS has been extensively used for the detection of novel COVID-19 virus and also for
tracking the efficiency of the vaccines [266]. Furthermore, SERS has been widely used for
the detection of various nerve agents and other bio-warfare agents, thus expanding its
application in homeland security. Commercialization of SERS is already underway, with
many lateral flow and point-of-care devices that have been developed in response to the
pandemic [261] and diagnosis of other diseases with equal and par performance as existing
commercial techniques [150]. For example, it is established that SERS performs better than
the commercial enzyme-linked immunosorbent assay (ELISA) test kits in cancer detection,
allowing multiplexing with very less sample volume [405]. It was also shown to achieve
a lower LOD than radioimmunoassay (RIA) and ELISA in a different study [406]. In a
recent study, SERS was compared with a clinically available method for quantification of
glucose in blood sugar and shown to perform equally good [407]. It was found that SERS is
16-to-32-times more sensitive than the commercial lateral flow assay and >400-times more
sensitive than the ELISA with the same reagents for the detection of covid [264]. The major
components of a Raman system consist of a laser source, a probe for excitation and signal
collection, and a detection system with a spectrometer [408]. Recent advances on all of
these fronts for miniaturizing and reducing the cost are enabling the widespread usage of
SERS-based detection with portable systems.

Despite its merits, there are few challenges that stand in the way of scaling up
SERS for biosensing in the real world. Firstly, there are reasons inherent to the SERS
enhancement mechanisms that turn out to be undesirable, often causing signal fluctua-
tions and poor reproducibility. Due to the localization of dense field enhancement areas
(“hotspots”) and metal-sample adsorption artefacts, SERS signals are known to fluctu-
ate. Upon laser illumination, these hotspots are also known to diffuse or transform, thus
adding further to the poor reproducibility. A substrate with homogeneous field enhance-
ment promises good reproducibility but comes at the cost of enhancement and eventually
limiting trace detection [374]. Secondly, SERS substrates majorly comprise Au or Ag
nanoparticles/nanostructures. These nanostructures are generally not stable for long dura-
tions, with a risk of rapid oxidation upon exposure to ambient atmosphere. Owing to their
large surface charge, they also tend to aggregate to form clusters. Often, aggregation and
oxidation are prevented by the addition of capping agents or ligands which could affect
the SERS signal and compatibility with the bio-samples. In view of commercialization,
there is also a question of the reusability of the SERS substrates. Thirdly, SERS substrates
that are used in the lab are optimized under specific instrument conditions, such as laser
wavelength, acquisition time, power, and focusing conditions. In regard to point-of-care
applications, it is a challenge to have the same experimental conditions, thus limiting the
substrate efficiency. Field applications also call for cost-effective and miniature devices
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that are easy to operate by a non-expert [39]. Specifically in regard to biosensing, SERS-
based detection in the field is a challenge because of the lack of disease specificity. In
most of the scenarios, the biomarkers for disease detection, such as proteins and antigens,
are not disease specific and need further evaluation in order for researchers to arrive at
conclusions [409]. In the case of whole-organism or cell/tissue studies, it is difficult to
ascertain the peaks because of contribution from various components, such as proteins,
DNA bases, lipids, and other cell components. Figure 11 summarizes some best practices
for quantification and qualitative analysis in SERS at various stages of experiments. The
current research in SERS for biosensing is moving in the right direction to overcome these
challenges with exploration in the direction of instrumentation, standoff detection, and the
usage of ML techniques to improve data collection and identification without expertise.
We believe that, in the coming years, these challenges will be successfully met and SERS
will realize its full potential in real-world low-cost biosensing.
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Abstract: Mercury is a major pollutant in food crops. In this study, we synthesized an anti-mercury
monoclonal antibody (mAb; IC5y was 0.606 ng mL~1) with high sensitivity and specificity and
different immunogens and coating antigens and developed an immuno-chromatographic assay (ICA)
for the detection of mercury in rice. The ICA strip had a visible detection limit of 20 ng g~! and a
cut-off value of 500 ng g~ ! in rice. The performance of the ICA strip was consistent with that of
ICP-MS and ic-ELISA. The recoveries of mercury in rice ranged from 94.5% to 113.7% with ic-ELISA
and from 93.6% to 116.45% with ICP-MS. Qualitative analysis by ICA can be obtained with the
naked eye. The ICA strip is an effective and practical method for the rapid and high-throughput
determination of mercury in rice.

Keywords: rice sample; mercury; immunochromatographic assay; qualitatively; strip

1. Introduction

Mercury, one of nature’s most toxic heavy metals, causes serious harm to the envi-
ronment and humans [1,2]. Mercury is the only metallic element in liquid form at room
temperature, and its vapor is highly toxic [3]. Studies have reported that mercury in
grains results from environmental contamination [4,5]. Once the soil and water become
contaminated, the food produced in the region will have excessive levels of mercury. In
excess, mercury causes damage to the kidneys, stomach, and intestines and, in severe
cases, damage to the central nervous system, reproductive mutations, and DNA. The World
Health Organization reported that the per capita intake of mercury should not exceed
27 ug kg~ !. The GB 2762-2017 standard [6] issued by the China Food and Drug Adminis-
tration (CFDA) in 2017 stipulates that the limit for total mercury in rice, barley, and wheat
should not exceed 0.02 mg kg~ !.

Current detection methods for heavy metals include atomic fluorescence spectrom-
etry [7], inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled
plasma atomic emission spectrometry, atomic absorption spectrometry, cold atomic absorp-
tion, and heavy metal detection techniques based on antibody recognition [8].

These traditional instrumental methods, especially ICP-MS, have significant advan-
tages, including high accuracy, strong anti-interference, and trace and ultra-trace multi-
element analysis [9]. However, these methods require expensive instruments and highly
trained staff and are not portable. Immunoassays can overcome the shortcomings of
instrumental detection and are sensitive and have high throughput [10].

The preparation of anti-mercury monoclonal antibody (mAb) for mercury detection
has been reported [11,12]. However, studies reported low sensitivity and cross-reactivity
with copper [13]. Additionally, there are no reports on using immunoassay test strips in
grains [14].
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This study aimed to prepare a mAb with high sensitivity and low cross-reactivity
by using different chelating agents for synthetic immunogens and heterologous coat-
ing antigens [15]. While developing the immuno-chromatographic assay (ICA) strip,
we optimized the surface activity and antigen-antibody concentration to detect mercury
in rice.

2. Material and Methods
2.1. Chemicals and Instrumentation

We obtained mercury (II), mercury (I), MeHg, cadmium (II), lead (II), copper (II),
magnesium (II), arsenic (III), nickel (II), calcium (II), manganese (II), and chromium (III)
at 1 mg mL~! in 5% HNO; from the National Analysis Center for Iron and Steel of
China (Beijing, China) and isothiocyanobenzyl-EDTA (ITCBE) from Dojindo Molecular
Technologics, Tnc (Osaka, Japan). J&K Scientific (Beijing, China) provided ethylene diamine
tetraacetic acid (EDTA) and 6-mercaptonicotinic-acid (MNA). Keyhole limpet hemocyanin
(KLH), bovine serum albumin (BSA), goat anti-mouse immunoglobulin, Freund’s complete
adjuvant, Freund’s incomplete adjuvant, and gold chloride trihydrate were acquired from
Sigma-Aldrich (St. Louis, MO, USA). From Gibco BRL (Paisley, UK), we obtained RPMI-
1640 cell culture medium and polyethyleneglycol 1500 (PEG), and from Every Green Co.
Ltd. (Hangzhou, China), we acquired fetal calf serum. All chemicals were of analytical
grade or higher. We soaked the glassware in acid for more than an hour.

Thermo Fisher (Thermo Fisher Scientific, Massachusetts, USA) supplied the microplate
reader, centrifuge, and ICP-MS instrument. Other equipment included an electrophore-
sis apparatus (HBIO, MA, USA), magnetic stirrer, and vortex (Wiggens, Beijing, China).
A UV/Vis scanner (Bokin Instruments, Tsushima, Japan) was used to characterize the
immunogen and antigen.

2.2. Synthesis of Immunogen and Coating Antigen
2.2.1. Synthesis of Immunogen

Mercury, which has a molecular weight of 201 Da and no surface-active sites, cannot
be directly coupled to a protein. Therefore, with some modifications, we used a bifunctional
chelating agent-ITCBE based on Zhang’s [16] method. Figure 1a shows the synthesis of the
immunogen. First, we dissolved 6 mg KLH (1.3 uM) in HBS, added 1.17 mg ITCBE (2.6 uM,
dissolved in DMSO) dropwise, and adjusted the pH to 12 with 0.5 mol mL~! NaOH. After
stirring at 4 °C for 12 h, we added the mixture to 0.643 mg Hg?* (3.2 uM) while ensuring
that the pH was maintained at 8 with 0.1 mol mL~! NaOH. To remove the excess free Hg?",
we filtered Hg-ITCBE-KLH three times using an ultrafiltration tube. All conjugates were
adjusted to 2 mol mL~! with 0.01 M HBS.

2.2.2. Synthesis of Coating Conjugate

Figure 1b shows the synthesis of the coating antigens by reference to the method of
Wang [17]. An amount of 0.41 mg MNA (1.76 pmol) was dissolved in 200 uL DMSO and
0.923 mg (5.29 pmol) NHS, then 1.523 mg (5.29 umol) EDC were added. After stirring for
6 h, the activation solution was added dropwise to BSA dissolved in CB (coating buffer),
and the reaction was carried out overnight. The dialysate was then dialyzed for three
days to remove the excess MNA. The dialysate was solution A, and the Hg?* solution was
solution B. An amount of 354 uL of the B solution was added dropwise to the A solution,
and the pH was controlled at around 7.4 with 0.5 M sodium hydroxide. The excess Hg?*
was removed by dialysis for three more days to obtain the coating antigen (Hg-MNA-BSA).
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Figure 1. (a) The scheme of synthesizing immunogen (Hg-ITCBE-KLH). (b) The synthesis of coating
antigen (Hg-MNA-BSA).

2.3. Preparation of Anti-Mercury mAb

All animal experiments were in strict accordance with Chinese laws and guidelines,
which were approved by the Animal Ethics Committee of Jiangnan University. Female
BALB/c mice (20, aged 6-8 weeks old) were assigned into two groups of 20. Referring to the
previous monoclonal antibody preparation method [18,19], 20 BALB/c female mice were
selected and divided into two groups. For the first immunization, a mixture of Freund’s
adjuvant and immune antigen was emulsified and injected subcutaneously into BALB/c
mice at three-week intervals. An indirect competitive enzyme-linked immunosorbent
assay (ic-ELISA) was used to evaluate the titer and specificity of the mouse serum to
mercury following each immunization. The mouse with the highest titer and specificity to
mercury was chosen for cell fusion. Cell fusion was performed according to the previous
literature [20]. A hybridoma fusion method was used to fuse myeloma cells, and spleen
cells in a ratio of 1:10. Cells with strong signals and high specificity were selected by
ic-ELISA. After three subclonations, stable antibody-producing clones were expanded
and stored in liquid nitrogen. The stable subclones were injected intra-peritoneally into
paraffin-primed BALB/c mice for fluid production. After a week, the fluid was extracted
from the mice and purified by the caprylic acid-ammonium sulfate method to obtain
mADb against mercury. After three days of dialysis in PBS, the purified mAb was stored
at —20 °C[21].

2.4. Characterization of mAb

Sensitivity and specificity are important factors in assessing antibodies. In this research,
affinity constants and maximum half inhibition were measured by indirect ELISA. We
assessed the sensitivity and stability of the anti-mercury mAb by establishing a standard
curve. The specificity of mAb against mercury was assessed based on the cross-reactivity
(CR) [22] of mAb with Cu?*, MeHg, Pb2*, Cd?*, Cr3*, Ni2+, Mg2+, Ca?*, Mn?*, Fe?*.

CR (%) = (ICsq of Hg2+/ IC5q of other metals) x 100%.

2.5. Preparation of Colloidal Gold-mAb

The preparation of colloidal gold-mAb refers to the Liu’s methods [23]. Colloidal gold
with a diameter of 20 nm was prepared using the sodium citrate reduction method. Briefly,
4 mL of 1% trisodium citrate solution was added to 100 mL of a 0.01% (w/v) boiling solution
of chloroauric acid in a flask with vigorous stirring. The mixture was stirred continuously
until the colour of the solution changed from pale yellow to burgundy. The solution was
then cooled to room temperature and stored at 4 & 1 °C to label the mAb. The colloidal
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gold was characterised by transmission electron microscopy (TEM). After the preparation
of gold standard antibodies, the colloidal gold-mAb was stored at 4 °C for later use.

2.6. Preparation of the ICA Strip

As shown in Figure 2, the ICA strip contains five components: an absorbent pad, a
nitrocellulose (NC) membrane, a conjugate pad, a polyvinyl chloride (PVC) plate and a
sample pad [24]. The test and control lines (T- and C-lines) were generated by spraying
the encapsulated antigen (0.5 mg/mL) and goat anti-mouse IgG (0.2 mg/mL) onto the NC
membrane at 0.9 uL/cm, respectively, using a dispenser. The NC membranes were then
dried at 37 °C for 12 h. The GNP-labelled mAb was diluted five-fold with a suspension
buffer (0.02 M Tris-HCI) containing 0.1% Tween-20, 0.1% PEG, 5% sucrose, 5% alginate
and 0.2% BSA. The coupling pad was then sprayed at a concentration of 3.5 uL/cm. After
drying at 37 °C for 12 h, the NC membrane, binding pad, sample pad and absorbent pad
were laminated and adhered to a PVC backing pad.

Sample pad Tine  Cline  Aporption pad
Y —
- —
NC membrane PVC backing
card

. . Y Goat anti-mouse IgG

Coating antigen
cliee ¥Y ¥ Y'Y Nl T oNPaabelea mab
Tine 111 )¢ K mercury

3 RISIA

Weakly
Positive

Negative Positive

Figure 2. Composition of the test strip and the schematic for sample detection.

2.7. Evaluation of the ICA Strip

The optimal loading buffer solution and the concentration of test capture reagents
(Hg-MNA-BSA) and mAbD are first determined in the test strip evaluation and optimization
process. Then, we established the standard concentration profile for mercury (0, 10, 20, 50,
100 ng mL~1), which was diluted with HBS [25]. For the evaluation, 80 pL of Hg standard
solution and 40 puL of the colloidal gold-mAb were added dropwise to the ICA strip. After
15 min, the T- and C-lines will show a color reaction, and the sensitivity of the ICA will
be evaluated according to the difference in color between the T- and C-lines [26]. Finally,
the qualitative analysis could be performed with the naked eyes to assess the sensitivity of
the ICA.

2.8. True Samples Characterized by ICP-MS

Four true samples (1%, 2%, 3%, 4*) were purchased from the National Research Cen-
tre for Reference Materials (NRCCRM), Chinese Academy of Metrology. The four sam-
ples were analysed simultaneously by ICP-MS and ICA strips to compare their stability
and authenticity. The pre-treatment steps for ICP-MS are described in the SI (support-
ing information). As shown in Figure S1, the ICP-MS standard curve for mercury was
y = 192.468 + 1022.76x with a value of R? of 0.998. As shown in Table S1, the mercury
content in the four samples was 2287.5, 507, 58.5, and 5.4 ng g1, respectively, where sample
number four was negative, and the rest were positive samples.
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(a)

0.6

2.9. Sample Pretreatment

The ICA strips were used to assess the authenticity and accuracy of the actual sam-
ple [27]. The rice was powdered in a grinder, and the sample was submerged in 0.75 M
nitric acid (1 g of sample in 5 mL of nitric acid solution) and vortexed continuously for
5 min. After vortexing, the sample was centrifuged at 6500 r/min for 15 min, and the
supernatant was removed. The pH of the supernatant was adjusted to 7.4 with 0.75 M
sodium hydroxide [28]. Five instances of dilution with HBS were used to obtain the final
sample extract. Finally, the Hg standards were added to the extracts to prepare samples of
different concentrations, verified by ICA test strips.

3. Results and Discussion
3.1. Antigen Characterization

We characterized the immunogen (Hg-ITCBE-KLH) and coating antigen (Hg-MNA-
BSA) using UV /Vis. Figure 3a shows that ITCBE had UV absorption peaks at 265 nm, KLH
had absorption peaks at 280 nm and 350 nm, and Hg-ITCBE-KLH had UV absorption in
both ranges, indicating that ITCBE had successfully coupled to the carrier protein. Figure 3b
shows absorption peaks at 296 nm and 342 nm for MNA, 280 nm for BSA, and 280 nm and
350 nm for MNA-BSA, indicating a successful conjugation of MNA and BSA. When bound
to mercury, the UV absorption of metal ions such as Hg?* is weak; the absorption peak of
Hg-MNA-BSA shifted, further demonstrating the successful synthesis of the antigen.

(b)

Abs
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Figure 3. The UV-Vis spectroscopy of antigen. (a) Confirmation of immunogen (Hg-ITCBE-KLH).
(b) Confirmation of coating antigen (Hg-MNA-BSA).

3.2. Characterization of Anti-Mercury mAb

The mAb against mercury was classified by analyzing the isotype using a mouse
mADb isotyping kit. Figure 4a revealed that the anti-mercury mAb belonged to the iso-
type IgG2b and the light chain type kappa. Following purification, we identified mAb
against mercury using ic-ELISA. Figure 4b shows that the equation was
y = 0.094 + (1.629—0.094)/(x/0.04)153°] with a correlation coefficient (R%) of 0.997. The
half-maximal inhibitory concentration (ICsp) and limit of detection (LOD) of anti-mercury
mAb were 0.606 ng mL~! and 0.07 ng mL~!, respectively, with a linear range of detection
of 0.302-20 ng mL~!. Therefore, anti-mercury mAb had high sensitivity and specificity [29].
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Figure 4. Characterization of mAb against mercury. (a) Isotype determination; (b) standard curves
for mercury detection.

The cross-reactivity (CR) of anti-mercury mAb to other metals reflects the specificity
of the antibody and its tolerance to matrix interference [30]. In this study, we used two dif-
ferent metal chelators, ITCBE and MNA, to synthesize immunogen and coating conjugate,
respectively. Antibodies against the chelators could be eliminated during the screening of
the mouse sera and hybridoma cells. MNA binds to mercury much more strongly than other
metal ions, which prevents cross-reactivity and increases the specificity of anti-mercury
mAb. Table 1 shows that anti-mercury mAb had no cross-reactivity with other metal ions
(Cu?t, MeHg, Pb2*+, Cd?*, Cr3*, Ni?+, Mg2+, Ca%*, Mn?%*, and Fe®*).

Table 1. The cross-reactivity of mAb against mercury with Hg2+, Cu?*, MeHg, Pb2*, Cd?*, and
other metals.

Metals IC50(ng-mL*1) CR (%)

Hg?* (Mercury II) 0.606 100

MeHg (Methyl mercury) 8.9 9.05

Hg* (Mercury I) 25 3.22
Pb%* (Lead) >10,000 <0.001
Cd?* (Cadmium) >10,000 <0.001
Cr?* (chromium) >10,000 <0.001
Ni2* (Nickel) >10,000 <0.001
Mg2+ (Magnesium) >10,000 <0.001
Ca2* (Calcium) >10,000 <0.001
Cu?* (Copper) >10,000 <0.001
Mn?* (Manganese) >10,000 <0.001

3.3. Performance of the ICA Strip

When tuning the performance of ICA strips, choose the appropriate concentration of
colloidal gold-mAb, coating antigen, resuspension buffer and other physical parameters
(ionic strength, pH). Referring to the previous laboratory optimisation, we chose 0.47%
HEPES, pH = 7.4 HBS buffer in the ICA test strips to dilute the specimens. If the running
buffer is not suitable, a blockage can occur, leading to color development failure, and
affecting the results?’. For optimisation, we chose basic buffer and four surfactants (5%
PEG, 5% BSA, 5% Polyvinylpyrrolidone and 5% On-870) for commissioning. As shown
in Figure 5a, they were evaluated by testing with 0 and 20 ng mL~?! mercury. The results
showed that the basic buffer showed darker T and C color development, significant in-
hibition and no blockage. This indicates that the basic buffer can help the antibody and
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antigen react quickly to produce results. As shown in Figure 5b, the basic buffer is the
optimal surfactant for the test strips. The best colour development and sensitivity when
0.5 ug mL~! of antigen and 10 ug mL " of mAb were selected. Therefore, the concentra-
tions of 0.5 mg mL~! of antigen and 10 ug mL~! of mAb were combined to assess the
sensitivity and matrix effect of the ICA test strips.

Figure 5. ICA strip performance and applied in the spike and true samples. (a) ICA strip with
different running basic buffer and 1, 2, 3, 4, which represent 5% PVP, 5% On-870, 5% BSA, 5%
PEG respectively (N, 0 ng mL~'; P, 20 ng mL~" of mercury). (b) The optimization of the anti-
gen and the colloidal gold-mAb concentration (1, 5 ug mL~! mAb; 2, 10 ug mL~}; N, 0 ng mL™;
P 20ng mL™ Lof mercury). (¢) The numbers (1,2, 3, 4, 5, 6, 7 represent 0, 10, 20, 50, 100, 200, 500 ng mL~ 1
respectively. (d) Sample analysis with ICA strips (1 = 4). (1*, 2%, 3%, 4*) are four real samples of rice
purchased from the National Reference Materials Centre.

3.4. Matrix Evaluation of the ICA Strip

Rice contains copper, magnesium, and macronutrients [31,32]. The presence of
macronutrients interferes with the ICA strip results. To overcome this interference, a
highly sensitive and specific mAb is required. Additionally, the test strip conditions need to
be optimized. We chose rice as a substrate to assess the performance of the ICA strip (rice
was mercury-negative by ICP-MS). According to the national standard, GB 5009.17-2014,
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the mercury content in grain should not exceed 20 pg kg~ !. We spiked rice samples with
0, 10, 20, 50, 100, 200, and 500 ng mL~! mercury and analyzed them using the ICA strip.
The cut-off value and visual limit of detection (vLOD) were used to assess the sensitivity of
the ICA strip. The vLOD refers to the minimum concentration of mercury that results in a
weak T-line. The cut-off value refers to the minimum concentration of mercury that results
in a colorless T-line. Figure 5c shows that at 20 ng g~! mercury, the T-line became lighter
than at 0 ng g~ !; therefore, vLOD was 20 ng g~ . At 200 ng g~ ! mercury, the color of the
T-line disappeared completely. Therefore, the cut-off value was 200 ng g~ for mercury
in rice.

Therefore, despite the presence of macronutrients, the ICA strip could detect mercury
in the sample with good accuracy. The ICA strip meets the national standard (0.02 mg kg~1)
of detection for mercury in rice. The results can be visualized with the naked eye, which is
convenient for the rapid determination of mercury in rice.

3.5. Analysis of Mercury in True Samples

Rice samples from the National Research Centre for Reference Materials (NRCCRM) of
the Chinese Academy of Metrology included mercury-negative and -positive samples. The
confirm the accuracy and stability of the ICA strip, standards of different concentrations
of mercury (0, 10, 20, 50, 100, 200, 500 ng mL~1) were added to the negative samples, as
shown in Figure 5¢ (vLOD of 20 ng mL~! and a cut-off value of 500 ng mL~1). Additionally,
we spiked mercury-negative samples with mercury and analyzed them using ic-ELISA,
ICP-MS, and ICA strips. Table 2 shows the recoveries were 93.6-116.45% for ICP-MS and
94.5-113.7% for ic-ELISA.

Table 2. Analysis of mercury in rice samples by the ICA strip assay (n = 5).

Spiked ic-ELISA ICP-MS ICA Strip

Samples  Level Mean = SD  Recovery=SD CV  Mean+SD Recovery £ SD  CV
(ng/ml)  (ng/mL) (%) (%) (ng/mL) (%) (%)

0 ND? NCP NCP ND? NCP NCP - - - — 4

10 9.86 + 1.23 98.6 £4.4 44 9.93 +1.34 99.3 + 4.66 4.6 - — £ + +

Rice 20 18.89 +4.23 945 £+ 10.16 10.7 2291 £4.13 114.5 + 6.33 55 + £ + + -

100 112.7 +9.81 112.7 + 13.59 12 93.6 £ 8.12 93.6 + 13.12 14 + + + + £

200 226.8 £ 13.44 1134 £893 7.8 2329 £9.87 116.45 £ 109 9.3 + + o+ o+ o+

Notes: 2, ND, not detectable; ®, NC, not calculated. —, negative: the concentration of ng* was <5 ng mL~1;

=+, weakly positive: the concentration of ng* was 5-20 ng mL ! in rice samples; +, positive: the concentration of
ng* was >20 ng mL~1 in rice sample.

The ICA strip qualitatively detected the concentration of mercury in rice, and the
results were consistent with those obtained from ICP-MS and ic-ELISA. The ICA strip is
often more reliable and less time-consuming than instrumental methods. The four rice
samples were tested using mercury ICA strips. Figure 5d and Table 3 show that there were
significant color differences between the T-line color of samples 1* through 3* and the blank,
indicating that samples 1* through 3* were positive. Sample 3* was a weak positive sample.
In contrast, there was no visible difference in the T-line color of sample 4*. The ICA strips
results were consistent with the ICP-MS results.

Previously reported test strips for the detection of mercury were limited to simple
matrices such as pure and river water [33,34]. In contrast, the ICA strip developed in this
study can not only detect mercury in a complex matrix like rice but also has low detection
costs, simple preparation methods, and low operator requirements. Additionally, it is
suitable for most detection scenarios [35]. Based on this method, the identification of metal
content in other grains can be further developed.
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Table 3. Analysis of mercury in true samples by the ICA strip assay (n = 4).

Sample ICP-MS Visual

1* Rice 2287.5 + 50.23 +2 +a 42 4a
2* Rice 507 4+ 17.66 +b 4a +a 4a
3* Rice 58.5 + 8.17 +Pb +b +b +a
4* Rice 5.4+ 0.83 —c _c _c +b

Notes: ?, positive; b weak positive; ¢, not detectable.

4. Conclusions

We synthesized different immunogens and coating antigen and screened a highly
sensitive and specific mAb against mercury using ic-ELISA and hybridoma technology. We
developed a GNP-based lateral-flow ICA strip assay for the rapid detection of mercury.
We optimized the running buffer, colloidal gold mAb, and antigen concentration of the
ICA strip of vLOD was 20 ng g~ and the cut-off value was 500 ng g~ !. The mercury
recovery in rice ranged from 93.6% to 116.45% (ICP-MS) and from 94.5% to 113.7% (ic-
ELISA). Therefore, the ICA strip can be used to qualitatively determine mercury in the true
rice, and the results are consistent with ICP-MS. Furthermore, our method can be used for
large-scale mercury screening in rice and developed for other food crops.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /bios12090694 /51, Figure S1: The standard curve of mercury
for ICP-MS (y = 192.468 + 1022.726x); Table S1: ICP-MS determi-nation of mercury in real samples
(n=4).
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Abstract: Tetrabromobisphenol A (TBBPA) was one of the most widely used brominated flame
retardants. However, it easily contaminates nature and harms the environment and human health
during its production and use. Therefore, it is necessary to strictly control the content of TBBPA in
electronics. Surface-enhanced Raman spectroscopy has the advantages of being fast and sensitive,
but it is difficult to obtain the SERS spectra of TBBPA because the hydrophobic TBBPA molecule
is difficult to approach with the hydrophilic surface of common noble metal SERS substrates. In
the present work, a hydrophobic Cu-Ag chip was developed for the SERS detection of TBBPA. The
integration of the hydrophobic interaction and the Ag-Br bonding promoted the adsorption of TBBPA
on the Cu-Ag chip, allowing for SERS detection. It was observed that both the hydrophobicity and
bimetallic composition of the Cu-Ag chip played important roles in the SERS detection of TBBPA.
Under the optimized conditions, the low limit of detection of the established SERS method for
TBBPA was 0.01 mg L™}, within a linear range of 0.1-10 mg L. Combined with ultrasonic-assisted
extraction, the substrate could be used for the quantitative determination of TBBPA in electronic
products. Compared with the HPLC-UV method used as a national standard, the relative error
of the SERS method for quantifying the TBBPA content in a mouse cable and shell was £3% and
+7.7%, respectively. According to the SERS results, the recovery of TBBPA in the spiked mouse shell
was 95.6%.

Keywords: tetrabromobisphenol A; surface-enhanced Raman scattering; hydrophobic interaction;
bi-metal chips; synergistic coupling

1. Introduction

Tetrabromobisphenol A (TBBPA) is currently the most widely used brominated flame
retardant (BFRs) worldwide [1,2], and is often used as an additive flame retardant in the
electronic plastic resins ABS (Acrylonitrile-Butadiene-Styrene) and HIPS (High Impact
Polystyrene). It accounts for more than 60% of the total output of BERs, with an annual
demand of nearly 200,000 tons [3]. With the continuous development of the manufacturing
industry, the production and demand of flame retardants are increasing. However, TBBPA
is highly polluting and persistent, and it interferes in the development of brain and bone,
harms the endocrine and hormonal systems with long-time exposure [4]. Due to its
volatilization during production and use, TBBPA can penetrate into the atmosphere, water
and soil. With the circulation of matter and energy in the biosphere, it may be enriched
and eventually endanger the life and health of various organisms [5]. According to Annex
IT of the RoHS Directive, the permitted limit of TBBPA as an additive flame retardant is
0.1 wt% in homogeneous materials, such as shell and packaging, and the reactive TBBPA
in the circuit board may be exempted. Therefore, it is necessary to monitor and control the
amount of TBBPA in these products.
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Liquid chromatography [6-9] and gas chromatography [10,11] are the main detection
methods of TBBPA at the present time. They can realize the accurate qualitative and quan-
titative detection of TBBPA, with the advantages of high sensitivity and reproducibility.
However, the analysis methods based on chromatography still have problems, such as
the high cost of equipment, the complex and tedious sample pretreatment and the long
detection cycle. Moreover, derivatization of TBBPA is always needed for its detection
by gas chromatography, which may lead to low recovery of TBBPA. Xie et al. [12] devel-
oped a GC-MS method for quantitative detection of TBBPA, and the recovery was only
79 & 1%. Alternatively, the electrochemical method can provide a more effective strategy
for TBBPA detection, having the advantages of low cost, high sensitivity, and being simple
and convenient [13-15]. Zhao et al. [16] successfully detected TBBPA on a g-C3N4-modified
glassy carbon electrode (GCE) with a limit of detection (LOD) of 5 nM. Wang [17] modi-
fied gold nanorob/polycysteine composite on a GCE and decreased the LOD to 3.2 nM.
However, the electrochemical detection of TBBPA may have poor selectivity. This can be
improved by combining it with molecularly imprinted technology [18] and electrochemical
immunosensors [19].

Surface-enhanced Raman spectroscopy (SERS) can reflect the fingerprint information
of target molecules [20,21]. It has been used in the rapid detection of organic molecules
due to its high sensitivity, convenience and efficiency [22-25]. TBBPA has a large oil-
water distribution coefficient (log Kow = 4.5), showing strong hydrophobicity with a water
solubility of only 4.15 mg L™! (pH = 7). Therefore, TBBPA molecules are difficult to adsorb
on the surface of noble metal hydrosols and other hydrophilic substrates to realize the
SERS detection. Therefore, there are few reports on the SERS detection of TBBPA. Kadasala
used magnetic Au nanoclusters modified with 4-dimethylaminopyridine (DMAP) as an
enhanced substrate to realize the SERS detection of TBBPA with a LOD of 1 nM [26].
However, modification with the organic ligand DMAP introduced a large number of
strong background peaks, seriously interfering with the discrimination of the characteristic
peaks of TBBPA. We anticipated that the establishment of surface-clean hydrophobic SERS
substrates can overcome the difficulties in the SERS detection of hydrophobic molecules.

In recent years, hydrophobic materials have attracted more and more attention. They
have broad application prospects in metal corrosion prevention [27,28], self-cleaning [29,30],
oil-water separation [31,32], surface-enhanced Raman spectroscopy [33,34] and other as-
pects. In general, the surface hydrophobicity of solid materials is mainly affected by two
factors, the rough structure and chemical composition of the surface. Therefore, in addition
to modifying low surface energy molecules on the material surface, hydrophobicity could
also be realized by constructing a rough surface to form an air cushion which cannot be
wet by water. There are many methods to prepare the hydrophobic materials, including the
template method [35], the chemical etching method [36], the hydrothermal method [37],
the electrodeposition method [38] and so on. Most of them have the problems of involving
complex preparation processes and large instruments, and they cannot be applied in large
scale production. To simplify the preparation process and develop an environmentally
friendly preparation method, in the early work of our group, the superhydrophobic copper
coating was prepared by a chemical reduction method and applied to the oil-water sepa-
ration [39]. With the aid of hydrazine reduction without adding any modified agents, Cu
NPs were deposited on the fabrics to form the superhydrophobic surface.

Therefore, aiming to achieve SERS detection of the hydrophobic TBBPA, we developed
a hydrophobic Cu-Ag SERS chip to improve the SERS enhancement of substrate and its
binding ability with TBBPA. Firstly, the hydrophobic copper-coated fabric with ordered
micro-nano structure was prepared. Then, a hydrophobic Cu-Ag chip was constructed
by introducing Ag onto the Cu surface through a replacement reaction. The synergistic
coupling of Cu-Ag bimetal promised the SERS chips a good SERS enhancement. The surface
of the Cu-Ag chips was hydrophobic and had abundant Ag. It made it so that TBBPA could
approach the surface of the Cu-Ag chips based on the hydrophobic interaction, and finally
bonded with the substrate through Ag-Br. Therefore, the SERS detection of TBBPA was
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realized with low interference and high sensitivity. Finally, the SERS method was combined
with ultrasound-assisted extraction technology to achieve rapid quantitative determination
of the TBBPA content in electronics.

2. Experimental Section
2.1. Reagents and Materials

AgNO3, NoHy-HyO (85%), citrate sodium, crystal violet (CV), tetrahydrofuran (THF),
toluene, methanol and ethanol were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Cu(CH3COO),-H,O was purchased from Shanghai Lingfeng
Chemical Reagents Co., Ltd. (Shanghai, China). Sudan I and Sudan III were purchased
from Macklin (Shanghai, China). TBBPA (98%) was purchased from Aladdin Chemistry
Co., Ltd. (Shanghai, China). Nylon66 microporous filtration membranes were purchased
from Tianjin Jinteng Experimental Equipment Co., Ltd. (Tianjin, China). Fabrics were made
of ordinary pure cotton. All the chemicals were analytical grade and used without further
purification. Deionized water was used throughout the experiments.

2.2. Preparation of Hydrophobic Cu-Ag Chips

The hydrophobic Cu-Ag chip was prepared with a modified chemical reduction
method. Fabrics were firstly cut into pieces with a size of 2 x 2 cm, followed by washing
with water and ethanol. After drying, it was immersed in a solution of Cu(CH3COO),-H,O
(20 mL, 10 g L™!) for several minutes. The Cu NPs were reduced and deposited on the
fabric by adding hydrazine hydrate (800 uL, 80%) drop by drop until quiescence at room
temperature for 24 h. Then, the Cu-coated fabric was taken out to wash with water and
ethanol, and immersed in the ethanol solution of AgNOj3 (0.1 M) for 5 min. After being
washed again and vacuum dried at 60 °C for 1 h, the hydrophobic Cu-Ag chip was finally
obtained for subsequent SERS detection.

The morphology of the obtained Cu-Ag chip was characterized by a GeminiSEM
300 scanning electron microscope (ZEISS, Oberkochen, Germany). Contact angles (CAs)
were measured with an OCA20 contact angle instrument (Dataphysics, Filderstadt, Ger-
many). X-ray diffraction (XRD) patterns were obtained with a SmartLab-SE diffractometer
(Rigaku, Tokyo, Japan).

2.3. Preparation of Hydrophilic Ag Chips

To show the advantages of the above Cu-Ag chip in the SERS detection of hydrophobic
targets, a hydrophilic Ag chip was prepared for comparison. Firstly, Ag NPs were prepared
by a one-step reduction method with using sodium citrate as the reducing agent. The
aqueous solution of AgNO; (100 mL, 1.0 mmol L™!) was heated to boiling, and then
sodium citrate (2.0 mL, 1 wt%) was quickly added to it. After the reaction proceeded for
30 min and the solution cooled to room temperature, the Ag nanoparticles were obtained.
To prepare the Ag chip, the organic filter membrane (0.22 um) was placed on the vacuum
filtration device, then 5 mL Ag sol and 5 mL toluene were added into the container, on the
filter membrane, to form the immiscible two-phase fluid. Then, 2 mL ethanol was injected
into the interface of the two phases with a syringe, so that the Ag NPs self-assembled in the
interface to form the Ag array. The vacuum pump was started to filter the solution, and the
assembled Ag array was transferred to the filter membrane. After drying, the hydrophilic
Ag chip was finally obtained for subsequent SERS detection.

2.4. Analysis of TBBPA

The SERS detection of TBBPA was achieved with the hydrophobic Cu-Ag chip. The
Cu-Ag chip was cut into small pieces each with a size of 0.5 x 0.5 cm and immersed into
the ethanol solution of target molecules for 10 min for further detection. SERS detection
was performed with the ATR8100 microscopic Raman spectrometer (Optosky, Xiamen,
China) with a 785 nm laser as the excitation source. The laser power was set to 50 mW, and
the exposure time was 5 s. During the test, ethanol was dropped onto the SERS substrate
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to keep it wet. If not specified elsewhere, 5 different positions were randomly selected on
each SERS chip for parallel tests, and the average spectrum was taken for further analysis.

To verify the accuracy of the SERS method, the content of TBBPA was also quantita-
tively detected by high-performance liquid chromatography with an HPLC-1260 (Agilent,
Santa Clara, CA, USA). A ZORBAX SB-C18 reversed-phase column was used to separate
the targets. The injection volume was 20 pL and the column temperature was 30 °C. The
mobile phase was a mixture of methanol/water = 3/7 (v/v), with a flow rate of 1.0 mL
min~!. The detection wavelength was set to 230 nm for the quantitative analysis.

2.5. Sample Pretreatment of the Electronics

To quantitatively detect the content of TBBPA in practical electronics, ultrasonic as-
sisted extraction (UAE) was used to extract TBBPA from solid samples. Firstly, 0.1 g of
electronic products were cut into small particles with a size less than 1 mm. UAE was
performed with a KQ-600KDE ultrasonic cleaner (Shumei, Kunshan, China) at 240 W, using
5 mL tetrahydrofuran (THF) as the extractant. After 20 min of extraction, 15 mL methanol
was added to the extraction solution to precipitate the plastic. Then, the organic filter was
used to remove the precipitates, and the obtained filter liquor was retained for subsequent
detection. The analytical methods for TBBPA detection were described in Section 2.3.

3. Results and Discussion
3.1. Characterization of the Cu-Ag Chip and Its SERS Detection of TBBPA

In the present work, Cu NPs were firstly deposited on the fabrics through a chemical
reduction method. By using hydrazine hydrate as the reducing agent, Cu NPs were
deposited uniformly and closely on the fabric. Figure 1a shows the SEM image of the
surface morphology of the Cu coating with a deposition time of 24 h (this Cu coating was
referred to as the 24 h Cu chip). It was observed that the spherical Cu NPs with diameters
of 300-500 nm were packed tightly together. The structure of the Cu coating made the
fabric hydrophobic, and the contact angle of the water droplet on its surface was about
149° (Figure le). As shown in Figure 1g, the XRD pattern of the Cu coating showed two
peaks at 43.3° and 50.5°, which matched well with the diffraction peaks of (11 1) and (2 0 0)
of Cu (JCPDS 04-0836), indicating that the state was that of metallic copper. Therefore, Ag
could be deposited on the surface of the Cu metal through the replacement reaction.

Compared with the Cu chip, the XRD pattern of the Cu-Ag chip (Figure 1g) showed
three new peaks appearing at 38.1°, 44.3° and 64.4°, corresponding to the (11 1), (200), and
(220) crystal planes of silver (JCPDS 04-0783), respectively. Along with the prolonging of
replacement reaction time, the size of the Ag nanoparticles on the 24 h Cu coating increased.
As shown in Figure 1b—d, with increases in the replacement time of Ag from 3 min to
10 min, the small-size Ag NPs (Figure 1b) gradually became too large to completely coat
the Cu NPs (Figure 1c), and finally formed the Ag sheet structure at the micrometer scale
(Figure 1d). For the 24 h Cu-5 min Ag chip, Ag particles completely covered the underlayer
Cu NPs and presented a multilateral shape of 500~800 nm. Although its surface roughness
decreased, the tight packing of Cu-Ag NPs made the Cu-Ag chip still able to retain good
hydrophobic properties, with a contact angle of 140.1°. Figure 1h shows the Vis-NIR diffuse
reflectance spectra of the above Cu and Cu-Ag chips. The surface plasmon resonance
(SPR) peak of the Cu chip appeared at 557 nm, and the Cu-Ag chip showed stronger SPR
absorption with a red shift to 716 nm.

The SERS response of the TBBPA solution (10 mg L™1) was detected with the 24 h
Cu-5 min Ag chip, as shown in Figure 1i. The background interference of the Cu-Ag chip
was little, and the four peaks at 1607 em~1, 1405 ecm ™1, 1129 em ! and 856 cm ™! might be
attributed to some organic compounds of the fabric in the chip. The introduction of TBBPA
solution introduced three new peaks at 1446 cm~!, 1283 cm~! and 710 cm~! in the SERS
spectrum, consistent with the normal Raman peak of TBBPA solid. This indicated that the
Cu-Ag chip without modification could directly adsorb TBBPA molecules and realize their
SERS detection.
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Figure 1. Characterization of Cu-Ag chips and their SERS detection of TBBPA. SEM images of the
(a) Cu coating with 24 h deposition and (b—d) Cu-Ag coating with replacement times of (b) 3 min,
(c) 5 min and (d) 10 min. (e,f) Contact angles of the coatings of (e) 24 h Cu and (f) 24 h Cu-5 min Ag
on the fabric. (g) XRD patterns and (h) Vis-NIR diffuse reflectance spectra of the Cu and Cu-Ag chips.
(i) Comparison between SERS spectra of (1) a blank background, (2) TBBPA solution (10 mg L™1)
obtained from the hydrophobic Cu-Ag chips and (3) Raman spectrum of TBBPA powders. (j) The
molecular structure of TBBPA.

3.2. Effects of the Preparation Conditions of the Cu-Ag Chip on Its Performance

The introduction of Ag in the Cu-Ag SERS chip increases not only the electromagnetic
enhancement of the Cu-Ag chip but also the Ag-Br interaction between the SERS substrate
and TBBPA. The deposition amounts of Cu and Ag were controlled by changing the
deposition time of Cu and the replacement time of Ag, respectively. As shown in Figure 2a,
when the replacement time for depositing Ag was fixed at 5 min, the SERS intensity of
TBBPA on the Cu-Ag chip gradually increased with increases in the Cu deposition time.
When the Cu deposition time was as short as two hours, all the deposited copper would be
completely dissolved by the replacement reaction during the Ag deposition, so that the
diffraction peaks of Cu were hardly observed on the XRD pattern of the 2 h Cu-5 min Ag
chip (Figure 2b). When the Cu deposition time was extended to 24 h, the SERS intensity
of TBBPA was the strongest. With further extensions to the Cu deposition time, the SERS
intensity of TBBPA decreased. This may be due to the decrease in the relative content of Ag
in the SERS substrate, which led to the weakening of both the SERS enhancement and the
interaction of Cu-Ag chip with TBBPA.

Then, the influence of Ag replacement time on the SERS intensity was investigated
by fixing the Cu deposition time at 24 h. As shown in Figure 2¢, by prolonging the Ag
replacement time, the peak intensity of TBBPA at 1283 cm ™! first increased and then
decreased, and reached the maximum value at 5 min. Figure 2d shows the XRD pattern
of Cu-Ag chips with different replacement times. As the replacement time increased from
1 min to 5 min, the Ag content on the SERS substrate increased continuously, and the
characteristic peaks of metallic Cu could still be observed. This proved that the obtained
SERS substrate was composed of Cu and Ag composite materials. When the replacement
time was further extended to more than 5 min, Cu NPs were completely dissolved, and
the SERS substrate became a monometallic Ag material. Therefore, the surface state had
basically remained unchanged (Figure 2d). The contact angles of the Cu-Ag chips with
replacement times of 8 min and 10 min were 143.2° and 140.0° respectively, which seemed
to be nearly consistent with those at 5 min.
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Figure 2. (a,b) Influence of the Cu deposition time on (a) the peak intensity of TBBPA at 1283 cm ™!
and (b) the XRD pattern of the Cu-Ag chips. The replacement time of Ag was set as 5 min. (¢,d)
Influence of the Ag replacement time on (c) the peak intensity of TBBPA at 1283 cm™! and (d) the
XRD pattern of the Ag-Cu chips. The deposition time of Cu was set as 24 h.

Among these SERS substrates prepared under different conditions, the 24 h Cu-5 min
Ag chip had the strongest SERS enhancement for TBBPA. This could be explained by the
above SEM and diffuse reflectance spectroscopy characterizations (Figure 1). Ag of the
24 h Cu-5 min Ag chip formed a polygonized structure with corner angle on the surface
of the Cu, its tip provided great SERS performance. The core-shell composite structure
also provided the synergistic coupling of Cu and Ag, resulting in the red shift of its SPR
peak, which matched well with the 785 nm excitation laser. In addition, the Cu-Ag chip still
maintained hydrophobicity under these preparation conditions, and the exposure surface
of Ag increased. Both of them enhanced the adsorption capacity of the 24 h Cu-5 min Ag
chip to TBBPA. Based on the above discussions, the increase in Ag content improved the
Ag-Br interaction and the electromagnetic enhancement of the Cu-Ag substrate for TBBPA,
s0 as to realize the SERS detection of TBBPA. The existence of a small amount of Cu could
further enhance the SERS intensity of TBBPA on this Cu-Ag chip. Therefore, in the present
work, the Cu deposition time and Ag replacement time were selected to be 24 h and 5 min,
respectively.

3.3. Effect of the Hydrophobicity of the Cu-Ag Chip on the Detection of Hydrophobic Targets

In order to evaluate the influence of the hydrophobicity of the Cu-Ag chip on the
SERS detection of TBBPA, a completely hydrophilic Ag chip with a contact angle of 0° was
prepared by interface assembly and transfer for comparison with the above hydrophobic
Cu-Ag chip. Figure 3a,b gives the SERS responses of two hydrophilic targets, crystal
violet (CV) and rhodamine 6G (R6G). Except for the four peaks of the blank background
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(1607 cm ™1, 1405 cm 1, 1129 em ! and 856 cm 1), there were abundant characteristic peaks
of target molecules in their SERS spectra obtained from the hydrophobic Cu-Ag chips. The
SERS peaks marked in the pink area were the fingerprint peaks of CV and R6G. It could be
found that the fingerprint peaks obtained from the Cu-Ag chips were consistent with the
results obtained from the hydrophilic Ag chips, and the signal intensity was slightly lower
than that of the hydrophilic substrate. This indicated that the hydrophobic Cu-Ag chip
was applicable to the hydrophilic targets with good dispersion in solvent, and its SERS
detection of target molecules was universal. The enhancement factor (EF) of CV on the
Cu-Ag chips was 4.8 x 10°. The hydrophilic Ag chip had a good affinity for the hydrophilic
target; its SERS performance was similar to that of the hydrophobic Cu-Ag chip.
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Figure 3. SERS spectra of the hydrophilic targets of (a) CV, (b) R6G, (c) TBBPA, and (d) Sudan I
obtained from the hydrophilic Ag chips (1) and the hydrophobic Cu-Ag chips (2), with the blank
background of hydrophobic Cu-Ag chips (3) for comparison.

In contrast, when the two substrates were applied for the SERS detection of the
hydrophobic targets (as shown in Figure 3c,d), TBBPA and Sudan I dye, there was no
characteristic peak in their SERS spectra obtained from the hydrophilic Ag chip. However,
all their characteristic peaks could be observed in their SERS spectra obtained from the
hydrophobic Cu-Ag chips. The EF of TBBPA on the Cu-Ag chips was 5.3 x 107. These
results showed that the hydrophobicity of the Cu-Ag chips could improve their adsorption
of hydrophobic targets, so as to realize the SERS detection of the hydrophobic targets
with weak binding ability. This was probably because the hydrophobic targets existed as
polymolecular aggregates in the ethanol solution, which had weak binding force with the
noble metal. Therefore, they were hardly adsorbed on the hydrophilic Ag substrate. These
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aggregate droplets could approach the surface of the Cu-Ag chip based on the hydrophobic
interaction, and then adsorbed on the substrate through the Ag-Br bond; the SERS detection
of TBBPA was finally realized on this hydrophobic Cu-Ag chip.

3.4. Quantitative SERS Detection of TBBPA in Electronic Products

The Cu-Ag chip was used for quantitative detection of TBBPA, and the SERS spectra of
TBBPA at various concentrations are shown in Figure 4a. It could be observed that the SERS
intensity of the characteristic peaks of TBBPA increased gradually with the increase in its
concentration. By taking the characteristic peak of TBBPA at 1283 cm ™~ as the representative,
the SERS intensity was plotted against the concentration of TBBPA (Figure 4b). It was
found that there was a good linear relationship between the SERS intensity and TBBPA
concentration on a logarithmic scale within the range of 0.1 to 10 mg L~ 1. The wide linear
range and low LOD (0.01 mg L) indicated that the use of Cu-Ag chips provided a good
quantitative analysis method for TBBPA.
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Figure 4. (a) SERS spectra of TBBPA in the different concentrations obtained from the hydrophobic
Ag-Cu chips. (b) Standard curve for quantitative SERS detection of TBBPA from the hydrophobic
Ag-Cu chips.

Our previous work reported a method that could completely extract brominated flame
retardants in electronics through ultrasonic assisted extraction with THF as the extraction
agent [40]. By combining that extraction method and the presently developed SERS method
based on the hydrophobic Ag-Cu chip, we realized the rapid quantitative detection of
TBBPA in electronics. In order to verify the accuracy of the SERS method, we also used the
HPLC-UV method as the national standard detection method of TBBPA to quantitatively
detect the TBBPA content in the same mouse samples. As shown in Table 1, according
to the SERS method, the content of TBBPA in the cable was 1980.1 mg kg_l, showing a
relative error of —3.0% in comparison with the detection result (2040.3 mg kg~ ') of the
HPLC-UV method. As for the mouse shell sample, the detected content of TBBPA by the
SERS and HPLC-UV methods was 316.9 mg kg~! and 343.5 mg kg !, respectively, with a
relative error of —7.7%. All of these detected TBBPA contents were much lower than the
permitted limit of TBBPA (0.1 wt%, or1 g kgfl) in electronics [41].

Table 1. TBBPA contents in the mouse and its spiked sample determined by SERS and HPLC-
UV methods.

Sample (mg kg~1) SERS HPLC-UV
Cable 1980.1 2040.3
Shell 316.9 343.5
Spiked shell 1750.9 1899.0
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The feasibility and accuracy of the UAE extraction-SERS detection method for quantita-
tive detection of TBBPA in actual electronics were also verified through the spiked samples.
Firstly, the spiked shell (spiked amount of 1500 mg kg~!) was prepared by soaking the
mouse shell in the standard solution of TBBPA followed by drying the solvent. After
the same extraction operation, the TBBPA content of the spiked shell was detected to be
1750.9 mg kg ™! and 1899.0 mg kg~! by the SERS and HPLC-UV methods, respectively.
Compared to the original content of TBBPA in shell, the spiked amount was calculated
as 1434.0 mg kg~ ! and 1555.5 mg kg !, with recoveries of 95.6% and 103.7%, respectively.
This proved that the ultrasonic-assisted extraction method had high extraction efficiency
for the spiked TBBPA in the mouse shell, and the detection result of SERS method was
accurate to use for the quantitative detection of TBBPA in electronic products.

4. Conclusions

A hydrophobic Cu-Ag chip was prepared for the SERS detection of TBBPA as a
representative of hydrophobic substances. The hydrophobicity of the Cu-Ag chip enhanced
the affinity of the substrate for the hydrophobic targets (such as TBBPA), which let TBBPA
close to the surface of SERS substrate and then bonded with it through Ag-Br interactions.
In addition, the synergistic coupling between the Cu and Ag bimetals improved the SERS
enhancement of the substrate. These made it possible for the SERS detection of TBBPA on
the Cu-Ag chip. By combining it with-ultrasonic assisted extraction (UAE), the quantitative
detection of TBBPA in the electronics was realized. After UAE, the TBBPA content in
electronics could be completely extracted and accurately determined, and the LOD of
TBBPA was 2.0 mg kg~ ! (0.01 mg L~! for the TBBPA solution). Compared with the HPLC-
UV, the SERS method was quick, convenient and sensitive; the quantitative detection results
could be used to distinguish if the TBBPA content in electronics was appropriate.
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Abstract: Thiamethoxam, a nicotinic pesticide used worldwide, can cause great harm to the environ-
ment and even to human health, and aptamers, known as chemical antibodies, have high affinity and
specificity for the target, as well as great potential in detecting small molecules such as pesticides. In
this paper, we report a highly sensitive biosensor system for thiamethoxam residue detection based
on aptamer technology. After 15 rounds of screening with the pressurized GO-SELEX technology, we
found that the aptamer libraries of the 5th and 9th rounds showed high affinity by the capture method.
Four candidate aptamers were obtained by high-throughput sequencing and secondary structure
prediction. Among them, the aptamer named Thi-5R-18 from the 5th round was demonstrated to
possess the highest affinity by isothermal titration calorimetry, with a dissociation constant (Kd) of
4.935 x 10~° M. The results of molecular docking showed that thiamethoxam and Thi-5R-18 were
combined with bases G-15, A-19, and T-71 through hydrogen bonding and 7— interaction.Thi-5R-
18 was used as a recognition element to construct a AuNPs colorimetric aptasensor, achieving an
ultralow detection limit of 0.37 nM. More importantly, this colorimetric aptasensor can be used for
quantitative detection of thiamethoxam on tea leaves, with a recovery of 96.94%~105.86%. This study
provides a highly sensitive biosensor for detection of thiamethoxam residue.

Keywords: GO-SELEX; ITC; colorimetric sensor; pesticide; aptamer

1. Introduction

Thiamethoxam, the second generation of new nicotine toxic insecticide widely used
all over the world [1,2], can destroy the normal conduction of insect central nerves and
cause insect death [3] by binding with nicotinic acetylcholine receptor, leading to its popu-
lar application to control aphids, planthoppers, leafhoppers, whiteflies, and other pests.
However, studies have shown that thiamethoxam has adverse effects on bees and fish in
the ecosystem, such as impairing the flying ability of bees, reducing their return rate and
survival rate [4,5], and damaging fish liver and affecting their reproductive capacity [6]. In
the past 30 years, the use of thiamethoxam has caused great damage to the environment [7],
as well as potential harm to mammals and even human beings [8]. Many countries and
regions have issued laws and regulations to control pesticide use and set maximum residue
limits (MRLs). Therefore, it is necessary to establish a rapid and accurate detection method
for thiamethoxam. At present, the detection methods of thiamethoxam include high per-
formance liquid chromatography (HPLC) [9], Liquid Chromatograph-Mass Spectrometer
(LC-MS) [10,11], enzyme linked immunosorbent assay (ELISA) [12], etc. However, most
of these methods require large and high-precision instruments, experienced operators,
and time-consuming and cumbersome data processing, suggesting that it is imperative to
develop a simple and convenient method for thiamethoxam detection.

The concept of nucleic acid aptamer was first proposed by Ellington and Tuerk in
1990 and since then, aptamers have been gradually and extensively developed [13,14].
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Nucleic acid aptamers, known as chemical antibodies, are single stranded DNA or RNA.
Aptamers that specifically bind to targets can be screened from synthetic libraries in vitro
by Systematic Evolution of Ligands by Exponential Enrichment (SELEX) technology [15].
The targets of aptamers include proteins, cells, toxins, antibiotics, molecular markers, drugs,
heavy metals, etc. [16]. Compared with antibodies, aptamers are easier to synthesize, more
convenient to label, lower in immunogenicity, and higher in thermal stability [17]. There
are mainly two types of SELEX technologies for pesticides: fixed and non-fixed SELEX,
with fixed SELEX technology including microplate SELEX, magnetic bead SELEX, and
capture SELEX, while non-fixed SELEX technology including GO-SELEX and capillary
electrophoresis SELEX. Microwell plate SELEX couples pesticides with macromolecular
proteins such as bovine serum albumin (BSA), or fixes small molecules to the microplate
through a protein carrier, which can be more easily bound to ssDNA than pesticides. Mag-
netic bead SELEX connects the target molecules to the magnetic bead surface through a
chemical coupling reaction and can quickly obtain the target binding sequence through
magnetic separation. The magnetic bead (MB) surface can be modified with amino, car-
boxyl, streptavidin, etc. Targets with functional groups such as carboxyl, amino, and biotin
can be coupled with MB, but there are few functional groups on the pesticide’s surface
that can be coupled or modified. Therefore, the MB SELEX method to fix the target may
change the target conformation and affect the binding site of ssDNA and the target. In
practical applications, the target was in a free state, and the aptamers screened by MB
SELEX may have a low affinity with the target. Capture SELEX fixes the library on the
solid-phase carrier by using short strand ssDNA as the bridging sequence. In the presence
of the target, the ssDNA binds to the target and allows its conformation to change, enabling
ssDNA to detach from the solid carrier. Capture SELEX fixed libraries could effectively
solve the impact of a fixed target. However, the fixation of the libraries will affect the
diversity of oligonucleotide sequences, leading to unstable fixation efficiency, and thus
the loss of sequences with high affinity and specificity to the target in the initial library.
Capillary electrophoresis SELEX separates target-bound ssDNA from unbound ssDNA
through mobility difference, which is efficient and highly selective, but is not applicable
to small molecules with high mobility. Graphene oxide (GO) is obtained by a chemical
method after strong oxidation of graphite [18]. The strong van der Waals force of GO
makes it hydrophobic and easy to gather, and the oxygen-containing groups on the surface
make it hydrophilic and dispersible, allowing GO to adsorb molecules containing aromatic
rings through 7-7 force and hydrogen bonds [19]. The free ssDNA is separated from
the target ssDNA complex through the hydrophobic interaction and unique adsorption
on GO surface [20], and candidate sequences of aptamers are obtained by centrifugation.
GO-SELEX can solve the problem that the targets do not have functional groups and have
low molecular weight, making it suitable for screening of nucleic acid aptamers for small
molecular targets.

Generally, GO-SELEX has the significant advantages of not requiring fixed targets
or libraries, high screening efficiency, and simple operation. GO addition is a key factor
affecting the adsorption of ssDNA, and during the screening process of GO-SELEX, the
screening pressure usually increases with the increase of rounds, such as shortening the
incubation time, increasing the proportion of GO/ssDNA or GO/target, etc. In this paper,
we aimed to screen a thiamethoxam aptamer based on pressurized GO-SELEX and test
the applicability of its sensor in thiamethoxam detection. Specifically, based on previous
studies [21,22], aptamers of small pesticide molecular target of thiamethoxam were obtained
by raising the additional amount of GO by an order of magnitude, and analyzed the impact
of increased screening pressure on screening results. After 15 rounds of screening, an
innovative capture method was set up to evaluate the affinity of the aptamer libraries
of each round. High-throughput sequencing was carried out according to the rounds of
affinity, and 4 candidate aptamers were found. The affinity of 4 aptamers was determined
by isothermal titration calorimetry (ITC), and Thi-5R-18 was selected as the best aptamer.
For thiamethoxam detection, the aptamer Thi-5R-18 was utilized as a component to identify
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targets and establish the AuNPs colorimetric sensor, which can be applied to thiamethoxam
detection in actual tea leaves.

2. Materials and Methods
2.1. Materials

Thiamethoxam was obtained from MedChemExpress (Monmouth Junction, NJ, USA);
GO from Shenzhen Suiheng Graphene Technology Co., Ltd. (Shenzhen, China); LA Taq
from TaKaRa (Beijing, China); 50 bp DNA Ladder from Beijing Tsingke Biological Tech-
nology Co., Ltd. (Beijing, China); Agarose, 10 x TBE, 2 x Urea DNA Loading Buffer,
DNA Urea-PAGE electrophoresis kit from Beijing Coolaber Technology Co., Ltd. (Beijing,
China); UNIQ-10 Spin Column DNA Gel Extraction Kit for PAGE from Sangon Biotech
(Shanghai, China) Co., Ltd. (Shanghai, China); and Tris-HCI, KCl, NaCl, and MgCl, 2-
[(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)amino]ethanesulfonic acid (TES) (99% purity)
from China Pharmaceutical Group Shanghai Chemical Reagent Co., Ltd. (Shanghai, China).
All reagents were of analytical grade and ultrapure water was used throughout. Primers
for screening aptamers and verifying effects, including FAM-labeled forward primers
and Spacer18-labeled reverse primers (5'-ATAGGAGTCACGACGACCAGAA-3'; 5'-d A20-
Spacer18-ATTAGTCAAGAGGTAGACGCACATA-3), as well as unlabeled primers and
library (5'-ATAGGAGTCACGACGACCAGAA-N4-TATGTGCGTCTACCTCTTGACTAAT-
3'), were all obtained from Optimus Beijing Tsingke Biological Technology Co., Ltd. (Beijing,
China) and purified by HPLC.

2.2. SELEX

ssDNA library (10uM) was dissolved in 1 x Binding buffer (50 mM Tris-HCI, 5 mM
KCl, 100 mM NaCl, 1 mM MgCl,, pH 7.4), followed by boiling at 95 °C for 8 min and
quenching immediately for 8 min. The adsorption capacity of GO to the target was verified
as follows. Briefly, the GO/target mass ratios were set at 100:1, 200:1, 500:1, 1000:1, 2000:1,
and 5000:1, respectively, followed by incubating GO and target together for 1 h and then
centrifugation at 12000 rpm for 10 min. The supernatant was collected three times to
measure the light absorbance value. Next, the GO/ssDNA mass ratio was optimized
by setting, the GO/ssDNA mass ratios at 100:1, 200:1, 300:1, 400:1, 500:1, 1000:1, 2000:1,
3000:1, 4000:1, and 5000:1, respectively, followed by incubating GO and ssDNA together
for 1 h, centrifugation at 12000 rpm for 10 min, and collecting the supernatant three times
to measure the concentration of ssDNA. In the first round of screening, 5000:1 and 500:1
were selected as the mass ratios of GO and ssDNA. Meanwhile, the library was mixed with
thiamethoxam solution and incubated at room temperature for 1 h, followed by adding
15 mg/mL GO, incubation for 1 h, and centrifugation at 12000 rpm for 10 min to collect the
supernatant as the PCR template. The 50 uL PCR system mixture included 2.5 pL forward
primer (10uM), 2.5 pL reverse primer (10 uM), 0.5 uL Takara La Taq, 5 uL La Taq buffer,
8 uL ANTP Mix and 31.5 uL. PCR template. The PCR was performed under the conditions of
94 °C pre-denaturation for 5 min, 30 cycles of 98 °C denaturation for 45 s, 61 °C annealing
for 155, 72 °C extension for 15 s, and 72 °C final extension for 1 min, performed successively.
The same amount of 2 x urea loading buffer was added into the PCR product and was
boiled at 95 °C for 3 min. After purification and recovery by 8% Urea-PAGE electrophoresis,
the FAM-labeled ssDNA was used as the aptamer library for the next round of aptamer
screening. A total of 15 rounds of aptamer screening were conducted.

2.3. Round Affinity Analysis

For round affinity analysis, each round of the aptamer library was used as a template,
and biotin-labeled forward primer and dA20-Spacer18-labeled reverse primer were used
for PCR. PCR products were purified and recovered by 8% Urea-PAGE to obtain a biotin-
labeled aptamer library. After denaturation and renaturation, the aptamer library was
attached to streptavidin beads, followed by adding an equal concentration of thiamethoxam
to the complex solution and incubated for 1 h. Next, the supernatant was separated by
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magnetic absorption, followed by cleaning the magnetic beads twice with TES, adding
ultrapure water in a 60 °C metal bath for 5 min, and then measuring absorption value of
the supernatant at 255 nm.

2.4. HTS and Secondary Structure Prediction

The aptamers obtained in the 5th and 9th rounds were tested by PCR using unlabeled
common primers. The purified product was sent to Novogene Co. Ltd. (Beijing, China),
and the Illumina Platform was used for library construction and HTS. The results of HTS
were analyzed by self-compiled programs. The secondary structure and free energy of
the aptamers were predicted through online websites (www.unafold.org, accessed on 11
October 2022).

2.5. Measurement Dissociation Constant (Kd) by ITC

The Kd of aptamer sequence was measured by ITC. Briefly, the sample was degassed
for 10 min at a vacuum degree above 400 mmHg. Both the aptamers and pesticide were
dissolved in 1 x binding bulffer, followed by adding 350 uL of 25 uM aptamers to the
titrator and 50 uL of 1mM thiamethoxam to the sample cell. ITC was performed under
the following conditions: total titration number, 20; volume of each titration, 2.5 uL; time,
200 s; reaction temperature, 25 °C; and stirring speed, 250 rpm. After running, the titration
results were analyzed by Launch NanoAnalyze software to obtain the Kd of each aptamer.

2.6. Analysis and Verification of the Binding of Aptamer and Thiamethoxam

The secondary structure file of the aptamer was saved in Vienna output format, which
was used to build the 3D structure of the aptamer (http://biophy.hust.edu.cn/new/,
accessed on 6 January 2023). The 3D structure file of thiamethoxam molecule was down-
load from the website (https:/ /pubchem.ncbi.nlm.nih.gov/, accessed on 6 January 2023).
AutoDock 4.2.6 software was used to predict the docking of aptamer and thiamethoxam
molecule, and OpenBabel 2.4.1 software was used to convert the docking result from
pdb format to pdbqt format. The possible interaction sites between the aptamer and thi-
amethoxam molecules were analyzed, and PyMoL 1.7.6 software was used to visualize
the molecular docking results. After the docking sites of thiamethoxam and the aptamer
were known, bases were truncated at both ends of the sequence (Figure S1A). The Kd of
truncated sequence was verified by ITC.

2.7. Thiamethoxam Detection with AuNPs Colorimetric Sensor

The AuNPs colorimetric sensor was constructed with Thi-5R-18 to verify the practica-
bility of the aptamer. The AuNPs were prepared as reported by Zheng et al. [23]. Briefly,
10 uM aptamers (5 uL) was added to each EP tube and incubated with 250 uL of different
concentrations of thiamethoxam for 10 min, followed by adding 135 L of nano particles
and incubating for 5 min. After adding 70 uL of 0.25 M NaCl rapidly to the solution and
incubating for 5 min, 200 uL of the obtained solution was collected and placed in an enzyme
standard plate for 200 nm~800 nm spectral scanning. The linear regression equation was
established between the concentration of thiamethoxam and the absorbance value of the
mixed system. The specificity of the aptamer was tested with 1078 M of thiamethoxam
and 10~7 M of dinotefuran, admire, clothianidin, and glyphosate. Meanwhile, the AuNPs
colorimetric sensor was used to detect thiamethoxam in real samples by spraying 300 uL of
different concentrations of thiamethoxam (20nM, 40nM, 80nM, and 100nM) on tea leaves,
followed by drying at room temperature, washing with 300 pL ultrapure water to ob-
tain thiamethoxam solution, and then using the aptasensor to obtain the thiamethoxam
concentration by measuring the Agsp,/520-
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3. Results and Discussion
3.1. Screening of Thiamethoxam Aptamers

In this study, GO-SELEX technology was used to screen thiamethoxam aptamers.
During screening, the ssDNA library was first incubated with thiamethoxam to facilitate
the combination of thiamethoxam and ssDNA to form a complex. After adding GO, a
large amount of ssDNA with no affinity to thiamethoxam was captured on the GO surface
through 7-7t stacking, and only a small amount of target-bound ssDNA remained in the
supernatant. After PCR amplification, product recovery, and purification, ssDNA was
obtained as a secondary library to enter the next round of screening (Figure 1).
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Figure 1. Schematic diagram for screening thiamethoxam aptamers by GO-SELEX.

GO-SELEX was suitable for screening the aptamers of targets which cannot be ab-
sorbed by GO. AA255 was the difference value between the absorbance value at 255 nm
of the supernatant incubated with GO/target and GO/1 x Binding buffer (control). As
shown in Figure 2A, after adding GO and the target in the incubation system at the ratio of
5000:1, free target still existed in the solution. Based on the previous report [21] and cost,
500:1 was used as the mass ratio of GO/target.

The key to aptamer screening is to obtain and isolate high affinity binding sequences
from random ssDNA libraries. Since different lengths of ssDNA show different binding
kinetics on the GO surface [24], the GO/ssDNA mass ratio was optimized before GO-
SELEX experiments, enabling GO to fully adsorb ssDNA. Commonly, the GO/ssDNA
quality ratio was between 500:1 and 1000:1 [21,25], allowing the ssDNA concentration to
reach the baseline level. In Figure 2B, the nucleic acid concentration was seen to decrease
with the increase of GO/ssDNA, and at the mass ratio of 500:1, the DNA content in the
solution reached the first equilibrium point, indicating that this concentration reached the
baseline level, consistent with previous studies [21]. At GO/ssDNA mass ratio was between
500:1~4000:1, although the nucleic acid concentration could reach the baseline level, there
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was still free ssDNA not bound to the target, which would become non-specific enrichment
sequences and existed in each round of the library, thus affecting the screening efficiency.
When the mass ratio further increased to 5000:1, the concentration of ssDNA decreased
significantly and the content of free ssDNA in the solution decreased to the minimum at the
same time. This experiment aimed to compare the difference between pressurized SELEX
and ordinary SELEX, so the high pressure GO/ssDNA ratio was selected for the SELEX
process. In the subsequent SELEX process, 5000:1 was used as the mass ratio of GO/ssDNA.
In this study, a FAM-labeled forward primer and a dA20-spacer18-labeled reverse primer
were used to separate the aptamer sequence by 8% Urea-PAGE electrophoresis, with FAM-
labeled forward primer PCR product being used in the next round of the aptamer library. In
this experiment, 15 rounds of screening were conducted to explore the effect of pressurized
GO-SELEX on the round affinity.
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Figure 2. (A) Optimization of the mass ratio of GO and target. AA255 indicated the difference value
between the absorbance value at 255nm of the supernatant (GO/target) and the control (GO/1x
Binding bulffer). (B) Optimization of the mass ratio of GO and ssDNA. The concentration of ssDNA
indicated the content of free ssDNA in the supernatant.

3.2. Round Affinity Analysis

The round affinity between aptamer library and target is usually determined by
the recovery rate [26], which was expressed by the ratio of ssDNA concentration before
incubation and after incubation. Thiamethoxam has a maximum absorption wavelength at
255 nm, close to the maximum absorption wavelength of ssDNA. As the measured ssDNA
concentration was inaccurate, this study used an innovative capture method to measure
the affinity of each round. Specifically, each round of biotin-labeled aptamer library was
fixed onto the magnetic beads with streptavidin magnetic beads, allowing the aptamers
to capture the free targets in the solution. The more affinity sequences in a round, the
more targets could be captured, and the higher the absorbance at 255 nm. As shown in
Figure 3A, the proportion of ssDNA with affinity to thiamethoxam in the library was low at
initial screening, and after several rounds of screening, the affinity of ssDNA was gradually
enriched. The aptamers obtained from the 5th and 9th rounds had the highest affinity.
With the further increase of rounds, the affinity showed no further improvement, and in
Figure 3B, the result of 8% Urea-PAGE gel also showed that the brightness of gel bands
was unstable from the 10th round. The brightness of gel bands indirectly indicated the
DNA content. The quality ratio of GO/ssDNA in the screening process was 5000:1, which
was one order of magnitude higher than that in general GO-SELEX experiments, hence
the higher screening pressure inferring that the adsorption of GO on ssDNA surface was
unstable, which would lead to the loss of affinity sequences.
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3.3. HTS and Secondary Structure Analysis of Sequences

The number of aptamer sequences screened in this study was more than one million
and the first 30 sequences with the highest enrichment degree were selected as candidate
aptamers in each round, which were named Thi-5R-1~Thi-5R-30 and Thi-9R-1~Thi-9R-
30, according to the enrichment degree. Candidate aptamers were selected based on the
representative secondary structure (Figure 4) and low free energy sequences (Table 1). Low
free energy represented the stability of the secondary structure formed by the sequences.
Each candidate sequence of aptamer contained the stem ring structure formed by hydrogen
bond connection within the molecule, which was the structural basis for combination
with thiamethoxam.
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Figure 4. The secondary structures of aptamer candidates.

Table 1. Sequences of aptamer candidates.

Aptamer 40nt Sequences (5'-3) Free Energy (kcal/mol)
Thi-5R-6 CGAGCTGAGATTGGGGAACTCGACGACAGTCAAGGGTCTG —9.78
Thi-5R-18 GGGCAAATAGCATAATGGATCACATTAGATGAGCCCAGGC -74
Thi-9R-18 GCGGCAGCAGCAGCCCGCCCGTGACTCAGCAGTCTGCCCG —114
Thi-9R-26 CCAGCACCCACCGGTGGGGACGCCGCGCCGLCTGLCGLCC —8.24

3.4. Measurement of Sequence Affinity by ITC

In this study, the affinity of candidate aptamers was evaluated by Kd values calculated
through the ITC. ITC could directly measure the heat released in the process of biomolecular
binding, and the experimental data were expressed in the form of thermogram, which could
accurately obtain the complete thermodynamic information of biomolecular interaction.
The potential molecular interaction mechanism could be clarified by analyzing the ITC data.
According to the ITC results (Figure 5), the Kd value was 4.935 x 107> M for Thi-5R-18
combined with the target to release heat, and the Kd values of two published thiamethoxam
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aptamers FAM-Thil3 [27] and seq.20 [28] were 3.661 x 107*Mand 2.115 x 10~* M, respec-
tively, indicating that the aptamer Thi-5R-18 in this paper had the lowest Kd value and the
highest affinity among the three aptamers. Therefore, Thi-5R-18 was used as the aptamer
for thiamethoxam detection in the subsequent sensor performance test.
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Figure 5. ITC analysis of (A) Thi-5R-18 (B) FAM-Thi13 (C) seq.20 with thiamethoxam.

3.5. The Binding of Aptamer and Thiamethoxam

The binding model of Thi-5R-18 and thiamethoxam was further analyzed by molecular
docking. The results of molecular docking (Figure S1B) showed that the small molecule
of thiamethoxam and Thi-5R-18 were combined with hydrogen bond and m— interaction.
Thiamethoxam was combined with bases G-15, A-19, and T-71. Further analysis showed
that the oxygen atom at the end of G-15 of Thi-5R-18 formed a hydrogen bond with the 15t
oxygen atom of thiamethoxam (The bond length was 2.8 A). The oxygen atom at the end
of T-71 of Thi-5R-18 formed a hydrogen bond with the 7" oxygen atom of thiamethoxam
(The bond length was 3.7 A). The benzene ring of thiamethoxam formed 7t bond with the
benzene ring of T-71 (The bond length was 4.7 A). These hydrogen bonds and 7-7 bond
further stabilized the binding of thiamethoxam to Thi-5R-18. Previous studies have shown
that binding may also be related to van der Waals force and electrostatic force [27]. A total
of 19 bases that included G-15 and A-19 and 17 bases that included T-71 at both ends of the
sequence were cut off. Figure S2 showed that the Kd value of truncated aptamer sequence
measured by ITC could not be fitted. It was confirmed that after deletion of the binding
site, the affinity of the aptamer disappeared.
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3.6. Detection of Thiamethoxam by Aunps Colorimetric Sensor

To verify the applicability of the aptamer Thi-5R-18 in thiamethoxam detection, a
colorimetric sensor based on AuNPs was constructed with Thi-5R-18 as the recognition
element. As displayed in Figure S3, the size of nanoparticles was relatively uniform with
an average particle size of 15.90 nm. As previously reported, there was a large amount
of positive charge on the surface of AuNPs [29], and when NaCl was added, the C1~
could destroy the charge balance on the surface of AuNPs, making the nanoparticles
aggregate and the solution blue. However, the aptamers adsorbed on the surface of AuNPs
through electrostatic adsorption would keep the nanoparticles in a dispersed state, enabling
the solution to stay red and the nanoparticles not to aggregate even after adding NaCl
(Figure 6A). After adding the target, the targets were combined with aptamers and left on
the surface of the AuNPs, allowing the nanoparticles to aggregate and the solution to turn
blue after adding NaCl. As shown in Figure 7A, 520 nm was the maximum absorption
wavelength of AuNPs, and the aggregation of particles reduced the light absorption value
here. After adding the target, the absorbance value declined at 520 nm but increased at
650 nm. In Figure 7B, a good linear correlation was shown between the intensity ratio
of light absorption values at 650 nm and 520 nm (Ags0/520) and the concentrations of
thiamethoxam. The linear response range of the colorimetric sensor was 5 to 120nM. The
linear regression equation was calculated as y = 0.0071x + 0.31533 and the limit of detection
(LOD) of the sensor was 0.37 nM (with calculation details shown in supporting information),
indicating the high sensitivity of the aptsensor system. Figure 7C showed the specificity test
result of the thiamethoxam aptamer based on the colorimetry method. Four pesticides with
structures similar to thiamethoxam were detected by the aptsensor system and the binding
ability of the aptamer to the four targets was less than one tenth of that of thiamethoxam,
although their concentration was ten times higher than that of thiamethoxam, indicating
the high specificity of the aptasensor system for thiamethoxam.
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In order to test the applicability of this aptamer colorimetric sensor in actual samples,
the thiamethoxam pesticide was sprayed on the leaf surface and eluted for colorimetric
detection after natural drying. The concentration of thiamethoxam after elution was 20, 40,
80, and 100 nM (Figure 6B), respectively. The results (Table 2) showed that the recovery
was 96.94%~105.86% and RSD (Relative Standard Deviation) was 0.41%~3.76%, implying
that the constructed aptamer colorimetric sensor had good repeatability and reliability.

Table 2. Determination of thiamethoxam pesticide in spiked real samples.

Sample Spiked Measured Recovery RSD
Concentration (nM) Concentration @ (nM) (%) (%)

1 100 105.40 105.40 1.88

2 80 84.69 105.86 0.41

3 40 38.78 96.94 3.76

4 20 19.61 98.03 0.94

@ Mean values were calculated from three determinations.

4. Conclusions

In this study, non-immobilized GO-SELEX was used to screen ssDNA aptamers that
specifically bind to thiamethoxam. In the screening process, the screening pressure was
improved by increasing the additional amount of GO. The 5th and 9th rounds of libraries
showed the highest affinity using a capture method. This method was innovatively used
to determine the affinity of round libraries, and effectively solved the problem that the
maximum absorption wavelength was close between target and ssDNA. Aptamer Thi-
5R-18 obtained from the 5th round can specifically bind to the target and its affinity was
proved to be the best by ITC, demonstrating that high screening pressure was conducive
to shortening screening rounds and reducing experimental cost. The results of molecular
docking showed that thiamethoxam and Thi-5R-18 were combined with bases G-15, A-19,
and T-71 through hydrogen bonding and 7 interaction, which was also verified by ITC.
Moreover, a colorimetric aptasensor based on AuNPs was constructed by the aptamer
Thi-5R-18, with the linear regression equation y = 0.0071x + 0.31533 and an LOD of 0.37 nM.
Furthermore, the aptasensor system was applied to actual sample detection, achieving the
recovery of 96.94%~105.86% and the RSD of 0.41%~3.76%, suggesting that the aptasensor
could be used for rapid and sensitive detection of thiamethoxam residues.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /bios13020155/s1, Figure S1: (A) Secondary structures of Thi-
5R-18. The base cutting sites were labeled by scissors. G-15, A-19, T-71 were the binding sites.
(B) Molecular docking of thiamethoxam and Thi-5R-18. Figure S52: ITC analysis of truncated Thi-5R-
18 with thiamethoxam. Figure S3: (A) TEM images of AuNPs. (B) Size distribution of AuNPs.
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Abstract: COVID-19 continues to spread and has been declared a global emergency. Individuals with
current or past infection should be identified as soon as possible to prevent the spread of disease.
Surface-enhanced Raman spectroscopy (SERS) is an analytical technique that has the potential to be
used to detect viruses at the site of therapy. In this context, SERS is an exciting technique because
it provides a fingerprint for any material. It has been used with many COVID-19 virus subtypes,
including Deltacron and Omicron, a novel coronavirus. Moreover, flexible SERS substrates, due
to their unique advantages of sensitivity and flexibility, have recently attracted growing research
interest in real-world applications such as medicine. Reviewing the latest flexible SERS-substrate
developments is crucial for the further development of quality detection platforms. This article
discusses the ultra-responsive detection methods used by flexible SERS substrate. Multiplex assays
that combine ultra-responsive detection methods with their unique biomarkers and/or biomarkers
for secondary diseases triggered by the development of infection are critical, according to this study.
In addition, we discuss how flexible SERS-substrate-based ultrasensitive detection methods could
transform disease diagnosis, control, and surveillance in the future. This study is believed to help
researchers design and manufacture flexible SERS substrates with higher performance and lower
cost, and ultimately better understand practical applications.

Keywords: flexible SERS substrates; coronavirus; ultrasensitive detection; biomarker

1. Introduction

Infectious diseases such as coronaviruses (CoV), especially coronavirus disease 2019
(COVID-19), infect and kill millions of people worldwide [1,2]. These viruses are transmit-
ted by individual contact with a contaminated surface and subsequent contact with the
mouth or nose, as well as by inhalation of tiny droplets exhaled by infected individuals
when they cough or sneeze [3]. Individuals who have influenza present with clinical
features of symptomatic COVID-19 infection, including dyspnea, cough, and fever, which
can lead to medical complications such as kidney damage and pneumonia. Therefore,
a complete diagnosis with sensitive and accurate analytical methods or rapid diagnosis
is required for optimal patient therapy [4-6]. Significant advances in surface-enhanced
Raman spectroscopy (SERS) as a suitable point-of-care testing (POCT), since its introduction
in 1973, have been demonstrated for a number of analytes, including viruses [7,8]. The
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complete molecular composition of microorganisms, bacteria, and viruses is reflected in
the Raman spectrum, which includes many different vibrational states of reliable classi-
fiers (proteins, carbohydrates, DNA/RNA, and lipids) as well as nonspecific constituents
of species (such as carotenoids). Thus, Raman spectra contain both genetic and pheno-
typic signatures of the studied microorganisms, bacteria, and viruses, since all cellular
components are based on the expression of different parts of the genome [9,10]. One of
the features of surface-enhanced Raman spectroscopy (SERS) is the identification of char-
acteristic peaks of the outer-membrane proteins of molecules in the sensitive and rapid
detection of various molecules, including viruses such as coronavirus [11]. Other features
of SERS for coronavirus detection include the use of electromagnetic-field enhancement, by
exciting local-surface plasmon resonances in nanostructured-metal surfaces such as gold or
silver [12]. The detection of analytes at very low concentrations, and the performance of
assays without pretreatment are among the capabilities of SERS. When used in conjunction
with an immunoassay, the technology provides an extremely high level of specificity [13,14].
In addition, multiplex SERS immunoassays can detect a variety of analytes, which signifi-
cantly increases the versatility of the technique compared to the polymerase chain reaction
(PCR), which can only analyze materials containing genetic material [15,16]. Therefore, the
most promising option for faster detection of COVID-19 than PCR is the use of surface-
enhanced Raman spectroscopy (SERS). The PCR protocol amplifies single-stranded DNA
to 100 billion copies after 40 cycles of doubling, to achieve a sufficient fluorescent-signal
strength for virus detection, which takes hours. Identification of unique gene sequences
and single nucleotide polymorphisms by SERS-amplified signals provides more accurate
and cost-effective diagnosis, while DNA amplification from COVID-19 does not require a
long time [17].

Among the advantages of SERS over other COVID-19-detection methods is the identi-
fication of gene sequences through the commercial availability of multiple Raman dyes,
leading to the development of nonoverlapping gene-detection probes. SERS tags in ultra-
sensitive detection also include antibodies, aptamers, and DNA; the detection of proteins,
DNA, and other components is based on SERS tags [18,19]. Other advantages of SERS
include the speed of analysis, emergence of robust and commercially available Raman
spectrometers, simplicity of sample manipulation, and on-site detection of analytes [20].
Limitations of the SERS method include the need for close contact between the analyte and
the amplifier surface, degradation of substrates over time that reduces the signal, limited
reuse of substrates, problems with homogeneity and reproducibility of the SERS signal in
a substrate, and limited substrate selection for a given analyte [21]. In recent years, the
SERS-based ultrasensitive sensing platform has emerged as the most promising option
for the detection of selective analytes at the nanostructured level, due to its specificity,
high sensitivity, nondestructive sensing, and narrow linewidth. The presence of a target
analyte near a metal surface leads to SERS events. Adsorbed targets, incident light, and
metal nanoparticles are three important factors in optimizing the SERS measurement model
for Raman signals from adsorbed targets. resulting in several great reviews and mono-
graphs [22]. Moreover, the composition, size, and morphology of the plasmonic metal
nanostructures allow for the configuration of a wide range of optimization parameters.
Currently, the design of the SERS platform is guided by the visual application of some
commonly accepted rules. Gold and silver metals are widely used to make nanoparticles
because the surface transitions cause localized surface-plasmon resonance in the visible
region of the electromagnetic spectrum. Gold is used because of its chemical stability,
oxidation resistance, and ability to be functionalized with more organic materials. Plasmon
resonance of silver nanoparticles occurs at lower wavelengths and with greater intensity
than gold nanoparticles. Silver nanoparticles have stronger peaks than gold and are, there-
fore, more sensitive to the refractive index of the environment [2,23]. This means that
silver is the most advanced of the plasmonic materials, although gold is more versatile in
practice due to the greater variety of available nanoparticle shapes and higher chemical
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stability. A simple and effective parameter to optimize SERS is the particle density in SERS
substrates [24,25].

The aim of this review study was to review recent advances in the fabrication of highly
sensitive flexible-SERS substrates for COVID-19-detection work in this field. That is in
addition to techniques for resonance amplification and SERS spectroscopy. Numerous
researchers have thoroughly investigated the processes behind the benefits of SERS, high-
quality nanostructures for SERS-based detection, the principles of SERS and amplification
mechanisms, analyte detection, multiplex analysis for coronavirus detection, and SERS
COVID-19 detection, all of which were evaluated.

2. Techniques for Resonance Enhancement

When the excitation laser resonates with the electronic transmission of the analyte,
the surface-enhanced resonance Raman-scattering (SERRS) effect occurs, as noted by
Yuan et al. [26]. Molecular-resonance excitation can increase the effective cross-sectional
area of the target analytes by many orders of magnitude. Numerous articles do not dis-
tinguish between SERS and SERRS, although both have different properties. Compared
with SERS, the SERRS mechanism exhibits a significant improvement. Moreover, the in-
tensity of SERRS is wavelength-dependent. SERRS spectroscopy has evolved to the point
where it can identify single resonant molecules, as both the molecular-resonance effect
and the surface-plasmon-resonance (SPR) enhancement contribute to the generation of
exceptionally strong Raman-scattering signals [27]. Excellent candidates for SERRS re-
search are fluorescent protein molecules (such as proteins, rhodamine 6G (R6G), malachite
green, antibodies, purple crystals, etc.) or luminescent dyes due to large Raman-scattering
cross-sections and intense optical absorption in the visible region. The single molecule can
be uniquely identified by SERRS spectroscopy through initial observations in the visible
window. Matching the broad adsorption range of the surface-plasmon resonance (SPR)
of aggregated silver colloids, with stimulation by Raman-scattering resonance, is due to
the most commonly used substrate, as shown in Table 1. Non-invasive photothermal
imaging has gained considerable attention in recent years, due to the cross-sectional area
of massive absorption of nanomaterials in the near-infrared region. Despite the minimal
energy loss during penetration, NIR light using heat-generating nanomaterials is a good
choice for targeting cells, because it does not damage adjacent normal tissue. For example,
the fabrication of unique gold nanorods with SERS coding (SPR band, 790 nm) shows high
optical absorption at 810 nm for photothermal heating, although it does not fully match the
NIR-excitation source at 785 nm [28].

Table 1. Examples of SERS substrates based on their characteristics.

Enhancement Limit of

SERS Substrate Factor (EF) Analyte Detection (LOD) Ref.
Ag nanoparticles/microporous silicon - rhodamine 6G 107°M [29]
Au nanothorns/macroporous silicon 108 crystal violet 1071221075 M [30]
Ag nanoparticles/silicon nanopillars 101 acetone 0.0037 ng [31]
Au nanoparticles/mesoporous silicon - benzenethio 10°°M [32]
Ag nanoparticles/mesoporous silicon 2.8 x 108 p-thiocresol 52x107°M [33]

2.1. SERS Spectroscopy

Surface-enhanced Raman spectroscopy is an extended form of Raman spectroscopy,
in which metal nanostructures are used to enhance Raman scattering. In this case, the
efficiency of Raman scattering for molecules adsorbed on metal nanostructures increases
dramatically, from 10'2 to 10'4. A small number of scattered photons are accessible for
detection due to the intrinsic weakness of Raman signals, particularly when excited by
visible light. Utilizing surface-enhanced Raman scattering is one way to increase weak
Raman signals (SERS). SERS employs nanoscale, roughened metal surfaces consisting of
gold (Au) or silver (Ag), The schematic representation of SERS can be found in Figure 1.
Therefore, surface-enhanced Raman spectroscopy (SERS) is currently a widely used optical
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tool for the analysis of the molecular components of chemicals and biological samples, with
the potential to detect single molecules [34]. The overlap of the excitation wavelength of the
Raman laser with the resonance wavelength of the plasmon structure has made it possible
to use SERS spectroscopy in sensors and various laboratory analyses. This is because the
resonance of the substituted surface plasmons plays an important role in electromagnetic
amplification [35,36]. Therefore, the preparation of colloids and metal substrates with the
ability to generate and maintain plasmonic effects is of great interest [37,38]. Therefore,
the results of SERS spectroscopy depend on the performance of the substrate in signal
amplification and its reproducibility [39]. Among the various methods to fabricate a
suitable substrate, electrostatic self-assembly of plasmonic nanoparticles, especially gold
and silver, on a functionalized substrate is an easy way to obtain a uniform, reproducible,
and cost-effective substrate. Different plasmonic nanoparticles can be used depending
on laboratory conditions. However, reports show that silver nanoparticles provide the
highest Raman-signal enhancement in the visible-wavelength range [16,40]. Considering
the influence of nanoparticle size on Raman-signal amplification [41], it is important to
choose an appropriate method to prepare nanoparticles of the desired size. Therefore, to
prepare silver nanoparticles, a better chemical method was used to obtain nanoparticles
of desired size for the SERS substrate. Various probes are used for SERS, among which
pigment molecules are the best and most commonly used [42]. The reason for this is
the structure of the pigments, which allows them to bind to the surface of the metal
nanoparticles. All pigments are water-soluble, so they are suitable for use in the colloids of
nanoparticles synthesized in water, as a better chemical process. Moreover, these structures
can be used in solid substrates such as self-assembling substrates. On the other hand,
the pigments produce very intense background fluorescence at the visible wavelength of
the laser, which interferes with the Raman signals. Numerous factors, such as the type
of pigment, the distance between the nanoparticles and the pigment molecules, and the
dimensions of the substrate nanoparticles used, affect the Raman spectrum obtained [43,44].
By using a suitable substrate, the Raman signal can be enhanced, and the fluorescence
effects of the pigments can be eliminated [45].
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Figure 1. The Raman signal can be amplified further when the roughened metal surface is used in
combination with laser light that is matched to the absorption maxima of the molecule. This effect is
known as surface-enhanced resonance Raman scattering (SERS), which is shown in the figure.

2.2. High-Quality Nanostructures for SERS-Based Detection

The SPR-enhancement property, which is very important for ultrasensitive diagnosis,
depends strongly on the type of nanoparticles used. Variations in the properties of the
nanostructures, including composition, stability, shape, dielectric parameters, size, and
surface modification, contribute significantly to the generation of SPR-induced EM enhance-
ment. In recent decades, various types of prominent nanostructures have been designed
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and developed for SERS-based ultrasensitive diagnostic studies, including aggregated
nanostructures, self-assembled nanostructures, uniform-plasmonic nanostructures, alloyed
nanostructures, magnetic nanostructures, carbon-based materials, three-dimensional X-ray
structures, silicon-based nanomaterials, and metal-organic frameworks [46]. Nanostruc-
tured materials often exhibit new physical and chemical properties relative to the bulk state.
Due to the properties of nanomaterials and their special applications, various types of metal
nanostructures, including nanoparticles, single nanoparticles, composite nanoparticles, and
nanoparticle clusters, are used in SERS. Usually metal nanoparticles of gold, silver, and
copper are used as active ingredients in SERS to detect COVID-19, due to their plasmonic
peak in the visible region. These metal nanoparticles provide localized surface-plasmon
resonance, which creates a large localized electromagnetic field for the detection of COVID-
19. Metal nanoparticles with different sizes and shapes create distinct LSPR properties and
dramatically increase the effect of SERS [47].

To get a better idea of the reinforcement properties, the SERS-reinforcement properties
of the different nanostructures are discussed in more detail in the following sections.
Aggregated nanostructures serve as initial sensing platforms for ultrasensitive detection
based on SERS. Usually, most substrates used for simple silver aggregates are prepared
by boiling silver nitrate with sodium-citric acid (Lee-Meisel technique) [48]. Ideally, the
broad absorption range of nanoaggregates under laser irradiation is in the size range of
10-150 nm, to obtain and enhance significant metal SPR for single-molecule detection. The
SPR-adsorption band of silver nanoparticles has a significant impact on the generation of
SERS effects, when used to efficiently activate metallic SPR. Activation of silver colloids
by the analytes themselves occurs through the modulation of colloidal aggregation states,
when the target analytes contain active atoms such as nitrogen or sulphur. Salt-induced
aggregation (sodium chloride or potassium chloride) is able to solve the problem, when
the target molecules are unable to produce colloidal aggregation due to the altered surface
charge [49].

SERS-based detection of single molecules showed that the sensitivity of detection by
addition of activation solutions strongly depends on factors such as random adsorption
sites (hot spots) of the nanoaggregates. Recently, it was reported that an ultrasensitive
method for the detection of ozone was developed using accumulated gold nanoparticles as
SERS substrate [50,51].

2.3. Principles of SERS and Enhancement Mechanisms

Theoretically, when a molecule is engraved on the surface of gold, silver, or other
precious metals, the spectrum of the adsorbed molecule is reduced, resulting in a relaxation
of Raman’s selection rules; as a result, more frequencies are seen than in conventional
Raman spectroscopy, as shown in Figure 2. The classical theory of optical scattering
provides a qualitative concept for the SERS process. Since the most important feature of
metal nanoparticles is their optical property, which is not reflected in the size of their mass.,
metallic nanoparticles typically absorb and scatter light at different frequencies depending
on their size, shape, and material. Surface plasmons are excited in small metal particles,
but on smooth metal surfaces it is not possible to excite surface plasmons directly. This
phenomenon is the best effect in observing the light adsorption of SERS [52]. Among the
auxiliary factors in SERS’ optical absorption during COVID-19 diagnosis, we can mainly
mention five factors: size, shape, constituents of nanoparticles, interparticle distance, and
refractive index of the nanoparticle environment. From the optical point of view, the results
of increasing polarization are very important. One of them is the simultaneous increase in
scattering efficiency and light absorption by the metal nanoparticles [53]. The incident light
beam induces an oscillating dipole (i) in the particle. The particle scatters the light with
oscillating bipolar frequencies. The bipolar moment is generally composed of different
coordinated-frequency components. Due to the intensity of the Raman spectrum induced,
which is proportional to the quadratic moment, increasing the polarization of the molecule
(molecular effect) and increasing the external field acting on the molecule (field effect)
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are two ways to increase the Raman spectrum [54]. Theoretical models also provide for
two main types of excitation: (1) irradiating matter molecules with light, i.e., applying the
electric field of light (external field) to the molecule, a larger alternative field is generated
near the metal surface due to electromagnetic resonance, which is called the electromagnetic
effect. (2) Another method to enhance the Raman spectrum is the chemical effect (molecular
effect), in which the polarizability of the molecule is enhanced by the interaction between
the molecular surface and the metal surface [55]. The effect of synthesis methods on the
ultra-responsive detector ensures that the molecules desired for the detector can be attached
to the surface of the metal substrate or at least placed in its vicinity. Therefore, Raman-signal
amplification is provided by pulsed resonances in the metal substrate [56].

In the electromagnetic effect, the irradiation of the metal surface with incident light
excites the embedded surface plasmons. By tuning the frequency of the incident light with
the plasmon frequency (wp) of the metal, the electric field is enhanced and maximized.
Thus, the increase in intensity of the Raman spectrum for the species adsorbed on the metal
surfaces is due to the enhancement of an electric field near the metal surface. For scattering
to occur, the plasmon oscillations must be perpendicular to the surface. If the oscillations
are parallel to the surface, scattering will not occur. For this reason, uneven surfaces or
nanoparticle arrays are often used in SERS experiments, because these surfaces create a
region where alternating group oscillations can occur [57]. Incident light on the surface
can cause a variety of phenomena on the plane. If the surface is such that its properties,
such as dimensions and smoothness, are smaller than the wavelength of light, then only
the contribution of dipole radiation is considered, and the dipole set contributes to the
plasmon oscillations, which enhances the Raman spectrum. The complexity of the SERS
effect is due to the fact that the field amplification occurs twice. First, the field enhancement
increases the intensity of the incident light, which excites the Raman modes of the molecule
under study. This increases the Raman-scattering spectrum. The Raman spectrum itself
is enhanced by a process similar to the process of increasing the intensity of the incident
light, further increasing the Raman output spectrum. In both phases, the electric field is
enhanced by E?, so that the final amplitude of the spectrum is proportional to E* [58,59].
The amplitude of the Raman spectrum is not the same for all frequencies. At frequencies
where the Raman spectrum has a small shift with respect to the incident light, both the
incident laser light and the Raman spectrum may be close to the plasmonic frequency
resonance, enhancing E*. However, when the shift is large, the incident light and Raman
spectrum cannot fluctuate with wp, so the gain in both phases cannot be maximal [60]. The
material from which the metal surface is selected is determined by the resonant frequency
of the plasmon. Visible and near-infrared light is used to evoke Raman modes, and is
usually of gold and silver for the desired metal surface used in the SERS test. Since the
plasmon-resonance frequencies of gold and silver are in this wavelength range and can
amplify the electric field of visible and near-infrared light, the absorption spectrum of
copper is also in the range that can be used in SERS experiments [61]. Platinum and
palladium nanostructures also have plasmonic resonance in the near-visible and infrared
regions [62]. Although the electromagnetic model or the electromagnetic effect can explain
several properties associated with SERS, it cannot express some specific properties of SERS.
When using the electromagnetic model, the chemical structure of the analytical species is
not investigated, so the model or chemical effect is also considered. One of the important
processes that increases molecular polarization is the mechanism of charge transfer or the
chemical effect between the metal and the material (analyte) adsorbed on the metal. The
chemical effect occurs simultaneously with the electromagnetic effect, but is used only in
special cases [63].
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Figure 2. Schematic shows (a) mechanism of the surface—enhanced Raman scattering (SERS) elec-
tromagnetic (EM) effect, electromagnetic SERS enhancement, and (b) multilayer thin—film “local
plasmon resonators”. Reprinted with permission [64]. Copyright © 2020 American Chemical Society.
(c) Principles of COVID—19 detection from biopsies with SERS.

2.4. SERS Measurements

Dry or wet measurements of SERS on solid substrates are possible. The dry method is
the most common and is perform after the sample has evaporated from the substrate. By
immersing the substrate in the sample for a certain period of time (the incubation process),
the evaporation process is initiate. Methods of wet experiments include placing a drop of the
liquid sample on the substrate SERS or using complex microfluidic systems lab-on-a-chip
surface-enhanced Raman spectroscopy (LoC-SERS) on a glass substrate and covering it with
a thin coverslip. They can also be perform using the “droplet approach”, where the signal is
detected at the edge of a sample droplet on the SERS substrate. Therefore, these approaches
affect the final results of SERS due to their drawbacks. When the sample evaporates, the
absorption process is abruptly stope, and there is heterogeneity in the generated layer or the
“coffee ring” effect. In addition, the metallic nanoparticles may oxidize or dissolve during
incubation, resulting in the loss of the perpendicular arrangement of molecules in Raman
observations. Inefficient Raman signals arise from the use of different interfaces or the effect
of different refractive indices, when a coating glass is used in a liquid environment [65]. The
“droplet approach” has the advantage that a suitable change in the hydrophobicity of the
substrate can lead to a pre-concentration of the analyte, bypassing diffusion limitations and
enhancing the SERS signal. However, for recording measurements by a camera integrated
into a Raman spectrometer, it is important to create an ideal distance from the droplet
boundary to its center. This distance must be sufficient, to prevent the sample from
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evaporating at the intended location throughout the experiment, but not so short that the
substrates do not respond well [66].

3. Flexible SERS Substrate

The best flexible SERS substrates are simply those that support the strongest plasmon
resonances; in other words, those that provide the strongest amplification or gain. Metallic
nanostructures can amplify the optical field (hotspots) and act like an antenna. When
molecules or nanoparticles are in the hotspot, Raman scattering increases dramatically [67].
Most flexible SERS substrates are designed for excitation in the visible infrared range (about
400-1000 nm), the usual range for molecular Raman-scattering experiments. Structures
with dimensions below the wavelength range and typically less than 100 nm are the most
suitable flexible substrates for SERS. Generally, a good upgrade rate is obtained from
structures made of gold or silver. These two metals, gold and silver, are the most commonly
used metals in SERS and plasmons [68]. This is due to their good optical properties
for the realization of plasmonic resonances in the visible infrared range (400-1000 nm),
which is the range of interest for SERS. In principle, there are no limits to the small size of
the metal components that make up the flexible SERS substrate. For example, a simple,
rough metal surface can also be used as a flexible SERS substrate. However, much less
enhancement is achieved than with conventional metal nanostructures. SERS can be
measured on structures made of a variety of metals, such as copper or platinum, but even
in this case, less enhancement is achieved than with the commonly used metals, gold and
silver. Enhancement is not the only important property of a flexible SERS substrate. Among
the various aspects, the surface area and surface roughness are of particular importance.
SERS is a surface-spectroscopy method, and it is obvious that the surface properties of the
flexible substrate play an important role. Surface roughness is an important and crucial
factor in SERS experiments and increases the surface sensitivity, resulting in an inelastic
scattering of light [69], because at low concentrations it is limited by the inherent strength
of the signals from the molecules SERS. However, in situations where the molecules are
bound to the flexible substrate by direct contact with the metal, the maximum Raman
signal available is limited by the maximum number of molecules in that layer. If the
molecule in question is a weak Raman scatterer and the maximum achievable SERS signal
is too low, the SERS signal cannot be measured. There are several ways to avoid this
problem: using a flexible substrate with higher average gain (which increases the average
SERS signal of each molecule), using a flexible substrate with larger surface area (which
increases the number of signaling molecules), and increasing the laser power. In addition
to these basic features, the simplicity and cost of sample fabrication and preparation should
also be considered. The interactions between the flexible substrate and probe play an
important role in SERS, so it is useful to use special flexible substrates (or even substrates
designed specifically for this molecule) for a certain type of molecules [70]. Flexible SERS
substrates can be experimentally divided into three main categories: (1) metal particles
(usually nanoparticles) in solution, such as colloidal solutions [71]; (2) flat metal structures;
e.g., arrays of metal nanoparticles lying on a flat surface (e.g., glass, silicon, or metal) [72];
(3) metal electrodes [73]. With these interpretations, it can be said that a flexible SERS
substrate is a kind of naming for any structure that provides plasmon resonance, which
can lead to the development of suitable amplifications in the Raman range and can include
metal particles in colloidal solutions; two-dimensional metal structures, such as an array
of metal nanoparticles lying on a two-dimensional substrate of glass, silicon, or metal; or
metal electrodes [74]. Table 2 shows a comparison of the SERS enhancement of a normal
substrate with a flexible substrate.
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Table 2. Comparing the SERS enhancement of a normal substrate with a flexible substrate.

Types of Flexible

Unique Features

SERS Platforms Compositions including Flexibility Detection Limit Fabrication Methods Applications Ref.
. 3 . One-step Liquid-phase
11 N
I situ detection Ag NPs Floating metal film 10~"" m (4-ATP) electronic reduction detection [75]
for SERS _poi
Ag/Au nanowires f\?ni)r;iigzlrllts 10" m (R6G) Nanotransfer printing ~ Glucose detection [76]
AuNPs An open-to-closed system Cast method glo_mflcmmdemles [77]
etection
Actively tunable SERS " - " " "
Wrinkled graphene/  50% tensile strain without 10-% m (R6G) Graphene transfer/ Multiple analytes’ 78]
Au NPs performance degradation m physical deposition detection
P 0.24ng cm 2 . Pesticide residues’
Swab-sampling AuNPs Sticky” feature (Thirar) Drop-dry method detection [79]
approach . . L. Onsite
AgNWs High capture capability 402ngem-2(pQ) ~ Mixingand residual-pesticide [80]
of pesticides vacuum filtration detection

4. Detection of Analytes

SERS can be used for direct or indirect detection of analytes. Adsorption of elements,
such as antibodies, aptamers, or similar molecules stabilized on nanostructured surfaces,
the use of molecular linkers held close enough to the substrate, or adsorption of analytes on
the substrate, are direct measurement requirements. This approach is suitable for analytes
with a large cross section for Raman scattering, as shown in Figure 3. It benefits from the
thorough control and precision of the quantification procedure, as well as the ability to
identify and chemically characterize the analyte by examining its binding properties [81,82].
By correlating changes in the spectrum of the SERS metabolites, reaction products, or
reporter molecules (RM), indirect-detection measurements of the concentration of the
target analyte are made. This approach allows for the detection of analytes with few
or no Raman-vibrational modes as well as for multiplex detection. The most common
approach for indirect detection in biological samples is the use of reporter molecules. In
this approach, substrates are functionalized with one or more molecules (monoplex or
multiplex detection) that undergo a change in Raman cross section, upon contact with the
target analyte. RMs are usually tiny molecules with large Raman cross sections. Not only
are they photochemically stable, but only a small number of their bands overlap with the
matrix or analyte, due to limitations in the Raman spectrum [83].

4.1. Determination of Viruses by SERS

The combination of reporter molecules (indirect detection) with a sandwich immunoas-
say is a more sensitive and specific method for virus detection by SERS. In this way, the
decision technique is usually composed of the following elements: (1) a SERS tag consisting
of a Raman-reporter molecule and an identification element consisting of a specific anti-
body (detection antibody) entrapped on the active SERS nanoparticles, and (2) a template
called the adsorption substrate (which does not have to be a metal surface) functionalized
with a binding antibody (an adsorption antibody) to bind the antigen SERS-tag complex.
Using the SERS tag, quantification is performed by monitoring the Raman signal from the
reporter molecule, before and after the interaction with the absorbing element. The limited
specificity and inherent limitations of the direct detection of biological analytes, such as the
low affinity for common noble-metal SERS substrates, small scattering cross sections, and
large molecule sizes, can be overcome with this technique, as shown in Figure 4 [84].
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Figure 3. Surface-enhanced Raman spectroscopy (SERS) is a specialized kind of Raman spectroscopy,
in which the analyte of interest interacts with gold or silver nanostructures to greatly boost the Raman
signal. It allows Raman spectroscopy, a method typically used for identifying analytes, to be used for
the detection of trace levels of potentially hazardous or physiologically significant substances.
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Figure 4. The figure illustrates the differences between a label-free SERS technique and a label-based
SERS approach. In label-free SERS, the spectroscopic signal arises from all analytes that adsorb on
the SERS substrate (direct detection), while in SERS, the spectroscopic signal results from the labels
on a SERS tag that selectively attach to a target analyte (indirect detection).

4.2. Multiplex Analysis for Coronavirus Detection

Multiplex analysis is considered the gold standard for COVID-19 identification, be-
cause of its ability to replicate small amounts of the coronavirus’ genetic material. Currently,
multiplex testing for SARS-CoV-2 is usually performed on the specimens collected with a
swab from the upper-respiratory tract. In addition, several studies have been performed
using serum, feces, or ocular secretions [85]. Recently, the Rutgers Clinical Genomics
Laboratory developed the (TagPath COVID-19 Combo Kit) RT-PCR using saliva samples
collected from the patient. This method is faster and less painful than other methods of
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sample collection, reduces potential risks to treatment personnel, and increases sample
size [86]. As shown in Figure 5, multiplex analysis begins with the conversion of genomic
viral RNA to DNA by DNA-dependent DNA polymerase (RNA-reverse transcriptase).
This reaction is designed based on small DNA-primer sequences that specifically identify
complementary sequences in the viral RNA genome for reverse transcriptase, to synthesize
a short complementary DNA copy (cDNA) of the viral RNA. This is done using a fluores-
cent dye or a probe labeled with a fluorescent molecule and a quenching molecule, as in
the TagMan method. This is an automated system then repeats the amplification process
for approximately 47 cycles, until the viral cDNA is normally detected by a fluorescent
or electrical signal [87]. Multiplex analysis is usually performed in a one- or two-step
procedure. In the one-step multiplex analysis of the entire reaction, from cDNA synthesis
to propagation, the multiplex is performed in a single microtube. In the two-step method,
cDNA synthesis and proliferation are performed in separate tubes. Although the two-step
method is more flexible and sensitive than the one-step method and also requires fewer
raw materials to initiate the reaction, the one-step method is the preferred method for
detecting COVID-19. Since it can be started quickly and requires little sample management,
the risks of pipetting and contamination during the reverse transcription and proliferation
phases are lower [88]. To date, most molecular diagnostic experiments have used multiplex
technology targeting different regions of the coronavirus genome, including the ORF1b
or ORF8 regions and the nucleocapsid (N) genes, spike protein (S), DNA-dependent RNA
polymerase (RdRp), and envelope protein (E). Assays targeting the E envelope protein have
been shown to be similar to other coronavirus strains. On the other hand, the low similarity
of the N, RdRp, and S genes of coronavirus to those of other bat viruses has made these
genes specific targets for identification. Several methods have been used in laboratories to
increase diagnostic sensitivity, by examining multiple genes simultaneously or identifying
different regions in the same target gene. In general, multiplex methods with high sensitiv-
ity and specificity, as well as the ability to process a large number of samples, are the most
common methods for detecting COVID-19. Therefore, considering that COVID-19 is likely
to remain in the population like influenza viruses, a multiplex-testing method for multiple
diseases should be considered as a routine test in the future [89].

4.3. SERS COVID-19 Detection

Currently, the analytical approach for diagnosis of the SARS-CoV-2 virus is specific
detection by RT-PCR on respiratory specimens, such as nasopharyngeal swabs, oropharyn-
geal swabs, tracheal aspirates, or alveolar bronchial lavage, as shown in Figure 6. Samples
of nasal secretions from both nostrils are collected with a large swab inserted into the
nasopharynx by passing it around in a circle at least four times for a total of 15 s. In
this approach, two different amplification sections of primers or RNA-dependent RNA
polymerase (RpRd) genes, nucleoprotein (NP protein), and envelope protein (E protein)
are used. However, the nucleic-acid test has the disadvantage of requiring a high risk of
viral RNA degradation during collection, transport, and storage, as well as large amounts
of good quality viral RNA (which varies greatly from person to person). Moreover, despite
the high sensitivity of the PCR technique in patients with high clinical suspicion, a negative
nucleic-acid test does not rule out SARS-CoV-2 infection [90]. When a negative nucleic-acid
test result is detected once or twice, other diagnostic options such as serological ELISA
tests for IgG and IgM antibodies, formed with bat coronavirus nucleoprotein, must be
explored. One of the new alternative techniques used to quantify SARS-CoV-2 is SERS.
Zhang et al. investigated the diagnosis of SARS-CoV-2 using SERS in combination with
multivariate-statistical analysis. A functional receptor for the human coronavirus spike
glycoprotein SARS-CoV-2 in its S1 component is named ACE-2. ACE-2, thus, performed a
dual role as a reporter molecule and molecular-recognition element, as its Raman signal
was suppressed at a stimulation wavelength of 780 nm after the recognition and binding
of the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein. The ACE-2@SN-
SERS assay was used to analyze multiple real-water samples from hospitals and pipelines
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before and during various biological-wastewater-treatment methods, in situ and without
pretreatment. A real-time polymerase-chain reaction (PCR) was previously used to detect
the presence or absence of SARS-CoV-2 viruses in the samples [91].
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Figure 5. (a) Advancing from single—biomarker sensing to multiplex sensing. Diagnostic screening
of patient—derived biopsies with multiplex sensors demonstrates high sensitivity and specificity in
comparison of single sensors. (b) Principles of multiplexed detection using the surface—enhanced
Raman scattering (SERS) technique, with metal nanoparticles that are different in size and shape and
have unique Raman signals with narrow peaks, thus, they could be used as SERS tags. In addition,
schematic illustration of simultaneous detection of COVID—19-associated antigen expressed by
SERS imaging.
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Figure 6. A big swab put into the nasopharynx is passed around in a circle at least four times for
a total of 15 s to collect samples of nasal secretions from both nostrils, and mechanism of SERS for
COVID-19 detection with saliva sample, which contains COVID-19 virus.

Based on the attenuation of the induced SERS signal in the presence of the virus,
the detection of the SARS-CoV-2 spike protein in water samples is performed using two
markers to classify positive and negative samples. The first indicator is based on the
behavior of the band at 1182 cm ™!, which is associated with the amide II band, for the
N-H bending and C-N stretching of the ACE-2 enzyme. In the presence of the SARS-CoV-2
protein, the band changes to 1189 cm ™!, which is due to a change in the structure of ACE-2
upon binding. Therefore, the ratio of Raman intensity at 1182 cm ™! to 1189 cm™! (ratio
1189/1182) was used as a biomarker. The second indicator, which was determined by doing
a principal-component analysis with linear-discriminant analysis (PCA-LDA) on the total
spectral changes of the data, utilized the first LDA score (LD1 score) to distinguish the
positive and negative groups. The results of the two indicators indicated that the detection
of the SARS-CoV-2 spike protein was equivalent to that of real-time PCR, with the exception
of the samples handled biologically where PCR failed to identify the virus, in contrast to
the SERS results of the 1182/1189 ratios and the LD1 score. This was explained by the
SARS-CoV-2 spike protein having greater resistance to disinfection compared to RNA. This
approach resulted in either a positive or a negative finding; therefore, no LOD value was
reported. On the other hand, the lack of a study investigating the selectivity against other
ACE-2 target viruses or interference, as well as the fact that the assay reacts to viral coatings
or free-spike proteins, which may lead to overestimation of the presence of SARS-CoV-2,
are some limitations of this method [92,93]. SERS based on COVID-19 detection and its
limitations are shown in Table 3.
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Table 3. SERS based on COVID-19 detection and its limitations.

Target of

Diagnosis of Limit of

< Technique Material Coating COVID-19 in Clinical R Limitations Ref.
Virus Detection
on Surfaces
COVID-19 miffoI;l?Ji d Au/Ag v X NA . Weak signal relative [12]
MERS SERS-LSPR  Silver nanodot v X 1-106 nM to background. [94]
Gold ° Low sensitivity with low
COVID-19 SERS ° ticl v X 17.7 pM protein concentration. [95]
nanoparticies 15353 ° Consumes time to
COVID-19 SERS-LSPR Silver nanodot v X 230 3'7 i\/I collect sample. [96]
=P . Laser wavelength is unstable.
COVID-19/ . Mass transport challenge.
spike protein LSPR AuNIs 4 X 022+ 008pM ¢ Heterogeneity of surface. (971
. Collection of sample
COVID-19 Fluorescence Gold v x 1000 TU mL ™! consumes time. [98]
RNA . Low sample size.
. Low selectivity.
. . A small perception depth.
Coronavur'us/ SPR NA v X 217 nM . Mass transport challenge. [99]
N-protein ° Heterogeneity of surface.
. Misinterpretation of data.

v: Yes; X: No.

5. Future and Perspectives

Specifically, for the detection of COVID-19 virus, the preparation of a flexible SERS
substrate is emphasized, and its substrate design is a critical factor because no SERS
substrate is capable of detecting viruses. Therefore, there is no need to perform SERS testing
in the BSL-3 laboratory using the appropriate SARS-CoV-2 pseudovirus. Reconciliation of
positive and negative identification with subsequent IVD applications and EUA regulations
is possible through the SERS system. To assess the high demand during the disease
outbreak, flexible SERS substrates for virus detection should be manufactured on a large
scale in the near future, due to the advancement of modular-design technology and high-
performance production.

6. Conclusions

COVID-19 is a pandemic disease, and because progression of coronavirus infection
can lead to severe respiratory problems and possibly death, there is an urgent need for
various diagnostic strategies for early detection of the disease. The technique of culturing
microorganisms and using a microscope are essential for a deep understanding of the new
coronavirus and its relationship to host cells, which is considered one way to detect the
virus. However, in the case of the COVID-19 pandemic, this method is very time-consuming
and costly. Therefore, to identify different subtypes of the new SARS-CoV-2 coronavirus, the
flexible SERS-substrates strategies used in this study were analyzed. According to the new
SARS-CoV-2 virus, its quantification was performed using flexible SERS substrates along
with multivariate-statistical analysis, by detecting the binding domain of the spike-protein
receptor. In this regard, it can be concluded that indirect SERS procedures, especially those
based on SIA, have good potential for gaining a foothold as a point-of-care technology for
the detection of viral infectious diseases such as coronavirus. Likewise, new analytical
strategies for the future are being understood, such as multiplex assays that combine the
diagnosis of RVsZO with specific biomarkers or biomarkers of secondary disease due to the
progression of infection. The above configuration can be used as a test to screen a patient’s
health status or as a dual-confirmatory test.

Author Contributions: SM.M. and A.G. developed the idea and structure of the review article; V.R.,
S.A.H., and M.Y.K. wrote the manuscript collecting the materials from databases; N.O. and A.G.

238



Biosensors 2022, 12, 466

revised and improved the manuscript; A.G. and W.-H.C. supervised the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This work is sponsored by the Ministry of Science and Technology, Taiwan (grant numbers:
MOST 110-2628-E-011-003, MOST 109-2923-E-011-003-MY and MOST 111-NU-E-011-001-NU).

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

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

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

References

1. Kalashgarani, M.Y.; Babapoor, A. Application of nano-antibiotics in the diagnosis and treatment of infectious diseases. Adv. Appl.
NanoBio-Technol. 2022, 3, 22-35.

2. Mousavi, S.M.; Hashemi, S.A.; Parvin, N.; Gholami, A.; Ramakrishna, S.; Omidifar, N.; Moghadami, M.; Chiang, W.-H.;
Mazraedoost, S. Recent biotechnological approaches for treatment of novel COVID-19: From bench to clinical trial. Drug Metab.
Rev. 2021, 53, 141-170. [CrossRef] [PubMed]

3. Negahdaripour, M.; Rahbar, M.R.; Mosalanejad, Z.; Gholami, A. Theta-Defensins to Counter COVID-19 as Furin Inhibitors: In
Silico Efficiency Prediction and Novel Compound Design. Comput. Math. Methods Med. 2022, 2022, 9735626. [CrossRef] [PubMed]

4, Mousavi, S.M.; Hashemi, S.A.; Kalashgrani, M.Y.; Gholami, A.; Omidifar, N.; Babapoor, A.; Vijayakameswara Rao, N.; Chiang,
W.-H. Recent Advances in Plasma-Engineered Polymers for Biomarker-Based Viral Detection and Highly Multiplexed Analysis.
Biosensors 2022, 12, 286. [CrossRef]

5. Omidifar, N.; Bagheri Lankarani, K.; Moghadami, M.; Shokripour, M.; Chashmpoosh, M.; Mousavi, S.M.; Hashemi, S.A.; Gholami,
A. Different laboratory diagnosis methods of COVID-19: A systematic review. Arch. Clin. Infect. Dis. 2021, 16, €110667. [CrossRef]

6.  Asadi, K,; Gholami, A. Virosome-based nanovaccines; a promising bioinspiration and biomimetic approach for preventing viral
diseases: A review. Int. |. Biol. Macromol. 2021, 182, 648-658. [CrossRef]

7. Wu, N.N. (Sensor Division Outstanding Achievement Award Address) Paper-Based Lateral Flow Strips as Point-of-Care Testing
Tools for Detection of Biomarkers and Viruses. ECS Meet. Abstr. 2020, 66, 3328. [CrossRef]

8. Mousavi, S.M.; Hashemi, S.A_; Kalashgrani, M.Y.; Omidifar, N.; Bahrani, S.; Vijayakameswara Rao, N.; Babapoor, A.; Gholami, A.;
Chiang, W.-H. Bioactive Graphene Quantum Dots Based Polymer Composite for Biomedical Applications. Polymers 2022, 14,
617. [CrossRef]

9.  Stockel, S.; Kirchhoff, J.; Neugebauer, U.; Rosch, P.; Popp, J. The application of Raman spectroscopy for the detection and
identification of microorganisms. J. Raman Spectrosc. 2016, 47, 89-109. [CrossRef]

10. Mousavi, S.-M.; Nejad, Z.M.; Hashemi, S.A.; Salari, M.; Gholami, A.; Ramakrishna, S.; Chiang, W.-H.; Lai, C.W. Bioactive
agent-loaded electrospun nanofiber membranes for accelerating healing process: A review. Membranes 2021, 11, 702. [CrossRef]

11.  Sijar, J.; Xu, H.-Z,; Liu, C.-Y.; Wang, ].-R.; Liao, J.-D.; Tsai, H.-P; Lee, H.; Liu, B.H.; Chang, C.-W. Synergistic surface-enhanced
Raman scattering effect to distinguish live SARS-CoV-2 S pseudovirus. Anal. Chim. Acta 2022, 1193, 339406. [CrossRef] [PubMed]

12.  Jadhav, S.A.; Biji, P.; Panthalingal, M.K.; Krishna, C.M.; Rajkumar, S.; Joshi, D.S.; Sundaram, N. Development of integrated
microfluidic platform coupled with Surface-enhanced Raman Spectroscopy for diagnosis of COVID-19. Med. Hypotheses 2021,
146, 110356. [CrossRef] [PubMed]

13. Sifjar, J; Liao, J.-D.; Lee, H.; Tsai, H.-P.; Wang, ].-R.; Liu, P-Y. Challenges of SERS technology as a non-nucleic acid or-antigen
detection method for SARS-CoV-2 virus and its variants. Biosens. Bioelectron. 2021, 181, 113153. [CrossRef] [PubMed]

14. Mousavi, S.M.; Zarei, M.; Hashemi, S.A.; Ramakrishna, S.; Chiang, W.-H.; Lai, C.W.; Gholami, A.; Omidifar, N.; Shokripour, M.
Asymmetric membranes: A potential scaffold for wound healing applications. Symmetry 2020, 12, 1100. [CrossRef]

15.  Guo, J.; Chen, S.; Guo, J.; Ma, X. Nanomaterial labels in lateral flow immunoassays for point-of-care-testing. J. Mater. Sci. Technol.
2021, 60, 90-104. [CrossRef]

16. Mousavi, S.M.; Hashemi, S.A.; Zarei, M.; Bahrani, S.; Savardashtaki, A.; Esmaeili, H.; Lai, C.W.; Mazraedoost, S.; Abassi, M.;
Ramavandji, B. Data on cytotoxic and antibacterial activity of synthesized Fe304 nanoparticles using Malva sylvestris. Data Brief
2020, 28, 104929. [CrossRef]

17. Taha, B.A.; Al Mashhadany, Y.; Bachok, N.N.; Bakar, A.A.; Hafiz Mokhtar, M.H.; Dzulkefly Bin Zan, M.S.; Arsad, N. Detection of
COVID-19 virus on surfaces using photonics: Challenges and perspectives. Diagnostics 2021, 11, 1119. [CrossRef]

18. Larson, T.; Culbreath, K.; Chavez, D.; Larson, R.; Crossey, M.; Grenache, D.G. Modeling SARS-CoV-2 positivity using laboratory
data: Timing is everything. Clin. Chem. 2020, 66, 981-983. [CrossRef]

19. Mousavi, S.M.; Low, EW.; Hashemi, S.A.; Lai, C.W.; Ghasemi, Y.; Soroshnia, S.; Savardashtaki, A.; Babapoor, A.; Pynadathu

Rumyjit, N.; Goh, S.M. Development of graphene based nanocomposites towards medical and biological applications. Artif. Cells
Nanomed. Biotechnol. 2020, 48, 1189-1205. [CrossRef]

239



Biosensors 2022, 12, 466

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

McNay, G.; Eustace, D.; Smith, W.E.; Faulds, K.; Graham, D. Surface-enhanced Raman scattering (SERS) and surface-enhanced
resonance Raman scattering (SERRS): A review of applications. Appl. Spectrosc. 2011, 65, 825-837. [CrossRef]

Mosier-Boss, P.A. Review of SERS substrates for chemical sensing. Nanomaterials 2017, 7, 142. [CrossRef] [PubMed]

Ahmadi, S.; Fazilati, M.; Nazem, H.; Mousavi, S.M. Green synthesis of magnetic nanoparticles using Satureja hortensis essential
oil toward superior antibacterial /fungal and anticancer performance. BioMed Res. Int. 2021, 2021, 8822645. [CrossRef] [PubMed]
Lu, X.; Rycenga, M.; Skrabalak, S.E.; Wiley, B.; Xia, Y. Chemical synthesis of novel plasmonic nanoparticles. Annu. Rev. Phys.
Chem. 2009, 60, 167-192. [CrossRef] [PubMed]

Solis, D.M.; Taboada, ].M.; Obelleiro, F.; Liz-Marzan, L.M.; Garcia de Abajo, E]J. Optimization of nanoparticle-based SERS
substrates through large-scale realistic simulations. ACS Photonics 2017, 4, 329-337. [CrossRef] [PubMed]

Abootalebi, S.N.; Mousavi, S.M.; Hashemi, S.A.; Shorafa, E.; Omidifar, N.; Gholami, A. Antibacterial effects of green-synthesized
silver nanoparticles using Ferula asafoetida against Acinetobacter baumannii isolated from the hospital environment and assessment
of their cytotoxicity on the human cell lines. ]. Nanomater. 2021, 2021, 6676555. [CrossRef]

Yuan, Y.; Panwar, N.; Yap, S.H.K.;; Wu, Q.; Zeng, S.; Xu, J.; Tjin, S.C.; Song, J.; Qu, J.; Yong, K.-T. SERS-based ultrasensitive sensing
platform: An insight into design and practical applications. Coord. Chem. Rev. 2017, 337, 1-33. [CrossRef]

Abdollahifar, A.; Hashemi, S.A.; Mousavi, S.M.; Rahsepar, M.; Amani, A.M. Fabrication of graphene oxide-lead oxide epoxy
based composite with enhanced chemical resistance, hydrophobicity and thermo-mechanical properties. Adv. Polym. Technol.
2018, 37, 3792-3803. [CrossRef]

Taranova, N.; Berlina, A.; Zherdev, A.; Dzantiev, B. “Traffic light’ immunochromatographic test based on multicolor quantum dots
for the simultaneous detection of several antibiotics in milk. Biosens. Bioelectron. 2015, 63, 255-261. [CrossRef]

Kosovi¢, M.; Balarin, M.; Ivanda, M.; Perek, V.; Marcius, M.; Risti¢, M.; Gamulin, O. Porous silicon covered with silver
nanoparticles as surface-enhanced Raman scattering (SERS) substrate for ultra-low concentration detection. Appl. Spectrosc. 2015,
69, 1417-1424. [CrossRef]

Khajehpour, K J.; Williams, T.; Bourgeois, L.; Adeloju, S. Gold nanothorns—macroporous silicon hybrid structure: A simple and
ultrasensitive platform for SERS. Chem. Commun. 2012, 48, 5349-5351. [CrossRef]

Wong, C.L.; Dinish, U.; Schmidt, M.S.; Olivo, M. Non-labeling multiplex surface enhanced Raman scattering (SERS) detection of
volatile organic compounds (VOCs). Anal. Chim. Acta 2014, 844, 54-60. [CrossRef] [PubMed]

Jiao, Y.; Koktysh, D.S.; Phambu, N.; Weiss, S.M. Dual-mode sensing platform based on colloidal gold functionalized porous
silicon. Appl. Phys. Lett. 2010, 97, 153125. [CrossRef]

Lai, Y.; Wang, J.; He, T.; Sun, S. Improved surface enhanced Raman scattering for nanostructured silver on porous silicon for
ultrasensitive determination of 2,4,6-trinitrotoluene. Anal. Lett. 2014, 47, 833-842. [CrossRef]

Savifion-Flores, F.; Méndez, E.; Lopez-Castafios, M.; Carabarin-Lima, A.; Lopez-Castaios, K.A.; Gonzélez-Fuentes, M.A.; Méndez-
Albores, A. A review on SERS-based detection of human virus infections: Influenza and coronavirus. Biosensors 2021, 11, 66.
[CrossRef] [PubMed]

Wang, S.; Jiang, J.; He, X.; Yang, S.; Wu, H.; Qin, Z.; Chu, M.; Zhang, Z.; Liao, J.; Wang, X. Research progress of SERS on uranyl
ions and uranyl compounds: A review. J. Mater. Chem. C 2022, 10, 4006—4018. [CrossRef]

Mousavi, S.M.; Hashemi, S.A.; Gholami, A.; Kalashgrani, M.Y.; Vijayakameswara Rao, N.; Omidifar, N.; Hsiao, WW.-W,; Lai,
C.W.; Chiang, W.-H. Plasma-Enabled Smart Nanoexosome Platform as Emerging Immunopathogenesis for Clinical Viral Infection.
Pharmaceutics 2022, 14, 1054. [CrossRef]

Mosier-Boss, P.A. Review on SERS of Bacteria. Biosensors 2017, 7, 51. [CrossRef]

Kazemi, K.; Ghahramani, Y.; Kalashgrani, M.Y. Nano biofilms: An emerging biotechnology applications. Adv. Appl. NanoBio-Technol.
2022, 3, 8-15.

Natan, M.J. Concluding remarks surface enhanced Raman scattering. Faraday Discuss. 2006, 132, 321-328. [CrossRef]

Tian, L.; Morrissey, ].J.; Kattumenu, R.; Gandra, N.; Kharasch, E.D.; Singamaneni, S. Bioplasmonic paper as a platform for
detection of kidney cancer biomarkers. Anal. Chem. 2012, 84, 9928-9934. [CrossRef]

Stamplecoskie, K.G.; Scaiano, J.C.; Tiwari, V.S.; Anis, H. Optimal size of silver nanoparticles for surface-enhanced Raman
spectroscopy. J. Phys. Chem. C 2011, 115, 1403-1409. [CrossRef]

Joseph, V.; Matschulat, A.; Polte, J.; Rolf, S.; Emmerling, F.; Kneipp, ]. SERS enhancement of gold nanospheres of defined size. |.
Raman Spectrosc. 2011, 42, 1736-1742. [CrossRef]

Sen, T.; Patra, A. Resonance energy transfer from rhodamine 6G to gold nanoparticles by steady-state and time-resolved
spectroscopy. J. Phys. Chem. C 2008, 112, 3216-3222. [CrossRef]

Mousavi, S.; Arjmand, O.; Hashemi, S.; Banaei, N. Modification of the epoxy resin mechanical and thermal properties with silicon
acrylate and montmorillonite nanoparticles. Polym. Renew. Resour. 2016, 7, 101-113. [CrossRef]

Walters, C.M.; Pao, C.; Gagnon, B.P.; Zamecnik, C.R.; Walker, G.C. Bright Surface-Enhanced Raman Scattering with Fluorescence
Quenching from Silica Encapsulated J-Aggregate Coated Gold Nanoparticles. Adv. Mater. 2018, 30, 1705381. [CrossRef] [PubMed]
Hashemi, S.A.; Mousavi, S.M.; Bahrani, S.; Gholami, A.; Chiang, W.-H.; Yousefi, K.; Omidifar, N.; Rao, N.V.; Ramakrishna,
S.; Babapoor, A. Bio-enhanced polyrhodanine/graphene Oxide/Fe3O,4 nanocomposite with kombucha solvent supernatant
as ultra-sensitive biosensor for detection of doxorubicin hydrochloride in biological fluids. Mater. Chem. Phys. 2022, 279,
125743. [CrossRef]

240



Biosensors 2022, 12, 466

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Chen, X; Jiang, C.; Yu, S. Nanostructured materials for applications in surface-enhanced Raman scattering. CrystEngComm 2014,
16, 9959-9973. [CrossRef]

Lou, B; Li, T-D.; Zheng, S.-E; Su, Y.-Y.; Li, Z.-Y,; Liu, W,; Yu, E; Ge, S.-X.; Zou, Q.-D.; Yuan, Q. Serology characteristics of
SARS-CoV-2 infection after exposure and post-symptom onset. Eur. Respir. J. 2020, 56, 2000763. [CrossRef]

Xu, K.; Zhou, R.; Takei, K.; Hong, M. Toward flexible surface-enhanced Raman scattering (SERS) sensors for point-of-care
diagnostics. Adv. Sci. 2019, 6, 1900925. [CrossRef]

Taubenberger, ] K.; Morens, D.M. 1918 Influenza: The mother of all pandemics. Rev. Biomed. 2006, 17, 69-79. [CrossRef]
Gholami, A.; Hashemi, S.A.; Yousefi, K.; Mousavi, S.M.; Chiang, W.-H.; Ramakrishna, S.; Mazraedoost, S.; Alizadeh, A.;
Omidifar, N.; Behbudi, G. 3D nanostructures for tissue engineering, cancer therapy, and gene delivery. ]. Nanomater. 2020, 2020,
1852946. [CrossRef]

Sarkar, P.; Bhui, D.K.; Bar, H.; Sahoo, G.P; De, S.P.; Misra, A. Synthesis and photophysical study of silver nanoparticles stabilized
by unsaturated dicarboxylates. J. Lumin. 2009, 129, 704-709. [CrossRef]

Israelsen, N. Surface-Enhanced Raman Spectroscopy-Based Biomarker Detection for B-Cell Malignancies; Utah State University: Logan,
UT, USA, 2015.

Li, Y.-S.; Church, J.S. Raman spectroscopy in the analysis of food and pharmaceutical nanomaterials. J. Food Drug Anal. 2014, 22,
29-48. [CrossRef] [PubMed]

Berlina, A.N.; Taranova, N.A_; Zherdev, A.V.; Vengerov, Y.Y.; Dzantiev, B.B. Quantum dot-based lateral flow immunoassay for
detection of chloramphenicol in milk. Anal. Bioanal. Chem. 2013, 405, 4997-5000. [CrossRef] [PubMed]

Aroca, R.; Alvarez-Puebla, R.; Pieczonka, N.; Sanchez-Cortez, S.; Garcia-Ramos, J. Surface-enhanced Raman scattering on colloidal
nanostructures. Adv. Colloid Interface Sci. 2005, 116, 45-61. [CrossRef]

Do, Y.S,; Park, ].H.; Hwang, B.Y.; Lee, S.M.; Ju, B.K.; Choi, K.C. Plasmonic color filter and its fabrication for large-area applications.
Adv. Opt. Mater. 2013, 1, 133-138. [CrossRef]

Moskovits, M. Surface-enhanced Raman spectroscopy: A brief perspective. In Surface-Enhanced Raman Scattering; Springer:
Berlin/Heidelberg, Germany, 2006; pp. 1-17.

Mousavi, S.M.; Hashemi, S.A.; Zarei, M.; Gholami, A.; Lai, C.W.; Chiang, W.H.; Omidifar, N.; Bahrani, S.; Mazraedoost, S.
Recent progress in chemical composition, production, and pharmaceutical effects of kombucha beverage: A complementary and
alternative medicine. Evid.-Based Complement. Altern. Med. 2020, 2020, 4397543. [CrossRef]

Campion, A.; Kambhampati, P. Surface-enhanced Raman scattering. Chem. Soc. Rev. 1998, 27, 241-250. [CrossRef]

Creighton, J.A.; Eadon, D.G. Ultraviolet—visible absorption spectra of the colloidal metallic elements. J. Chem. Soc. Faraday Trans.
1991, 87, 3881-3891. [CrossRef]

Langhammer, C.; Yuan, Z.; Zori¢, I.; Kasemo, B. Plasmonic properties of supported Pt and Pd nanostructures. Nano Lett. 2006, 6,
833-838. [CrossRef]

Lombardi, J.R.; Birke, R.L. A unified approach to surface-enhanced Raman spectroscopy. J. Phys. Chem. C 2008, 112,
5605-5617. [CrossRef]

Kumar, S.; Tokunaga, K.; Namura, K.; Fukuoka, T.; Suzuki, M. Experimental evidence of a twofold electromagnetic enhancement
mechanism of surface-enhanced Raman scattering. . Phys. Chem. C 2020, 124, 21215-21222. [CrossRef]

Bobosha, K.; Tjon Kon Fat, E.M.; van den Eeden, S.].; Bekele, Y.; van der Ploeg-van Schip, ].J.; de Dood, C.J.; Dijkman, K.; Franken,
K.L.; Wilson, L.; Aseffa, A. Field-evaluation of a new lateral flow assay for detection of cellular and humoral immunity against
Mycobacterium leprae. PLoS Negl. Trop. Dis. 2014, 8, €2845. [CrossRef]

Schwartzberg, A.M.; Oshiro, T.Y.; Zhang, ]J.Z.; Huser, T.; Talley, C.E. Improving nanoprobes using surface-enhanced Raman
scattering from 30-nm hollow gold particles. Anal. Chem. 2006, 78, 4732-4736. [CrossRef]

Kalachyova, Y.; Erzina, M.; Postnikov, P.; Svorcik, V.; Lyutakov, O. Flexible SERS substrate for portable Raman analysis of
biosamples. Appl. Surf. Sci. 2018, 458, 95-99. [CrossRef]

Li, Z.; Huang, X.; Lu, G. Recent developments of flexible and transparent SERS substrates. ]. Mater. Chem. C 2020, 8,
3956-3969. [CrossRef]

Bharati, M.S.S.; Soma, V.R. Flexible SERS substrates for hazardous materials detection: Recent advances. Opto-Electron. Adv. 2021,
4,210048. [CrossRef]

Ma, P; Liang, E; Diao, Q.; Wang, D.; Yang, Q.; Gao, D.; Song, D.; Wang, X. Selective and sensitive SERS sensor for detection
of Hg?* in environmental water base on rhodamine-bonded and amino group functionalized SiO,-coated Au-Ag core-shell
nanorods. RSC Adv. 2015, 5, 32168-32174. [CrossRef]

Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L.T.; Itzkan, I.; Dasari, R.R.; Feld, M.S. Single molecule detection using surface-
enhanced Raman scattering (SERS). Phys. Rev. Lett. 1997, 78, 1667. [CrossRef]

Toderas, F.; Baia, M.; Baia, L.; Astilean, S. Controlling gold nanoparticle assemblies for efficient surface-enhanced Raman scattering
and localized surface plasmon resonance sensors. Nanotechnology 2007, 18, 255702. [CrossRef]

Sauer, G.; Brehm, G.; Schneider, S. Preparation of SERS-active gold film electrodes via electrocrystallization: Their characterization
and application with NIR excitation. J. Raman Spectrosc. 2004, 35, 568-576. [CrossRef]

Suresh, V.; Ding, L.; Chew, A.B.; Yap, E.L. Fabrication of large-area flexible SERS substrates by nanoimprint lithography. ACS
Appl. Nano Mater. 2018, 1, 886-893. [CrossRef]

241



Biosensors 2022, 12, 466

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Wang, Z.; Li, M.; Wang, W.; Fang, M.; Sun, Q.; Liu, C. Floating silver film: A flexible surface-enhanced Raman spectroscopy
substrate for direct liquid phase detection at gas-liquid interfaces. Nano Res. 2016, 9, 1148-1158. [CrossRef]

Jeong, ].W.; Arnob, M.M.P,; Baek, K.M_; Lee, S.Y.; Shih, W.C.; Jung, Y.S. 3D cross-point plasmonic nanoarchitectures containing
dense and regular hot spots for surface-enhanced Raman spectroscopy analysis. Adv. Mater. 2016, 28, 8695-8704. [CrossRef]
Mitomo, H.; Horie, K.; Matsuo, Y.; Niikura, K.; Tani, T.; Naya, M.; Jjiro, K. Active gap SERS for the sensitive detection of
biomacromolecules with plasmonic nanostructures on hydrogels. Adv. Opt. Mater. 2016, 4, 259-263. [CrossRef]

Chen, W.; Gui, X.; Zheng, Y.; Liang, B.; Lin, Z.; Zhao, C.; Chen, H.; Chen, Z; Li, X.; Tang, Z. Synergistic effects of wrinkled
graphene and plasmonics in stretchable hybrid platform for surface-enhanced Raman spectroscopy. Adv. Opt. Mater. 2017, 5,
1600715. [CrossRef]

Chen, J.; Huang, Y,; Kannan, P.; Zhang, L.; Lin, Z.; Zhang, J.; Chen, T.; Guo, L. Flexible and adhesive surface enhance Raman
scattering active tape for rapid detection of pesticide residues in fruits and vegetables. Anal. Chem. 2016, 88, 2149-2155. [CrossRef]
Koh, E.H.; Mun, C; Kim, C.; Park, S.-G.; Choi, E.J.; Kim, S.H.; Dang, J.; Choo, J.; Oh, J.-W.; Kim, D.-H. M13 bacteriophage/silver
nanowire surface-enhanced raman scattering sensor for sensitive and selective pesticide detection. ACS Appl. Mater. Interfaces
2018, 10, 10388-10397. [CrossRef]

Chen, H.; Park, S.-G.; Choi, N.; Moon, J.-I.; Dang, H.; Das, A.; Lee, S.; Kim, D.-G.; Chen, L.; Choo, J. SERS imaging-based
aptasensor for ultrasensitive and reproducible detection of influenza virus A. Biosens. Bioelectron. 2020, 167, 112496. [CrossRef]
Alipour, A.; Kalashgarani, M.Y. Nano Protein and Peptides for Drug Delivery and Anticancer Agents. Adv. Appl. NanoBio-Technol.
2022, 3, 60-64.

Wang, Y.; Zong, S.; Li, N.; Wang, Z.; Chen, B.; Cui, Y. SERS-based dynamic monitoring of minimal residual disease markers with
high sensitivity for clinical applications. Nanoscale 2019, 11, 2460-2467. [CrossRef] [PubMed]

Zhou, P; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L. A pneumonia outbreak
associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273. [CrossRef] [PubMed]

Xia, J.; Tong, J.; Liu, M.; Shen, Y.; Guo, D. Evaluation of coronavirus in tears and conjunctival secretions of patients with
SARS-CoV-2 infection. J. Med. Virol. 2020, 92, 589-594. [CrossRef] [PubMed]

Takeuchi, Y.; Furuchi, M.; Kamimoto, A.; Honda, K.; Matsumura, H.; Kobayashi, R. Saliva-based PCR tests for SARS-CoV-2
detection. J. Oral Sci. 2020, 62, 350-351. [CrossRef]

VanGuilder, H.D.; Vrana, K.E.; Freeman, W.M. Twenty-five years of quantitative PCR for gene expression analysis. Biotechniques
2008, 44, 619-626. [CrossRef]

Wong, M.L.; Medrano, J.F. Real-time PCR for mRNA quantitation. Biotechniques 2005, 39, 75-85. [CrossRef]

Carter, L.J.; Garner, L.V.; Smoot, J.W.; Li, Y.; Zhou, Q.; Saveson, C.J.; Sasso, ]. M.; Gregg, A.C.; Soares, D.J.; Beskid, T.R. Assay
techniques and test development for COVID-19 diagnosis. ACS Cent. Sci. 2020, 6, 591-605. [CrossRef]

Kobayashi, T.; Jung, S.-M.; Linton, N.M.; Kinoshita, R.; Hayashi, K.; Miyama, T.; Anzai, A.; Yang, Y.; Yuan, B.; Akhmetzhanov,
AR. Communicating the risk of death from novel coronavirus disease (COVID-19). . Clin. Med. 2020, 9, 580. [CrossRef]

Li, Y;; Lin, C.; Peng, Y.; He, J.; Yang, Y. High-sensitivity and point-of-care detection of SARS-CoV-2 from throat and nasal swabs
by magnetic SERS biosensor. Sens. Actuators B Chem. 2022, 365, 131974. [CrossRef]

Espejo, A.P; Akgun, Y.; Al Mana, A.F; Tjendra, Y.; Millan, N.C.; Gomez-Fernandez, C.; Cray, C. Review of current advances in
serologic testing for COVID-19. Am. |. Clin. Pathol. 2020, 154, 293-304. [CrossRef]

Hwang, Y.; Ferhan, AR.; Yoon, B.K.; Sut, TN.; Jeon, W.-Y.; Koo, D.J.; Jackman, J.A.; Cho, N.-J. Surface engineering of plas-
monic gold nanoisland platforms for high-sensitivity refractometric biosensing applications. Appl. Mater. Today 2022, 26,
101280. [CrossRef]

Kim, H.; Hwang, J.; Kim, ].H.; Lee, S.; Kang, M. Sensitive detection of multiple fluoresence probes based on surface-enhanced
raman scattering (sers) for mers-cov. In Proceedings of the 2019 IEEE 14th International Conference on Nano/Micro Engineered
and Molecular Systems (NEMS), Bangkok, Thailand, 11-14 April 2019; pp. 498-501.

Yang, Y.; Peng, Y,; Lin, C.; Long, L.; Hu, J.; He, J.; Zeng, H.; Huang, Z.; Li, Z.-Y.; Tanemura, M. Human ACE2-functionalized gold
“virus-trap” nanostructures for accurate capture of SARS-CoV-2 and single-virus SERS detection. Nano-Micro Lett. 2021, 13, 109.
[CrossRef] [PubMed]

Kim, EJ.; Kim, H; Park, E.; Kim, T.; Chung, D.R.; Choi, Y.-M.; Kang, M. Based Multiplex Surface-Enhanced Raman Scattering
Detection Using Polymerase Chain Reaction Probe Codification. Anal. Chem. 2021, 93, 3677-3685. [CrossRef] [PubMed]

Qiu, G.; Gai, Z.; Tao, Y.; Schmitt, J.; Kullak-Ublick, G.A.; Wang, J. Dual-functional plasmonic photothermal biosensors for highly
accurate severe acute respiratory syndrome coronavirus 2 detection. ACS Nano 2020, 14, 5268-5277. [CrossRef] [PubMed]
Wang, D.; He, S.; Wang, X.; Yan, Y.; Liu, J.; Wu, S; Liu, S.; Lei, Y.; Chen, M,; Li, L. Rapid lateral flow immunoassay for the
fluorescence detection of SARS-CoV-2 RNA. Nat. Biomed. Eng. 2020, 4, 1150-1158. [CrossRef]

Chen, H.; Gill, A.; Dove, B.K.; Emmett, S.R.; Kemp, C.E; Ritchie, M.A.; Dee, M.; Hiscox, ].A. Mass spectroscopic characterization
of the coronavirus infectious bronchitis virus nucleoprotein and elucidation of the role of phosphorylation in RNA binding by
using surface plasmon resonance. J. Virol. 2005, 79, 1164-1179. [CrossRef]

242



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Biosensors Editorial Office
E-mail: biosensors@mdpi.com

www.mdpi.com/journal /biosensors

Z

MDPI

F






MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

www.mdpi.com

ISBN 978-3-0365-7285-7



	A9R1llv7e_lgpubp_2yg.pdf
	[Biosensors] Plasmonic Sensors A New Frontier in Nanotechnology.pdf
	A9R1llv7e_lgpubp_2yg

