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ABSTRACT: Photonic crystals (PhCs) display photonic stop bands (PSBs) and at the
edges of these PSBs transport light with reduced velocity, enabling the PhCs to confine
and manipulate incident light with enhanced light—matter interaction. Intense research
has been devoted to leveraging the optical properties of PhCs for the development of
optical sensors for bioassays, diagnosis, and environmental monitoring. These applications
have furthermore benefited from the inherently large surface area of PhCs, giving rise to
high analyte adsorption and the wide range of options for structural variations of the PhCs
leading to enhanced light—matter interaction. Here, we focus on bottom-up assembled
PhCs and review the significant advances that have been made in their use as label-free
sensors. We describe their potential for point-of-care devices and in the review include
their structural design, constituent materials, fabrication strategy, and sensing working
principles. We thereby classify them according to five sensing principles: sensing of
refractive index variations, sensing by lattice spacing variations, enhanced fluorescence
spectroscopy, surface-enhanced Raman spectroscopy, and configuration transitions.

KEYWORDS: photonic crystals, photonic stop band, slow light, self-assembly, optical label-free sensor, signal readout, sensitivity,
limit of detection

INTRODUCTION Among the many sensing principles and their associated
materials, such as electrochemical sensors using functional
nanomaterials,'' photoluminescence sensors using quantum
dots,'* and optical sensors using nanostructured nano-
photonics,B_16 optical sensors employing PhCs stand out as
their periodic structures, and thus their corresponding optical
properties can be precisely controlled. The precise control
enables label-free, noninvasive, and multiplexed analysis.
Hereby especially the PhCs assembled from colloids stand
out. The bottom-up approach of colloid self-assembly allows
their low-cost manufacturing with high efficiency and high-
resolution structures.

To outline the advantages of PhC sensors, a brief
comparison can be made with electrochemical and photo-
luminescent sensors. Electrochemical sensors transfer a specific
recognition event to a relevant electric signal by measurement
of current, potential, or conductance. Researchers have turned
to engineering nanomaterials (from zero-dimensional (0D) to

Photonic crystals (PhCs) have been widely applied in fields of
energy conversion,’' light harvesting,2 displays,3 information
encryption,4 anticounterfeiting,5 and sensing.6 Their popularity
can be attributed to their convenient, precisely controllable,
and flexibly tunable fabrication by self-assembly from a
nanoscale building block assembly approach” and their specific
optical properties, namely, their photonic stop bands (PSBs)
and the slow light effect.”” Some previous reviews have
discussed PhC fabrication® and applications for sensing,'
anticounterfeiting,S and light harvesting.2 Although the use of
stimuli-responsive PhCs for chemical and/or biological sensing
of solvents, vapors, chemical compounds, and biomolecules has
been fully discussed by Fenzl and co-workers'® from one-
dimensional (1D) to three-dimensional (3D) PhCs, the optical
readout scheme was limited to reflection and diffraction shifts.
In this review, we broaden the optical readout schemes from
diffraction shifts to enhanced fluorescence spectroscopy,
surface-enhanced Raman spectroscopy (SERS), and config-
uration transitions with the aim of optimizing the sensing
performance in terms of sensitivity and limit of detection
(LoD). We mainly focus on PhCs assembled by a bottom-up
approach from constituent building blocks and their use for
point-of-care (POC) devices for label-free chemical and/or
biological sensing.
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Figure 1. Optical properties of the PhCs. (a) Reflection spectra with tunable PSBs by control over the size of the PhC building blocks. The
PhCs are assembled polystyrene nanoparticles of 258 nm (red curve) or 305 nm (black curve) diameter. Adapted from ref 9. Copyright 2012
American Chemical Society. (b) Simplified dispersion diagram of a PhC, showing the energy (E) of a photon vs the wave vector k, featuring a
PSB. Alternating green—white lines represent the periodic structure of the PhCs, where green indicates a high index of refraction, while
white indicates a low index of refraction. At the red edge of the PSB, the absolute value of the light field peaks in the dielectric regions with
high refractive index (red curve), while at the blue edge of the PSB, the peaks in regions with low refractive index (blue curve). Reproduced

from ref 29. Copyright 2003 American Chemical Society.

3D) and nanostructures (from arrays to hybrid structures/
materials) to improve their sensitivity and selectivity. For
example, the catalytic activity of noble metal nanomaterials/
nanostructures can improve signal generation and amplifica-
tion.'” However, it is still challenging to implement a
multiplexed analysis with high sensitivity. Therefore, a labeling
strategy is often employed to improve the sensitivity and lower
the LoD when a label-free approach is not be feasible or
sufficiently sensitive for a chosen transduction principle.'
Labeling, however, represents a complicating extra step. The
photoluminescent approach leverages the Forster resonance
energy transfer (FRET) and electron/charge transfer for
biosensing using, for example, quantum dots (QDs)."?
However, the QDs suffer from a low quantum vyield,
influencing the detection sensitivity. Considering their
combination of high sensitivity and high selectivity, PhCs
offer promising alternatives to electrochemical sensors and
FRET-based sensors.

PhC-based optical sensors provide easy opportunities for
structure modification to obtain strong and specific analyte
adsorption but can also serve as barcodes as each PhC can
have its own characteristic spectrum due to Bragg diffraction,
which is regulated by the size of the building blocks. These
barcodes can be tailored in a wide visible spectral region and
are very stable, enabling multiplexed assays. This forms an
advantage compared to fluorescent dyes, carbon dots (CDs),
and QDs."® Additionally, PhCs are transducers with enhanced
optical signal readout. On the basis of these considerations,
this review is organized as follows. We first discuss the optical
properties of PhCs and subsequently the label-free PhC-based
sensing applications. We have classified these label-free PhC-
based sensing methods according to their working principles,
which can be Bragg diffraction shifts (in response to changes of
refractive index and lattice spacing), enhanced fluorescence
spectroscopy, SERS, and configurational changes. For each of
these working principles, we highlight and discuss the sensor
structural design, constituent materials, fabrication strategy,
detectable target analytes, as well as detection sensitivity and
LoD.

In time, we expect that the research investigations of PhC-
based label-free sensing will lead to the development of rapid
and user-friendly portable devices for POC diagnosis and in
situ detection that provides a fast response, a high sensitivity,
and low LoD."” We aim to offer insights in this review that can
stimulate further scientific/technological advancements in on-
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demand label-free PhC sensors benefiting the fields of
bioassays, diagnosis, and environmental monitoring.

OPTICAL PROPERTIES OF PhCs

PhCs are periodic structures of constituents with alternating
dielectric constants on a length scale comparable to the
wavelength of light, preventing light from propagating in
certain directions at specific frequencies.””*" As a result, they
produce PSBs and show structural colors.”” The specific
structural color of each PhC can serve as label-free photonic
code, which is highly useful to enable PhCs to serve as sensing
units for high-throughput detection.”*** This photonic code
can be precisely controlled by the size of the PhC building
blocks (Figure 1a).”® Note that the dimension of the used
PhCs in this work is generally larger than 100 ym, and the
optical behavior is closer to the case of the infinite periodic
structure. Thus, the size of the building blocks determines the
Bragg peak position, and #npg/n, mainly determines the
diffraction peak width. The reflection intensity becomes
saturated once the number of alternating periodic layers
surpasses a threshold value.”””® The PSB of PhCs can be
estimated by the Bragg—Snell law (more details will be
presented in the section of Refractive Index Variation-Induced
Sensing). At the edges of the PSBs, the density of states (DOS)
is significantly enhanced with an increase in both energy
density and residence time. Therefore, light can travel with a
reduced group velocity, which is denoted as slow light effect.’
At the red edge of the PSBs, the light standing wave is localized
in regions with high refractive index, while at the blue edge of
the PSBs, it is localized in regions with low refractive index, as
shown in Figure 1b. Also, because of the vanishing DOS, any
electromagnetic (EM) wave in the PSBs is evanescent. Thus,
by tailoring resonances of the PSBs and the integrated emitters
confined in PhC structures, the light—matter interaction’” can
be enhanced for applications in enhanced fluorescence
spectlz'gscopy and SERS with improved sensitivity and lower
LoD.

PhCs ASSEMBLED FROM BUILDING BLOCKS APPLIED
AS CHEMICAL/BIOLOGICAL LABEL-FREE SENSORS

Optical sensors constructed from PhCs have been widely
explored in fields of diagnosis, bioassays, and environmental
monitoring owing to the exquisite tunability of their optical
properties. Compared to optical sensors made by a top-down

https://doi.org/10.1021/acsnano.1c02495
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approach of either metals (eg, plasmonic structures)’’ or
dielectrics (e.g., dielectric metasurfaces),”’ the bottom-up
assembly’” from colloids allows the facile fabrication of a
wide variety of PhCs with the advantages of low cost, high
efficiency, and high structural resolution (down to a few
nanometers).”’ Furthermore, PhC structures can be easily
exposed to liquids and integrated in microfluidic devices to
benefit the development of POC devices.

Suspension barcodes (eg, fluorescent particles,”* semi-
conductor QDs,** plasmonic nanoparticles,36 and PhC
beads’”) have become increasingly popular in sensing to
create multiplexed assays with high throughput.*® Among these
barcodes, PhCs consisting of periodic structures assembled by
building blocks of, e.g, polystyrene nanoparticles (PSNPs),
silica nanoparticles (SiO,NPs), or nematic liquid crystals
(NLCs), as well as cellulose nanocrystals (CNCs) have a
combination of properties. They are self-encoded carriers with
high specific surface area and flexibility in probe immobiliza-
tion and also can serve as useful labels for a multiplexed assay.
As a label, they possess high encoding stability, high visibility
by optical microscopy or the naked eye, and they cause
fluorescence signal enhancement and show a high resistance to
photobleaching and freedom of any fluorescent back-
ground.’™*” When the PhCs are used as sensors, they provide
a facile manner of transducing various external stimuli into
readily measurable optical readouts by low-cost photo-
detectors, digital cameras, or even the naked eye.””*” A variety
of PhC structures, including periodic close-packed opal
structures, inverse opal structures, core—shell structures, and
Janus structures, have been developed as label-free sensing
units with high sensitivity and low LoD. These PhC-based
sensors can be classified by their various working mechanisms,
such as refractive index change sensing, lattice variation-
induced sensing, enhanced fluorescence sensing, SERS-based
sensing, and configuration transition-induced sensing. Figure 2
shows a schematic diagram of these different sensing

/@SUrface-enhance
9Man spectrosc?

Figure 2. Schematic diagram of PhC-based sensors classified by
their sensing mechanism as discussed in this review. Ex and Em
represent the excitation frequency and emission frequency.
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mechanisms of PhCs, including refractive index-induced
variation and lattice spacing change, which can both be
monitored by the Bragg diffraction spectra or by color shifts. In
addition, PhCs have been used for amplification of optical
signal readout in enhanced fluorescence spectroscopy and for
SERS due to the enhanced light—matter interaction. Finally,
we reviewed PhCs with a sensing function based on
configurational changes. Table 1 summarizes the PhC-based
sensors according to these various working mechanisms,
emphasizing their structural design, constituent materials,
fabrication method, target analytes, sensitivity, and LoD.*

REFRACTIVE INDEX VARIATION-INDUCED SENSING

The optical properties of PhCs can be estimated by band
calculations with respect to a specific angle of incidence.”’ The
bottom-up colloid assembly normally leads to face-centered
cubic (fcc) or hexagonal close-packed (hcp) structures with
the (111) crystalline plane being parallel to the substrate.*”
Thus, the observed PSB at normal incidence is a result of the
Bragg diffraction peak of the (111) plane of the PhCs, which

can be approximately calculated by the Bragg—Snell law”

mi = \/ED\MEEZ — sin” @
3 (1)

indicates that changes in average refractive index (n) of the
PhCs, lattice spacing (D), as well as angle of light incidence
with respect to the normal () can give rise to Bragg diffraction
shifts, where m is the order of diffraction and A is the
wavelength of the diffraction peak. A PhC structure consists of
periodic dielectric nanoparticles with a dielectric medium,
namely, air, solvent, hydrogels, or precursors, and D then is the
diameter of the building blocks. The n. of PhCs can be
approximately calculated by’

Mg = ”pZVp +n,%V,

m

2)

Here, n, and n,, are the refractive indices of the constituent
particles and surrounding medium, respectively, and V,, and V,
are their corresponding volume fractions. Thus, such tunable
optical properties of PhCs can enable them to be applied as
sensing units due to their response in structural color when the
ng of a PhC structure changes, which can be readily
distinguished by our naked eye or a microscope with an
optical spectrometer. Note that this is especially applicable to
3D PhCs as they can have PSBs in all directions with wide
viewing angle properties.”””’® The change of structural color
will then not be influenced by variations in the angle of light
incidence with respect to the normal.

Homogenous PhC structures assembled from solid building
blocks such as SiO,NPs or PSNPs, which are also termed opal
structures, normally show a hcp arrangement with volume
fractions of the solid building blocks of 0.74 and air voids of
0.26.° On the contrary, the inverse opals, which can be
replicated from the opal structures, show volume fractions of
the air voids of 0.74 and of the solid matrix of 0.26. Figure 3
shows schematic and scanning electron microscopy (SEM)
close-up images of the opal and inverse opal structures. For
sensing purposes, the inverse opals have become more popular
owing to the large volume available for analyte filling, and the
high surface area for analyte adsorption, causing a higher
refractive index change. Recently, a variety of opal/inverse opal
structures have been developed for sensing by their response to
external stimuli and changes in their local environment with
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Figure 3. Schematic diagram and the corresponding SEM close-up images of the opal and inverse opal structures. (a) Opal PhC structure
and (b) inverse opal PhC structure. The schematic in right panel shows the neck angle of the inverse opal structure, which determines the
wettability of an inverse opal structure. The SEM image in (a) was adapted with permission from ref 4. Copyright 2020 Wiley. Panel (b) was

reproduced from ref 84. Copyright 2011 American Chemical Society.

applications in detection of oil,”” biomolecules,”" proteins,”'
and volatile gas.gz’83

The Song group has designed an oil-sensitive carbon inverse
opal,”” which can be applied as an oil sensor with a fast
response in ~30 s with an obvious color change caused by the
refractive index change when different oils adsorbed on the
inverse opals (Figure 4a,(i)). The PSBs of the carbon inverse
opals upon infiltration with different oils thereby show a linear
shift when increasing the refractive index of the oils (Figure 4a,
(ii)). Both the large PSB shift and the fast response can be
ascribed to the large void volume fraction in the inverse opals.
Furthermore, the responsiveness of the inverse opals will
depend on the wettability of their constituent materials for the
adsorbing oils with a good wettability facilitating the response
by their structural color change. PhC structures have also been
investigated for differentiation of water/ethanol mixtures®**’
based on the difference in their wettability. The wettability of
PhC structures can be well tuned by the number of layers of
the periodic lattice, chemical surface coating, and neck angles
(defined by the size of the pore diameter and the size of
opening of the interconnected pores, as indicated in Figure
3b).% Therefore, such designs can achieve a fast visual
identification.

Zhao et al.** demonstrated that inverse opal spheres can be
applied for analysis of biomarkers (Figure 4b). Inverse opal
spheres, compared to the two-dimensional (2D) arrays on a
plate,*” provide the advantage of higher diffusional analyte flux
to bind with the probes due to the radial diffusion. This leads
to a more efficient usage of samples and reagents. The inverse
opal spheres were fabricated by microdroplet confinement-
induced colloid crystallization of a lattice of PSNPs with
diameters in the range of 200—300 nm as building blocks and
ultrafine SiO,NPs with average size smaller than 10 nm as
matrix followed by a calcination process for removal of the PS
lattices. The self-encoding properties with different PSBs could
be tuned by the size of the PSNPs. As mentioned above, the
porous lattices of inverse opal spheres improve the analyte
binding efficiency because of the large specific surface area.
Probe immobilization can furthermore achieve binding of

specific targets to the differently encoded inverse opals. Figure
4b demonstrates the (i) PSB shifts as a function of biomarkers
concentration and the (ii) capability for multiplexed immuno-
assays. The LoD of these designed inverse opal spheres for the
human CA19-9 biomarker can reach 50 U-mL™" with a ~1 nm
PSB peak shift. The authors also demonstrated an optical
response in a flow-through microchannel, which shows the
potential of the structures for the development of POC devices
with simplified equipment and procedures.

To further improve sensitivity and specificity, molecularly
imprinted polymers (MIP) on hydrogel-based PhC structures
have been introduced for biosensing.""*> In the MIP
technique, MIPs are created with specific nanocavities which
are complementary in geometry and functionality to the target
molecules and therefore have high affinity for the targets. Such
designed MIP-immobilized PhC structures show a sufficient
Bragg diffraction shift (with 13.5 nm when saturated binding
occurred), allowing identification even by the naked eye,
benefiting from both the specific binding of target molecules
inducing a refractive index change and the swelling of the
MIP.*"" The maximum diffraction shift caused by the MIP
hydrogel-based PhC structures is 2 times larger than the SiO,-
based inverse opals* (Figure 4b). Figure 4c(i) shows the
fabrication principle of MIP inverse opals. The biomolecules
were first immobilized onto the surface of opal microspheres
featuring well-ordered SiO,NP lattices (SiO,NPs with
diameter in a range of 200—300 nm). Then the hydrogel
prepolymer (acrylamide solution) was infiltrated in the air
voids of the opal microspheres and polymerized. Removal of
the SiO,NP lattices and preimmobilization of biomolecules
yielded polyacrylamide inverse opal microspheres with amide
groups and footprints of the imprinted biomolecules on the
surface of the formed pores. When the MIP-immobilized
inverse opals were exposed to the corresponding target
analytes, it resulted in the formation of multiple hydrogen
bonds, causing a strongly increased selective biomolecule
binding affinity. A gradual Bragg diffraction peak shift to red
spectral wavelengths can report this specific molecular binding
with increasing concentration of target analytes. The LoD in
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Figure 4. Refractive index variation-induced sensing by self-assembled PhCs. (a) Carbon-based inverse opals for oil sensing. (i) Reflection
spectra and the optical microscopy images of carbon inverse opals upon infiltration with four different oils. (ii) PSB of the carbon inverse
opals is a linear function of refractive indices. The pore diameters of the carbon-based inverse opals used are 215, 240, and 280 nm.
Reproduced with permission from ref 79. Copyright 2008 Royal Society Chemistry. (b) SiO,-based inverse opal spheres for biomarker
detection. (i) Optical response to an increase in target concentration. (i) Multiplex immunoassays using inverse opal spheres with different
PSBs. Reproduced with permission from ref 42. Copyright 2009 Wiley. (c) Hydrogel-based MIP inverse opals for protein detection. (i)
Diagram of the fabrication procedure of MIP-functionalized hydrogel inverse opals. (ii) Bragg diffraction response of bovine Hb-
immobilized hydrogel inverse opals to varying concentration of bovine Hb. (iii) Specificity demonstration of the MIP-immobilized hydrogel
inverse opals. The x axis of concentration is in logarithmic scale. Reproduced with permission from ref 43. Copyright 2009 Wiley.

these MIP-immobilized hydrogel-based inverse opals can reach
1 ng'mL™" (~32 pM), as shown in Figure 4c(ii). Figure 4c(iii)
demonstrates the selectivity of hemoglobin (Hb)-imprinted
MIP inverse opals with respect to bovine Hb, bovine serum
albumin (BSA), and horseradish peroxidase (HRP) solution.

In addition to detection of targets in liquid phase, also
targets in the vapor phase can be detected by the adsorbate-
induced refractive index changes, either using functionalized
opal structures” or inverse opal structures infiltrated with a
functional polymer with high adsorption capacity for volatile
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vapor.***® For example, an optical nose array chip consisting
of mesoporous spherical photonic crystals (SPCs) function-
alized with different alkoxysilanes was developed, showing an
excellent discrimination among a wide range of compounds
from the same chemical family and even the complex
expiratory air from different people.”” Each pixel unit of this
nose array can be designed to show a specific adsorption
capacity for a specific vapor gas, leading to different Bragg
diffraction shifts and forming a fingerprint mapping to discern
volatile analytes. In another work, a monolayer of colloidal
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Figure S. Dynamic sensing of solvents with similar or identical refractive indices using PhC gels. (a) Comparison of PhC gel sensing using
SRS and DRS approaches. (b) DRS patterns of homologue alcohols. Reproduced with permission under a Creative Commons license from

ref 88. Copyright 2015 Springer Nature.

crystals coated with an ultrathin metal—organic framework
(MOF)* was reported for highly efficient vapor sensing
through the change of the effective refractive index. The
sensitivity proved to be strongly determined by the thickness of
the MOF coating and thus can be optimized accordingly.
Thanks to the enhanced pore accessibility and diffusion
efficiency endowed by the MOF layer, a wide dynamic range of
the response, ultrafast response rates (<S s), and excellent
recyclability were achieved by this optical motif design. With
these advantages, such a design shows a competing alternative
technology toward vapor sensing in real time and enables
integration with portable devices.

Problematically, we found that for refractive index-induced
sensing often a shift of only a few nanometers of the Bragg
diffraction is observed, making it difficult to perform accurate
measurements by an optical spectrometer. This can bring
about issues of reliability and, therefore, an increased refractive
index contrast before and after specific binding is highly
required. A possible approach to realize this is by tailoring the
refractive indices of the constituent materials and the
structures of the PhCs. A further problem is that, because
the static reflection spectrum (SRS) is a linear function of the
refractive index of the detected analyte, it is challenging to
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differentiate analytes with similar refractive index, for example,
homologues, isomers, and solvents with similar structures and
physical properties. To address this issue, a method for
measuring the dynamic reflection spectra (DRS) of PhC gel®®
was developed, which depends on the interplay of analytes and
the PhC gel and are associated with polarity, viscosity, and
affinity of the analytes to the PhC gels. We will discuss this
method below in section Lattice-Spacing-Induced Sensing.

LATTICE-SPACING-INDUCED SENSING

Mechanically induced changes of lattice spacing or volume of
PhC structures can cause a significant shift of the Bragg
diffraction peaks according to the Bragg—Snell law. These
changes can be caused by changes in charge or osmotic
pressure in the PhC in response to analyte binding of such as
heavy metals,*”° proteins,f'3 kinase,”' and nucleic acids,*®
have been demonstrated. The lattice spacing or volume change
generally occurs in hydrogel-based PhC structures with non-
close-packed periodicity and is driven by the total free energy
of the system. The total free energy of the associated systems
includes three different free energies, namely, the free energy of
a Donnan-type equilibrium, the free energy caused by elastic
restoring forces, and the free energy of mixing.so’92 A change in
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Figure 6. Sensing by lattice spacing variations of PhCs. (a) Urease-immobilized hydrogel opal structures for detection of urea and Hg>*. (i)
Diagram of sensing mechanism. (ii) Bragg diffraction peak shifts as a function of urea concentration. (iii) Optical reflection spectra of
urease-immobilized hydrogel opals in the copresence of urea and Hg>* with increasing Hg** concentration. Reproduced with permission
from ref 95. Copyright 2011 Royal Society of Chemistry. (b) —SH spatially distributed hydrogel opals for Hg>* sensing through formation of
—S—Hg”* and —S—Hg—S— bridges. The formation of —S—Hg—S— bridge bonds in seawater has a blue shift response due to the hydrogel

shrinkage, while the formation of —S—Hg>*

in pure water has low Hg**

concentration, leading to a swelling with a red shift. Modified with

permission from ref 94. Copyright 2017 Royal Society of Chemistry. (c) Core—shell SPCs as a Hg*" sensor. (i) Diagram of sensing principle.
ii) Reflection optical microscopy images and spectra of core—shell SPCs incubated in different concentrations of Hg?*. Reproduced with
P 1204 g P g P
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Figure 6. continued

permission from ref 96. Copyright 2014 Wiley. (d) Poly(ionic liquid) inverse opal SPCs for visual identification of explosives. (i) Diagram of
fabrication procedure. (ii) Photos and optical microscopy images of the SPCs before and after responding to five different explosives at 100
M. (iii) 2D principle component analysis score plots to evaluate the discriminatory capacity of SPCs in response to different concentrations
of picric acid (PA). Reproduced from ref 52. Copyright 2019 American Chemical Society. (e) Shape memory inverse opal structures for
analyte detection. (i) Diagram of principle of shape memory inverse opal structures for ethanol analysis. (ii) Photos of the shape memory
inverse opal structures (treated by acetonitrile causing structure collapse) and stepwise shape recovery in response to ethanol diffusion from
solutions with different concentrations. Cross-sectional SEM images of the collapsed structures and the samples after recovery from
ethanol—octane solutions with 2000, 4000, and 6000 ppm ethanol. (iii) Optical reflection spectra of partially recovered samples using
ethanol—octane solutions with lower ethanol concentrations. Reproduced with permission from ref 98. Copyright 2018 Wiley.

the total free energy will result in a volume change (swelling/
shrinking) of the hydrogel.”””"”* For example, in order to
differentiate analytes with similar or identical reflective index, a
PhC gel consisting of crystalline SiO,NP lattices and
amorphously packed SiO,NPs was developed by fixing the
SiO,NP patterns dispersed in a mixture of poly(ethylene
glycol) methacrylate (PEGMA) and ethylene glycol (EG)
(Figure 5a).*® The DRS of such a sensing material can be
continuously recorded once infiltrated with solvents, resulting
in a contour map displaying time (as x axis), reflection
wavelength (as y axis), and reflection intensity (heat map
color). Having a PhC gel containing a solvent (EG) rather than
air in solid opals provides benefits, due to the fact that the
physical properties of the solvent, namely, polarity, viscosity,
refractive index, and affinity, to the PhC gel strongly influence
analyte solvent diffusion and polymer deformation, leading to
analyte solvent infiltration with lattice expansion or EG
extraction with lattice shrinkage. Therefore, the diversified
DRS patterns with their specific characteristics can be utilized
to discern analyte solvents and even to identify an unknown
solvent (Figure Sb).

Another strategy for lattice-spacing-induced sensing is to
utilize hydrogel-based PhC structures. The hydrogel-based
PhCs can serve as excellent platforms due to the ease of
modification by other functional materials (ie, DNA
molecules,” carboxylic groups,®” thiol functional groups,”
polyelectrolytes,” CDs,” and enzymes*’) in order to endow
specific recognition capabilities when exposed to the target
analytes, resulting in a volume change and optical response.
One of examples is the hydrogel suspension array for
multiplexed label-free DNA detection that was developed by
Gu’s group,”” which integrates both bioresponsive hydrogel
SPCs and QD-encoded technology. The DNA-responsive
hydrogel SPCs with well-ordered and interconnected porous
structures were fabricated by template replication of SiO,NP
lattices combined with acrylamide polymerization and removal
of SiO,NP templates, which can offer high accessibility for
target DNA to cross-linked probes of single-stranded DNA
(ssDNA). The QD-tagged DNA-responsive hydrogel SPCs can
be encoded by incorporating thioglycolic-acid-capped cadmi-
um selenide (CdSe) QDs into the preformed polyacrylamide
hydrogel SPCs, and the encoding can be tailored by
incorporating different wavelength-emitting QDs into single
hydrogel SPC. Furthermore, this QD-tagged DNA-responsive
hydrogel SPC has high selectivity and sensitivity with a LoD at
the nanomolar level, which is attributed to the specific
hybridization of target DNA and the cross-linked and QD-
tagged ssDNA in the hydrogel along with a volume decrease.
The blue shift of the Bragg diffraction peak on target DNA
binding can be used to quantitatively estimate the amount of
target DNA.

Also, the Jana group fabricated urease-immobilized hydrogel
opal structures for detection of mercury ions (Hg®*) in
aqueous media by a chan§e in lattice spacing, accompanied by
a Bragg diffraction shift.”> Figure 6a(i) illustrates the different
working mechanisms of these structures for detection of urea
and Hg**. The urease-immobilized hydrogel opals can
hydrolyze urea, producing HCO;~ and NH,* ions inside the
hydrogel. These ions then screen the charge of the carboxylate
groups of the ionic polyacrylamide backbone (the matrix of
hydrogel opals), leading to a shrinkage of the hydrogel with a
blue shift of the Bragg diffraction (Figure 6a(ii)). The presence
of Hg*" as an inhibitor suppresses the production of ions
within the hydrogel and hence the shrinkage (Figure 6afiii)),
resulting in a smaller blue shift compared to the opals that are
only exposed to urea. The urease-immobilized hydrogel opals
can thus be used both as a urea sensor and a Hg*" sensor with
a high selectivity, sensitivity, and reversibility, as demonstrated
in their work. The LoD of Hg*" can reach down to 1 ug-L™" (1
ppb, ~S nM), which is below the maximum contaminant level
(2 ppb) suggested by the Environmental Protection Agency,
USA, for safe drinking water. Furthermore, Qin et al”*
fabricated PhCs for highly sensitive and selective detection of
Hg in seawater, namely, —SH-immobilized hydrogel opals
with non-close-packed fcc arrays. These —SH-immobilized
hydrogel opals can selectively bind with Hg** ions to form
—S—Hg—S— bridge bonds in seawater, causing a shrinkage of
the hydrogel. By this design, the resulting Bragg diffraction
wavelength shift is proportional to the amount of bound Hg*"
ions, enabling the Hg2+ ion concentrations with a LoD of 1 nM
level in seawater to be quantitatively evaluated. It is worth
noting that —SH-immobilized hydrogel opals with different
amounts of —SH groups have different specific detection
ranges for Hg*" ions, due to the saturation of Hg** binding to
the —SH groups. The authors in addition demonstrated that
the LoD for Hg*" ions in pure water (0.1 nM) is different from
that in seawater (1 nM), which was attributed to the Hg**-
concentration-dependent ligand formation. At low concen-
trations of Hg*" in pure water (<10~" M), the single ligand
complex —S—Hg?" is formed, and the electrostatic repulsion
force between —S—Hg** complexes leads to hydrogel swelling,
while formation of —S—Hg—S— bridge linkages is favored
when Hg2+ concentration is higher than 1077 M, balancing the
repulsive force from —S—Hg*", as shown in Figure 6b.

Hydrogel-based PhCs have, apart from monitoring heavy
metal jon concentrations, also been used for monitoring of
radioactive metal ions with a LoD of 10 nM for the uranyl ion
(UO,*). Rich carboxylic-group-functionalized hydrogel opals
were used, where a chelation reaction induced a hydrogel
shrinkage. This resulted in a blue shift of the structural color
which could be distinguished even by the naked eye. These
hydrogel opals not only can be used as sensing units for real-
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Figure 7. Microcapsule sensor assembled by temperature-responsive core—shell colloids. By observing the color, the temperature can be
revealed. (a) Microcapsule sensor fabrication principle by depletion-driven phase separation. (b) Thermochromic properties of
microcapsules. Reproduced with permission from ref 55. Copyright 2018 Wiley.

time monitoring of UO,*" but also can be utilized as
adsorbents for purification of wastewater by removal of
UO,*. A maximum adsorption capacity of 169.67 mmol-
kg™' was demonstrated at 298 K.*

Additionally, core—shell structure of SPCs with a hcp
symmetry have been reported by the Gu group.”® The
structure consists of opal cores as their encoding units and
responsive inverse opal hydrogel shells as their probe units.
Compared to the QD-tagged inverse opal SPCs as mentioned
above,”® this core—shell SPC integrates the encoding property
and decoding ability in one single SPC to achieve Hg**
detection. It can provide stable Bragg diffraction peaks for
encoding the cross-linked hydrogels in the capsule shells and
achieve target recognition by the corresponding probes,
leading to a shrinkage of the shell with a blue shift of the
Bragg diffraction. Figure 6c(i) shows the principle of aptamer-
based Hg*" detection using these core—shell SPCs. Shells of
SPCs cross-linked with a Hg*'-responsive aptamer were
constructed for Hg®" detection (Figure 6¢,(ii)). These core—
shell SPCs show the capability for sensing specific targets
without any labels and can be applied for label-free multiplexed
assays with the advantages of encoding and decoding in one-
step Bragg diffraction peak measurements.

The strategy of dual-mode sensing has also been employed.
For example, inverse opal hydrogels infiltrated with CDs have
been designed as a dual-mode sensing platform for selective
detection of metal ions.”” This design has the advantage of a
simple fabrication procedure without probe molecule pre-
immobilization prior to target detection, compared to the
above-discussed works. Variation in the lattice spacing of the
inverse opal hydrogels induced by metal ions leads to a Bragg
diffraction peak shift in the reflection mode and a fluorescence
signal change in fluorescence mode. These responses are
ascribed to the hydrogel shrinking caused by the strong
interaction between the copper ions (Cu®*) and PAA of
inverse opal matrix and photobleaching resulting from the CD
aggregation once they are exposed to Cu’*, thus achieving
dual-mode sensing with a wide linear detection range of 0.1
HM to 7 mM.

Hydrogel-based PhC sensors are generally polymerized non-
close-packed colloidal crystals or inverse opal hydrogels,"”””
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where the polymer networks are either covalently function-
alized with the probe molecules, or infiltrated with functional
nanoparticles (e.g, CDs). Once target analytes diffuse into the
functionalized PhC hydrogels, they can react with probes,
leading to a change in hydrogel volume and thereby an optical
response. Fabrication of these hydrogel-based PhC sensors
usually requires multiple steps, including colloidal assembly,
hydrogel polymerization, and probe molecule immobilization.
The hydrogel used was mostly PAM or PAA, but advances in
functional materials have promoted the development of
functional polymers as a matrix for construction of PhC
sensors, such as poly(ionic liquid), shape-memorable polymers,
and liquid crystals.”>”®”” For instance, Li et al.”” developed
inverse opal microspheres composed of urea-functionalized
poly(ionic liquid) for visual identification of explosives with a
smartphone (Figure 6d). Figure 6d(i) shows the fabrication
procedure of these inverse opal microspheres. This design
achieves on-site detection and discrimination of many
explosives and even their mixtures in a real-world context,
which is attributed to the strong hydrogen bonding between
the urea motifs and the nitro groups of explosives, resulting in
different degrees of swelling or shrinking of the microspheres
in response to different analytes, accompanied by structural
color shifts, as shown in Figure 6d(ii). This shift is bright and
obvious enough to be distinguished by the naked eye. The
photos in the top row of Figure 6d(ii) were captured by a
smartphone, and the bottom row (Figure 6d(ii)) shows optical
microscopy images corresponding to the photos in the top
row. These microspheres can be applied not only for
qualitative analysis of nitroaromatic explosives but also for
semiquantitative assays (Figure 6d(iii)). This rational design
combines the advantages of improved sensitivity due to the
direct capturing and binding of analytes with a high stability of
structural colors without interference and photobleaching. It
thus shows potential for development of a portable device that
can be used at on-site locations such as airports, customs, and
accident locations. Moreover, smart shape memory polymers
have been directly utilized as matrix of inverse opals, as they
can memorize and recover their permanent shape in response
to an external stimulus, for example, pressure, temperature,
light, vapor, and solvent.'°°7*°% Therefore, they have been
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Figure 8. Universal competition-based method for sensing using hydrogel PhCs. (a) Sensing principle using antibody—antigen interaction.
Applying transient fixation of well-ordered, non-close-packed PhCs to a poly(vinyl alcohol) (PVA) polymer and covalent immobilization of
acrylated antibodies—antigens to a PAM and subsequent PVA removal for fabrication of antibody—antigen grafted hydrogel PhCs. (b)
Corresponding direct method for sensing. (c) PrtA sensor (IgG-protein-A-immobilized hydrogel) with obvious color changes in response to
different concentrations of antigen. (d) Corresponding CIE (International Commission on Illumination) chromaticity diagram of the PrtA
sensor in (c). Reproduced from ref 53. Copyright 2020 American Chemical Society.

extensively exploited for sensing local environment changes
induced by the target analytes. Leo et al’® developed
chromogenic inverse opal sensors, using smart shape memory
polymers of polyester/polyether-based urethane acrylates
blended with tripropylene glycol diacrylate (Figure 6e). The
collapsed lattice of inverse opal structures can be recovered
stepwise along with a structural color change once exposed to
different concentrations of swelling analytes (e, ethanol,
acetone, and dichloromethane) present in complex, multi-
component nonswelling mixtures (e.g., gasoline and water), as
shown in Figure 6e(ii). The photos in Figure 6e(ii) present
structural color changes of collapsed shape memory inverse
opals and the same sample after recovering from ethanol—
octane solutions with different concentrations of ethanol. The
corresponding cross-sectional SEM images in Figure 6e(ii)
show periodic structures in response to different concen-
trations of ethanol, indicating a volume increase with
increasing ethanol concentration. The authors demonstrated
quantitative analysis of ethanol in octane and gasoline with
high sensitivity and a low LoD of 10 ppm (0.22 mM), as well
as a wide sensing range (Figure 6e(iii)). These inverse opals
with shape memory polymers can also achieve ethanol
detection in consumer medical and healthcare products.
They thus show high potential for applications in environ-
mental monitoring and product control in chemical,
petroleum, and pharmaceutical industries. Such designs are
inexpensive, reusable, durable, and readily integrated with
mobile platforms to create portable sensing devices. Besides
the functional polymers serving as matrix of opal structures and
inverse opal structures, stimuli-responsive colloids can also be
utilized as building blocks for construction of PhC structures
for on-site monitoring of microenvironmental conditions. For
instance, microcapsule PhCs assembled by core—shell colloids
have been developed through depletion attraction,” where the
shell of the colloid is made of temperature-responsive hydrogel
(Figure 7a). Figure 7a shows fabrication principle of the
microcapsule PhCs (left image) and the crystallization of
core—shell colloids at hypertonic conditions (right image).
Such a microcapsule sensor, fabricated with high homogeneity
and periodic structure by droplet microfluidics, can enable a
rapid and broad change of its structural colors in response to
changes in temperature while maintaining a close-packed array
(Figure 7b).
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Zhang et al”” reported a salicylic acid (Sal)-containing
“SiO,/propylene carbonate” liquid PhC as a photonic sensing
material for detection of Cu®" in water. The target analytes
containing Cu®" promote the release of H* from Sal and result
in a shrinkage of the lattice spacing. As a result, the Cu®*
concentration can be determined by the blue shift of the
reflection of liquid PhCs. This kind of liquid PhC sensor is
fabricated in one step without the chemical functionalization of
recognition groups, which has the advantages of high
repeatability and good reliability when compared to conven-
tional methods.

According to the above discussion, lattice-spacing-induced
PhC sensors have been fabricated either by postfunctionaliza-
tion of a hydrogel matrix or by direct manufacturing using
stimulus-sensitive materials as matrix/building blocks. The
stimulus-responsive materials are in high demand for the
fabrication of PhC sensors due to their improved sensitivity
and facile operation for the development of portable,
inexpensive, and efficient sensing devices. Additionally, to
address the issue of limited Bragg diffraction shifts of hydrogel-
based PhC sensors with chemically immobilized probes
directly capturing the targets, a competition-based PhC sensing
approach has been developed that significantly increases the
Bragg diffraction shift such that it can be identified visually by
the naked eye. Qin et al>® reported a competition-based
universal PhC biosensor using antibody—antigen interaction
(Figure 8), which is capable of robust naked eye detection of
various biomolecules (e.g, proteins, peptides, and small
molecules) with high sensitivity, selectivity, and reversibility.
They have also demonstrated that this sensor design can be
extended to fabrication of enzyme-detecting biosensors. Figure
8a,b shows the difference in sensing principle between the
competition method and the conventional direct method. In
the competition method, competitive displacement occurred in
the presence of the analyte (antigen), leading to breaking of
the noncovalent “cross-linked” hydrogel and giving rise to a
significant but reversible expansion in a manner that depends
primarily on antibody recognition. Figure 8c,d demonstrates
that this biosensor design features large wavelength shifts upon
analyte binding allowing naked eye detection. A concentration
as low as 50 ugmL™' (~1.19 uM) of protein A (PrtA) was
sufficient to give an obvious color change in the PhC
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Figure 9. Multiplexed assays by enhanced fluorescence sensing. (a) Binary optical encoding system for multiplex assays. (i) Diagram of
binary encoding strategy using SPCs and QDs via bridge of antigen—antibody complex (sandwich assay). (ii) Demonstration of multiplexed
assays using this binary encoding strategy. The inset solid green and red circles represent the used type of QDs with green and red emission
spectra, respectively. Reproduced from ref 119. Copyright 2011 American Chemical Society. (b) Hollow colloidal SPCs assembled from
core—shell nanoparticles for miRNA detection. (i) Diagram of fabrication of hollow colloidal SPCs by droplet confinement-induced
crystallization. (ii) Optical microscopy images of structural colors of SPCs assembled from solid PS@SiO, colloids (top row) and the gas-
filled SiO,NPs (bottom row). (iii) Diagrams of the hollow colloidal SPCs for multiplex miRNA detection and optical microscopy images of
three groups of hollow colloidal SPCs after incubation with target miRNA molecules. Top row: bright-field images. Bottom row:
corresponding fluorescence images. Reproduced with permission from ref 122. Copyright 2019 Wiley. (c) SPCs combined with a HCR
method for detection of bladder cancer miRNAs. (i) Diagram of miRNA detection method using SPCs combined with HCR. (ii) Diagram of
the HCR method. (iii) Decoding results of target miRNAs captured by SPCs before and after HCR. Reproduced from ref 109. Copyright
2020 American Chemical Society.
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hydrogels, indicatin(g that it is sufficiently sensitive for in vitro
POC applications.'**'**

ENHANCED FLUORESCENCE SENSING

As previously reported, fluorescent molecules'” and nano-
particles (e.g., luminescent semiconductor QDs) ' have been
widely applied in bioassays and diagnosis'*>'?” owing to their
advantages of encoding and decoding capabilities. However,
their sensitivity, selectivity, and efficiency need to be improved
because of, for example, the limitations arising from strong
interference between barcode units and fluorescence-labeled
analytes and photobleaching, as well. Here, PhCs stand out
with their capabilities of self-encoding with a much lower
fluorescence background and of amplifying optical signal by
coupling at the edges of PSBs to emission frequency of
immobilized fluorescence materials.””'*® PhCs have also
increasingly gained attention for integration with other
methods such as hybridization chain reaction (HCR),'"”
FRET,” and chelation reaction''” to increase the sensitivity
and lower the LoD. Therefore, we focus on the use of PhCs as
both coding units and optical signal amplifiers in combination
with fluorescence labels (e.g., fluorophores, QDs, and CDs) for
chemical and/or biological sensing with high selectivity and
sensitivity.56’57’l 10-112

Molecular recognition groups can be immobilized on as-
prepared PhCs to specifically capture analytes such as proteins,
DNA, and cancer cells, whereby the analytes are generally
labeled with fluorescent groups to deliver a fluorescence signal.
Since the encoding capability of PhCs originates from their
structural periodicity, they are not subjected to fading,
bleaching, quenching, and chemical instability. All of these
advantages make PhCs reliable tools for coding. Zhao et al.'"*
designed SPCs assembled from SiO,NPs as coding carriers for
a multiplex immunoassay. The SPCs with immobilized probe
biomolecules provide a larger contact area and more
opportunities to capture analytes than the conventional SiO,
microspheres, which can result in higher sensitivity and lower
LoD due to the enhanced fluorescence signal readouts. The
use of SPCs as barcodes can eliminate fluorescence
interference between target analytes and coding units. In
addition, properly designed SPC barcodes can enhance the
fluorescence emission intensity, thus enhancing signal read-
out.'”*!"*!"5 Zheng et al.'' reported aptamer-functionalized
SPCs for capture and detection of multiple types of tumor cells
in artificial blood samples. The surface of SPCs assembled
from SiO,NPs was decorated with highly branched dendrimer-
amplified aptamer probes to capture target tumor cells with
high sensitivity, reliability, and specificity. However, the
efficiency of cell capture on the surface provided to be
strongly influenced by surface topology of the SPCs. Thus, the
freshly made SPCs with close-packed nanopatterns were
etched to form non-close-packed nanopatterns that were
preferred by the cells, leading to improved cell capture
efficiency. The probes used are cell-affinitive DNA aptamers,
which have high and specific binding affinity to target
molecules on the cancer cells; therefore, SPCs with
immobilized DNA aptamers can sort multiple types of cancer
cells with the advantages of long-term stability, sustained
reversible denaturation, nontoxicity, low immunogenicity, and
short blood residence time.''” Moreover, to improve the cell
capture efficiency, also inverse opal hydrogel structures with an
increased surface area for antibody immobilization were
designed to capture and release drug-resistant tumor cells.'"®
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The antibody-functionalized 3D interconnected porous
nanostructures consisting of biocompatible methacrylate
gelatin (GelMA) hydrogels are expected to facilitate POC
pharmacotherapy and thereby finally improve the patient
outcome due to the efficient capture of drug-resistant tumor
cells with nearly unchanged viability. The tumor cells can then
later be released and used for further studies such as gene
detection and drug screening,

In addition, a binary optical encoding strategy for multiplex
immunoassays has been developed using the combined optical
characteristic spectra of SPCs and QDs.""” The principle of
this binary optical encoding is shown in Figure 9a(i). The
antigen can be quantified by the fluorescence signal from the
detection of QD-labeled antibodies. Such a design provides
both large encoding capacity and high sensitivity with a low
level LoD of 58 pgmL™" (~0.39 pM) and is superior to and
more practical than a single SPC or QD encoding. Figure
9a(ii) demonstrates multiplex assays using this sandwich
structure of SPCs and QDs according to the dual optical
response. The optical microscopy images in the top row
(Figure 9a(ii)) are three different SPCs modified with different
capture antibodies as capture probes. The left column shows
five different groups of analytes. The yellow solid lines and
yellow dashed lines indicate the reflection spectra of SPCs and
the fluorescence emission spectra of CDs.

Although SPCs have served as excellent barcodes and
carriers for suspension arrays,'”’ some challenges have to be
overcome to further improve sensitivity and LoD of chemical
and/or biological assays. SPCs assembled from colloids (e.g.,
SiO,NP, PSNP) with a volume fraction of 0.74 and a void
fraction of 0.26 have low structural color contrast, especially
upon infiltration by surrounding medium due to the further
lowered refractive index contrast. As a result, the light
transmission is enhanced, leading to a decreased reflection
making a decoding process more difficult. Furthermore, due to
the high density of composite materials, it is difficult to keep
SPCs suspended in reaction solution for a well-developed
binding performance.'”’ Instead, rapid deposition of the
probe-immobilized SPCs reduces the efficiency of the analyte
radial diffusion, causing a significant decrease in specific
binding efficiency and sensitivity. To overcome these issues,
researchers in Zhao’s group proposed a SPC, which consists of
well-ordered lattices of hollow colloidal nanospheres (core—
shell nanospheres) with increased refractive index contrast and
high stability in detection solution with a long period of free
floating.'** The hollow colloidal SPCs are also manufactured
by a droplet confinement-induced assembly of core—shell
colloidal nanoparticles using droplet microfluidics, followed by
removal of cores using a high temperature calcination method
(Figure 9b(i)). The core—shell colloids used are polystyrene
core—silica shell (PS@SiO,) nanoparticles. The resulting
close-packed hollow colloids exhibit an enhanced structural
color contrast owing to the increased refractive index contrast
which is caused by the gas-filled building blocks (Figure
9b(ii)). The optical microscopy images in the upper row of
Figure 9b(ii) show structural colors of SPCs consisting of well-
ordered PS@SiO, nanoparticles, whereas images in the bottom
row show structural colors of the hollow colloidal SPCs with
increased color contrast. The authors also successfully
demonstrated the use of hollow colloidal SPCs for a
multiplexed miRNA assay (Figure 9b(iii)). On the hollow
colloidal SPCs functionalized with carboxyl groups with
distinct Bragg diffractions, different probes were immobilized
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for specific binding to fluorescently labeled target miRNA
molecules to achieve quantification by characterization of the
fluorescence intensity. The hollow colloidal SPCs for multi-
plexed miRNA assay showed high specificity, low LoD (~100
fM), and anti-interference performance. The LoD is 4 orders
of magnitude lower than that of the previously designed SPCs
assembled from SiO,NPs.''* Additionally, these hollow
colloidal SPCs can be integrated with optofluidics for real-
time bioassays, which can benefit from both a PSB-enhanced
fluorescence signal readout and controllable construction of
wettability patterns for enrichment of diluted analytes.'*’

It is still challenging to quantify low-abundance targets, for
example, circulating miRNAs in the biological complex matrix
of blood. Therefore, amplification strategies (e.g., rolling circle
amplification (RCA)*® or HCR)'** have been integrated with
SPCs for clinical diagnostic applications to improve detection
sensitivity.'”>'?® For example, SPCs as barcodes were
combined with HCR as an amplification method and validated
for multiplex analysis of bladder-cancer-related miRNAs
(Figure 9¢)."” The probes were decorated on the surface of
the SPCs by chemical coupling, and then specific binding of
target molecules (miRNAs) with luciferin labels occurred to
the SPCs via sandwich hybridization. The enzyme-free HCR
method is used to amplify the fluorescence signal, not only
enabling the LoD for multiple miRNAs in serum to reach 1 nM
with high specificity and high throughput but also simplifying
the quantification process. Figure 9c(ii) shows the HCR
strategy for amplification of the fluorescence signal in detail.
Figure 9c(iii) shows the fluorescence image and intensity
analysis of target miRNAs captured by SPC barcodes before
and after HCR. This design shows potential application in
clinical diagnosis and prognostic monitoring strategies for
multiplex analysis of bladder-cancer-related miRNAs.

As discussed above, core—shell SPC structures consisting of
periodic SiO,NP lattices as the core (opal structure) and well-
ordered interconnected inverse opal porous hydrogel as the
shell have been designed for bioassays with the advantages of
high coding stability, high binding efficiency, and capability of
high density target detection over a wide dynamic range.”®*’
Such a structure has also been employed and integrated with a
RCA strategy for multiplex miRNA quantification of low-
abundance targets in real-world applications.”® This design
integrates the advantages of both core—shell SPCs and RCA to
achieve rapid quantification of low-abundance miRNAs with
LoDs at the 10 pM level.

Apart from tailoring the structure of PhCs to improve the
detection efficiency and sensitivity, the supporting substrate
can offer an alternative way to provide an enrichment
functionality for highly diluted samples.'””"** Droplets with
target molecules can be enriched by a wettability difference
between the superhydrophilic inverse hydrogel-based SPCs
and the superhydrophobic supporting substrate.'”” In this way,
a multiplex miRNA analysis with high sensitivity and low LoD
at a femtomolar level was achieved.

Compared to the fluorescence label-based HCR meth-
0d,"%"*® the enzyme-free and label-free methods have raised
more attention as they could allow bioassays with low cost and
high sensitivity. A strategy was proposed and demonstrated
using G-quadruplex-encapsulated SPCs for label-free multiplex
detection of mycotoxins with LoD reaching as low as 0.7 pg-
mL™" (1 pM)."*” The SPCs serve as a robust encoding carrier,
and the decoding process is achieved by G-quadruplex binding
with thioflavin (ThT) as an optical fluorescence label (Figure
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10). The probes are immobilized on SPCs to form a molecular
beacon (MB), which is composed of sequences of mycotoxin

Fluorescence off

Figure 10. Diagram of label-free quantification of mycotoxins by a
G-quadruplex structure and aptamer-immobilized SPCs. Repro-
duced from ref 129. Copyright 2020 American Chemical Society.

aptamers and a G-quadruplex structure. Once the probe-
immobilized SPCs have been exposed to both the target and
ThT, the hairpin structure of the MB would open due to the
specific recognition of aptamer and target, leading to the
exposure of the G-quadruplex region. Consequently, a large
amount of ThT would bind to the G-quadruplex structure,
resulting in a strong fluorescence signal. The mycotoxin
concentration is directly proportional to fluorescence intensity
of the SPCs, allowing quantitative analysis.

Apart from using probe-immobilized PhCs for bioassays by
the enhanced fluorescence spectroscopy, this approach has also
been applied for metal ion detection. For example, a 2D PhC
dot array on a patterned substrate was developed for sensing of
multiple metal ions"*’ with high analyte detection perform-
ance, using fluorescence signal readouts resulting from analyte-
specific quenching enhancement and absorption—emission
shifts, which are determined by the electropositivity of various
metals.”>" When the edges of the PSBs of PhCs are properly
tailored and matched with the characteristic fluorescence
peaks, the fluorescence signal readout can be enhanced due to
the high DOS of the slow light effect.'*

The ultimate goal is to employ the PhC barcodes for real-
world applications in POC devices in clinical and biomedical
areas. One of the examples is development and demonstration
of microneedle arrays (MNs) with entrapped SPCs for
multiplexed specific analzrsis of skin interstitial fluid (ISF)
biomarkers (Figure 11).”” Compared to conventional ISF
biomarker detection methods using MNs,"*#!3% this method
has the advantages of (1) facile operation with SPCs entrapped
in the MNs without complicated procedures, such as ISF
extraction, biomarker purification, and biomarker identifica-
tion; (2) user friendliness and time efficiency with the
assistance of an optical microscope or spectrometer for
decoding process; and (3) high biocompatibility, flexibility,
sensitivity, versatility, and specificity. The probe-immobilized
SPCs on the tip of the flexible microneedle can easily be
inserted into the skin and capture specific biomarkers via
specific biomarker recognition by the probe. The decoding
process can be achieved by capturing the corresponding
fluorescence probes with formation of sandwich immunocom-
plexes, where the biomarker concentration can be indirectly
quantitatively analyzed by the fluorescence intensity of the
SPCs, and the identity of the biomarkers can be determined by
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Figure 12. PhCs serving as SERS-active substrates for chemical and/or biological sensing. (a) Diagram of PhC structures as templates for
construction of hotspots for SERS. Left side: schematic of opals as templates for fabrication of SERS-active substrates. Right side: inverse
opals used for SERS-active substrates, where the matrix can consist of hydrogels, metals, and inorganics. (b) Diagram of light localization
and enhancement/suppression of Raman signal by PhCs. Left side: an overlapping of the excitation wavelength (Ag,) with the red edge of the
PSB, which can increase the localized EM field. Right side: light—matter suppression due to an overlapping of Ay, and the PSB.

the distinct Bragg diffraction peaks of the SPCs. However,
there are still many efforts required to develop PhC barcodes
for real-world applications in POC devices. For instance, other
biomarkers (e.g., proteins, nucleic acids, and ions) need to be
investigated and demonstrated. Moreover, the encoding and
decoding processes can be integrated by using target-
responsive hydrogels as the constituent materials of the
SPCs, which can further improve the sensitivity and practicality
in clinical diagnostics.

In the above discussions, we found that the LoD and
sensitivity can be greatly improved either by precisely tailoring
the structure of the PhCs (homogeneous structure, inverse
opal hydrogels, opal core—inverse opal shell structure, and
decoration of the PhC structure by 2D materials (eg,
graphene))'** or by integrating with methods to amplify the
decoding signal. In addition, the supporting substrate of the
PhCs can also be tuned to enrich strongly diluted samples to
obtain higher sensitivity and stronger signals. To briefly
summarize, PhCs not only serve as encoding units for
multiplex assays for proteins, DNA, miRNA, tumor cells, and
metal ions but also can be used as an optical signal amplifier to
improve the readout signal, improving the sensitivity and
lowering the LoD.
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SERS-BASED SENSING

SERS has developed into a commonly used noninvasive
spectroscopic sensing technique with the advantages of high
sensitivity (even near single molecular level), label-free sensing,
and small bandwidth of molecular fingerprint, allowing to
distinguish molecules with similar structures.'”> Due to well-
developed and reliable analytical concept of SERS, SERS-based
chemical sensors and/or biosensors have been designed for
many different analytes such as single atoms'**"*’ (e.g., metal
ions), small molecules,"*® biomolecules,">*'*° genes, 1 cells,
and tissues.'*”'* The molecules confined at/near nano-
structured plasmonic materials'** can be excited by incident
light coupled with the localized surface plasmon resonance
(LSPR), resulting from collective oscillation of metal
conduction electrons. The most popular approach for
amplification of the SERS signal is to construct hotspots
where an enhanced localized EM field is produced, as is widely
reviewed in the literature.'*>'*® A variety of plasmonic
nanostructures have been developed to strengthen the
localized EM field by tailoring their morphology, dielectric
properties, and coupling frequency. Nanostructured plasmonic
materials made of metals (e.g, Au, Ag, Cu, and AI)144‘147‘148
have been widely explored for SERS enhancement. Besides the
contribution of hotspots to SERS signal amplification, PhCs
have also long been involved in SERS enhancement as PhCs
can aid in concentrating light in space or time with their
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Reproduced with permission from ref 157. Copyright 2015 Wiley.

periodic photonic structures.'*” Hence, not surprisingly, both
PhCs and hybrid materials consisting of photonic—plasmonic
structures have been engineered for improvement of the SERS
enhancement and have been demonstrated to provide an
alternative analytical approach.

PhCs with periodical arrangements can serve as excellent
nanostructured templates to load plasmonic materials for
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construction of high density hotspots as SERS-active substrates
with high controllability and reliable repeatability (Figure
12a),"*° but they can also localize excitation light to further
enhance the localized EM field owing to the increased DOS.
The excitation light located at edges of the PSBs can travel
with a reduced group velocity to confine and amplify the
localized EM field. Therefore, PhCs as SERS-active substrates
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for quantification benefit from (1) facile fabrication of high
density hotspots with high repeatability and precise controll-
ability,"* (2) dual tunability of coupling effects with respect to
the LSPR properties of plasmonic structures and slow light
effect of periodic structures,””' and (3) controllable physical
functionality, namely, superwettability and high adsorption for
confinement and enrichment of analytes in liquid state in the
proximity of SERS-active substrates, especially important for
molecules with a poor or no affinity to the plasmonic
surfaces.">' >

PhCs can offer well-defined nanostructures as templates for
subsequent construction of noble metal nanoslits,"*" clus-
ters,">* and arrays® with high density hotspots for Raman
enhancement. For example, by combining methods of droplet
microfluidics and metal film deposition, Wang et al.'>’
reported SPCs covered by metal films featuring a high density
of noble metal nanoslits (~20 nm in width) for detection of
molecules (even with a small Raman cross section) with an
enhancement factor (EF) up to 7 orders of magnitude with
high controllability and repeatability (Figure 13a). To further
improve target adsorption and binding efficiency and to widen
linear detection range, inverse PhC structures have been
developed.”®” Recently, for example, inverse opal hydrogels
were reported for multiplex analysis with the assistance of
Raman dye-tagged Au@Ag core—shell colloids.”” The inverse
opal hydrogels with well-ordered and interconnected pores
provide substantially increased adsorption efficiency and thus
enable a wide linear dynamic detection range, which is of
significance for high-throughput screening in diagnostics
(Figure 13b). Moreover, multiplex immunoassays on one
single inverse opal hydrogel were achieved by bridging the
Raman nanotags of Au@Ag core—shell colloids and inverse
opals through specific binding, where the decoding can be
deciphered by the specific tagged Raman dyes with their
characteristic fingerprints. Such a design achieves multiple
biomarker immunoassays with high sensitivity and a wide
linear dynamic range, spanning over 6 orders of magnitude (10
pgmL~" to 10 ug-mL™"), and low LoD at 3.6 fg:rmL™" (0.0S
fM) level for alphafetoprotein (AFP) and 1.9 fgmL™" (0.01
fM) for carcinoembryonic antigen (CEA). These two
biomarkers are normally used as indicators of a series of
tumors such as liver and colon tumors for clinical diagnosis. In
this proof-of-concept research, PhCs not only provided
templates for further finely tailoring the plasmonic nanostruc-
tures but also offered an abundance of binding sites due to
their large surface-to-volume ratio. A dual-encoding system
combining SPCs with gold nanoparticles tagged with Raman
dyes for multiple immunoassays has been achieved, as well,*
where Bragg diffraction peaks and Raman molecule fingerprints
can be decoded at once with low background and interference,
high stability, and reproducibility. This strategy can well
address the demands of high throughput and multiplexed
assays.

Additionally, PhCs can couple the Bragg mode with LSPR to
improve Raman signal by exploiting slow light effect.">"">®
The coupling of Bragg and plasmonic modes has been well
investigated by both purely photonic structures” and hybrid
structures."**"*” A plasmon-free TiO, inverse opal structure®*
has been fabricated for SERS with an improved Raman
intensity, where the Raman signal is strongly dependent on the
PSB frequency and the excitation laser wavelength (Figure
13c). When the excitation laser wavelength is near the edge of
the PSB, an improved Raman signal is obtained that is
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attributed to the enhanced light—matter interaction by the
repeated and multiple light scattering in periodic lattices,
whereas when the excitation laser wavelength coincides with
the PSB, the light propagation is suppressed with decreased
DOS, leading to a decrease in Raman signal. The synergistic
effect of photonic and plasmonic enhancement has further-
more been confirmed in hybrid materials."””"*® Mu et al.">’
developed antibody-functionalized inverse opal hydrogels with
stained AgNPs for multiplexed analysis of proteins (Figure
13d). This hybrid material benefits from both the inverse opal
hydrogels with high binding site densities, and a high density of
hotspots, as well as an extra enhancement caused by a coupling
of the Bragg and plasmonic modes.

Besides the artificial 3D PhCs fabricated by bottom-up
approaches such as confinement-induced assembly,” coassem-
bly,"*” and vertical deposition,'*® biological PhCs existing in
natural creatures (e, butterfly wings and diatom frustules)
have also been explored to construct hybrid materials with
photonic—plasmonic properties for SERS enhancement, with
the advantages of low cost and large-area production.'**'®"'%*
For instance, 3D sub-micrometer Cu structures replicated from
butterfly wings by electroless deposition have been demon-
strated for SERS enhancement resulting from periodic rib-
structures with high density piled-up hotspots on main ridges
(Figure 14a). Diatom frustules have also become increasingly

Cu deposition period

In-situ ﬁro wth
AgNPs
—

Photonic-plasmonic 2
mesocapsule 4 gnp’

. — flow direction . Microﬂuidicdevice'

Figure 14. Biological PhCs serving as SERS-active substrates for
sensing. (a) 3D Cu PhC structures replicated from butterfly wings
by electroless deposition with varying periods (SEM images) for
SERS with large-area production and low cost. Reproduced with
permission from ref 161. Copyright 2012 Wiley. (b) Diatom PhC-
enhanced plasmonic mesocapsules applied for optofluidic-SERS
sensing. Reproduced with permission from ref 156. Copyright
2019 Wiley.

diatom frustule

popular due to periodic mesoporous arrays, showing photonic
properties and enabling amplification of the SERS signal. Alan
X. Wang’s group'®® has proposed biological PhC-enhanced
plasmonic mesocapsules for achieving single-molecule opto-
fluidic SERS sensing by utilizing biological diatom silica PCs
with in situ grown AgNPs, as shown in Figure 14b. Not only do
diatom silica PhCs serve as carrier microunits for loading high
density hotspots produced by the formation of high density
AgNPs, but also do submicron pores of the frustules enable an
effective analyte capture and mixing inside the microfluidic
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Figure 15. LC-based microdroplets as chemical and/or biological sensors. (a) NLC microdroplet-based virus/bacteria sensor with a bipolar
to radial configuration transition. Reproduced with permission from ref 172. Copyright 2009 Wiley. (b) Enzyme-immobilized CLC
microdroplets for detection of glucose and cholesterol. Reproduced from ref 183. Copyright 2016 American Chemical Society. (c) Polymer-
caged NLC microcapsules with high stability for detection of amphiphiles. (i) Schematic of the polymer-caged NLC microcapsule fabrication
procedures. (ii) Bright-field, polarized microscopy images and schematic illustrations of director configuration change of polymer-caged
NLC microcapsules in response to the DTAB addition. (iii) Demonstration of LC droplet-based “test strips” consisting of dried caged NLCs
that can be dipped into aqueous analyte solution, and the corresponding bright field and polarized microscopy images before insertion and
after insertion into a DTAB solution. Reproduced from ref 185. Copyright 2015 American Chemical Society. (d) CLC,,;q microspheres as
solvent quality indicators and temperature sensors owing to the helical pitch change. (i) Optical microscopy of CLC,;q microspheres after
chiral dopant extraction with red, green, and blue reflection colors at the center, corresponding to the CLC mixtures with increasing
concentrations of chiral dopant. (ii) Diameter and calculated wavelength of CLC,,;q microspheres in toluene as a function of the solvent
temperature; insets show optical microscopy images and the cross-sectional SEM image of a CLC,4. (iii) Diameter and calculated
wavelength of the CLC,,;q microspheres as a function of water content in a pyridine/water mixture at 24.0 °C; insets show the
corresponding optical microscopy images. Reproduced with permission from ref 75. Copyright 2017 Royal Society of Chemistry. (e)
Multisensor platform made of a PAA-interpenetrated CLC,,;q microsphere (CLC,,;q.pa4) patterned film. (i) Schematic of preparation of
photonic CLC,y;,q.pa4 microspheres in a patterned array film. (ii) Multianalyte sensing using the receptor-immobilized photonic CLC,y;q.paa
microspheres. Reproduced from ref 69. Copyright 2020 American Chemical Society.

channels. In addition, this diatom frustules can enhance the resonance'®” in the visible wavelength range. These reported
local EM field through photonic crystal effect of guided-mode hybrid materials achieve single molecule detection of R6G in
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microfluidic devices and showed a higher analytical enhance-
ment performance than PhC cavity-trapped AgNPs integrated
in a microfluidic chip.'®* Furthermore, detection of benzene
and chlorobenzene compounds in tap water with near real-
time response and a LoD reaching 1 nM has been realized.

CONFIGURATION TRANSITION-INDUCED SENSING

LC materials have been widely applied in bioassays, displays,
and optoelectronic devices owing to their physical and optical
properties.'®>'°® LCs can organize into well-defined structures
with collective physical and optical properties. Their well-
oriented physical configurations can be easily discerned by a
polarized optical microscope and the selective Bragg reflection
by an optical spectrometer.””'°® In addition, the physical
configuration and selective Bragg reflection are both sensitive
to changes in external environment and to stimuli, accom-
panied by a response to such substances as heavy metals,*>'%’
surfactants,®® biomolecules,'®*' 7170 lipids,171 bacteria,'”?
mammalian cells,'” gases174 and light,175 electric field,'®®
and so on. Therefore, in the stimulus-responsive scheme, they
can serve as transducers with amplified signal readout in terms
of changes in configuration and selective Bragg reflection. The
director field (n) configuration of LCs is determined by the
balance between elasticity and interface anchoring energy and
can thus be disrupted or self-reorganize by an adsorption or
reaction of chemical and biological substances occurring on the
LC—aqueous interface.”’® Consequently, a change of the
director field configuration can be applied for sensing.
Furthermore, a nematic LC (NLC) host doped with a chiral
dopant can form into another kind of soft-state PhC with
helical organization of mesogenic molecules, which are termed
cholesteric liquid crystals (CLCs). The CLC shows a selective
PSB, which is determined by the helical twisting power (HTP)
and is tuned by molar concentration of chiral dopants (c)
mixed in NLC and external stimuli. We can regard CLCs as a
series of particular NLC layers with a full rotation along the
helical axis in a single period of helical pitch. As a result, they
can be used as sensors, due to a change in PSB caused by the
pitch variation."”” The selective PSB can be expressed by A =
np and p = 1/(c X HTP). Here, 4 is the wavelength of selective
reflection (PSB), n is the averaged refractive index of the
CLCs, and p is the helical pitch, which can be tuned by
external stimuli such as temperature, light, humidity, and ionic
strength.”g_181 Value of p also correlates with the molar
concentration of dopants (c) and the HTP of dopants.

Here, we elaborate on the use of LC droplets for chemical
and/or biological sensing. They have the merits of a large
surface area and fast equilibration of analytes with LC droplet
interfaces compared to 2D planar interfaces and furthermore of
a manufacture that is straightforward and low cost."®% Also,
droplet-based LC sensors enable localization and concen-
tration of specific targets from a diluted medium by surface
functionalization. For example, NLC emulsions were devel-
oped to sense and differentiate Gram-negative bacterial E. coli
and the enveloped virus A/NWS/Tokyo/67 in water.'”?
Exposure of the emulsion surface to lipids thereby enabled
the reorientation of their ordering (Figure 1S5a). The
monodispersed NLC emulsions were replicated from meso-
porous SiO, microparticles coated with multilayer polyelec-
trolytes using a layer-by-layer (LBL) approach. The LoD of
this microdroplet-based NLC sensor reached values as low as
10* pfu-mL~" of the virus. The LC droplet surfaces can also be
functionalized with reactive species for detection of a wide
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range of analytes with a fast response by a configuration
transition. Poly(acrylic acid-b-4-cyanobiphenyl-4-oxyundecyla-
crylate) (PAA-b-LCP)-coated 4-cyano-4-pentylbiphenyl
(5CB) microdroplets have been reported for glucose
detection,"®” where the glucose oxidase (GO,) is immobilized
on the PAA chains. A radial to bipolar configuration change
can be observed when the functional SCB droplets are exposed
to glucose. The functionalized SCB droplets can detect glucose
at concentrations as low as 30 M with a fast response in ~3
min and high selectivity. The authors furthermore designed a
PAA-functionalized CLC droplet (denoted CLCpys)'™ for
detection of glucose and cholesterol with a LoD of 0.5 and 2.5
UM, respectively, and a fast response within ~4 s. The
response can be readily distinguished using a normal optical
microscope by the configuration transition from a chicken-
skin-like pattern to a central dot pattern (Figure 15b). A
polarization microscope is thus not needed. Possibly, the
configuration change is caused by a local pH change as the
enzyme-catalyzed reaction induces a decrease in pH. On the
other hand, the configuration change might also be attributed
to the specific binding, which can lead to the conformational
disruption of the immobilized PAA chains. The CLC droplets
are made of nematic host MLC-2132 (Merck, U.K., nematic to
isotropic transition temperature: 114.0 °C) and shape-
persistent chiral dopant (S)-4-cyano-4’-(2-methylbutyl)-
biphenyl (CB1S). The schematic diagram in Figure 1Sb
shows CLC configuration changes at low pH with a central
spot pattern, and at high pH with either a chicken-skin-like
pattern or a flashlight pattern. The optical microscopy images
in bright-field illumination (Figure 15b) demonstrate how
CLCpss composed of 35 wt % chiral dopant (denoted
CLCpaar.goy) Wwith immobilized GO, for glucose sensing
shows different configurations with varying glucose concen-
tration. Also, CLCppa_cho droplets composed of 40 wt % chiral
dopant (denoted CLCpsscho) with immobilized cholesterol
oxidase (ChO) show a clear pattern transition with increasing
cholesterol concentration.

NLC microdroplets coated with poly(r-lysine) (PLL) by a
LBL assembly method have been reported for cell-based
sensors.'** These PLL-coated NLC microdroplets show the
capability of adhering to cells with high biocompatibility,
accompanied by a radial to bipolar configuration transition.
Additionally, the NLC droplets that are attached to cells can
detect the presence of toxic agents in the cellular environment
and monitor biological interactions, for example, Annexin V—
phosphatidylserine binding. As the freely floating bare LC
droplets create issues of easy coalescence, fast precipitation,
poor stability, and cross-contamination by the nontargeting
analytes, polymer-caged NLC capsules (Figure 15c) were
developed as biosensors with a high stability, which is even
reversible upon rehydration.'® The fabrication of these
polymer-caged NLC capsules is shown in Figure 15c(i),
combining procedures of LBL assembly of polyelectrolytes,
removal of SiO,NPs, NLC loading, and deionized water
extraction. The authors demonstrated amphiphile sensors that,
for example, responded to dodecyltrimethylammonium bro-
mide (DTAB) with a bipolar to radial configuration transition
(Figure 15c(ii)). These polymer-caged NLC capsules can be
stored for several months without losing the ability to respond
to the presence of analytes upon rehydration (Figure 15c(iii)).

It is well-known that liquid microdroplets are of particular
interest as whispering gallery cavities (WGC) with the merits
of perfect geometry, smooth surface, and high flexibility.'*
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Figure 16. Fluorescent chiral PhC film used for multianalyte sensing. (a) Schematic of a straightforward coassembly process for fabrication
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The propagation of light waves in the microdroplet is
concentrated near the interface, where the field is resonantly
amplified by constructive interference. LC-based microdroplets
have been investigated as temperature sensors due to their
capability of large thermal response and ultrahigh quality (Q)
factors (near 1000)"*’ resulting from the thermo-optic effect, a
perfectly spherical geometry and extremely smooth surface.
For instance, Zhao et al. developed tunable whispering gallery
mode (WGM) resonators using dye-doped CLC microdroplets
and demonstrated their application as temperature sensor with
a maximum temperature sensitivity of up to 0.96 nm-°C~.""’

In order to further improve stability of liquid-state LC-based
sensors, stable solid-state LC sensors have been proposed.”"*®
Park’s group’”® designed a solid-state CLC microsphere
(CLCyq) (Figure 15d) composed of a reactive nematic LC
mesogen mixture and a nonreactive chiral dopant using droplet
microfluidics followed by photocuring and chiral dopant
extraction without losing the quality of the helical photonic
structure and with well-preserved selective Bragg reflection.
The helical pitch can respond to external stimuli with a
reversible reflection color change due to the refractive index
change of the occupied dopant space, which is strongly
influenced by the solvent quality, temperature and humidity.
Such a CLC,,;q microsphere can therefore be applied as a
temperature sensor and indicator of solvent quality and
humidity. Figure 15d(i) shows the CLC,yq microspheres
with different selective Bragg reflections, which are tuned by
the amount of the constituent chiral dopant. The reflected
color shows a red shift with an increase in helical pitch in
response to an increased temperature (Figure 15d (ii)). The
inset SEM shows cross-sectional view of a dried CLC, 4
microsphere structure after dopant extraction. A solvent sensor
is presented in Figure 15d(iii). When CLC,;4 microspheres
are exposed to a mixture of pyridine (as a good solvent) and
water (as a poor solvent) , an increase in water content results
in a blue shift of Bragg reflection to the initial state. Recently,
Park et al reported a multisensor platform®'* which
integrates an interpenetrating polymer network (IPN) within
CLC,,q microspheres. A patterned film is obtained with
capabilities of multianalyte detection via prior immobilization

9319

of probes or receptors on the IPN network. The detailed
fabrication procedure for such polymer-interpenetrated
CLC,y;q microspheres is shown in Figure 1Se(i). This
platform, with capabilities of the naked eye detection,
combines the advantages of the stimulus-induced volume
change of a penetrated smart hydrogel network for specific
recognition with the reflected structural color of CLC,yq
microspheres as a signal transducer. To this end, the remaining
spaces after dopant extraction can be refilled with a smart
hydrogel network such as PAA, which is a weakly anionic
polyelectrolyte with a charge state that closely depends on the
pH of the system. Since biological systems can induce pH
changes, they could demonstrate pH-responsive biosensing as
well as pH changes associated with the detection of divalent
metal ions, urea and glucose, using specific immobilized
receptors (Figure 1Se(ii)). For the detection of urea and
glucose, the response is attributed to the change of pH
resulting from the analyte—probe interaction, whereas the
identification of divalent metal ions is attributed to the
bridging of the carboxyl groups forming —COO-M—-COO—
(M: divalent metal ions), causing deswelling of CLCyqxom-
The high selectivity and diagnostically relevant LoD of the
system can be applied for multiple clinical diagnosis by various
combinations of smart hydrogel networks and receptors.

Additionally, Schenning’s group developed a self-reporting
optical calcium sensor using a CLC polymer loaded with
preorganized (benzoate) binding sites. External stimuli caused
an helical pitch change along with a change in selective Bragg
diffraction.” The specific binding between Ca** and benzoate
can give raise to a large decrease in the length of helical pitch
with a blue shift due to the polymer shrinkage resulting from
film dehydration.'”® Therefore, this CLC film can be used as
an alternative readout system for an important diagnostic
parameter of the amount of total calcium (between 2.1 X 1073
and 2.6 X 107 M) in blood of a healthy human since the
selective Bragg reflection shifts occur in a wide concentration
range of 10™* to 107> M Ca®', which coincides with the range
of calcium in human blood.

Also, CNCs normally derived from various natural cellulose
sources by acid-catalyzed hydrolysis,"”" have been investigated
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for assembly into chiral nematic PhCs'®> on water evaporation

from a CNC suspension of appropriate concentration. Co-
assembly of CNCs with functional molecules such as
functional ionic compounds,'”>"”* polymers'”> and fluorescent
molecules,” can regulate the change of texture and pitch of the
chiral nematic PhCs in response to external stimuli. The
resulting system can then perform chemical or biological
sensing with good selectivity and sensitivity. A flexible free-
standing CNC PhC film'”* has been developed through
coassembly of CNCs and citric acid (CA) owing to the
plasticizing effect of CA. Such PhC films can show structural
color changes upon external stimuli, including ethanol, alkali,
and volatile chemicals. Upon ethanol diffusion into such a PhC
film, the structural color shows a red shift due to the increased
helical pitch of the chiral nematic CNCs due to the high
solubility of CA in ethanol. In addition, when the PhC film is
exposed to alkalic compounds such as the mixture of pyridine-
ether solutions as demonstrated by the authors, the structural
color shows a blue shift. This blue shift is attributed to the
neutralization reaction between the —COOH-— group of CA
and the —NH" group of pyridine, causing a weakened
electrostatic repulsion between CNC and CA and hence a
decrease in pitch. All of these externally induced structural
color changes can be distinguished by the naked eye with great
potential for chemical sensing and environment monitoring.
Furthermore, in order to identify trace amount of analytes, the
group of Gao has reported a chiral nematic PhC film
containing fluorescent molecules, which can form an extremely
sensitive off-on fluorescence switch in response to trace
amounts of formaldehyde (HCHO) at the molecular level,
such as present under indoor atmospheric conditions.”* By the
evaporation-induced coassembly of PEG and a fluorescent
naphthalimide derivative containing a cationic group on the
CNC surface, the assembled PhC film can respond to multiple
surrounding molecules (Figure 16a). Figure 16b shows the
responses of the PhC film to humidity and trace amounts of
formaldehyde. Particularly, a very strong linear relationship
exists between the fluorescence intensity and the formaldehyde
concentration at 65% relative humidity (RH), indicating the
capabilities of quantitative determination of ultralow levels of
formaldehyde in humid conditions. The sensitive off—on
fluorescence response to formaldehyde results from the
generation of an electron-deficient group (—N=CH,) that
blocks the photoinduced electron transfer in the fluorescent
group and also prevents aggregation of the fluorescent
molecules by 7z—x stacking.

Even though integration of molecules with CNCs for
assembly of smart PhC films for various sensing purposes has
been widely exploited, there are rare re_})orts of coassembly of
CNCs with functional colloids'”*'®” such as plasmonic
materials, for the formation of dual/multifunctional PhC
films for use in bioassays. One example of a chiral plasmonic
film formed by coassembly of CNCs with gold nanorods was
given by Querejeta-Fernandez et al,"”® demonstrating
plasmonic chiroptical progerties. Notwithstanding a need for
chiral molecular sensing,1 8199 the use of such a hybrid PhC
film as a sensor has not been well exploited.

SUMMARY AND OUTLOOK

We have reviewed the literature on self-assembled PhCs as
label-free chemical and/or biological sensors, discussing and
comparing their relevant structural design, constituent
materials and sensing principles. These structure-related
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properties of the PhCs are highly advantageous for
constructing label-free chemical or biological sensors with
high selectivity and sensitivity and low LoD. When PhCs are
used for quantitative or semiquantitative chemical or biological
sensing, five sensing principles can be distinguished based on
refractive index change, lattice spacing change, enhanced
fluorescence, SERS, and configuration transition. Refractive
index changes, lattice spacing-induced Bragg peak shifts and/or
structural color changes serve as indicators upon external
stimuli. Hereby an enhanced refractive index contrast and a
large change of spacing are desired as reaction to the stimulus.
Enhanced fluorescence spectroscopy and SERS-based sensing
employ the increased DOS in PhCs, causing an amplified
electromagnetic field and enhanced light—matter interaction.
Configuration transition-induced sensing is of particular
interest in 1D PhCs made of NLCs and CNCs, in which a
clear response in molecular arrangement and the resulting
pitch is required.

In these regards, great efforts have been devoted to
engineering finely tailored structures including opal and
inverse opal structures, consisting of a matrix of hydrogels,
functional polymers, metals or semiconductors and solid
colloids or air voids, hybrid core (opal)—shell (inverse opal)
structures, hollow structures, and helical structures by helicoids
with augmented physical and optical properties. From the
point of structural design, these delicate structures were
developed to boost both physical and optical properties such
the PSB, slow light, and LSPR. Inverse opals are superior to
opals owing to the enlarged surface area increasing analyte
adsorption and an enhanced refractive index contrast causing
improved sensitivity, which is of particular interest for
refractive index-based sensing. The hybrid core—shell and
hollow structures made of hollow colloids combine both the
strength of opals and inverse opals. They are capable of stable
coding for multiplexed label-free assays and also enhancing
analyte adsorption and refractive index contrast. In addition,
the control of the wettability of PhC films by surface
compartmentalized functionalization has been investigated
for analyte enrichment and with the purpose of microfluidic
integration for on-site and in situ detection. Helical photonic
structures show great potential for chiral molecular sensing
owing to their chiroptical properties though only a few works
have been reported so far. Though numerous PhC structures
made of spherical colloids have been applied for sensing, there
is still a great potential for the investigation of PhCs assembled
from nonspherical colloids. Most of the sensing platforms
using assembled CNCs are based on chiral photonic films. The
performance of droplet-confinement assembled CNCs in
sensing applications is unknown.

The constituent materials of the structures mentioned above
form a critical factor for realizing an efficient sensing platform.
For refractive index-based sensing, the use of the static
reflection spectrum to distinguish chemicals with similar
refractive index, or of the same family of chemicals is a great
challenge. A way to overcome this limit is to employ a dynamic
monitoring approach. Time-dependent Bragg peak mapping
can differentiate chemicals with similar or the same refractive
index owing to the specific interplay of the constituent material
of PhCs with the analytes. This makes the development of
materials that are “smart” due to their tailored interactions with
the analyte essential for an efficient refractive index sensor.
Lattice spacing-based sensing results from volume swelling/
shrinking in response to analytes, and often occurs in soft
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materials and especially in hydrogels, either hydrogel matrices
or hydrogel colloids. The use of hydrogels enables versatile
functionalization through covalent or noncovalent bonding to
realize high specificity. The use of functional polymers as filling
matrix or the use of functional nanobuilding blocks can also
result in the construction of smart PhCs with straightforward
operation and high sensitivity. Considering SERS-based
sensing, in order to increase the near field enhancement or
hotspots, plasmonic nanomaterials have been integrated into
PhC structures, leading to the coupling effect of the photonic
mode and LSPR. Additionally, owing to their periodic
arrangement, PhCs can serve as templates to guide the
distribution of the incorporated plasmonic materials, causing
them to be well distributed on surfaces or inside PhCs. In the
configuration transition-based sensing platform, addition of or
functionalization with other functional molecules, polymers or
colloids to the LC host system can result in a high selectivity
and sensitivity to target analytes. Also, the coassembly of guest
functional materials with the host materials can give rise to
chiroptical properties for chiral molecular detection.

With well-tailored PhCs, quantitative or semiquantitative
sensing has been realized of a variety of analytes, including
ions, small molecules, biomolecules (nucleic acids, proteins,
biomarkers), bacteria, and cells, as well as chemicals in vapor,
humidity, and temperature, leveraging the optical response of
PhCs in the visible spectral region. Fundamental studies
indicate the possibility for surface-enhanced infrared spectros-
copy-based sensing by tuning the size of building blocks to
shift the optical response to the mid-infrared spectral region. In
this case the molecular vibrational fingerprint will be highly
useful for dynamic process monitoring. Furthermore, there is a
shortage of chiral molecular sensing,”***°" especially using
hybrid photonic films with chiroptical plasmonic properties.

Although significant advances in self-assembled PhCs as
chemical and/or biological sensors have been achieved, there
remains some challenges to be overcome for real-world
applications.

(1) Sensitivity. Sensitivity is defined as the change/shift in
the measured signal per unit of target analyte. A high sensitivity
is required for an efficient sensor, as it would enable detection
by without the use of a spectrometer or even the naked eye.
Such a sensor will be suited for integration into a compact
miniaturized chip. Toward this end, the refractive index
contrast of the constituent materials of a PhC can be further
improved by assembly of hybrid core—shell colloids or by
integration of plasmonic nanomaterials. A competitive method
or a sandwich immobilization approach on PhCs can be used
to increase the change of lattice spacing, causing a larger
spectral shift and color change. Moreover, an off-on
colorimetric sensing approach can be designed either by
integration of fluorescent molecules/particles with host PhCs,
or by using a narrow-band light source for illumination. To
improve the sensitivity of the sensing platforms that are based
on enhanced spectroscopy, structures with amplified near fields
and an increased DOS are needed, which can be engineered at
low cost by carefully tailoring the coupling between the PSB
and the excitation frequency via appropriate material selection
and structure engineering.

(2) Selectivity. For the lattice spacing, enhanced fluorescence
and configuration transition-based sensing, preimmobilization
of the probes on the PhCs can achieve a high specificity for
target analyte binding. It can be expected that SERS-based
sensing will become complex by the strategy of probe
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immobilization, as the added signal complexity due to the
biomolecular binding component makes it even more difficult
to distinguish the characteristic Raman peaks of the target.
SERS nanotags can be integrated into either probes or targets
to realize specificity for a wide range of complex biological
compositions. However, it will still be challenging to monitor
dynamic processes in biological system via this nanotag.

(3) Integration into portable devices. The sensing principles of
enhanced fluorescence spectroscopy and SERS can provide
assays with high selectivity, sensitivity and low LoD. However,
complex instruments are required to measure the optical signal,
which complicates attempts to integrate these methods in a
portable device. This makes the exploitation of spectrometer-
less sensing techniques increasingly relevant. LCs serving as
sensors combine the advantages of easy operation and fast
response, but the LoD is relatively higher compared to other
sensing principles. Possibly, an increase in analyte surface
coverage and a surface functionalization for high specificity
may enable obtaining lower LoDs. We expect that the
development of advanced materials and of well-tailored
structures, combined with integration with smart instruments
such as the mobile phone and the use of artificial intelligence
(AI) techniques can facilitate the portable sensing.

(4) Analytes in bodily fluids. Another major challenge that
needs to be overcome for every medical POC device is the
complex composition of bodily fluids, which is the cause of the
hitherto limited demonstration of direct detection of
biomarkers and ions in bodily fluids in literature. This complex
composition reduces the sensitivity, and necessitates a large
selectivity as many target analytes in bodily fluids occur only in
trace amounts and hence are subjected to interference from
other substances without purification. Thus, improving the
specificity and lowering the LoD remains of critical significance
for POC devices. Further tailoring PhC structures and seeking
smart materials, and integrating the Lab-on-a-Chip function-
alities of sample pretreatment, analyte enrichment might help
achieve this in the future.
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VOCABULARY

photonic crystal, a periodic optical nanostructure in which the
index of refraction varies on the scale of the optical wavelength,
affecting the flow of light; photonic stop band, a frequency
range in which light cannot propagate in certain directions of
the structure; slow light, the situation in which the group
velocity of light is much reduced, something occurring at both
the blue and red edges of a photonic stop band; self-assembly,
one of the main “bottom-up” approaches, where building
blocks such as molecules and colloids spontaneously organize
into well-ordered structures by physical and/or chemical
processes; optical label-free sensor, a sensor that can be used
for quantification detection without the need for extra (eg,
fluorescence) labels, for multiplexed sensing each sensor unit
has its own encoded information that can be recognized by the
specific optical spectrum; sensitivity, capability of the sensor
to differentiate between two very close concentrations of
analyte, concerning a change in sensor output per unit
concentration/amount of analyte; limit of detection, the
smallest concentration or amount of analyte that can be
reliably detected and distinguished from the absence of that
analyte by a specific measurement process
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