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Abstract:

The recent outbreak of SARS-CoV-2 highlights the critical need for rapid, sensitive, and
accurate virus detection methods to prevent and manage pandemics. Among the available
sensing methods, photonic biosensors have emerged as a forefront technology, characterized
by their high sensitivity, minimal analyte requirements, and suitability for miniaturization,
making them ideal for point-of-care applications in virus detection. This review
comprehensively summarizes the recent progress of photonic biosensor technologies, focusing
on wavelength shift and luminescence-based mechanisms. We look into their operational
principles, general configurations, and the challenges associated with these technologies. We
further present an overview of the material developments used in photonic biosensors,
encompassing organic, inorganic, and hybrid composite-based materials. The discussion
extends to surface functionalization using biorecognition elements, including DNA/RNA,
aptamers, and antibodies, to craft the specificity of the photonic biosensors for viruses.
Ultimately, we emphasize the importance of a multidisciplinary approach in developing new
materials architecture, biological receptors, and modifications to photonic methods, aiming to
realize better biosensors for virus detection with ultra-high sensitivity, rapid response, and

excellent selectivity.

1. Introduction

The outbreak of novel coronavirus disease 2019 (COVID-19) first identified in early December
2019, has rapidly evolved into a global pandemic. As of August 30, 2023, the World Health
Organization (WHO) reported 770 million confirmed cases of COVID-19 worldwide, with 6.9
million fatalities. COVID-19 outbreaks are caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), classified as an enveloped virus,'! which has high infectious
rates and has mutated into several variants (such as Alpha, Beta, Gamma, and Omicron).?!
Previous outbreaks, including influenza, Zika, Ebola, SARS-CoV, and Middle East respiratory
syndrome (MERS), were also caused by enveloped viruses that uses glycoproteins to bind with
the host cells.l'! Additionally, non-enveloped viruses (e.g. enteroviruses,*! adenoviruses) also

pose a threat to human health by binding with the host cells through glycoprotein spikes that
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sprout from the capsid.['! The swift spread of the virus, coupled with initial unpreparedness in
detection methodologies, has led to significant challenges in public health management. Several
detection methods have been introduced to mitigate the transmission of viruses. Imaging
techniques, such as chest computed tomography (CT) scans!*! and chest radiographsl®!, have
emerged as practical diagnosis tools with high accuracy in the hospital. However, these methods
require a high cost and a specialist physician to interpret results.[*] Alternatively, serology-based
tests, including chemiluminescence immunoassay (CLIA),!® lateral flow immunoassay
(LFIA),') enzyme-linked immunoassay (ELISA)), offer more accessible diagnostic options.
Unfortunately, while affordable, ELISA falls short in providing quantitative analysis, exhibits
low sensitivity (87.3%), and requires long sample-to-results time (over 4 hours).[- 3] Although
rapid antigen tests facilitate prompt detection, their effectiveness is compromised by low
sensitivity and influenced by the specimen‘s quality, the viral load, and the patient’s
condition. Currently, reverse transcription-PCR (RT-PCR) is considered the gold standard for
monitoring virus infection.['”’ RT-PCR stands out for its specificity and sensitivity in viral RNA

detection, yet it demands skilled operators, high costs, and lengthy processing time.['!> 2]

The development of user-friendly, rapid, sensitive, and accurate biosensing methods for virus
detection is critical for effectively controlling and preventing future outbreaks. Photonics and
electrochemical biosensors stand out as the most prevalent methodologies in the biosensing
field, particularly for their application in diagnostic technologies transitioning from laboratory

settings to point-of-care diagnostics.!3!

Photonics biosensors, distinguished by their
compatibility with integration and miniaturization efforts, require minimal analyte volume,
achieving sensitivity at the femtogram levels and facilitating single-molecule detection.['3] One
of the most widely used photonics biosensors for real-time label-free detection is surface

[14-17THowever, the researchers have been modified

plasmon resonance (SPR) based biosensors.
and combined the SPR transduction mechanism to enhance its performance. For example, dual-
channel prism-based SPR transducers have been developed to increase the sensing parameters
of the sensors. This configuration enables the detection of HIV DNA hybridization and the
DNA melting temperature changes in different channels at the same time.['8] Another research
study also showed the use of fiber optics in SPR sensors to simplify the optical design and to
be a candidate for portable point-of-care testing devices with rapid detection ability (around 20
minutes) of the SARS-CoV-2 virus.!'” The photonic biosensor to detect the SARS-CoV-2 virus

has also been developed using silicon nitride rings as sensor chips and plastic micropillar fluidic

cards. This disposable and cost-effective photonics sensor was used to detect antibodies of
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SARS-CoV-2 antigens in human serum, addressing the challenge of the complexity of handling

samples and the high cost of the sensor.?"]

The field of photonic biosensors for detecting diverse analytes has made significant progress
over the last several decades. During the late 20th century, researchers primarily focused on
using gold (Au) and silver (Ag) to induce surface plasmon resonance (SPR) phenomena for

21, 221 However, these methods had drawbacks, such as inadequate

analyte identification.!
sensitivity, lengthy testing procedures, and limited selectivity. In response, early 21st century
scientists developed more advanced methodologies to enhance the capabilities of photonic
sensors. The advancements include the use of photonic crystals (PC), whispering gallery mode
(WGM), and Forster resonance energy transfer (FRET). These techniques significantly
improved the sensitivity, selectivity, and operational efficiency of the sensors. In the past
decade, there has been a growing demand for better identification of organic substances and
biomolecules. Inorganic-based sensor materials, however, have the potential to harm

23-26

biomolecule samples, thus reducing the sensing performance.!?3-2%! Since 2016, research has

increasingly prioritized the utilization of organic-based materials and composites to enhance

27301 The urgency of such research was amplified

the biocompatibility of the photonic sensors.!
by the COVID-19 pandemic in 2020. Consequently, a lot of efforts have been dedicated on
integrating biological receptors into photonic biosensors to detect various biomolecules and

microorganism, including cancer cells, germs, and viruses.[3%-33

This review extensively covers the progress in photonics biosensors from 2018 to 2024,
highlighting their potential in virus detection. We delve into various photonics structures,
discussing their mechanisms based on wavelength shift and luminescence, and examine
material design for photonics biosensors, including organic, inorganic, and hybrid materials.
Furthermore, we summarize the option of bioreceptor units in photonic biosensors for virus
detection, such as DNA/RNA, aptamers, and antibodies. In addition, we discuss the challenges
of adopting a multidisciplinary approach in translating photonic biosensors for virus detection
into practical applications, offering perspective on overcoming these challenges. This
comprehensive review aims to serve as an invaluable resource for biosensing researchers in the
field, contributing to the ongoing efforts to enhance diagnostic efficiency and quality through

photonic biosensors.
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2. Photonic (Bio) Sensing Mechanism

Photonic-based biosensors have been considered as an alternative route to obtain rapid and

13341 Despite its broad applications, the underlying

highly sensitive detector in various analytes.!
science behind how the substance of interest is measured through optical signal is relatively
simple. The analyte’s concentration can be measured through two mechanisms, first is based
on wavelength shift, and another is based on the luminescence. Wavelength shift in photonic-
based biosensor can produce an ultrasensitive detector since wavelength is sensitive to the
change of material’s optical property.l*] When a specific analyte bound to the detector, it can
induce a change in the photonic materials such as periodicity and the refractive index.*%: 37! This
simple concept is employed and engineered further to expand and broaden the applications of
photonic-based biosensor. Methods that use wavelength’s shift as the measured signal including
photonic crystals (PCs),13¥ surface plasmon resonance (SPR),1**! and whispering gallery mode
(WGM).[*%1 While luminescence-based biosensor detects the presence of analyte based on light
generation mechanisms. Generally, they are two types of fluorescence-based biosensor which
are Forster Resonance Energy Transfer (FRET)*!! and Luminescent Resonance Energy
Transfer (LRET).[*?! This section will discuss each mechanism and the corresponding methods.
The general setup and how the signal is generated will be discussed for each method.
Additionally, key factors that govern the sensitivity of each method described. Finally,

advantages and challenges of each method are described within.

2.1  Photonic Crystal (PCs)

Photonic crystals (PCs) are a class of material having periodically arranged dielectric constant
that can be tailored in 1D, 2D, and 3D direction.[*®! Such arrangement uniquely features a
photonic bandgap (PBG) in which electromagnetic waves with energy corresponding to this
PBG are prohibited from propagating through the PCs hence reflected to the environment.!*!
Any change in the dielectric constant or periodicity of the PCs resulting on different wavelength

of the reflected light.

Typical set up of 1D PC, also known as Fiber Bragg Grating (FBG) is shown schematically in
Figure 1A.[*¥1 It consists of an optical fiber in which embedded with the FBG inside. When light
with a specific input spectrum travels inside the optical fiber and strike the FBG, a certain
wavelength called Bragg’s wavelength (Ag) whose value is governed by eq. 1, will be reflected
back, thus the transmitted spectrum will have a peak in the wavelength value of Ag as shown in

Figure 1A. nesr is the effective refractive index, and A is the FBG’s periodicity. nesrdepends on

5
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the fiber’s and surrounding refractive index thus any change in the surrounding refractive index
or the grating’s periodicity will be detected as a wavelength shift in the value of Ag as shown in

Figure 1A.
Ap = 2Mepr A (1)

Different from 1D PC, 2D PC exhibits periodicity in two directions which make them show
typical Debye diffraction ring.*”! This allows one to monitor the interparticle spacing (D) of
2D PC which related to the analyte’s concentration by measuring the radius of the Debye
diffraction ring (r).[**) In equation 2 and 3, A is the incident wavelength, a is the forward
diffraction angle, and h is the distance between sample and the screen.[*6] Schematic and Real

image of the Debye ring formation is shown in Figure 1B and 1C, respectively.

21
b= 3 sina @
a = tan™?! (%) (3)

At present, PCs are quite challenging to fabricate due to the requirements of highly ordered
structure. A small difference in periodicity or material’s optical property can limit the
performance of the PCs. Therefore, a simple approach can be developed through self-assembly,
which does not need strict human control.*”! Many PCs are available in their solid state which
requires the extraction of analytes to be measured. This can result in contamination, analyte
loss, or other undesired chemical reactions.[*¥! Such disadvantages must be prevented to
override unwanted drawbacks. Wearable or in vivo detection devices could solve this issues and
being developed in the future for advance healthcare systems.[*”) Although some PCs-
incorporated hydrogel photonic biosensor have shown their great performance, water loses
problem still remain challenging to be solved as it could degrade the sensor performance.l"]
Therefore, an antifreezing ability of the hydrogel must be enhanced to overcome the current
limitations.l>!! Finally, materials selection and sensor configuration are very crucial since it will

affect how will the bio-functionalization take place and the corresponding limit of detection.!>?!

2.2 Surface Plasmon Resonance (SPR)-based Biosensor
Plasmon is a collection of electrons which oscillate under the influence of electric field from
electromagnetic waves. Plasmon generation requires a material with free electrons and low

optical losses such as gold (Au) and silver (Ag) nanoparticles.l>3! When light hits the plasmonic
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material, a specific wavelength that matches with the momentum of the conduction band of

electrons is absorbed thereby generating surface plasma wave (SPW).[4]

Three ways in which light can generate SPW are through prism coupling, optical fiber
waveguide, and diffraction grating as illustrated in Figure 1D. Using a prism, incident light will
experience a total internal reflection (TIR) and the point where it is reflected generates
evanescent wave (EW) which excite the SPW at the metal-dielectric interface. The same
concept applies for the optical fiber waveguide where EW is the key to generate SPW. SPW
propagates along the boundary between dielectric and a metal and is characterized by the
propagation constant () and electromagnetic field distribution. The SPW field mostly lies on
the dielectric region, which means a slight change in the dielectric refractive index resulting in
different propagation behavior of SPW. Upon analyte binding, the refractive index of dielectric
increases and so does the B value. The change of these parameters can be detected and
interpreted as the analyte concentration which is the underlying principle of SPR-based

biosensor. [*°]

Although SPR based biosensor is widely investigated, still some challenges remain. SPR can
only be generated through a specific materials with sophisticated and uniform structure,
therefore material synthesis should be optimized to prevent non-uniformity in the biosensing
device.[’% 571 Additionally, cluster of plasmonic nanoparticles are generally prepared through a
top down process such as electron beam lithography and focused ion beam milling which suffer
from low throughput and limited to in-plane fabrication.[’® Similarly, bottom up approaches
through a self-assembly process limited to the ease of functionalization into the nanogaps.[”]
From biocompatibility aspect, having metals contact with human’s body is not desired since it
potentially generates an inflammatory response which aggravate patient’s condition. Therefore,
plasmonic materials with enhanced biocompatibility is needed to enable in vivo biosensing.[*®]
Since LOD and the assay time are inversely corelated, enhancing one factor results in
decreasing of the other one. SPR based photonic biosensor has its advantages on enhancing
fluorescence signal which then can be coupled to obtain dual-enhanced plasmonic biosensing

for accurate and rapid detection.[®0]

2.3 Whispering Gallery Modes (WGMs)

Whispering gallery modes (WGMs) is an approach to detect even a trace quantity molecule.[!]

The principle is based on light confinement in a small (typically micro sized) cavities such as
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21 microring,'%3! microcylinder,®* and microtoroid.l®! When a light with specific

microsphere, |
wavelength is coupled with microcavities with one of the specific resonances, it will travel in a
circular path due to the total internal reflection, hence the low threshold light power is amplified
and produce a high intensity light according to equation 4

Qc
I= V;Pinput (4)

I is the intensity of confined light, Q-factor depends on microcavities geometry, V is the volume
of microcavities, ¢ and ® depend on light properties, and Pinpu is the light’s power. From
equation 4, high I can be obtained by designing small sized microcavities with high Q factor.
When analytes adhere to the microcavities, the resonating wavelength will experience a shift

that can be approximated according to equation 5.[6!]

t
~ — 5
Y R/l (5)

AL 1s the wavelength’s shift, t is the analyte’s layer thickness, R is the microcavities radius, and

A is the original resonating wavelength.

Preparing high Q-factor microresonator is the main challenge in WGM based biosensor.[%°!

Moreover, WGM based biosensor still lack chemical stability of some of the cavity materials
in water and still need to be optimized further to not perturbing biological cell or organism.[7!
Interestingly, recent research reported about deformed microcavities which can achieved Q
factor up to 10 million. The remarkable finding was attributed to the fast momentum
transformation in optical microresonators.[®! Finally, optimization of ultra-sensitivity together
with large detection area is highly desired since these two factors are often related inversely.[®”]

Future works can be directed to work on solving these issues which might open WGM-based

biosensor for more diverse applications.

2.4  Forster Resonance Energy Transfer (FRET)

FRET is a non-radiative energy transfer that occurs by dipole-dipole coupling from an excited
state donor (D) to a ground state acceptor (A) when appropriate spectral overlap and proximity
requirements are satisfied.[’") Appropriate spectral overlap can be achieved if the donor’s
emission and acceptor’s absorption spectra are overlapping. FRET is famous for its ability to
probe protein-protein interaction (typically within a distance 1-10 nm) since the energy transfer

can only happen when A-D pair is close enough.!”"! Basically, there are three key processes in
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a FRET biosensor. First is the excitation of donor molecules due to light-matter interaction,
second is the columbic interaction between D* and A and finally the induced dipole felt by A
is manifested as the transition from A to A*. When A* returns to A, the energy will release in
the form of light. If this emission is detected, then there must be an interaction between the
associated proteins. However, if the emitted light is low in intensity thus no interaction between
the proteins due to the presence of inhibitor which usually an analyte in this case. Illustration

of the FRET process is shown in Figure 1E.

For example, Lao et al. use plasmon-enhanced FRET biosensor based on Tm**/Er** co-doped
core-shell upconversion nanoparticles (scUCNP) to achieve ultrahigh sensitive virus
detector.l”"! When the virus concentration is low, PL signal shows a very strong peak indicating
FRET is occurring since no inhibitor (virus) block the FRET process. However, when the virus
concentration is increasing, the PL intensity got quenched which indicate viruses bind to the

associate protein blocking the FRET process as shown in Figure 1F.

Despite its huge advantages on probing protein-protein interaction and commonly referred to
“molecular ruler”, FRET-based biosensor suffers from their low light emission which affect the
detection limit.[’?l in FRET based biosensor, the choice of donor and acceptor fluorescent
proteins contribute significantly to the biosensor’s sensitivity which must be carefully selected.
Similar to any photonic system, long lifetime of donor excited state is often desired. However,
common fluorophore used typically has low lifetime which start the development of lanthanide-

based FRET (LRET).[3
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Figure 1. A) Typical setup for FBG photonic biosensor. B) Schematic illustration of Debye ring
formation C) Actual experiment. D) Mechanism to generate surface plasma wave. E)
[lustration of light matter interaction without FRET (left) and with FRET (right). F) PL spectra
of csUNCP decreasing as the concentration of SARS-CoV-2 increasing. A) Reproduced with
permission and modified from ref.!*l Copyright 2018, MDPI. B, C) Reproduced with
permission from ref.’*l Copyright 2023, Elsevier. D) Reproduced with permission from ref.[7*]
Copyright 2022, MDPI. E) Reproduced with permission from ref.[’®) Copyright 2018, Royal
Society of Chemistry. F) Reproduced with permission from ref.’'] Copyright 2023, Wiley
Online Library.

3. Materials Design for Photonic Biosensors

The quality of photonic biosensing performance is intrinsically linked to the selection of active
materials within the system. This section provides an overview of materials commonly
integrated into photonic biosensor, categorizing into inorganics, organics, and composite

materials, and discusses their general properties alongside innovations in material design. The

10
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comparison of inorganic, organic, and hybrid materials in biosensor applications is shown in

Table 1.
3.1 Inorganic Materials Based for Photonic Biosensors

Inorganic materials, such as Ag, Au, and Ti, are commonly used materials for photonic
biosensors, which are favored due to their high mechanical strength for deformation resistance,
remarkable stability against environmental changes, good reproducibility, and tunable optical

77,78

properties.[’”>- 78] This section highlights recent advancements in employing these materials in

photonic biosensors.

A modeling study was conducted on a highly sensitive photonic crystal fiber (PCF)-based
surface plasmon resonance (SPR) sensor layout utilizing a dual-layer PCF with an outer layer
made of gold (Au) with a thickness of 35 nm, exhibiting a negative real permittivity. A perfectly
matched layer (PML) within a circular array is applied to enhance sensor performance. The
resulting design features symmetrical air hole structures, including three small air holes in the
second layer and a central hole to improve the evanescent field. The proposed layered model
appears in Figure 2A where optimal parameter variations are obtained when the air hole
diameter rc =12 is 0.2 um, rl is 0.4 pm, the thickness of the gold (Au) layer is 35 nm, and the
pitch/spacing between the air holes is 2 pm. Waveguide length and amplitude interrogation
methods are used, showing a maximum sensitivity of 9000 nm/RIU and amplitude sensitivity
of 318 RIU! (Figure 2B) with a maximum resolution of 1.11 x 107> within a detection range
between 1.34 and 1.37. The results indicate that this model can be effectively used in

biochemical and biological analytics detection, with significant potential applications.!”’]

Further, research into a photonic device based on Stibnite-Titanium Nitride-Hyperbolic
Metamaterial (Sb2S;-TiN-Hyperbolic Metamaterial) has been successfully developed operating
in the visible frequency spectrum. Hyperbolic Metamaterial exhibits low losses and is activated
through a prism-coupling scheme, allowing guided modes to be excited at visible frequencies.
An adjustable plasmonic biosensor has also been designed to detect biotin at a concentration of
1 pM/L and thrombin as small as 1 fM/L. This sensor demonstrates adjustable differential
response, enabling the detection of biomolecules with both high and low molecular weights.
The adjustment of the Goos-Héanchen shift of the sensor is enhanced through the use of a high-
index prism and appropriate excitation wavelength. Test results indicate maximum adjustment

at the visible wavelength, improving wavelength stability and measurement precision. "]

11
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In addition, a dual-functional plasmonic biosensor using two-dimensional gold nano islands
(AuNIs) has been developed to detect the SARS-CoV-2 virus. This sensor combines the
photothermal plasmonic effect with localized surface plasmon resonance (LSPR) sensor
transduction, providing an alternative solution for the clinical diagnosis of COVID-19. The
AuNI sensor chip is fabricated by producing an Au nanofilm through a thermal de-wetting
process. The thickness of the Au nanofilm is optimized around 5.0 to 5.2 nm and then annealed
at 550°C for 3 hours. AuNIs are then assembled on a BK7 glass surface. With a low detection
limit down to 0.22 pM, this sensor allows for precise detection of specific targets in multi-gene

mixtures.[8!

Other research has successfully realized label-free photonic biosensors based on surface
plasmon resonance but further interrogated the formation of Goos-Hénchen reflectance shift.
The material used in this study is silver nanomaterial coated with a thin layer of Ge.Sb,Ts
(GST). The use of GST in this research is to protect the silver nanomaterial from degradation
and to induce phase changes into singularities, thereby increasing sensor sensitivity. The results
obtained in this experiment show sensitivity of 1.72 x 10 nm RIU™! (refractive index unit), a
detection limit of 6.97 x 1077 RIU with a position resolution of 0.12 um, and a figure of merit
(FOM) of 4.54 x 10" um (RIU-°)"!. Additionally, in this study, the sensor has been tested
capable of detecting cytokine biomarkers (TNF-a and IL-6) with a concentration of 1 uM and
capable of detecting the presence of integrin on arginylglycylaspartic acid peptide samples with

variations in Mn?* concentration ranging from 1 nM to 1 mM.[3]

Several studies discussed, provide insights into the development of inorganic materials for use
as photonic biosensors capable of utilizing various common principles of photonic biosensors
such as surface plasmon resonance, photonic crystal, and surface-enhanced Raman scattering,
as well as combinations of these methods. The development results in the ability of materials
to detect various analytes and improve detection limits. However, despite modeling results,
experimental outcomes still show limitations in detection using certain materials, relatively low
biocompatibility, expensive materials cost, oxidization phenomena, and high detection limits
[78, 83, 84]

still pose challenges in the development of inorganic materials as optical biosensors.

Therefore, alternative materials or designs are needed to address these issues.

Other materials such as graphene-based materials can address issues related to the low
sensitivity. Graphene is a 2D nanomaterial with a thickness of only one atom, possessing

excellent electrical conductivity, mechanical, optical, and chemical properties.!8> 8]

12
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Additionally, it enhances material stability against surface oxidation phenomena commonly
encountered in silver materials.[®3] These properties make graphene a promising candidate as a
primary or supporting material in photonic biosensor applications. The detection capability of
photonic biosensors can be optimized through several advanced studies, both in numerical

modeling and experimental approaches, that integrate metal materials with graphene.

A numerical modeling was successfully conducted to develop a photonic biosensor utilizing
the surface plasmon resonance method, employing silver nanoparticles, TiO>, and graphene as
the main sensor materials. Silver is chosen for its excellent plasmonic properties, while
graphene is selected for its high conductivity, especially in the infrared spectrum, thereby
enhancing detection sensitivity. Moreover, graphene exhibits excellent molecular absorption
capabilities, further enhancing the sensor response to analytes. The use of TiO: is aimed at
protecting silver from oxidation and improving its interaction with analytes. The modeling was
performed using the finite element method and operated in the wavelength range of 1.5-1.9 pm.
The results demonstrate sensitivity variations in the range of 5004250 nm/RIU with a wide

operating bandwidth, indicating the potential of this structure to detect diverse analytes.®”]

Other modeling-based research has successfully developed a photonic biosensor utilizing nano
composite SPR methods. The materials used include: Aluminum (Al), Gold (Au), Silicon
dioxide (Si02), Graphene (G), and Gadolinium-Zinc Oxide (GZO). By modifying the thickness
of each laminate, the radius of Al and G, as well as the chemical potential values of each
material, testing capabilities were achieved within the wavelength range of 300-600 nm, with a
detection sensitivity of ~664.8 nm/RIU, and the ability to detect various strains of the
coronavirus. The results of the coronavirus strain variations testing are presented in the UV-Vis
results, where the samples are able to exhibit distinct spectrum peaks for samples of Avian Fowl
Adenovirus (FAdV), Infectious Bronchitis Virus (IBV), Highly Pathogenic Avian Influenza
Virus (H5N1 and H5N2), Avian Influenza Virus (HON2), and Influenza Virus (H4N6).[38]

3.2 Organic Materials Based for Photonic Biosensors

Some properties of the synthetic organic-based polymer and biopolymer materials in general,
include relatively better biocompatibility than inorganic materials, higher detection limits, and
the ability to provide a conducive environment for biomolecules, making it easier for
biomolecules to be trapped in sensor materials, which in turn improves detection capabilities

89-92

for biomolecules, and they are easier and cheaper to obtain.[3*-2] Here are some biopolymers
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and combinations of biopolymers with synthetic polymers used as photonic biosensor materials

in the last several years.

Alginate is an anionic biopolymer that is primarily derived from brown algae. This material
possesses water resistance, oil barrier characteristics, modified mechanical properties, superior
antibacterial capabilities, sensitivity to ammonia, and color stability.[®>] These properties,
supported by biocompatibility, biodegradability, and the ability to modify its photonic structure,

have the potential to make it suitable for applications as a sensor in liquid substances.

A successful study was conducted to create a highly sensitive flexible photonic pressure sensor,
integrated with various environmental stimuli that has been used in multiple applications. This
sensor is built on a three-dimensional photonic crystal lens combined with alginate-based
hydrogel. Low-pressure stimuli can cause small changes in the photonic bandgap, resulting in
a shift in the maximum frequency and variation in the amplitude of reflected light. Thanks to
the significantly amplified reflection spectrum and structural color shift, this sensor with a
diameter of 310 nm demonstrates ultra-high sensitivity of 32,3 kPa’!, a peak shift of 30 nm, and
a fast response time of about 0.21 s. When comparing sensitivity values with other studies, such
as pressure sensors based on acrylamide-based hydrogel and polyvinyl alcohol (PVA) with a
sensitivity of 0.05 kPa™',®¥ and pressure sensors made from amorphous calcium carbonate
nanoparticles combined with polyacrylic acid and ALG with a sensitivity of 0.17 kPa™!,°>] the
sensitivity value obtained here is significantly higher. Furthermore, when compared to the
detection limit values of other studies, including organic polymer diode pressure sensors
(OLEDs) with a detection limit of 1.4 kPa,l°®! the detection limit obtained in this study is much
better. Furthermore, the density, sound speed, and acoustic impedance of this photonic sensor
are in accordance with water. Therefore, this sensor provides a promising strategy for future-

generation flexible photonic acoustic sensor devices.”]

Cellulose is a polymer consisting of long chains of B-D-glucose units linked via -(1-4) bonds.
This structure gives it unique properties related to photonic structures, especially when
transformed into nanoscale cellulose crystals (CNCs) for use in photonic applications. The
repeating and regular structure, where each glucose unit is bound to the next through B-(1-4)
bonds, enables the formation of nanoscale cellulose crystals with a periodic structure.”® This
periodicity can create interference phenomena and light reflection, impacting iridescence
properties.*”) Moreover, the ordered orientation of cellulose chains imparts birefringence

properties, meaning that light passing through cellulose may have two different refractive
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1001 This creates optical effects that can be

indices depending on the light's polarization.[
harnessed in photonic structures. The helical structure present in CNCs also provides
characteristic chiral properties that can influence optical characteristics and allow the formation
of cholesteric liquid crystal (LC) phases with chiral optics.[’®! Additionally, the helical pitch
length of CNCs can be controlled, allowing for the adjustment of reflected wavelength, thereby

influencing the color and other optical properties emitted by the photonic structure of CNCs.[°!]

An experiment about an organic gel derived from cellulose has been successfully developed,
demonstrating dynamic properties and well-controllable structural colors. The gel is created
using a hydroxypropyl cellulose (HPC) matrix at 68 wt%, with the addition of different
polyethylene glycol (PEG) guest molecules. The role of PEG is to regulate the reflective color
of HPC gel by accurately placing them on the backbone of HPC helices through electrostatic
repulsion. Furthermore, the gel exhibits remarkable dynamic properties in response to
temperature, pressure, and strain. The rapid, continuous, and reversible color changes make this

101] This research opens the door to the

gel highly promising for applications in various fields.!
development of optical sensors with high stability and flexibility, providing potential

contributions to the advancement of sensor technology, especially in virus detection systems.

Chitin is a polysaccharide that can be found in the exoskeleton of arthropods, particularly in the

102

subphylum crustacea, where 20-30% of the crustacean's composition is chitin.['?] Its structure

is analogous to the chemical structure of cellulose, but the hydroxyl groups at the C2 position

103

are replaced by acetamido groups.'*) This structural difference, when compared to other

104] The presence of both

polysaccharides, gives chitin an additional ~6 percent of nitrogen.[
major groups can interact to form hydrogen bonds, potentially causing chitosan molecules to
form helices, similar to the helicoidal structure in chiral nematic liquid crystal optics. This
property can create the effect of circularly polarized light reflection, resulting in bright
iridescent colors displayed by some animals such as beetles, butterflies, and mantis shrimp. ]
However, the acetamido groups in chitin can form very strong interlayer hydrogen bonds,

104

giving chitin the ability to be insoluble in most solvents.['%* Therefore, a method is needed to

address this issue.

Partial deacetylation through alkali hydrolysis of chitin can transform it into chitosan, resulting
in a linear polysaccharide containing N-acetyl-D-glucosamine and D-glucosamine units linked
by B-(1-4) glycosidic bonds.['% 193] The presence of primary amine groups (-NH>) in each D-

glucosamine imparts higher solubility to chitosan at pH levels, making it a potential material

15



447
448
449
450
451
452

453
454
455
456
457
458
459
460
461

462
463
464
465
466
467
468

469
470
471
472
473
474
475
476
477

WILEY-VCH

for pH-responsive photonic crystal structures.l’® The chemical structure and specific molecular
arrangement of chitosan also impact its selective light absorption and reflection abilities, such

[106]

as low absorption in the UVC region. In addition, it also possesses excellent

89,106, 107] The properties possessed by

biocompatibility, biodegradability, and is cost-effective.!
chitosan make it potentially modifiable as a biopolymer material with a photonic crystal

structure.

Research demonstrates that inverse opal photonic crystal films (IOFs) made using chitosan, a
biomacromolecule found in nature, can rapidly respond to alcohol and phenol, exhibiting
reversible changes in structural color and reflection peaks. IOFs with specific pore sizes (201—
319 nm) show good reproducibility and stability in organic solvents, making them potentially
applicable in various fields. Chitosan in IOFs provides excellent electrochemical reactivity and
biocompatibility, which can be employed for detecting chemical compounds or evaluating the
quantity of organic compounds in aqueous solutions. In conclusion, these chitosan IOFs have
the potential for use as visual detectors in environmental management and chemical

analysis.[108]

Moreover, another study was conducted with the aim of creating three-dimensional gyroid-
shaped photonic crystals using polystyrene-polydimethylsiloxane block copolymers to simplify
and make the structure fabrication mechanism more cost-effective. To address the low
absorption capability, chitosan was incorporated. In this context, the block copolymer serves as
a template, while chitosan plays a role as the gyroid-shaped photonic crystal structure. With its
low absorption capacity and high reflectance, chitosan has the potential to be applied in UV-

based electronic devices.!'%]

Another study successfully developed a fluorescence-based detection system, as demonstrated
in this research. This research successfully developed a tobacco mosaic virus (TMV) detection
system using a fluorescent biosensor with the Activators Regenerated by Electron Transfer
Atom Transfer Radical Polymerization (ARGET ATRP) method, chitosan was employed as a
material serving as a specific aptamer to recognize and capture TMV's RNA target, as can be
shown in Figure 2C. Subsequently, chitosan would bind to propionic acid through a click
chemistry reaction, forming multiple active sites for fluorescent polymerization. This process
leads to an increase in fluorescence intensity, providing a second signal amplification effect.

This capability lowers the detection limit to 1.14 fM, thereby enhancing the sensor's sensitivity.
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Figure 2D displays the research results about fluorescence intensity based on the materials,

while Figure 2E displays the research results about the sensitivity of the sensors.[!%]

Several research findings have demonstrated high biocompatibility, good detection limits, and
excellent selectivity and sensitivity in detecting biomolecules. However, some issues such as
poor mechanical and chemical stability, which are related to the degradation capability of the
biosensor, as well as the complex synthesis process, remain problematic.l””l Therefore, new
innovations are needed to address these issues without reintroducing the problems associated

with inorganic materials.
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Figure 2. A) Designing views of the proposed circular lattice PCF sensor. B) Amplitude
sensitivity for different thickness of gold layer. C) Fluorescence modification process based on
ARGET ATRP/ chitosan signal amplification and detection principle. D) Fluorescence intensity
curve of (a) MBs/Sulfo-SMCC/hDNA/RNA/PA/Chitosan/BIBB/FA, (b) in the absence of
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hDNA, (c) RNA, (d) PA, (e) Chitosan, (f) BIBB, (g) FA, (h) solvent for testing, and (i) PBST
buffer. E) Fluorescence intensity curve with different concentration of TMV RNA. A,B)
Reproduced with permission from ref.[”! Copyright 2018, Elsevier. C, D, E) Reproduced with
permission and modified from ref.l'®! Copyright 2023, Elsevier.

3.3 Hybrid Inorganic Organic Materials Based for Photonic Biosensors

In general, the weaknesses of inorganic materials can be overcome by organic materials, and
vice versa. This underpins the development of hybrid biophotonic materials. All these
individual shortcomings can be addressed by adding inorganic particles into organic materials
to form hybrids, where the inorganic material is used as a protective layer for the organic
material, or vice versa, or both materials can provide positive synergistic effects.l””! Therefore,

we will discuss several studies that have successfully developed hybrid sensors.

There has been development in utilizing chitosan as a virus detection material employing the
colorimetric detection principle, which involves the modification of photonic structure. A
successful experiment was conducted to create a TiO/Chitosan-nanocapsule-retinoid acid
visualization sensor developed through alternate spin-coating for leukemia detection, as can be
shown in Figure 3C. Researchers utilized chitosan material with a photonic crystal structure as
the leukemia detection material. The researchers achieved the synthesis of a visual sensor,
where a color change occurs due to the presence of specific proteins in the blood sample through
its photonic bandgap structure, as can be shown in Figure 3A and 3B. This provides rapid and

110

accurate diagnostic information about the presence of leukemia.[''”! Thus, this research

demonstrates the potential use of chitosan as a material for virus biosensors.

Research has successfully developed an innovative method for the fabrication of composite
photonic crystal microspheres by integrating polymerization and self-assembly processes.
Typically, traditional photonic crystal microspheres have internal pores and are created through
the self-assembly of colloidal nanoparticles, leading to vulnerability to contamination and less
satisfactory structural stability. In this study, composite organic-inorganic photonic crystal
microspheres of SiO2-Poly(2-hydroxyethyl methacrylate) (PHEMA) were created using the
Shirasu porous glass (SPG) emulsification membrane. This process involved colloidal
nanoparticles, monomers, and initiators in the continuous phase, undergoing polymerization
and self-assembly to form composite microspheres. The primary advantage of this approach
lies in the high structural stability achieved as colloidal nanoparticles are trapped within a

crosslinked polymer network. The resulting composite microspheres not only exhibit superior
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structural stability compared to traditional photonic crystal microspheres but also possess high
color saturation and good hydrophobic properties. These advantages stem from the enhanced
self-assembly of materials during polymerization, driven by hydrogen bond formation.
Additionally, these SiO>-PHEMA composite microspheres have various potential applications,
including use as dyes, biosensors, and in illumination. Furthermore, the quick and
straightforward production process makes this synthesis method potentially suitable for mass

production and practical applications.!'!!]

Another study demonstrates successful synthesis of a photonic biosensor made of polystyrene
(PS) combined with gold nanoparticles (AuNPs), as can be shown in Figure 3D. The first
experiment aimed to compare the electrochemiluminescence (ECL) emission between non-
structured PS and photonic crystal-structured PS using a dip and coating method, as can be
shown in Figure 3E. The intensity results indicated that the photonic crystal-structured PS
exhibited higher emission values (0.22) compared to the non-structured PS (0.10).
Subsequently, surface enhancement (SE) treatments were applied to both PS samples by adding
gold nanoparticles. The results showed that the ECL emission enhancement in non-structured
PS was significantly smaller (0.13) compared to the photonic crystal-structured PS (0.92).
Further analysis using electromagnetic wave simulations revealed that the ECL enhancement
was caused by the electromagnetic field coupling on the surface of PS PhCs and Au NPs.
Therefore, SE-ECL in materials with photonic crystal structures exhibited a detection range
from 1 pg/mL to 1 pg/mL with a detection limit of 0.41 pg/mL (S/N = 3). This indicates the

potential use of these hybrid materials for biomolecular applications.!®4
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546  Figure 3. A) Visual sensor detects color changes in normal human blood samples before and
547  after. B) Visual sensor detects color changes in acute promyelocytic leukemia (APL) blood
548  samples before and after. C) Visual sensor detection mechanism. D) A schematic illustration of
549  the difference between randomly distributed and non-randomly distributed photonic structures,
550  which are then synergistically enhanced by ECL biosensors. E) Quantifying the sensitivity of
551  the biosensor (PS-ECL) throughout a spectrum of concentration variations. A, B, C)
552 Reproduced with permission from ref.l"!% Copyright 2023, RSC Advances. D, E) Reproduced
553  with permission from ref.34 Copyright 2024, Elsevier.
554 Table 1 Comparison of organic, inorganic, and hybrid materials for biosensor applications

Materials ‘ L . Rapid
Materials Method Target analyte Sensitivity ~Selectivity ) Ref
Type Detection
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Inorganic

Organic

Biochemical and

PCF-SPR 9000
Au biological analytes Yes n.a
based . . nm/RIU
(simulation)
Sb,S3-TiN- Biotin 1 pM/L Yes 30 min
Hyperbolic SPR
Thrombin 1 fM/L Yes 30 min
Metamaterial
LSPR
with
AuNIs thermo SARS-CoV-2 0.22 pM/L  Yes ~17 min
plasmonic
sensor
SPR with  Cytokine biomarkers
1 uM/L Yes n.a
Goos- (TNF-a and IL-6)
AgNPS coated .
Hénchen  Integrin on
with Ge>Sb,Ts i .
reflectance arginylglycylaspartic 1 nM/L Yes n.a
shift acid peptide
. Biochemical and
AgNPs-TiO»- ) ) 500-4250
SPR biological analytes Yes n.a
Graphene . . nm/RIU
(simulation)
Avian Fowl
Adenovirus (FAdV),
Infectious Bronchitis
Virus (IBV), Highly
Al-Au-SiO»- Path - Avi s
athogenic Avian
Gadolinium- ~ SPR : 300-600
Influenza Virus Yes n.a
Zinc Oxide nm/RIU
(H5N1 and H5N2),
(GZ0O)

Avian Influenza
Virus (HON2), and
Influenza Virus
(H4N6
Photonic Tobacco Mosaic
Chitosan . 1.14 fM/L  Yes n.a
crystal Virus (TMV)
Photonic Biochemical

Alginate . . 32.3kPa! Yes 0.21s
crystal (simulation)
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combine
with
pressure
sensor
. Yes (with
Hydroxypropyl Photonic . . .
Virus (simulation) n.a color n.a
cellulose crystal
change)
. . . Yes (with
TiO,/Chitosan  Photonic
. Leukemia n.a color 20 min
Hybrid nanocapsule crystal
change)
Inorganic-
_ ECL- _
Organic ~ AuNPS- . Biomolecul 0.41
Photonic . . Yes n.a
Polysterene (simulation) pg/mL
crystal
555
556 4. Surface Functionalisation of Photonic Biosensors for Virus Detection
557  The recognition element is central to biosensors' functionality, directly interacting with target
558 analytes, and dictating the sensor’s selectivity.[!'? 131 The process of immobilizing these
559  recognition elements on the sensor’s surface marks an essential stage in the development of
560  biosensors. Several functionalization methodologies, such as adsorption, entrapment, covalent
561  attachment, and electrostatic, can be employed.l''*] This section mainly discusses on the
562  immobilization techniques and the effects of recognition elements, such as DNA/RNA, aptamer,
563 and antibodies, in the application for virus detection. The illustration of surface
564  functionalization for virus detection using the methods of Photonic Crystal (PC)!''), Surface
565  Plasmon Resonance (SPR)!''® Whispering Gallery Mode (WGM)!'3], and FRET!!'7) can be
566  seen in Figure 4.
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Figure 4. The illustration of detecting viruses and other biomolecules using the methods of A)
Photonic Crystal (PC), B) Surface Plasmon Resonance (SPR), C) Whispering Gallery Mode
(WGM), and D) FRET. A) Reproduced with permission from ref.[!!>] Copyrights 2014, Springer

Objective

161 Copyrights 2016, Springer Nature. C)

Nature. B) Reproduced with permission from ref.!
Reproduced with permission from ref.!'3] Copyrights 2022, De Gruyter. D) Reproduced with

permission from ref.[''”] Copyrights 2021, MDPI.

4.1 NA/DNA/RNA

Nucleic acid (NA) based diagnostics offer excellent sensitivity and accuracy for molecular
detection since they directly target the hallmark regions of RNA viruses.[!'8] NA is a virus
biomarker that contains the genetic information of bacteria or viruses.['' The functional
modification on the probe of the photonics sensor can serve the ultrasensitive and reduce the
detection limit of NA.[''") The previous study used gold nanoparticles coated tilted fiber Bragg
grating (TFBG)-based SPR to detect NA. The modification of gold nanoparticles with NA
enhances the SPR response as illustrated in Figure SA. The functionalization was done by Au-
S bond using thiol end organic compounds at the 3 or 5 ends of the NA single strand. The self-

assembled monolayer (SAMs) NA single strand-thiol probe on the gold nanoparticle surfaces
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enables the NA single strands target to bind. The binding of NA target and gold nanoparticles
attached NA probes resulting in the SPR enhancement due to local refractive index change on

the gold nanoparticles surfaces.!""]

Several technologies have been developed to amplify the DNA to improve sensor sensitivity
such as hybridization chain reaction (HCR), catalyzed hairpin assembly (CHA), entropy-driven
reaction (EDR), and rolling circle amplification (RCA).['2%) A novel approach in biorecognition
elements has been developed in 3D DNA nanostructures to improve probe-analyte recognition.
For example, tetrahedral DNA nanostructures-based DNA biosensors have been reported to
improve hybridization efficiency, decrease background signal, and improve detection

121

sensitivity significantly.['?'l DNA origami is the self-assembly of long single-stranded DNA

with the addressability of each nucleobase within its structures. These features allow the

accurate positioning of target molecules or optically active particles.!'??!

As for some examples of DNA Origami that we would like to show are nano DNA structures
shaped like nets aimed to function as detectors capturing fluorescence signals when detecting
and capturing SARS-CoV-2 virions. The structure created is a 4 x 4 DNA Net with a unit size
of 42 base pairs where 5.89 nm represents the intratrimetric distance of the aptamer
corresponding to the intratrimetric distance of SARS-CoV-2, and 14.96 nm is the size for
maximum spike clustering. Research results indicate sensor capabilities equivalent to PCR
(detection limit of 1000 copies of virus genome/mL), rapid testing (10 minutes) due to DNA
Net's direct access to intact virus in the sample, eliminating the need for complex sample
preparation, cost-effectiveness (~$1.26 per test, much cheaper than antigen ELISA at $5-$10
per test and lateral flow antigen-based tests at $20 per test), and operability at isothermal room
temperature. Additionally, the developed sensor also has the potential to be a therapeutic sensor
because of its ability to inhibit SARS-CoV-2 virus infection. Moreover, this sensor also has the
potential to detect other viruses whose surfaces have class-1 envelope glycoproteins, like other

corona viruses and HIV.[123]

Furthermore, other research has successfully synthesized photonic sensors using the principle
of detecting fluorescence intensity using DNA origami in 5 different structure variations,
including DNA-bivalent, DNA-Linear, DNA-Star, DNA-Hexagon, and DNA-Heptagon, to
detect the concentration of dengue virus (DENV2). The structures are expected to display
aptamers targeting domain III of the dengue virus envelope protein (ED3) in a two-dimensional

pattern corresponding to the spatial arrangement of ED3 clusters on the surface of DENV2. The
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results show that the star-shaped DNA structure can produce the highest fluorescence emission
in DENV?2 testing at a concentration of 1 x 105 p.f.u./ml. Additionally, the star-shaped structure

can also act as an inhibitor of DENV2.[124]

Other research has successfully used DNA origami beacons for biosensing applications. The
working concept relies on properly positioned arrays of organic fluorophores. Two types of
arrays, functioning as donor and acceptor fluorophores, form 48 fluorophore FRET pair,
resulting in a large output signal for oligonucleotide detection applications (Cy3 and Cy5), as
shown in Figure 5B. The positioning of donor and acceptor sites enhances detection sensitivity
and selectivity. When the target DNA is missing, the DNA probe folds into a closed position
(Figure 5C), bringing the donor and acceptor fluorophores close together. This facilitates FRET
from the donor to the acceptor, resulting in decreased fluorophore emission (as seen in Figure
5D). Nevertheless, in the presence of the target DNA, the DNA probe unfolds (as shown in
Figure 5E), resulting in a significant separation between the donor and acceptor molecules. This
separation hinders FRET and leads to an enhanced emission of fluorophores, resulting in a color
change to yellow and green, as shown in Figure SE. The research findings show that the sensor's
sensitivity allows it to detect concentrations as low as 100 pM/L with a detection time of 2

minutes, showcasing its strong selectivity capabilities.[!23]

DNA walkers also show promise in biosensing applications since they can encourage cascade
signal amplification for analyte detection that can be empowered by protein enzymes,
DNAzymes, and strand displacement. To this extent, 3D DNA walkers have been frequently
used to recognize proteins and nucleic acids.!'?) The combination of DNA walker developed
by the surface modification of aminated silica nanosphere and the fluorescence signal output

can lower the false-positive signal risks.!'?°]
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Figure 5. A) Schematic showing the design of nucleic acid modification on gold nanoparticle
and its effect on SPR. B) Illustration of the DNA Origami Beacon (green dots represent donors
and orange dots represent acceptors). C) Illustration of the closed mode when no target DNA 1is
present and D) open mode when target DNA is present. E) Color change indicating an increase
in fluorophore emission due to the presence of target DNA (Cy3 and Cy5). A) Reproduced with
permission from ref. ') Copyrights 2023, Elsevier. B, C, D, E) Reproduced with permission
from ref.'>’] Copyrights 2018, ACS Nano.

4.2  Aptamer

Aptamers are the special type of ssDNA or RNA oligonucleotides that are usually used as

biorecognition elements in biosensors, known as aptasensors.[!?7]

I Aptamers are promising
receptors that are potentially good for the integration with additional DNA-based signal
amplification.[®) By using aptamers, high-specificity detection can be achieved with low cost,
high affinity, and ease of modification.[®! In terms of COVID-19 detection, DNA aptamer serves
high affinity to the S protein of the SARS-CoV-2 virus type including Alpha, Beta, Gamma,
Epsilon, Gaba, Delta, and Omicron.['?8] Previous studies modified the gold film surface by

immobilizing it with DNA aptamers through the rapid freezing method. The Au-DNA was then
incubated with 6-mercapto-1-hexanol (MCH) and bovine serum albumin (BSA) to hinder the
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1281 Using surface plasmon resonance imaging (SPRi) technique, the

non-specific adsorption..!
S protein will be captured by DNA aptamers inducing SPRi signal response. The addition of
DNA aptamers-AuNPs on the SPRi systems improving its signal response, the limit of detection

(LOD) of SPRi systems was 0.32 nM while after the DNA aptamers-AuNPs was 5.99 pM.[128]

The functionalization of gold-based sensor with ssDNA aptamer also previously reported for
Dengue virus detection as can be seen in Figure 6A. The ssDNA aptamer against the non-
structural NS1 protein functionalized the sensor to detect NS1 protein from blood. The blood
plasma contains a high protein content that tends to concentrate on the gold surface, leading to
protein fouling. One of the strategies to hinder the fouling was employ surface passivation using
a thiol-terminated 6-mercaptohexanol self-assembled monolayer. The combination of surface
functionalization using ssDNA aptamer and surface passivation was successful in detecting
Dengue virus in bovine blood at a concentration of 0.1-10 pug/mL, with the addition of aptamer

resulting the higher LSPR shift as shown in Figure 6B.[!*°]

Double-labeled DNA aptamers can be a recognition element for the sensitive detection of
SARS-CoV-2 because the aptamer was shown to bind to the entire SARS-CoV-2 genome. Two
modifications were done on the aptamer RBD-1C in the region of thiol-group to the 5'-end and
Cyanine-3 to the 3 -end.[%! Altering the 5” or 3"-end maintains the aptamer’s affinity for the S-
protein receptor-binding domain at nanomolar concentrations. The sensitivity of the sensor for
SARS-CoV-2 detection is 100 copies/mL which is comparable with the PCR’s limit of
detection (10%-103 copies/mL).1%]

The combination of ssDNA aptamer and photonic crystal was successfully built to detect HIV.
The ssDNA aptamer was used to replace the RNA aptamer due to stability issues. ssDNA
aptamer was crosslinked into a photonic crystal that has been self-assembly fabrication with
polystyrene.[”>! The interaction of gp120 (HIV) aptamer and protein was studied by molecular
docking as can be seen in Figure 6C. The interaction starts from the carboxyl group of
acrylamide monomer with EDC creating unstable o-acylisourea. The acrydite group contains -
NH on the 5" end of the aptamer produce a stable conjugate of aptamer with carboxyl group.
The interaction of aptamer with virus was done through guanosine and thymine sequences that
can visually change the material color from yellow-green to blue-green. The transmittance was
detected using UV-Vis spectroscopy as can be seen in Figure 6D revealing the increasing of
transmittance with the increasing of virus concentration. The LOD of this combination of

aptamer-photonic sensor for HIV was 7.1 &+ 1.55 ng mL'.[74]
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Figure 6. A) Schematic illustration of biological binding of biomarker to the ssDNA aptamer
functionalized sensor. B) LSPR shift of the sensor with the increasing aptamer concentration.
C) Schematic illustration of the interaction of acrylamide with EDC to form acrydite-aptamer
and the molecular docking of aptamer and virus. D) UV-Vis spectra of APC-hydrogel
interaction with virus. A,B) Reproduced with permission from ref.['?°! Copyright 2021, ACS.
C) Reproduced with permission from ref.['3% Copyright 2022, Elsevier. D) Reproduced with
permission from ref.l’*l Copyright 2023, Elsevier.

43  Antibody

Antibodies are the natural biorecognition elements that provide high specificity and affinity in
bond with target antigens. The monoclonal antibody (mAbs) can provide sensitive detection,
low-cost, fast response time, and simple.!'3!! A previous study reveal the potency of monoclonal
antibody functionalization on SPR-titled fiber Bragg grating (TFBG) to detect Enterovirus A71
(EV-AT71). The first step to functionalize SPR-TFBG was to treat it with carboxylic acid and
the formation of a self-assembled monolayer (SAM). After that, residual substances were
removed from the gold surface then the gold surface was activated by the immersion of 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (WSC) and N-Hydroxysuccinimide (NHS). The

binding of monoclonal antibody with gold surface was then coupled with amine coupling kit,
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ended with the blocking step, and finally ready for virus test. The performance in SPR mode

power indicating the increasing virus concentrations increased the change of SPR mode.[!*?]

The rapid detection of viruses can also be achieved by functionalized whispering gallery mode
(WGM) microsphere with polyclonal antibodies. The polyclonal antibodies of influenza A were
coated on the WGM microsphere and coupled with an optofluidic platform to detect influenza
A viruses. Figure 7A illustrates the mechanism of antibody coated WGM microsphere on
micropillar array in the presence of virus samples. The WGM spectra was shifted when the
WGM microsphere contact with virus samples. The sensing platform successfully detects the

virus in less than 15 minutes and only a few microliters of samples are required.[!33]

Another study functionalized a gold SPR chip using 4-mercaptobenzoic acid (4-MBA) to
immobilize the monoclonal antibody of the recombinant nucleoprotein of Ebola virus (EBOV-
rNP).[131 The functionalization process starts from immobilizing 4-MBA on the gold chip using
a spin coater then chemically treated with EDC and NHS to activate the carboxylic group of 4-
MBA. The activated chip surface is then injected by EBOV-rNP then added with ethanolamine
to block the active site. The immobilized sensor surfaces the regenerated by HCI. The
interaction of mAb and EBOV-rNP was endothermic and spontaneous interaction. Increasing
the concentration of EBOV-rNP was increased the angle of SPR curves. This developed SPR

sensor has limit of detection (LOD) 0.5 pg/ml for Ebola virus detection.['3!]

An immobilization antibody on Au nanoparticles on SPR sensors was also reported to
sensitively detect SARS-CoV-2 nucleocapsid protein, as illustrated in Figure 7B. The primary
antibody immobilized the Au surface, while the secondary antibody functionalized the Au
nanoparticles. The secondary antibody was found to enhance the affinity of the antibody and
antigen, leading to an increasing shift in the SPR angle. In addition, the size of the Au
nanoparticles affected the sensors' sensitivity; the larger the Au nanoparticles, the greater the
SPR shift. The sensor was found to be able to detect SARS-CoV-2 protein with a minimum

concentration of 85 fM.[134]

The novel monoclonal antibody has been developed to improve the specificity of the SPR
sensor in detecting the H7N9 virus. The new monoclonal antibody was produced by
immunization of trimeric recombinant hemagglutinin of the H7N9 virus. The preparation step
of monoclonal antibody is immunizing the BALB/c mice using trimeric recombinant HA7 (tri-
rHA7) with complete Freund’s adjuvant then the mice were boosted by tri-rHA7 proteins that

were emulsified by incomplete Freund’s adjuvant. After that, the mice were collected and fused
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with myeloma cells, diluted, and specific individual antibodies could be obtained. Using this
newly generated antibody, the sensor has higher specificity to the H7N9 virus than the other

135] The new monoclonal antibody is also used to detect

influenza virus as shown in Figure 7C.!
SARS-CoV-2 using the phase-sensitive (PS) SPR biosensors. The monoclonal antibodies were
produced from recombinant SARS-CoV-2 spike S1 proteins through the conventional

hybridoma technique.['3¢

I The binding affinity of anti-S monoclonal antibody with spike S1
protein resulted the S-mAb 10-11G can be developed for COVID-19 diagnostics. The S-mAb
10-11G can be recognize epitope of SARS-CoV-2 variants (Alpha strain, Beta strain, Delta
strain, and Omicron) on its C-terminal of the RBD. The experiment using S-mAb 10-11G also
reveal the potency of monoclonal antibody for COVID-19 therapy due to partial neutralization

abilities.!13¢]
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Figure 7. A) Schematic illustration of virus sensing by antibody coated WGM microsphere
coupled by optofluidic leading the WGM shifts. B) Illustration of SARS-CoV-2 nucleocapsid
protein detection by Au nanoparticles coated with antibody. C) Specificity evaluation of
generated monoclonal antibody in detecting human influenza viruses. A) Reproduced with
permission from ref.['*3] Copyright 2024, ACS. B) Reproduced with permission from ref.[!34]
Copyright 2022, Springer Nature. C) Reproduced with permission from ref.l'3%] Copyright 2018,
ACS.

5. Outlook

Integration of photonics transducer, materials, and biological receptors was important in
developing optical sensors for virus detection to serve high sensitivity, high selectivity, and
rapid detection. Table 2 displays the performance of various integration of photonic methods,

materials, and biological receptors in virus detection. Although all photonic transducers,
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materials, and biological receptors provide advantages in sensor applications, it still has several
limitations as summarized in the previous section. In this section, we will provide a
multidisciplinary approach for translating photonic biosensors as a future direction for virus
detection. As illustrated in Figure 8, the research landscape for photonic biosensors is diverse

and expansive.

The selection of the transducer for photonic biosensors is a strategic approach to improve their
stability, response time, and sensitivity. Among various photonic detection methodologies, SPR
stands out for offering real-time and label-free detection capabilities. SPR sensing signals can
be based on four responses, such as intensity, wavelength, angle, and phase, rendering the phase
sensitivity more significant than the other signal changes. A pioneering study demonstrated the
efficacy of integrating phase-sensitive SPR (PS-SPR) with monoclonal antibodies as the
biorecognition element, significantly amplifying the sensor’s sensitivity and specificity.!'3¢I The
setup of the phase-sensitive SPR sensor is illustrated in Figure 8 A. This innovative combination
achieved rapid response times (under 10 min) and a low LOD of 11 pg/ml in detecting
recombinant SARS-CoV-2 S1 protein.[13] Remarkably, the performance of PS-SPR (589
copies/ml) was found to be on par with qRT-PCR (312 copies/ml) technique in PBS solution,
showcasing higher sensitivity compared to ELISA (4000 copies/ml) and SRAT (40000

136] These findings indicate the potential of leveraging newly synthesized antibodies

copies/ml).L
in conjuction with SPR phase shift, facilitated by simultaneous polarization, as a promising

avenue for rapid, highly specific, and sensitive virus detection.

Beside optimizing sensing method of phase or intensity, the promising transduction method in

1371 The structure contains two-

the future through SPR technique is using D-shape fibers.!
hexagon-shaped air-hole rings with a small air hole in the center, the diameter of the perfectly
matched layer (PML) is 1.71 um. This unique D-shaped photonic crystal fiber (PCF) structure
proposing a conducive upper surface enabling metallic layer deposition.[®”) The multilayer PCF-
based consist of Au, barium titanate, and graphene has been developed to detect COVID-19
virus using monoclonal antibodies as probe ligand. The performance of the D-shape PCF SPR

1371 The wavelength sensitivity of the

biosensor was analyze using the finite element method.!
proposed sensor was 2380 nm/RIU while the amplitude sensitivity was 15.26/RIU.'37] Another
experiment also reveal the potency of using D-shape PCF with the structure of PCF consisting
of graphene, titanium, and silver. The results demonstrate sensitivity variations in the range of
500-4250 nm/RIU with a wide operating bandwidth, indicating the potential of this structure

to detect diverse analytes.!®”] This study is exemplary work where the modelling approach could
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be used to design and improve the photonic biosensing performances. Other studies have
successfully performed numerical analysis of a surface plasmon resonance-based biosensor
using a modified D-shaped photonic crystal fiber (DPCF) with a circular air hole design. The
illustration of D-shape models can be seen in Figure 8B. The combination of gold (Au) and
MXene is applied over the smooth surface of the DPCF. The simulation findings demonstrate
that the utilization of MXene with a thickness of up to 27 nm can significantly improve
sensitivity by up to 13,000 nm/RIU, representing a 6.5 times enhancement compared to the
absence of MXene. Furthermore, we achieved a high sensitivity of 305 RIU"!, a resolution of
1.0 x 10° RIU, and a figure of merit of 130 RIU!. The refractive index (RI) values of this
sensor material range from 1.33 to 1.39, suggesting that it can detect biomolecules such as

viruses and bacteria.[!38!

In terms of material design, the promising material is borophene and graphene as illustrated in
Figure 8C. Borophene distinguished by its dimensional diversity ranging from 0 to 3
dimensions and possessing various allotropes, including 2-Pmmn, %3, honeycomb, and 12, all

139

of which are metallic in nature.'3*) The unique structural of borophene imparts several

characteristics, such as anisotropic properties, high conductivity, potential surface

140] These properties have the potential to

functionalization, and controllable optical properties.!
enhance the sensitivity and selectivity of photonic biosensors, particularly in detecting
biomolecular compounds. The numerical modelling has been successfully conducted to create
a layered photonics biosensor based on borophene-Ge;SboTes (GST)-silica-Ag, with the top
layer of Ag designed as a grating for the wavelength range of 1.3—1.5 um. The proposed
structure capitalizes on the surface plasmon resonance principle to facilitate detection.
Modification to parameters such as material height, grating spacing, wide-angle incidence, and
GST material phase, were explored. The study predicts resonance at refractive indices between
1 to 2.5, which corresponds to the refractive indices of biomolecules such as cancer cells,

141] This numerical modelling approach opens up the potential use of

hemoglobin, and saliva.
borophene in the future experiment laboratory to be used as a supporting material in photonic

biosensor applications, especially for detecting biomolecules.

Another promising material to be explored is graphene due to its large surface-to-volume ratio
with exceptional optoelectronics properties. Previous studies has been conducted the
modelling-based research using graphene-based material for photonic biosensor. The materials
utilized include: Aluminum (Al), Gold (Au), Silicon dioxide (SiO.), Graphene (G), and
Gadolinium-Zinc Oxide (GZO). By modifying the thickness of each laminate, the radius of Al
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and G, as well as the chemical potential values of each material, testing capabilities were
achieved within the wavelength range of 300-600 nm, with a detection sensitivity of ~664.8
nm/RIU, and the ability to detect various strains of the coronavirus. The results of the
coronavirus strain variations testing are presented in the UV-Vis graph, where the samples can
exhibit distinct spectrum peaks for samples of Avian Fowl Adenovirus (FAdV), Infectious
Bronchitis Virus (IBV), Highly Pathogenic Avian Influenza Virus (H5N1 and H5N2), Avian
Influenza Virus (H9N2), and Influenza Virus (H4N6).[®8] These results indicate that the
proposed design materials was promising to detect coronavirus strain variations, and open up

the possibility to develop for another virus strain.

In terms of biorecognition elements, DNA origami renowned for its precision in nanoscale
assembly, presents a compelling avenue for integration with photonic biosensors. The
illustration of DNA origami beacons for biosensing applications is shown in Figure 8D. Using
DNA origami with FRET methods, the limit of detection was 100 pM/L for 2 minutes detection

125

times indicating vacinating sensitivity and rapid detection.!'?>] Under atomic force microscopy

(AFM), the nanoscale fluorescence sensor that uses DNA origami technology was shown to

1201 The architecture of DNA origami enables the specific

have a strong and rigid structure.!
multivalent interaction and traps electrostatically the virions. Architecturing DNA strand with
star-shape was a possess promising candidate due to its detection ability than hexagon, linear,
heptagon, and bivalent shapes. The binding of DNA star and aptamer was succsessfully detect
DENV with LOD 1000 p.f.u/ml and sensitivity of 100 p.f.u/ml.['*4 The ability of the DNA star
in developing sensor with high sensitivity opened up the idea of the future to detect
biomolecules based on DNA origami technology. In addition, the DNA origami with the
structure of 4x4 DNA Net also possesses the possibility to develop as a virus sensor in the future

due to its direct interaction with a virus, simplify the complex sample preparation, affordable

cost, and provide therapeutic potency.

Furthermore, antibodies serve as another vital biorecognition elements, particularly for virus
detection application. Several research has been conducted to conjugate the monoclonal
antibody with sensor systems to provide better performance of viral recognition.[!38
Monoclonal antibodies can increase the response time, sensitivity, and specificity of the sensor

systems.!131]

As 1illustrated in Figure 8E, the monoclonal antibody can be covalently
immobilized on the SPR chip to detect the H7N9-RG virus.!'3% The integration of monoclonal

antibodies with SPR sensing methods serves as a highly specific recognizer of influenza virus
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with a fast detection time (less than 10 minutes) indicating its potency in the future to detect

another virus strain.

Furthermore, enzymes also possess potential as natural biorecognition elements for photonics
sensor. The high catalytic activity of enzymes allows them to be used in sensor applications to
improve signal enhancement.['*?1 In terms of SARS-CoV-2, angiotensin-converting enzyme-2
(ACE-2).'] ACE-2 was an important enzyme in the recognition of SARS-CoV-2 because it
was the main enzyme to enter human cells. For example, human-ACE-2(hACE2) has been used
as a recognition element for detecting SARS-CoV-2 in human saliva. The hACE2 was
immobilized by streptavidin-biotin with the target of S protein on UV-attenuated virus.['*4 The
ACE2-based biosensor can detect SI mutants of SARS-CoV-2 variants such as alpha and beta

variants. It also shows the ability to detect neutralizing antibodies specific for SARS-CoV-2.[14]

Although point-of-care photonic biosensors are currently in the early stage, experts are already
envisioning their promising future. The integration system of biosensor and microfluidic holds
significant potential for point-of-care diagnostics, offering advantages such as portability,
inexpensive device, simplicity to use, rapid detection capabilities, and only needs small

quantities of samples and reagents.!'?]

The development of new material architecture, coupled
with the strategic functionalization of biological receptor and photonic method enhancement,
present a viable strategy for engineering photonic biosensor that boast ultra-high sensitivity,

rapid detection, and high selectivity.

Modification of
Photonic Transducer

New Architecture Materials Biological Receptor

Monoclonal antibody
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Figure 8. Research outlook of architecture materials, biological receptor, and photonic methods
modification in developing ultra-highly sensitive, rapid detection, and high selectivity photonic

sensor for virus detection. A) Reproduced with permission from ref.[!3¢! Copyright 2023, Wiley
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887  Periodicals LLC. B) Reproduced with permission from ref.['*8] Copyright 2022, Elsevier. D)
888  Reproduced with permission from ref.l'>>) Copyright 2018, ACS Nano. E) Reproduced with
889  permission from ref.['33] Copyright 2018, ACS.
890 Table 2 Performance of various photonic methods, materials, and biorecognition molecules
891 for virus detection
Method Materials Biorecognition Target Sensitivity Selectivity Rapid Ref
molecules analyte Detection
Intensity- Ag/Au chips Monoclonal H7NO virus 144 Yes <10 min [133]
modulated antibody copies/ml
SPR
Phase- Carboxymethyl- Anti-S SARS- 589 Yes <10 min  [136]
sensitive dextran CM5 monoclonal CoV-2 copies/ml
SPR chip antibody pseudovirus
Titled fiber ~ Gold-coated Monoclonal Enterovirus  0.343 Yes n.a [132]
Bragg fiber antibody A71 pg/ml
grating
(TFBG)-
based SPR
SPR Gold-based Anti-HIN2 HON2 virus 6.3 Yes <10 min  [146]
chip antibody copies/mL
SPR Hemicylindrical ~Antibody SARS- 4pg/mL  na 15 min [136]
glass prism- CoV-2
gold-coated
glass slide
WGM Self-assembled ~ Antigen SARS- 500 Yes n.a [147]
silica CoV-2 nm/RIU
microsphere
WGM- Polystyrene Polyclonal Influenza A n.a Yes 15 min [133]
microfluidic microspheres antibodies
platform
Photonic Cycloolefin antibody SARS- 429 fg/ml  Yes <15min [148
crystal (PC) polymer-based CoV-2
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imprinted PC
film

Photonic Polystyrene Aptamer SARS- 3 cells/ml  Yes 5 min

crystal nanoparticles- CoV-2

polyacrylamide
hydrogel
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6. Conclusions
The current golden standard to detect SARS-CoV-2 is using RT-PCR, which provides specific

and sensitive detection of viral RNA copies. Still, it requires trained operators, high costs, and

long processing time. Photonic biosensors have escalated as one candidate that has rapidly

developed for virus detection, providing high sensitivity and being relatively easy to miniaturize.

One of the promising methods in photonic biosensing is surface plasmon resonance, with
several modifications to increase its performance. Another strategy to improve sensor
performance was choosing the materials with the preferable characteristics for virus detection.
Graphene and borophene-based materials can be a candidate for future materials because of
their excellent optical characteristics. Functionalizing and choosing biorecognition molecules
were also crucial to increasing the analyte attachment. The integration of photonic methods,
materials, and biorecognition elements enables the development of point-of-care diagnostics

with high sensitivity, fast responses, and high selectivity.
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