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1 Recent advances in merging photonic crystal and plasmonics for
12 bioanalytical applications
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Bing Liu,” ® Hosein Monshat,” Zhongze Gu, ™ ° Meng Lu,”® and Xiangwei Zhao "

DOI: 10.1039/x0xx00000x Photonic crystal (PhC) and plasmonic nanostructures offer the unprecedented capability to control the interaction of light

and biomolecules on the nanoscale. Based on the PhC and plasmonic phenomena, a variety of analytical techniques have
www.rsc.org/ been demonstrated and successfully implemented in many fields, such as biological sciences, clinical diagnosis, drug
discovery, and environmental monitoring. During the past decades, the PhC and plasmonic technologies have progressed
in parallel with their pros and cons. The merging of photonic crystal with plasmonics will significantly improve biosensor

performances and enlarge the linear detection range of analytical targets. Here, we review the state-of-the-art biosensors
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that combine the PhC and plasmonic nanomaterial for quantitative analysis. The optical mechanisms of the PhCs,

N

plasmonic crystals, and metal nanoparticles (NPs) are presented, along with their integration and potential applications. By

w

explaining the optical coupling of photonics crystals and plasmonics, the review manifests how the PhC-plasmonic hybrid
biosensors can achieve the advantages, including high sensitivity, low cost, and short assay time as well. The review also
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Introduction

Photonic crystal (PhC) and plasmonic nanostructures are capable of
manipulating the interaction of light and biomolecules on the micro
and nanoscale, which are widely used in biosensors.”® In particular,
the optical resonances supported by nanophotonic devices have
been harnessed to facilitate the analysis of biomaterials, such as
small compounds, DNAs, proteins, and cells.”® This new category of
analytical methods offers many advantages, including high
sensitivity, low cost, and short assay time as well. In the past two
decades, photonic crystal and plasmonic has been developed in

challenges and

future opportunities in the fascinating field.

and open the path to novel biosensing applications. As a
minireview, the paper first briefly discusses the features of PhC and
plasmonic nanostructures. Then, we present the recent
developments in integrating PhCs and plasmonics into a single
device and elaborate how to use the coupling of these two optical
resonances for bioanalytical applications.

Yablonovitch and John in 1987 demonstrated the first PhC
devices which consisted of periodic structures with alternating
refractive indexes.'® Later, the PhCs have been exploited to
guide, localize, and manipulate light on a sub-wavelength scale.

. . . . 12-17
37 parallel, and both materials have been successfully implemented to  Cunningham et al. first reported label-free detection with PZCS;
. . . . 18, 1
38 many analytical methods depending on their unique optical There are two major categories of PhCs, including PhC slabs 2:?and
. . . . . . , 21
39 characteristics. On the other hand, the combination of these two three-dimensional (3D) photonic crystal of dielectric materials.
40 types of nanophotonic technologies can integrate mu|t|p|e The PhC slabs refer to the dielectric WaVegUide with one- (1D) and
41 detection mechanisms into a single device with enhanced two-dimensional (2D) pezrziodic modulation of material refractive
42 performances. The hybrid sensors can take advantage of the index along the surface.” The PhC slab may carry linear or 2D
43 collective PhC-plasmonic resonances of metal and dielectric 8ratings, such as arrays of holes or posts arranged in a rectangular
44 cavities. Because the coupled PhC-plasmonic resonances can be ©r hexagonal grid, which have been designed to support different
45 precisely engineered using the state-of-the-art nanofabrication types of optical resonances, such as the leaky mode resonance and
46 processes and demonstrated by electromagnetic (EM) simulations,  in-plane cavity mode when a defect is introduced into the periodic
the hybrid sensors would provide unprecedented sensing capability ~ 8ratings. Up to now, the optical resonances of the PhC slabs have
47 been used for label-free and fluorescent assays to facilitate the
48 detection of chemicals and biomolecules.**™*
49 “State Key Laboratory of Bioelectronics, School of Biological Science and Medical
50 , Engineering, Southeast University, Nanjing 210096, China. The 3D PhC structures, being analogous to semiconductor
"National Demonstration Center for Experimental Biomedical Engineering . ) . .
51 Education, Southeast University, Nanjing 210096, China. crystals, can exhibit full photonic band gaps (PBGs) in a specific
52 © Department of Mechanical Engineering, lowa State University, Ames, lowa  range of wavelength. Within the PBGs, the lack of mode prohibits
50011, USA. . .
53 d‘Department of Electrical and Computer Engineering, lowa State University, Ames, the progagation of IIght, and thus the 3D PhCs show strong
54 lowa 50011, USA. reflection. For PhCs with PBGs in the visible or near-infrared
55 E-mail: xwzhao@seu.edu.cn (Xiangwei Zhao); menglu@iastate.edu (Meng Lu); wavelength ranges, their periods are on the scales of several
gu@seu.edu.cn (Zhongze Gu).
56
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hundred nanometers. Owing to the complicated 3D structure, the
fabrication of the microscale and nanoscale PhC structures is
challenging. Fortunately, various 3D PhCs existed in nature renders
striking colors. For example, the PhCs of Morpho butterflies,
Paracaudina chllensis, some beetles, and opals display structural
colors at the PBG.**?® The period of PhCs determines the spectral
position of the PBGs and the structural color. As a response to
stimulus, the PhC’s period may change and consequently shift the
color displayed by the PhC. Based on this principle, many analytical
approaches have been developed to quantify physical,27'31
chemical,32'35 or biological36 stimuli. It is particularly important that
the PhCs have been deployed as a label-free biosensor to detect
target biomolecules by measuring the change of refractive index.
The distinct colors of different PhCs can be applied to achieve a high
throughput, multiplex and label-free assay.37'39 Despite its success
in analytical applications, the PhC-based sensors still have some
shortcomings. For example, the 3D PhC structures can display a
color change owing to the attachment of biomolecule but the local
electromagnetic field of the 3D PhC is too weak to be adopted for
fluorescent- or Raman-based assays.40 On the other hand, it is
possible to achieve a high Q-factor (high Q) optical resonance with a
significantly enhanced near-field using PhC slabs. The high-Q PhC
slab, which can achieve the enhancement factor greater than three
orders of magnitude has been used to facilitate fluoresce and
Raman detections.*™ However, the coupling of light into high Q
modes requires stringent control of coupling condition. These
problems can be effectively addressed by introducing plasmonics
into PhC structures.

Plasmonic materials, such as metal thin film with periodic
patterns and noble metal nanoparticles (NPs), can interact strongly
with light through plasmonic resonance. Plasmonic structures have
been extensively studied for analytical applications. For example,
surface plasmon polariton (SPP) modes can be utilized to develop
refractometric biosensors because of their high sensitive to the
change of surrounding refractive index.” * The localized surface
plasmon resonance (LSPR) modes supported by metal
nanostructures have been exploited for surface enhanced Raman
scattering (SERS) and metal-enhanced fluorescence.*” ™ Compared
to PhCs, plasmonics-based nanosensors can be much smaller than
the wavelength and offer significantly enhanced near-fields.
Plasmonic materials can either be incorporated with PhCs, or can
even be fabricated as periodic structures to form metal PhCs, i.e.,
plasmonic crystals.E’B'55 Both approaches can be used to miniaturize
the dimension of sensors and improve analytical performances. In
recent years, plasmonic crystals prepared with microfabrication
method have attracted enormous attention due to their
characteristics of the highly ordered structure, tunable period, and
controllable “hot spots” which are associated with the enhanced
near-field. For example, Gerard et al. have reported plasmonic
crystals fabricated with soft nanoimprint lithography and simulated
the distribution of their electric field intensity.56 The enhancement
factor was calculated exceed 107 in the case of benzenethiol and
10'°  when 4-mercaptopyridine was used. However, the
microfabricated plasmonic crystals have not been widely applied
due to the stability and cost of fabrication.
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At present, there are sufficient literatures on the PhCs- and
plasmonics-based biosensors, respectively. The minireview focuses
on the biosensing technology that takes advantages of the
integration of PhCs and plasmonics. Generally, there are two
methods to achieve a hybrid device: 1. Attaching metal
nanoparticles to PhC backbones, where the metal nanoparticles can
be in-situ synthesized or conjugated to the PhCs; and 2. Using a thin
metal film as the cladding layer of the PhCs to support both
plasmonic and PhC resonances. Both of these methods can be
adopted depending on the specific application. It is worth noting
that the design of photonic crystal requires low-loss materials to
warrant a strong resonance with a high quality-factor (Q-factor),
but the introduction of the lossy metals can deteriorate the Q-
factor. On the other hand, the reduced Q-factor implicates a less
stringent condition to couple the resonance with optical excitations.
The tradeoff between the metal-induced loss and plasmon-
enhanced EM field needs to be balanced at the design stage of the
hybrid sensors. The rest part of the minireview consists of two
sections that illustrate three different directions to explore the
collective phenomena in PhCs and plasmonic nanostructures.
Following the reviews of recent progresses, we present an outlook
for the future development.

Plasmon integrated photonic crystal slab surface

Owing to the excitation without the needs of a special coupling
mechanism, the leaky mode resonance have been focused on the
plasmon-enhanced 1D and 2D photonic crystal surface. The leaky
mode resonance, also known as the guided-mode resonance
(GMR), exhibits narrowband optical resonance under broadband
light illumination. The GMR effect was first discovered by Hessel
and Oliner in 1965 and later named by Magnusson et al in the
early 1990s.**° The GMR mode exists because part of the
excitation is coupled into the waveguide at resonance, while the
rest is either reflected or transmitted. When the light coupled into
the PhC slab leaks outwards, constructive interference between the
out-coupled and reflected light yields a sharp resonant reflection
peak with the efficiency of nearly 100 %. In contrast, the
transmission shows a sharp resonant dip with almost 0 % efficiency
due to the destructive interference between the out-coupled and
the transmitted light. For a specific combination of incident angle
and wavelength, phase matching by the grating allows the incident
beam to be coupled into the desired GMR mode.®®? The unique
feature of the GMR-based PhC slabs have been successfully
implemented in refractive index-based biosensor.™? It is particularly
interesting that when the excitation light is coupled to the GMR
resonance, the EM field intensity in the close vicinity of the slab
surface becomes strongly enhanced compared to the intensity of
the excitation. This phenomenon has been deployed to enhance the
sensitivity of fluorescence-based assays, such as DNA and protein
microarray.ﬁg"66 Recently, the same principle can also be applied to
excite surface plasmons with extraordinarily strong local EM field.

The characteristics of the PhC slab, such as its resonance
wavelength, peak reflection efficiency, and linewidth are
determined by the geometrical and material properties of the
device.”” Since the period of the GMR gratings is smaller than the

This journal is © The Royal Society of Chemistry 20xx
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2 resonance wavelength, the production of the sub-wavelength structure at the top of the substrate (Figure 1a-c),’* ”* The PhC
3 grating for the visible and near-infrared wavelength ranges requires  substrate can effectively couple light to the silver NPs deposited on
4 a nanoscale fabrication process. Several established processes, such  the PhC surface when the incident light wavelength and angle are
5 as deep UV lithography, holographic lithography, interference tuned to match the PhC resonant coupling condition. As shown in
6 lithography, and nanoimprint lithography, have been successfully Figure 1d-f, the coupling of PhC resonance and plasmonic
7 adopted for the PhC fabrication.®”* Among these methods, the resonance results in the strikingly strong electromagnetic field at
8 nanoimprint lithography approach is capable of manufacturing 1D the “hot spots”. The Ag NP coated PhC slab was used to detect
9 and 2D PhC slabs with high throughput, sufficient fidelity, and trans-1,2-bis (4-pyridyl) ethane (BPE). In comparison with the SERS
10 relatively low cost.”” The inexpensive approach can produce PhCs performance of an ordinary glass substrate coated with the same
11 over continuous rolls of flexible plastic film and enable PhC SiO,-Ag nanostructure, an additional SERS enhancement factor of
12 biosensors to be economically compatible with single-use and  10-30x was achieved with the PhC substrate (Figure 1e). In addition,
943 disposable applications. On the other hand, the plasmonic when the resonance angles are +13°, the simulated |E|4 are
%4 nanoparticles can be added onto the fabricated PhC slabs by maximized, as well as the maximized Raman signal (Figure 1f). The
55 physical vapor deposition or immobilization of NPs. This section limit of detection (LOD) for BPE was calculated to be 0.3-3 fM.
§6 reviews some examples to illustrate how the coupling of PhC slabs  Later, the group optimized the coupling between the GMR modes
%7 and plasmonic NPs can be exploited for the detection of chemicals of PhC and plasmonic modes of silver NPs to maximize the Raman
4 and biomolecules. scattering signal. The results showed an additional enhancement
gg factor of 21.4 when coupling efficiency was maximized with the SiO,
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The metal nanoparticle can be deposited on the surface of PhC
slabs using the glancing angle deposition (GLAD) technology.“’ 73
The GLAD method uses a conventional e-beam evaporator with the
angle between the surface of the PhC slab and the evaporating flux
less than 15° to create metal NPs. Through the GLAD method, Kim
et al. demonstrated a PhC-enhanced SERS substrate, which
consisted of a 1D PhC slab as the dielectric optical resonator, SiO,

nanorods as the layer spacer, and silver NPs appeared as cap

o Si0, “Post”

e

layer thickness of 50 nm and the Ag NP size of about 40 nm.”®
Except for the Ag NPs can be deposited on PhC slab for Raman
enhancement, gold NPs can also be used as enhanced agents
because of their special optical properties, simple synthesis, easy
size control, and good biocompatible. For example, recently, Liu et
al. showed that the coupling of PhC resonance and gold nanorods
can produce a greatly amplified local field, which could be used to
improve the SERS detection of R6G molecules.”
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45 Fig. 1 Ag nanoparticles on a PhC substrate. (a) Schematic diagram of Ag nanorod-based PhC substrate with a SiO, spacer layer. (b) SEM
46 of Ag nanorods deposited by the GLAD method. (c) Simulation model of the PhC-Ag nanorod hybrid device. (d) Simulated electric-field
47 distribution for a single Ag nanostructure on a flat surface (left panel), PhC substrate without a resonance (middle panel), and PhC
48 substrate with the GMR resonance (right panel). () Raman spectra of BPE on glass and PhC substrates at on/off resonance conditions.
49 (f) Comparison of measured Raman signal and simulated |E|‘l for varying incident angles. Reproduced with permission from ref [74] and
50 ref [75].
51 i X . photoacoustic effect.””’® Owing to the strong photothermal effect
52 Besides through physical deposition, the metal NPs can be )
o X . of the gold NPs, the gold NPs have been adopted as a labeling
53 absorbed on the PhC surface via biomolecule linkers for detection K o 79, 80 R
. X X X X material for photoacoustic immunoassay. The photoacoustic
and imaging. Zhao et al. explored new detection mechanism using )
54 the gold NPs on 1D PhCs based on the photothermal and and photothermal detection of NPs can be enhanced by the PhC
55 & P slab. The results showed that the photoacoustic signal of the gold
56
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NPs was enhanced by a factor of 40 by coupling the excitation light
into GMR mode. Based on a pump-probe scheme, the PhC-
enhanced photothermal lens technology has been recently
demonstrated to improve the detection of gold NPs by 20-fold.®*

3D photonic crystal incorporated with plasmonic
nanoparticles

Plasmonic NPs have been broadly used in LSPR or SERS-based
biosensors.**® However, the sensitivity of LSPR-based biosensors
depending on the shift of absorption spectrum is limited and it is
difficult to control the distribution and accessibility of the plasmonic
NP “hot spots”, which mainly contribute for SERS.® This is also the
reason for their performance discounts in practical applications. In
this case, the merging of plasmonic NPs and 3D PhC can help a lot
since its 3D ordered nanostructure could efficiently adjust the
distribution and accessibility of “hot spots”. In addition, the PhC can
regulate the local density of states with its bandgap, which could be
utilized to improve the interaction between light and plasmonic
materials.”’

Self-assembly of massively synthesized monodispersed
nanoparticles is the most commonly used method to fabricate
artificial 3D PhCs, which is proved to be cost-efficient and
compatible to versatile surfaces, volumes, and processes like
printing.ge'91 Due to the interstices between nanoparticles, the
resultant colloidal PhC structure is highly porous, beneficiating high
surface to volume ratio (SVR) desired by analysis and providing the
advantages of fluidic channels in nanoscale. For example, Zhao et al.
reported a gold nanoparticle incorporated inverse opal photonic

(a) (c)

Laser Excitation

SERS

Raman intensity (a.u.)
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crystal (IO PhC) capillary (Figure 2a and 2b) for SERS detection of
creatinine in artificial samples with a detection limit of 0.9 mg/dL
(Figure 2c).92 This nanostructured capillary tube integrated the SERS
sensor and the nanofluidic structure to offer delivery and analysis of
samples simultaneously. In addition, the E-field around
nanoparticles in the 10 PhC was enhanced remarkably compared
with that in the capillary without PhC structure (Figure 2d). The “hot
spots” in the 3D nanostructure were more uniform and
controllable, indicating the modulation of the E-field distribution
with the PhC. This optofluidic detection device opens a new window
for the application of point-of-care testing (POCT). The merging of
PhC and plasmonic materials can also be used for the capture and
detection of microbes in a similar optofluidic way. Wang et al.
proposed a silver-plated PhC substrate as a bacteria filter owing to
the ordered porosity of the structure in tens of nanometers.” The
substrate showed strong and uniform distribution of “hot spots”
accompanying the nanofluidic channels, which is crucial for SERS
measurement. The bacteria could be detected in a “drop and
measure” manner with a portable Raman spectrometer (Figure 3a
and 3b). Electricigens is a kind of microbe that can directly reduce a
metallic anode through the processes of extracellular electron
transfer, which allowed for constructing microbial fuel cells (MFCs)
for power generation. With this plasmonic filter, they could
distinguish electricigens with not only species and strain specificity,
but also wild and mutant electricigens (Figure 3c). With respect to
conventional PCR or cultivation method, this method exhibits great
potentials in the quick screening of microbes in fields of
environment monitoring and disease control as well as cell analysis.
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Fig. 2 Structure and analysis performance of 10 PhC capillary. (a) Schematic structure of gold NP incorporated 10 PhC capillary. (b)
Optical microscope image of four 10 PhC capillaries (left panel); the cross section of the structure inside the capillary (right panel). (c)
Raman spectra of creatinine at different concentrations (up panel); calibration curve of the Raman intensity as a function of creatinine
concentration (down panel). (d) The simulated |E/E;,.| profile of gold NP incorporated 10 PhC capillary (left panel) and gold NP in
capillary (right panel) with 785 nm laser. Reproduced with permission from ref [92].
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Fig. 3 Scheme and application in electricigens discrimination of silver-plated PhC filter. (a) Scheme of the silver-plated PhC filter. (b) SEM
image of the cross section of the silver-plated PhC (left panel) and the surface with bacterium on it (right panel). (c) Raman spectra of
Geobacter sulferreducens PCA (i), Geobacter sulferreducens PilA 2 (ii), Geobacter uraniireducens (iii), and the principal component
analysis of these three strains (iv). Reproduced with permission from ref [93].

Multiplex biomarkers detection is a key issue not only in POCT,
but also in high throughput screening in the acquisition of
biomedical big data. To identify multiple proteins directly by their
SERS spectra, hydrogel inverse opal PhC was used as support and
multiple proteins were captured and stained with silver NPs (Figure
4a).4° Due to the high density “hot spots” in 3D structure and local
electromagnetic field at the bandgap of the inverse opal photonic
crystal bead (IOPCB), the PhC offered an extra 9 times
enhancement compared with the Ag NPs without the PhC structure
(Figure 4b). Hence the intensity of Raman signal of proteins was
improved remarkably and multiple proteins were label-free
detected by their SERS spectra. However, larger capacity of
multiplicity is needed for precision medicine or biomedical big data.
The label-free identification of tens or hundreds of proteins by their
fingerprints of Raman or SERS spectra is complex. Recently, SERS

(a) ¢,

encoded nanotags have shown their great promise in molecules
analysis with high encoding capacity and ultrahigh sensitivity down
to a single molecule.” But SERS encoding capacity is also limited
because of the limited number of available Raman dyes with robust
and precise readouts.” PhCs are widely used as an encoded carriers
for multiplex bioassays due to their PBGs although the encoding
capacity is also limited.* Therefore, by combining carriers of PhC
and nanotags of SERS, the encoding capacity of multiplex detection
will be easily increased to the product of their encode number
(Figure 4c).95 What’s more, unlike fluorescence dyes or quantum
dots, SERS nanotags could be easily washed out from the PCB
surface because of their larger size, which leads to high signal to
noise ratio (SNR) desired for high sensitive and quantitative
analysis.
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Fig. 4 Scheme and multiplexed analysis results of IOPCBs and PCBs. (a) Scheme diagram of IOPCB for multiplexed analysis of proteins by
their Raman spectra (left panel); Raman spectra of three proteins (mouse myoglobin (Mb), Cyt C, and human hemoglobin (Hb)) with
different concentrations (right panel). (b) The simulated |E/E;,| profiles in Ag NPs (left panel) and Ag NPs hybridized IOPCB (right
panel). (c) Multiplex bioassay of qualitative detection of mouse IgG and rabbit IgG by PCBs and SERS nanotags. Reproduced with

permission from ref [40] and ref [95].

In quantitative multiplex detection, the concentrations of
multiple analytes usually differed in the range from pg/mL to sub
mg/mL. Hence the linear dynamic range (LDR) is a critical point
need to be considered. With wide LDR, sample dilutions or
concentrations will be avoided or reduced before they are
analyzed.96 Therefore, in practice of multiplex assays, method with
both high sensitivity and wide LDR is in great need with respect to
simplify sample pretreatments and save cost. Gold-silver core-shell
(Au@Ag) NPs can further increase the signal intensity of SERS
nanotags (Figure 5a).”’ When the silver shell grows on the surface
of the gold core, plasmon coupling effects between the core and
shell become significant because of the stronger interaction
between them.”®'® The hybridization of the plasmons of the
bimetal results in larger splitting of bonding and anti-bonding
modes, leading to the excitation of the higher order modes, and
thus the E-field intensity of the interior gap region of the Au@Ag NP
is 4.55 times that of the Au NP (Figure 5b) and the Raman intensity

increased by 19 times as measured (Figure 5c). The LOD is improved
by 14 times correspondingly. On the other hand, owing to the
higher SVR of the porous IOPCB in comparison with PCB, the IOPCB
increases the density of the binding analyte molecules, and hence
enlarges the detection concentration ranges of analytes. By
merging IOPCB and core-shell SERS nanotags, the LDR was one
order of magnitude higher than that of the PCB (Figure 5d),""
which is much larger than those of commercial ECLIA kits. What is
more, multiplex analysis on a single IOPCB with encoded SERS
nanotags was realized, although the LDR is decreased by one order
of magnitude (10 pg/mL -10 ug/mL for AFP and CEA, Figure 5e) due
to the occupation of the surface area of the IOPCB by multiplex
probes. In the multiplex assay, LODs of 3.6 and 1.9 fg/mL were
obtained for AFP and CEA, respectively (Figure 5e). This provides a
new viewpoint for the development of the novel bioassay with large
encoding capacity by position and spectrum encoding, as well as
decrease the fabrication complexity and cost.
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Fig. 5 Multiplex analysis with PCB and Au@Ag NP-based SERS nanotags. (a) Schematic illustration of high sensitive detection by SERS
nanotag and PCB (left panel); (right panel) Raman spectra of different concentrations of mouse 1gG (i); Reference plot of Raman
intensities at Raman shift 595 cm™ vs logarithm of mouse IgG concentrations (ii); high magnification SEM image of SERS nanotags on
PCB surface after immunoreaction (iii). (b) The simulated |E/E;,.| profiles of Au@Ag NP (left panel) and Au NP (middle panel);
Comparison of the |E/E;,.| profile along the maximum point-line (right panel). (c) Raman spectra of SERS nanotags. (d) Schematic
diagram of multiplex protein biomarkers detection on a single IOPCB by SERS nanotags. (e) Raman spectra at different concentrations of
AFP and CEA (i); dose-responsive curves of AFP (plotted with Raman intensity at 1585 cm’?, ii) and CEA (plotted with Raman intensity at
9 595 cm'l, iii), respectively; SEM image of IOPCB surface after reaction with SERS nanotags (iv). Inset is the linear part of the reference
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plot. Reproduced with permission from ref [97] and ref [101].

Summary and future directions

In this minireview, we outlined the basis of PhCs and plasmonics,
and then highlighted the integration of PhCs and plasmonics for
bioanalytical applications. By the hybridized photonic properties of
PhC and plasmonic materials, novel biosensing substrate with
ordered nanostructures will be designed and fabricated. The major
advantages of the PhC-plasmonics hybrid sensors lie in four aspects:
1) Enhanced detection sensitivity: The spectral overlap of PhC and
plasmonic resonance results in an enhanced light-material
interaction, which in turn benefits the detection sensitivity. 2)
Increased encoding capacity: The multiplexed encoding strategy
based on PhC reflection and SERS spectrum can obviously increase
encoding capacity, which is valuable for high throughput and
multiplex detection. 3) Enlarged surface area: The inverse opal
photonic crystal with high surface to volume ratio provides high
density analyte molecule binding sites, and hence enlarges linear
dynamic range. In addition, the nanostructured PhC backbone can
effectively increase the density of plasmonic nanoparticles and
produce stronger SERS signals. 4) Multiplexed sensing modalities: A
sensor that can carry out different sensing mechanisms will be the
tendency for the design of next-generation biosensors. Taking
advantages of both PhC and plasmonic resonances, a hybrid device
can be used as the transducer for refractive index, SERS,
fluorescence, and photoacoustic Thus, the
integration of PhCs and plamsoncis opens the door to the design of
a large variety of future analytical tools.

measurements.

increasing attentions and more hybrid materials and techniques will
emerge in the near future.
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