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idization of plasmonic and
photonic crystal biosensors for effective cancer cell
diagnosis
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Cancer causes one in six deaths worldwide, and 1.6 million cancer patients face annual out-of-pocket

medical expenditures. In response to these, portable, label-free, highly sensitive, specific, and responsive

optical biosensors are under development. Therefore, in this review, the recent advances, advantages,

performance analysis, and current challenges associated with the fabrication of plasmonic biosensors,

photonic crystals, and the hybridization of both for cancer diagnosis are assessed. The primary focus is

on the development of biosensors that combine different shapes, sizes, and optical properties of metallic

and dielectric nanoparticles with various coupling techniques. The latter part discusses the challenges

and prospects of developing effective biosensors for early cancer diagnosis using dielectric and metallic

nanoparticles. These data will help the audience advance research and development of next-generation

plasmonic biosensors for effective cancer diagnosis.
1 Introduction

Cancer is a leading cause of death worldwide, accounting for
nearly 10 million deaths (one in six deaths) in 2020.1 Around
one-third of cancer deaths are due to tobacco use, high body
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mass index, alcohol consumption, low fruit and vegetable
intake, and lack of physical activity.2 A combination of genetic
factors and external agents such as chemicals, physical agents,
and biological carcinogens leads to the growth of abnormal
cells beyond their normal bounds, which is a major cause of
cancer disease. On the other hand, cancer-causing infections,
such as human papillomavirus (HPV) and hepatitis, are
responsible for approximately 30% of cancer cases in low and
lower-middle-income countries.3,4 Cancer can be classied by
its stages, proliferating rate, and organ of origin (breast, brain,
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lung, skin, etc.). Many types of cancer can be cured if detected
early and treated effectively.5 Thus, biosensors are introduced
for the detection of a wide range of cancer and other complex
diseases in clinical experiments,6 due to their reliability,7 fast,8

compatible,9 and user-friendly advantages.10
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Biosensors are a special category of sensors that detect
changes in biological processes and transform the biological
data into an electrical signal using components sequentially
arranged as bioreceptors (detect the analyte), transducers
(convert the cellular information into audible signals), and
electrical circuits (process the signal and display the displace-
ment in the display unit).11 The rst observation of biosensors
dates back to 1906 and was developed by M. Cremer to
demonstrate how much acid was in a liquid.12 Due to the vast
developments in nanotechnology, biosensors for a wide variety
of applications have been outpaced.13 As part of the healthcare
industry, biosensors play an important role in disease detection
and health monitoring, which supports 70% of physician
decisions.14 Biosensors can be classied depending on trans-
ducers or bioreceptors.15 Thus, based on bioreceptors, nucleic
acid/DNA, antibody–antigen, enzymes, and cells are some
examples.16 Furthermore, they were categorized based on the
type of transducer (see Fig. 1) as electrochemical, thermometer,
piezoelectric, and optical biosensors.
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Fig. 1 Schematic diagram of the classification of biosensors based on bioreceptors and transducers.

Nanoscale Advances Minireview

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 1
0:

21
:4

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
In particular, optical biosensors combine the principles of
optics and biochemistry to provide quantitative and qualitative
information about the bio-recognition element, by measuring
changes in absorbance, reectance, luminescence, and uo-
rescence due to specic biomolecular interactions.17 The optical
properties of plasmonic materials can be enhanced by
controlling the design parameters of nanostructures like shape
(nanospheres,18 nanorods,19 and nanopyramids), size (quantum
dot,20 NPs,21 and micro22), composition, conguration, and
environment of the nanostructures (optical ber, grating, high-
index prism, and waveguide). Plasmonic biosensors rely on the
interaction of light with metallic nanostructures to detect and
measure biological molecules. Therefore, the plasmonic
biosensors typically operate based on the tuning of the plas-
monic resonance through the interaction of light with metallic
nanostructures.23 Energy loss in the layers can broaden the
plasmonic resonance peaks, which can affect the accuracy and
precision of the biosensor's measurements.24 Broadened peaks
can make it more challenging to distinguish between different
analytes or lead to false positive or false negative results.25 To
mitigate the effects of energy loss in layers of plasmonic
biosensors, optimization of layer thickness, and advanced
fabrication techniques such as atomic layer deposition or
chemical vapor deposition, can be used to create high-quality
layers with reduced energy loss. These factors advance plas-
monic biosensor performances over conventional ones allowing
(i) label-free detection,26 (ii) real-time monitoring,27 (iii) high re-
usability,28 and (iv) simple sample treatments.29 The disadvan-
tages include (i) mass transportation limitations, (ii) non-
specicity of the binding surface, (iii) steric hindrance during
the binding event, and (iv) data misinterpretation.18,26,28

To overcome these limitations, nanophotonics community
fabricated photonic crystals and plasmonic biosensors.30
6384 | Nanoscale Adv., 2023, 5, 6382–6399
Photonic crystals are periodic structures that have a specic
refractive index pattern at the nanoscale size.31 Their optical
properties, such as the photonic bandgap, cause light of certain
wavelengths to be forbidden or highly conned within the
structure.32 When biomolecules interact with the photonic
crystal surface, they cause changes in the local refractive index,
leading to alterations in the light propagation characteristics.
These alterations can be measured as changes in the reection
or transmission of light, enabling the detection and analysis of
biomolecular interactions and resulting in photonic crystal
biosensors (PCB).33,34 The sensitivity of these biosensors is
directly inuenced by the overlap between the photonic
bandgap of the sensor and the spectral range of the incident
light or the wavelength at which the detection is performed.35

On the other hand, plasmonic biosensors utilize the unique
optical properties of plasmonic materials, such as metallic
nanoparticles or lms, which support the excitation of surface
plasmon polaritons (SPPs).36 SPPs are collective oscillations of
free electrons at the metal–dielectric interface resulting from
the coupling between the incident light and the metal surface.
Binding interactions between the target molecules and the
sensing surface cause measurable changes in the optical
response, such as a shi in the wavelength or a change in the
intensity of the reected or scattered light.37 This allows for the
detection and quantication of the analyte concentration or the
binding events happening in real time. Based on their design,
fabrication, and operation the plasmonic biosensors are clas-
sied into localized surface plasmon resonance (LSPR),38

plasmon-enhanced uorescence (PEF),39 surface-accelerated
Raman spectroscopy (SERS).40

Hybridization of photonic and plasmonic biosensors
combines the strengths of plasmonic and photonic crystal
biosensors to offer enhanced capabilities for sensing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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applications. The hybridization can involve incorporating
plasmonic nanostructures into photonic crystal structures or
utilizing plasmonic enhancements in conjunction with
photonic crystal platforms.41 Some notable hybridization tech-
niques include: plasmonic–photonic crystal nanoantennas,
plasmonic–photonic crystal waveguides, and plasmonic–
photonic crystal sensors42,43 with the core advantages of high
sensitivity, specicity, real-time detection, label-free analysis,
and the ability to measure multiple biomarkers simultaneously.
This helps to detect a wide range of cancer biomarkers,
including circulating tumor cells, DNAmutations, proteins, and
microRNAs.44 However, like any diagnostic tool, the selection of
the appropriate biomarker of interest, the sample type, and the
required sensitivity and specicity are the main requirements.
Currently, researchers continue to advance optical biosensing
technologies, aiming to enhance the performance and wider
clinical application in cancer diagnosis.

Therefore, in this review paper, we aim to provide an in-
depth analysis of the major contributions and novelty in the
elds of plasmonic biosensors, photonic crystal biosensors, and
the hybridization of photonic and plasmonic biosensors. We
explore the advancements in each biosensor type individually,
including their working principles, advantages, and limitations.
Furthermore, we discuss the recent breakthroughs in
combining plasmonic and photonic components to create
hybrid biosensors, which offer enhanced capabilities such as
increased sensitivity, improved multiplexing, and precise
control over excitation. The paper presents a comprehensive
overview of the cutting-edge research, highlighting the novel
approaches, innovative designs, and potential applications of
these biosensing technologies. By understanding the major
contributions and novelty in each area and exploring the
opportunities and challenges in hybrid biosensors, this review
paper provides valuable insights for researchers, engineers, and
practitioners striving to advance biosensing technologies for
various applications.

The rest of the work is organized as follows: Section 1
provides a general introduction to the topic, enriched by Section
2, which provides a broad and updated overview of modeling
and experimental techniques for different classes of plas-
monics. Section 3 gives a brief overview of different classes of
photonic crystal biosensors, followed by Section 4, where we
provide a broad and updated overview of plasmonic and
photonic crystal hybridization techniques. And nally, Section 5
summarizes the whole discussion of the work.
Fig. 2 Schematics of surface plasmon resonance phenomena. This
figure has been reproduced from ref. 58 with permission from the
Royal Society of Chemistry, copyright 2020.
2 Plasmonic biosensors for cancer
diagnosis

Plasmonic biosensors (PBs) have gained signicant attention in
recent years due to their numerous advantages and advance-
ments like: enhanced sensitivity and selectivity, label-free
detection, and miniaturization and portability. These advance-
ments have the potential to revolutionize diagnostics, enhance
healthcare delivery, and contribute to scientic advancements
in various elds. PBs are grouped into: those that use thin
© 2023 The Author(s). Published by the Royal Society of Chemistry
metallic lms and individual inorganic plasmon resonant
nanostructures.45 Within each class, there are many sensing
modalities developed to provide extraordinary capabilities of
high sensitivity, specicity, and real-time monitoring of bio-
logical analytes in the eld of cancer diagnosis.46,47 Over the
years, new sensing strategies and systems have been developed
employing theoretical, experimental, and computational
advancements.48–50

Under theoretical advances such as nite-difference time-
domain (FDTD),51 rigorous coupled-wave analysis (RCWA),52

boundary element methods (BEMs),53 and transfer matrix
element (TME)54 methods have been applied to better under-
stand and predict the optical properties and sensing perfor-
mance of plasmonic structures. In addition, due to
experimental advances, enhanced fabrication techniques (such
as nanosphere lithography, electron beam lithography, and
nanoimprint lithography) and improved surface functionaliza-
tion have been developed considering temperature dependence
coating to enable better reproducibility and scalability in
biosensor fabrication.23 Temperature dependence of the coating
affects the sensor's response by improving refractive index,
signal stability, and establishing proper calibration and
normalization.55,56 Furthermore, some computational advances
are: high-performance computing, machine learning and data
analytics have been applied to handle the large datasets
generated by plasmonic biosensors. These techniques aid in the
identication of specic binding events, noise reduction, and
the extraction of valuable information from complex sensor
responses.57 In the proceeding subsections, we review different
classications, experimental and theoretical designs, sensor
and detection mechanisms, and limitations and future
perspectives of recent plasmonic biosensors in detail.
2.1 Surface plasmonic resonance biosensors (SPRBs)

The interaction of incident photons at a certain angle of inci-
dence with shiny MNPs (Ag, Au, Al, etc.) on a metallic surface
(dielectric materials) resulted in, the collective oscillations of
free electrons in a parallel direction to the metallic surface
called surface plasmon61,62 as seen in Fig. 2. These can be
Nanoscale Adv., 2023, 5, 6382–6399 | 6385
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explicitly explained in terms of before and aer Brewster angle.
Studying the SPRB behavior before the Brewster angle allows for
maximizing the sensitivity and performing highly accurate
molecular detection or quantication.63 And dealing aer the
Brewster angle can provide insights into the suppression
mechanisms of surface plasmons and their potential use in
Fig. 3 Different modalities of SPRB applied for the detection of cancer c
46 with permission from Springer Nature, copyright 2016. (c & d) Plasm
permission from Springer Nature, copyright 2014. (e & f) Fiber optic base
Springer Nature, copyright 2015. (g & h) Multi-layer metallic surface base
American Chemical Society, copyright 2021.

6386 | Nanoscale Adv., 2023, 5, 6382–6399
applications where sensitivity requirements are different, such
as in chip-based integrated systems or for refractive index
determination.64 On the other hand, the interaction of resulted
in surface plasmons with the biological sample generates an
electric eld (in the range of 100 to 600 nm) which is different
from bare (without a biological sample).65 This phenomenon
ells. (a & b) Prism-based SPR. This figure has been reproduced from ref.
onic micro-arrays. This figure has been reproduced from ref. 49 with
d. This figure has been reproduced from ref. 59 with permission from
d. This figure has been reproduced from ref. 60 with permission from

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematics of localized surface plasmon resonance. This figure
has been reproduced from ref. 58 with permission from the Royal
Society of Chemistry, copyright 2020.
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results in a surface plasmon resonance biosensor (SPRB). The
advancement in standard components of SPRBs such as the
light source, detector, coupling components (grating, prism,
optical ber and wave-guide) and imaging optical system leads
to the use of SPRBs in applications ranging from environmental
protection to medical services.66,67

Thus the rst SPRB with the components of light, gratings,
and dielectric materials was introduced in 1902 by R. W. Wood,
which was applied to observe patterns of unusual dark and light
bands in reected light.68 Following, the theoretical formulation
of MNP spectroscopy in dielectrics was given by J. C. Maxwell
Garnett in 1904.69 In addition, the theoretical conclusion of
surface plasmons supported by the network was given in 1941
by U. Fano.70 Furthermore, the excitation of surface waves on
a metal-lm surface with attenuated total reection (ATR)
techniques was simultaneously proved.71,72 These allow light to
be conned below the diffraction limit and open up sub-
wavelength photonic device integration.

Multiple factors inuence the sensitivity of SPRBs; under-
standing these factors is crucial for optimizing the performance
and achieving the desired sensitivity levels. For example (i)
plasmonic structure design: factors such as the number of
layers (sensitivity increases with the number of layers73,74),
material composition (higher refractive index results in greater
sensitivity75), and coatings (coating thickness, techniques,
composition, stability, and functionalization methods should
be considered to ensure efficient and specic analyte binding76),
(ii) analyte concentration: lower detection limits and greater
sensitivity can be achieved when lower concentrations of ana-
lytes can be reliably detected.74,77 (iii) Noise reduction: such as
non-specic binding or uctuations in the refractive index of
the surrounding medium, can mask the sensor response and
decrease sensitivity.76 (iv) Environmental factors: such as
temperature, pH, humidity, and buffer composition can inu-
ence the performance and sensitivity of the biosensor.78

Considering these, it has followed that several modalities have
been developed for a wide range of applications in different
modalities (see Fig. 3).

Recently, Zeng et al.46 theoretically designed SPRBs using
silicon nanosheets and two-dimensional transition metal
dichalcogenides (Fig. 3a). Their conguration was governed by
Fresnel equations and transfer matrix method in the visible and
near-infrared wavelength range. From reectivity spectra
(Fig. 3(b)), the sensitivity, full width at half maximum, and
much better performance than that of the conventional sensing
scheme were observed. However, the scheme they developed
was difficult to perform experimentally. Following this, Cetin
et al.49 fabricated a compact optoelectronic sensor which was 7.5
cm tall and weighed 60 g (Fig. 3(c)) for high-throughput
screening of biomolecular interactions. By employing pPlas-
monic micro-arrays coupled with a lens-free computational
imaging system, the diffraction patterns (Fig. 3(d)) of plasmonic
nanostructures were recorded under uniform illumination
using a single-light emitting diode tuned to the plasmonic
mode of the nanoapertures. The fabricated label-free biosensor
was applied for the quantitative detection of mono and bilayer
proteins with a thickness of 3 nm only.
© 2023 The Author(s). Published by the Royal Society of Chemistry
In addition, Liu et al.59 reported a more lightweight and cost-
effective ber optic SPRB made up of light-guiding silica capil-
lary coated with a 50 nm gold lm that linked with an easily
removable smartphone case (see Fig. 3(e)). In this platform the
phone case is used as a light source (LED ash) and detector
(phone camera), to record the light intensity of different
concentrations (Fig. 3(f)) of antibody binding every 0.5 seconds.
However, the phone case and SPRB connector need more
sophisticated Android application and hardware. Thus, to
congure the relative merits of one conguration over the other,
Radha et al.60 proposed a multi-layer metallic surface (Ag, Al, Au
and Cu as seen in Fig. 3(g)) employing N-layer matrix formalism.
Their work reveals that the use of Al/Cu/Al/Cu conguration
provides the extraordinary (1433.82 RIU−1) gure of merit
(FOM) (Fig. 3(h)) for detecting analytes with only refractive
index in the range of 1.350 to 1.414.

In general, SPRBs detect alterations in the refractive index to
assess molecules bound to a metal surface with rapid and real-
time evaluation, excellent selectivity, and reproducible
response. These characteristics render them an excellent
approach for detecting potential markers in cancers.79 Despite
these advances, some limitations of SPRB are (i) anything that
alters the refractive index at the sensing surface will interfere
with the analysis including nonhomogeneous (complex) sample
matrices, and nonspecic binding interactions,80 (ii) the ligand
may not maintain its native conguration upon immobilization
on the sensor chip surface,81 and (iii) limited sensor area,
leading to a diminished capacity.82
2.2 Localized surface plasmon resonance biosensors

When light and conductive nanoparticles interact, prominent
spectrum absorption and signicant electromagnetic near-eld
enhancements result.66 If the frequency of incident light
matches with the frequency of the collective movement of the
near eld, the strongly localized oscillation of surface electrons
in the range of 50 to 100 nm resulted83 as shown in Fig. 4. This
phenomenon is called localized surface plasmon resonance
(LSPR). Due to resonance conditions in LSPR being higher than
Nanoscale Adv., 2023, 5, 6382–6399 | 6387
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that of SPR, LSPR-based biosensors are more responsive than
those of SPRBs.67 Therefore, LSPR-based biosensors have high-
sensitivity and high-resolution imaging.84

There are two main sensor modes under LSPR: the rst is
wavelength-shi sensing, which tracks the light wavelengths
that cause the collective oscillation using UV-Vis spectroscopy.58

The variations in the wavelength extinction curves can be used
to monitor changes in the refractive index caused by the
adsorption of the target analyte. The second method relies on
the emergence of stronger electromagnetic elds that emanate
from the nonstructural surface.85

Recently, employing the phenomena of LSPR, Chang et al.50

demonstrated the bio-compatible, highly sensitive and
responsive metal–insulator–metal nanodisks sensors (see
Fig. 5(a) and (b)) that were applied to detect A549 cancer cells in
different solutions. Their experimental investigation shows the
new development of on-chip microuidic biosensors for the
Fig. 5 Different modalities of LSPR applied for the detection of cancer ce
figure has been reproduced from ref. 46 with permission from Springer N
figure has been reproduced from ref. 58 with permission from the Roy
biosensor. This figure has been reproduced from ref. 86 with permission

6388 | Nanoscale Adv., 2023, 5, 6382–6399
detection of cancer cells on polar and nonplanar surfaces.
Besides, Huang et al.58 utilized an automated microuidic-
based LSPR biosensor for multiplex inammatory biomarker
detection under different reagent conditions (see Fig. 5(c) and
(d)). They report rapid, multiplex, and multiparallel continuous
inammatory biomarker detection, which would be benecial
for various medical applications. Moreover, Nan et al.86 manu-
factured a wearable LSPR-based biosensor by depositing gold
nanoparticle (AuNP) layers on a 3-aminopropyltriethoxysilane
(APTES)-functionalized poly(dimethylsiloxane) (PDMS)
substrate, to detect cortisol levels in the human body (see
Fig. 5(e) and (f)). Their newly reported biosensor exhibited (i)
excellent detection ability in cortisol solutions of various
concentrations ranging from 0.1 to 1000 nM with a detection
limit of 0.1 nM, (ii) good stability under various mechanical
deformations, and (iii) measured cortisol levels in different
environmental setups.
lls. (a & b) Metal–insulator–metal nanodisk-based LSPR biosensor. This
ature, copyright 2018. (c & d) Microfluidic-based LSPR biosensor. This

al Society of Chemistry, copyright 2020. (e & f) Wearable LSPR-based
from MDPI, copyright 2023.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic diagram of the general phenomena of SERS. This
figure has been reproduced from ref. 91 with permission from Amer-
ican Chemical Society, copyright 2018.
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To this end, the LSPR biosensor has the following inherent
advantages because of the small size of a localized plasmon
evanescent eld, it can be carried out with straightforward
instrumentation, room light, and the human eye is sufficient to
observe some of the reactions; sensor chips for the instrument
can be produced at a more affordable price, user-friendly, and
easier to use andmaintain.85,87 Some basic disadvantages are: (i)
the linearity of LSPR biosensors is highly affected by the optical
properties of colloid NPs, this enforced to use of only shiny
MNPs like Au.88 (ii) The sensitivity is highly affected by
a combination method of target chemicals and chromogenic
reagents; this requires reasonable sample preparations.89 (iii)
The selectivity of such biosensors is dependent on the type,
concentration, and preparation method of analytes.90
2.3 Surface-enhanced Raman spectroscopy

The interaction of photons with molecules resulted in either
elastic (Rayleigh), or inelastic (Raman) scattering.94 As a result of
this interaction, photons may gain energy from a molecule that
undergoes the opposite process (anti-Stokes Raman scattering) or
lose energy in favor of a molecule that advances from the ground
state to its rst excited vibrational state (Stokes Raman scat-
tering).48 And the in-elastically scattered photons contain infor-
mation on the vibrational modes of the molecules they interact
with95 as seen in Fig. 6. For the rst time, these phenomena were
observed in 1974 by Fleischmann who reported an unexpectedly
large Raman signal from pyridine adsorbed on a roughened
silver electrode.96 Following, Jeanmaire and van Duyne and
Albrecht and Creighton conrmed Fleishman's ndings and
hypothesized that this phenomenon originated from strong
electrochemical electric elds at the metal surface (Jeanmaire) or
by the formation of a molecule–metal complex (Albrecht); lately,
Moskovits proposed that the large signal originated from the
optical excitation of collective oscillations of the electrons in the
metallic nanosized features at the surface.97

Employing the above progress, Xu et al.48 designed a graphene-
mediated SERS substrate to result in electromagnetic “hot” spot
signals (Fig. 7(a) and (b)). These signals are free from various
metal–molecule interactions and are more stable against photo-
© 2023 The Author(s). Published by the Royal Society of Chemistry
induced damage and have interesting advantages over normal
SERS. Thus, their work enables direct, real-time and reliable
detection of trace amounts of analytes in various systems, with
high efficiency and universality of analysis substrates. In addition,
Polavarapu et al.92 with high motivation in recent advances in
conductive ink pens for electronic devices on paper (Fig. 7(c) and
(d)), presented a simple “pen-on-paper”-based SERS substrate.
The proposed “pen-on-paper” substrate writes SERS arrays using
plasmonic inks (made of silver nanospheres, gold nanospheres,
and gold nanorods), that can be used with various excitation
wavelengths. Their method offers cost-effective, portable, and
efficient SERS substrates for point of care applications.

Recently, Jung et al.93 reported a wearable surface-enhanced
Raman scattering (SERS) sensor, as seen in Fig. 7(e) and (f). That
constituted of a SERS active layer, dermal protecting layer
(prevents damage and contaminations), silk broin protein lm
layer (absorbs aqueous solutions and ltrate molecules larger
than the nanopores), plasmonic silver nanowire (to enhance the
Raman signal of the molecules that penetrated through the
SERS patch), and transparent dermal protecting layer (allows
laser penetration to the plasmonic layer to enable Raman
measurement through the SERS patch without its detachment
from the surface). They investigated the feasibility of the
proposed wearable SERS biosensor by applying it for drug
detection on the human cadaver skin.

Moreover, Cetin et al.,49 presented a wearable plasmonic–
electronic sensor by using a thin layer of a hydrogel loaded with
sweat gland secretion molecules (acetylcholine chloride) that
stimulate sweat gland secretions, which were attached to two
spiral fractal mesh electrodes (see Fig. 7(e) and (f)). The fabri-
cated biosensor successfully monitored the variation of trace
amounts of drugs inside the body and obtained an individual's
drug metabolic prole. These solve the existing gap in wearable
sensing technology by providing a universal, sensitive molec-
ular tracking means to assess human health.

Indeed, SERS shows a broad range of advantages: (i) possible
unique ngerprint signature of the analyte causing high selec-
tivity,92 (ii) easy sample preparation method,95 (iii) no signal
interference from the analyte medium, which is usually water-
based, (iv) single-molecule detection,93 (v) potential for multi-
plexed sensing with a single laser beam, (vi) high throughput,
and (vii) POC applicability by using commercially available
portable Raman probes.92
2.4 Plasmonic biosensors: cancer detection mechanism and
performance analysis

Plasmonic biosensors are optical sensing devices that utilize the
interaction of light with surface plasmons, which are collective
oscillations of free electrons or electric eld distribution at the
metal–dielectric interface. To derive the electric eld distribu-
tion, Maxwell's equations and appropriate boundary conditions
were applied. By considering a plane wave incident normally
from the dielectric side onto the metal–dielectric interface, the
electric eld distribution in the structure can be described by an
incident eld (Einc = E0 e(−ikd × z) for E0 is the incident eld
amplitude, k is the wavevector, and d is the thickness of the
Nanoscale Adv., 2023, 5, 6382–6399 | 6389
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Fig. 7 Recently developed SER biosensor. (a) Graphene mediated SER biosensor, and (b) spectra of the graphene-based SER biosensor. This
figure has been reproduced from ref. 48 with permission from PNAS, copyright 2012. (c) Pen-on-paper-based SER biosensor and (d) perfor-
mance analysis of the pen-on-paper-based SER biosensor with different nanoparticle types, shapes, and sizes. This figure has been reproduced
from ref. 92 with permission from the Royal Society of Chemistry, copyright 2014. (e) Wearable SER biosensor and (f) spectra of the wearable SER
biosensor. This figure has been reproduced from ref. 93 with permission from American Chemical Society, copyright 2021.
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dielectric substrate), a transmitted eld (Etra = Etra = t × Einc
e(−ikm× z), where t is the transmission coefficient andm= k2 −
k1 = (2p/l) × (n2 − n1) represents the parallel wave vector
component. And for the transmitted eld, we can use Snell's law
to relate the angle of incidence (q1) and the angle of transmission
(q2)) sin(q1)/sin(q2) = n1/n2, and a reected eld (Eref = r × Einc,
where r is reection coefficient). Using the boundary conditions,
we can relate the electric eld components at the interface as

Ez(z = d) = Etra + Eref = Einc + GSPPESPPT. (1)

where GSPP is the coupling coefficient between the SPP modes
and the sensing layer, T represents the transmission coefficient
of the dielectric spacer, and ESPP represents the SPP wave.

The recognition material (antibodies) was crucial in identi-
fying the cancer biomarker for biosensors.11 The antibodies are
6390 | Nanoscale Adv., 2023, 5, 6382–6399
created as a substance with an affinity that can also be
employed as an analyte for detection purposes. Furthermore,
these antibodies are applied to target any cancer biomarkers.46

In addition, to identify andmore precisely prole different types
of cancer, CTCs and ctDNA offer deeper insight into the
dynamic oscillations and traits of the tumor disease. Their
insufficient quantity and inherent heterogeneity make detect-
ing CTCs and ctDNA more challenging. Thus, several photonic
device integration methods should be dispersed for effective
illness detection methods: intensity, wavelength, angle, and
phase-interrogated devices to generate SPPs. The benet of
using angle interrogation is that it offers a high signal-to-noise
ratio (SNR) and a single source of input radiation. With this
consideration the reectance of laser light from nanosurface
and biological molecule (gene) interaction mathematically
given by eqn (2) to eqn (4) as98 interaction takes the form,99
© 2023 The Author(s). Published by the Royal Society of Chemistry
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rLd ¼ 3mkp � 3pkm

3mkp � 3pkm
; (2)

rdm ¼ 3dkp � 3dkd

3dkm � 3mkd
; (3)

and

rpA ¼ 3Akd � 3AkA

3Akd � 3dkA
: (4)

where the reectance of laser-dielectric surface (rLd), dielectric-
MNPs (rdm) and plasmonic eld-biomolecule (rpA), 3A, 3d, and 3m

are permittivity of the biological analyte, dielectric surface, and
metallic surface, respectively.

The overall reection coefficient of the output eld is dis-
cussed employing eqn (2) to (4) as

rLmdA ¼ rdm þ rLdA e2jkmpA

1þ rLmdA e2jkmdA
: (5)

In addition, the propagation constant of resulting biosignals
takes the form100

ksp ¼ 2p

l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3A3d3m

3d þ 3m

r
: (6)

Employing eqn (5) the performance analysis of plasmonic
biosensor in angle interrogation modalities are dened by100
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Fig. 8 Design and optical phenomena of a photonic crystal. (a) Shows th
layers having a low and high refractive index, photonic crystal–light inte
photonic band gap reflection spectra. This figure has been reproduced
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proposed biosensor are outpaced. Here Dl and Dnanalyte are
changes in the refractive index of the resonance peak and
biomolecules, respectively. Besides, the gure of merit (FOM) is
also given as the ratio of sensitivity to FWHM,102 and resolution�
R ¼ Dnc

Dlins
Dl

�
,50,103 for, Dlins is the resolution of instrumental

peak wavelength.
3 Photonic crystal-based biosensors
for cancer diagnosis

Electron–electron interactions and electron–phonon scattering
in real materials were rst understood by Anderson and Mott's
observations of electronic localization in disordered solids. The
concept provided the basis for understanding the strong
e design of photonic crystals with a different arrangement of dielectric
raction, and how light behaves. (b) Shows a Bragg reflector with broad
from ref. 109 with permission from IEEE, copyright 2002.
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localization of photons in certain disordered dielectric super-
lattices104,105 and raised the concept of the fabrication of
photonic crystals.106 Photonic crystals (PCs) are photonic
structures fabricated or designed using the periodic arrange-
ment of dielectric materials, in either the micro-structure107 or
non-structural shape (in 1D, 2D, and 3D) in repeating fashions
to guide light wave propagation into very strong connement.108
Fig. 9 Different modalities of a PCW biosensor. (a) Slotted PCWwith ring
refractive indices. This figure has been reproduced from ref. 120 with perm
mode waveguides, and (d) fundamental and second-order mode field o
from Springer Nature, copyright 2021.

6392 | Nanoscale Adv., 2023, 5, 6382–6399
PC structures appear in a variety of geometries, like slabs,
colloids, Bragg reectors, microcavities, and opals. The optical
phenomenon of those structures is explained in terms of simple
Bragg structure, a detailed description is given in Fig. 8.

Photonic crystals may exhibit resonance shis or modica-
tions due to changes in the interaction between incident light
and the crystal structure. Studying photonic crystals' interaction
-shaped hole, and (b) sensitivity analysis of slotted PCW under different
ission from Springer Nature, copyright 2019. (c) PCWwith two single-

f PCW. This figure has been reproduced from ref. 121 with permission

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with light before and aer the Brewster angle can facilitate the
exploration of enhanced light control, such as low reection,
transmission ltering, or waveguiding effects. These properties
can be advantageous for designing optical devices, including
sensors, lasers, or modulators by allowing the connement of
light into the nanoscale range owing to the existence of
a photonic band gap in which light propagation is forbidden.110

This band gap can be modied using either line or point defects
to control the ow of input light and decide the direction of
Fig. 10 Cavity coupled PC biosensor. (a) Suspended PCCwith hexagonal
reproduced from ref. 125 with permission from Springer Nature, copyrigh
shaped PCC. This figure has been reproduced from ref. 126 with permis

© 2023 The Author(s). Published by the Royal Society of Chemistry
propagation.111 As a result, photonic crystals can be applied to
quantum technologies,112 optomechanics,113 photonics,114

optoelectronics,115 signal processing,116 and many other elds.
Examples include gas photonic papers,117 reective at
displays,118 inkless printing,119 and sensing. Specically, the
application of PC for point of care application has attracted
considerable attention and is dispensed in waveguide and
cavity-coupled modes.
boron nitride. (b) FDTD spectra of suspended PCC. This figure has been
t 2018. (c) Capsule-shaped PCC. (d) Performance analysis of capsule-
sion from MDPI, copyright 2023.
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3.1 Wave guide-based PC biosensors

Photonic crystal–light interaction causes extraordinary light
reection that depends on the period and the effective refractive
index (ml = 2neffd).122,123 For m, l, neff, and d are the diffraction
order, wavelength of the reected light, effective refractive index
of the periodic structure, and the lattice period of the crystal,
respectively. On the other hand, based on the exact periodic
modulation, PC may possess a photonic band gap (PBG).124

Thus many pioneers introduced PC waveguides (PCWs) to allow
the propagation of a narrow range of wavelengths within the
photonic band gap range.111

Thus, Kassa et al.120 investigated the slotted PCW with
a triangular lattice pattern of ring-shaped holes (see Fig. 9(a)
and (b)) at mid-infrared wavelengths. The 3D simulation results
show that the proposed guide geometry leads to a very high
sensitivity (device insertion loss level of 3 dB), is highly affected
by variations in the ambient environment index, and varies with
opto-geometric factors. Following, Torrijos et al.121 fabricated
a silicon structure surrounded by a silica cladding PCW with
two single-mode waveguides at the input/output ports that
result in polarization electromagnetic mode and a rectangular
taper between the uniform and periodic bimodal parts (see
Fig. 9(c) and (d)), to exhibit a large group velocity difference for
optical path reduction. The results revealed that the single-
channel bimodal periodic structure was highly recommended
for optical interferometers, slow light regime results in higher
phase-shi sensitivity, and high sensing operation (104 2 rad
RIU−1 cm−1) for different ethanol dilutions in DIW are reported.
3.2 Cavity-coupled PC biosensors

Engineering of light–matter interaction using quantum emit-
ters attracts many scientic communities because of their
potential application in quantum optics, quantum information
processing, sensors, etc.127 Specically, the realization of effec-
tive PC sensors requires either removing or changing the size
and shape of given optical materials. Thus, PC cavities (PCCs)
are engineered by creating local defects on the lattice geometry
of periodic PC structures and/or by breaking the completeness
of the PC band gap, to result in light connement into very
small areas that are capable of strong light–sample interactions
128 This has potential for lab-on-a-chip optical sensing applica-
tions along with the possibility of achieving high quality factors.
Table 1 Comparative analysis of different plasmonic and photonic cryst

Methods Layer order FoM

SPRB Analyte/Fe2O3/Ag/prism —
Ag-TiSi2-BP 45.26 (R
CaF2/TiO2/Ag/BP/graphite 87.95 (R
Prism/Ag/AlAs/TIBr/BP 79.72 (R

PCB Silicon road with air 612.95 (
Silicon PC/hexagonal cavity 980 (nm
5 × 5 silicon rods/air 99.765 (

PPCB Ag/air/GaAs 60.1 (RIU
Si-PC/Ag/SiO2/analyte 2388 (RI
Nested circular metallic split-ring resonators 2083 (RI

6394 | Nanoscale Adv., 2023, 5, 6382–6399
With these considerations, Kim et al.,125 engineered high-
quality factor-suspended PCC using hexagonal boron nitride
(Fig. 10(a)). Following the procedures of (i) highly crystalline
hBN akes were exfoliated from sticky tape, and deposited onto
trenched silicon substrates, (ii) tape residuals were removed by
calcination in air for 2 h at 450 °C on a hot plate, (iii) desorption
of contaminants and an increase of adhesion of akes to the
substrate were achieved by annealing in a tube furnace with
argon at 850 °C for 30 min, (iv) by employing the EBIE etching
method, a tungsten lm was deposited in a homebuilt plasma
sputter deposition chamber, (v) using focused ion beam (FIB)
the cavities were fabricated, and (vi) nally, optical measure-
ments were performed (Fig. 10(b)).

In addition, Maache et al.126 fabricated a capsule-shaped PCC
(Fig. 10(c)) sensor for glucose concentration detection based on
the change in refractive index (RI) with a sample inltrated into
the cavity. They reported a sufficient and efficient detecting PCC
sensor with a high sensitivity (546.72 nm RIU−1), quality factor
(2066.24), a low detection limit (1.44 × 104 RIU), and high
transmission value (97%) (Fig. 10(d)).
4 Hybridization of plasmonic and
photonic crystals

The interaction between photons and plasmons allows for
strong light–matter interactions, leading to enhanced light
connement and manipulation at the nanoscale. This is ach-
ieved by incorporating metallic nanostructures, such as nano-
wires or nanorods, into a periodic dielectric or semiconductor
matrix. The metallic nanostructures support surface plasmon
polaritons (SPPs), which are hybrid resonances of electromag-
netic waves and collective electron oscillations at the metal–
dielectric interface. Thus, hybrid plasmonic and photonic
crystal biosensors (plasmonic–photonic crystals (PPCBs)) are
engineered structures that combine the properties of both
plasmonics and photonic crystals.132 These structures are
designed to control and manipulate the propagation of both
photons and plasmons simultaneously, offering unique
opportunities for various applications. In PPCBs, the periodicity
is achieved along one dimension.

The periodic arrangement of metallic and dielectric
components in 1D plasmonic PCs leads to the formation of
als and hybrid mode biosensors

LoD Sensitivity Reference

0.17 (degree) 365 (degree per RIU) 74
IU−1) 0.21 (degree) 218.6 (degree per RIU) 133
IU−1) 0.464 (degree) 390 (degree per RIU) 134
IU−1) — 475 (degree per RIU) 135
RIU−1) — 263.57 (nm RIU−1) 136
RIU−1) — 915.75 (nm RIU−1) 137
RIU−1) — 2360.12 (nm RIU−1) 138
−1) — 714.3 (nm RIU−1) 137
U−1) — 1672 (nm RIU−1) 131
U−1) — 1250 (nm RIU−1) 139

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Hybridization of the plasmonic and photonic crystals. (a) Model of Bragg mirror in different alternating orders, and (b) S and P-polarized
light spectra. This figure has been reproduced from ref. 129 with permission from Springer Nature, copyright 2016. (c) 1D and 3D opal-like
photonic crystals made up of Au layers with an FCC lattice and (d) transmission spectra of 1D and 3D opal-like photonic crystals. This figure has
been reproduced from ref. 130 with permission from Springer Nature, copyright 2019. (e) Metallic rods embedded in a rod-type photonic crystal
and (f) FDTD simulation spectra. This figure has been reproduced from ref. 131 with permission from Springer Nature, copyright 2022.
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band gaps, also known as photonic band gaps, where certain
frequency ranges are forbidden for photon propagation. These
band gaps can be tuned by adjusting the geometric parameters
of the nanostructures, such as the size, shape, and periodicity.
By controlling the band gap, plasmonic PCs allow for efficient
light manipulation, such as guiding, ltering, and trapping of
light in nanoscale devices for applications in sensing, imaging,
and integrated photonics. The introduction of metal–dielectric
layers over plasmonic materials has allowed light manipulation
at subwavelengths and beyond diffraction limits due to its
integration capabilities with other components such as split-
ters, waveguides, logic gates, switches, and lters.45–47 Before
and aer the Brewster angle, the hybrid functionality can allow
for optimizing light–matter interactions, incorporating angle-
dependent effects, and enhancing sensitivity or selectivity
(Table 1).

PPCBs can nd applications in biological sensing, integrated
optics, or optoelectronic devices, where the combination of
resonance phenomena, surface plasmons, and photonic
bandgap engineering is crucial.140 However, the high dissipa-
tion rate limits their application.82 Also, the PC guides the
propagation of light waves to very tight connement, which
minimizes coupling losses, operating bandwidth, and tuning
modes. As a result, PC-based biosensors are only capable of
detecting analytes in a small area.104,105 Thus, several solutions
to this problem were outpaced recently as, (i) search for novel
materials with a lower dissipation, (ii) utilization of the SPP
modes of interaction in multi-interface systems to result in the
excitation of long-range SPPs, (iii) engineering several channels
of SPPs, and (iv) hybridization of nanomaterials with photonic
and plasmonic properties.

Recently, several hybridization mechanisms have been out-
paced. For example, Sosnova et al.129 gave a brief theoretical
demonstration of the hybrid plasmonic guided 1D PC based on
a Bragg mirror (Fig. 11(a)). The simulation results showed that
the hybrid P-PC mode resulted in low broadening (Fig. 11(b))
due to the redistribution of the electric eld intensity between
the photonic mode and SPP. These results were three times the
Q-factor than for SPP-based biosensors of similar structures
without a Bragg mirror. In addition, Koryukin et al.130 investi-
gated the light transmission of hybrid Tamm-surface plas-
monic–photonic mode in 1D and 3D congurations. They used
the opal-like photonic crystal made up of Au layers with an FCC
lattice to connect individual dielectric spheres on the surface of
PC (Fig. 11(c)). The simulation of the transmission spectra was
obtained using various parameters in the nite-difference time-
domain (FDTD) method. Their result depicted that the trans-
mission spectra of one-dimensional plasmonic–photonic crys-
tals were maximum inside the photonic bandgap due to
excitation of TPPs and 3D opal-like plasmonic–photonic crystals
have no transmission peak in the bandgap due to unconven-
tional Tamm state. Furthermore, Hajshahvaladi et al.131

designed hybrid plasmonic–photonic crystals (P-PhC) using
metallic rods embedded in a rod-type photonic crystal (PhC)
structure (Fig. 11(e)). From numerical simulations of the FDTD
method (Fig. 11(f)), they reported the use of metallic rods in the
coupling regions between waveguides and the resonant cavity
6396 | Nanoscale Adv., 2023, 5, 6382–6399
signicantly increases the interaction of the optical eld and
analyte inside the cavity, these results in high Q-factor (sensi-
tivity of 1672 nm RIU−1 and gure of merit (FoM) of 2388 RIU−1)
at optical communication wavelengths.

5 Conclusion

In this review, we have investigated the current status and
future potential of the fundamental physics of light–matter
interaction and advanced techniques for engineering light to
sub-wavelength scales. Our focus has been on theoretical and
experimental aspects of various biosensor technologies,
including SPP, LSPP, SERs, PCW, and PCC, with specic
applications in cancer diagnosis. We have emphasized the
state-of-the-art modeling methods and experimental tech-
niques developed in the past decade to uncover the intricate
interaction of light with nanostructured optical materials, such
as noble metals, highly doped semiconductors, and hybrid
plasmonic–photonic crystal materials. Through the presenta-
tion of recent studies, we have demonstrated the advancements
in understanding light–matter interaction with exceptional
spatial and temporal resolutions. This knowledge is crucial for
the future development of highly functional and effective
optical biosensors by enabling precise measurements and
a deeper understanding of the ultrafast response of plasmonic
materials at the nanoscale.

Furthermore, exploration of nanofabrication techniques can
enhance the design and fabrication of biosensors with
improved sensitivity and selectivity for specic cancer
biomarkers. Integrating multiplexing capabilities can enable
simultaneous detection of multiple biomarkers, enhancing
diagnostic accuracy. The integration of plasmonic–photonic
crystal biosensors with microuidic technologies can lead to
miniaturized devices for point-of-care diagnostics. Clinical
validation studies are crucial to assess performance and reli-
ability. Additionally, integrating articial intelligence and
machine learning algorithms can enhance data analysis and
interpretation, enabling automated and more accurate cancer
diagnosis. By pursuing these research avenues, plasmonic–
photonic crystal biosensors have the potential to revolutionize
cancer diagnosis, enabling earlier detection and personalized
treatment approaches.
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