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Photonic Crystals

This Review covers photonic crystals (PhCs) and their use for sensing
mainly chemical and biochemical parameters, with a particular focus
on the materials applied. Specific sections are devoted to a) a lead-in
into natural and synthetic photonic nanoarchitectures, b) the various
kinds of structures of PhCs, c) reflection and diffraction in PhCs,

d) aspects of sensing based on mechanical, thermal, optical, electrical,
magnetic, and purely chemical stimuli, e) aspects of biosensing based
on biomolecules incorporated into PhCs, and f) current trends and

limitations of such sensors.

1. Introduction: Natural and Synthetic Photonic
Nanoarchitectures

Nature provides a large variety of shapes and colors in
living creatures. It makes use of many approaches to produce
its colorful kaleidoscope, the most common methods being
coloration by pigments, dyes, or structure. Although pigments
and dyes owe their color to the absorption of light, structural
color has its origin in geometric structures capable of
manipulating the diffraction and/or reflection of light through
periodically arranged photonic nanostructures. Usually, this
form of color generation is more efficient. Insects, unlike
plants, widely use this principle.

Photonic crystals (PhCs) can be considered as periodic
arrangements of regularly shaped materials (often a multi-
plicity of layers or spheres in a host polymer) with different
dielectric constants. Periodicity can vary from single-dimen-
sional (1D) to three-dimensional (3D). PhCs have distinct
wavelengths of reflection that are governed by the distance
between the layers or spheres, and this causes their specific
color. If the periodicity of the crystal is changed, for example,
by a (bio)chemical stimulus, the wavelength of maximum
reflectance also will change. Hence, the effect offers a con-
venient tool for sensing, in particular if the effect can be made
specific for the stimulus. Such effects also are even amenable
to visual readout by unskilled operators. Moreover, methods
are likely to be cheap, and handling is fairly easy. Some of
these features make them more attractive than other kinds of
stimuli-responsive materials."! It therefore does not come as
a surprise that such color changes have become the basis for
a variety of physical, chemical, and biological sensors.

2. Fundamentals of Photonic Crystals

Nature uses photonic crystals (PhCs) to a wide extent.?
Animals such as certain butterflies and beetles use them for
mimicry and survival techniques, for example, to distract
predators.®! The periodicity of the nanostructures ranges
from one- to three-dimensional and can be found in a large
variety of living species of higher order./**3! Butterflies (such
as Morpho rhetenor) are the organisms most commonly
referred to in order to illustrate this effect (Figure 1). Such
periodic structures can not only exhibit many hues of color,
but can also change on application of an external stimulus,
which leads to an alternation of color.
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Figure 1. a) Photography of the wings of Morpho rhetenor after ethanol
was poured over the right wing; b) transmission electron microscopy
(TEM) image of the cross-section of its wing scales; c) TEM image of
the cross-section of the wing scales of the related species Morpho
didius. Scale bars are 1.8 um in (b) and 1.3 um in (c). Figure (a)
adapted from Ref. [5] with permission; copyright 2009 American
Chemical Society. Pictures (b) and (c) reprinted from Ref. [3]; copyright
2003 Macmillan Publishers Ltd.
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From a physical point of view, PhCs can be described as
a periodic arrangement of regularly shaped, mostly trans-
parent materials with different dielectric constants. The
material is engineered such that only light of a certain
wavelength can propagate through the lattice of this arrange-
ment." Yablonovitch and John performed the first detailed
research on engineered PhCs.">l Three kinds of structures of
PhCs may be discerned (Figure 2).

periodic in one
dimension

periodic in two
dimensions

periodic in three
dimensions

Figure 2. Schematic representation of the three kinds of photonic
crystals. The different colors represent materials with different dielec-
tric constants. In 2D or 3D PhCs the structure can also be formed by
a single material with the correct distance between each element.

One-dimensional PhCs are the simplest variation, where
the periodicity exists in only one dimension. These are also
known as Bragg reflectors or Bragg stacks, which reflect one
specific wavelength and usually have a smooth surface like
a mirror. They are typically produced by techniques such as
layer-by-layer deposition, multiple spin coating, or photo-
lithography.['" ") Two-dimensional photonic crystals are char-
acterized by their periodicity in two spatial directions.”” They
are primarily produced by complex top-down methods such as
photolithography and etching techniques.”!! The nanostruc-
tures can be varied in form, order, size, and defects to
manipulate their properties.’?> The Asher research group
has recently studied responsive 2D arrays on a hydrogel
support/matrix for use in sensing. Such studies include the
vertical spreading of 2D crystalline colloidal arrays
(CCAs),” 2D array Debye ring diffraction for protein
recognition,”” the simulation of the Langevin dynamics of
3D colloidal crystal vacancies and phase transitions,” the
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fabrication of large-area 2D colloidal crystals,™ and the
enhancement of the reflectivity of the monolayer diffraction
in a 2D dielectric particle array.”’)

Three-dimensional (3D) PhCs display periodicity in three
dimensions.F>3!! Examples of common 3D structures are
opals® and inverse opals.”? These terms originate from
a class of minerals that shows such a periodic 3D arrange-
ment. Although there are several different top-down
approaches to produce 3D photonic crystals,***” chemical
bottom-up methods are now more simple and cheaper.***!
The primary method used is based on the self-assembly of
nanoscopic, monodisperse spheres into a photonic crystal
host.”*! Typically, such spheres consist of silica, zinc oxide,
titanium dioxide, or organic polymers such as polystyrene or
poly(methyl methacrylate).?"**1 Early studies on diffraction
in CCAs have corroborated particularly efficient diffraction
in monodisperse polystyrene colloids,* and on colloidal
Bragg diffraction devices that form the basis of a new
generation of Raman spectrometers.”!) Common methods for
assembly that lead to a 3D arrangement utilize particle
properties such as electrostatic repulsion or magnetism as
well as inertial forces and capillary interactions.*2%)

3. Reflection in Photonic Crystals

The well-known phenomenon of X-ray diffraction is
presented schematically in Figure 3. This model can also
explain how photonic crystals reflect light of certain wave-
lengths. X-ray diffraction theory assumes regularly arranged
atoms placed in a vacuum. Bragg’s law of diffraction describes

dcos6

Figure 3. Simplified scheme of light reflection from ordered spheres by
analogy to the explanation of X-ray diffraction.
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constructive interference according to Equation (1), where d
is the distance between atomic planes, 6 is the angle of
incident light, m is the order of diffraction, and A is the
wavelength of incident light®™ A photonic crystal array
consists of dielectric spheres within a dielectric medium such
as air or solvent. Combining Bragg’s law with Snell’s law of
refraction leads to Equation (2), where d is the distance
between particle planes, n.; is the mean effective refractive
index (RI), 6 is the angle of incident light, m is the order of
reflection, and A is the wavelength of the reflected light. The
reflected wavelength can also be calculated using the center-
to-center distance D between the particles. The application of
this method leads to Equation (3). The mean effective
refractive index n. is defined as Equation (4), where n, and
n,, are the refractive indices of the particles and surrounding
medium, respectively, and V, and V,, are the respective
volume fractions.>>7!

2dcosf =ml 1)

2d(n?; —sin® 0)'? = mA )

\/gD(n2 —sin*6)"2 = mi (3)
37 ety

nly =mV, + 2V, 4)

4. Aspects of Physical and Chemical Sensing

The phenomena described above can be applied to
sensing®™ if the reflected wavelength can be altered by
external (chemical) stimuli. For example, the wavelength of
the reflected light will change when the angle of incidence (or
the orientation of the crystal array) is altered. This variable
can be used to verify the orientation of the PhC.>>®! Distance
and refractive index are two other variables that can cause
a change in the reflected wavelength. Although both often
vary simultaneously, the relative change in distance is usually
much more significant than that of the refractive index.”
However, sensors that utilize a change in the refractive index
or an alteration of a single photonic unit cell may display
higher sensitivity and faster response times.!"! The incorpo-
ration of photonic crystals into a polymer host such as
a hydrogel represents one example that makes use of this
basic principle (Figure 4).
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Figure 4. Response of a PhC sensor based on a swelling polymer.

With the initial distance between the particles fixed in
a polymer, changes in wavelength will occur on either swelling
or shrinking of the host matrix.®?) However, care has to be
taken not to change the geometrical angle while varying the
parameters. The challenge is to make this process selectively
responsive for certain physical or chemical stimuli. This
Review focuses on sensors based on photonic crystals that
respond to certain physicochemical and chemical stimuli. It
does not cover sensors that make use of photonic crystal
fibers or waveguides as signal transducing devices.[*¥

5. Types of Photonic Crystal Sensors

There are three major types of PhC sensors based on the
use of the above materials, namely a)on-chip nanoscale
resonators or waveguides, b) Bragg stacks made of mesopo-
rous PhCs, and c) colloidally templated 3D PhCs. The on-chip
nanoscale resonators or waveguides (see, for example, studies
by the research groups of Erickson, '™ Arnold and Vollmer,*!
Armani and Vahala,®! Loncar and Scherer,[®! Baba,®! and
Krauss®?) are generally actuated by either changes in the
local refractive index surrounding the cavities, or by adsorp-
tion of proteins. They possess several advantages:

1) Their small mode volume and sensor footprint allow small
molecules (such as single proteins) to induce measurable
changes in the cavity resonance, and also enable many
sensors to be integrated into a single, CMOS-compatible
chip. This makes this type of sensor attractive for multi-
plexed bioassays and chemical analytical methods that use
a combinatorial approach.

2) PhC cavities tend to have much smaller line widths, that is,
higher quality factors (Q factors) than typical Bragg
reflection peaks (e.g. from a colloidal PhC sensor). This
implies that very small perturbations can be detected (e.g.
single proteins or very small changes in refractive index),
thereby enhancing the sensitivity of the sensors.

3) Large-scale fabrication is often compatible with the
CMOS technique, thereby potentially allowing easy
integration of this type of sensor into consumer electron-
ics.

The main disadvantages of this kind of sensor include the
cost, power, and complexity of the readout. Read out is
generally accomplished either with a tunable laser and
a photodetector, or with a broadband telecom source and
a grating spectrometer. These elements are more difficult to
integrate while maintaining the performance, and certainly

www.angewandte.org

3321


http://www.angewandte.org

Angewandte

3322

Reviews

place a lower limit on the cost and power requirements of
a sensor. This is a disadvantage compared to colorimetric (or
visual readout) sensors, for example. Another limitation is the
freedom of material choice. High Q factor/volume cavities
generally require precise nanofabrication, for which a limited
number of materials are suited.

The Bragg stacks made of, for example, mesoporous
silicon/silica/titania represent the second type of PhC sensors.
Similar to the resonators described above, this type of PhC is
generally actuated through the adsorption of material in the
pores, as shown in studies by the research groups of Sailor,
Ozin,” Miguez,"” and others. Their major advantage is the
small size of the pores, which enables such sensors to gain
specificity and sensitivity compared to simple refractive index
sensors. This aspect is achieved through a couple of mecha-
nisms: a) for larger molecules (e.g. biomolecules), the size of
the pores can actually be tuned to filter for specific analytes.
For example, Sailor and co-workers™ used this effect to
quantify protease activity in porous silicon photonic crystals;
b) for smaller molecules, mesoporous materials can have
sufficiently small pores and high porosity so that single-layer
adsorption creates a large (even colorimetrically measurable)
change in the effective refractive index. This allows the use of
selective adsorption, rather than only differences in the
refractive index of the adsorbing material. Ozin and co-
workers”!! were able to make a highly specific photonic nose
by using an array of mesoporous Bragg stacks functionalized
with different surface groups that selectively adsorbed various
vapors to different degrees. Its disadvantages include, again,
a limited choice of available materials compared to colloidal
PhCs, but certainly greater than that for integrated resona-
tors, and colorimetric readout methods have been developed
albeit in a trade-off with sensitivity, since broad peaks are
typically being actuated and large shifts (30-50 nm) are
required for visible color change. Potyrailo et al.™ have
estimated that this limits the sensitivity for gases to partial
pressures of p/p,~0.1 or greater for colorimetric readouts.
On the other hand, even when spectroscopic readouts are
used, they can be made at a lower cost than for integrated
resonators with high Q factors (e.g. by using RGB outputs
from a camera, as shown by Bonifacio et al.)."!

Colloidally templated 3D photonic crystals (e.g. opals or
inverse opals as demonstrated, for example in studies by the
research groups of Asher,/*7 Gu,>"1 Stein,* > Braun,""
Xia,’>#81 and ourselves®™*¥) form the third main group. This
type of sensor is most important in the context of this Review.
Such PhC sensors possess the advantages of enabling many
types of materials to be incorporated into the structure, and of
many different sensing mechanisms to be used (including
changes in refractive index resulting from pore filling,
polymer/hydrogel swelling by liquids, and changes induced
by physical stimuli (e.g. strain, electric fields, magnetic
fields)). Other advantages include scalability (lowering costs
of fabrication) and the prospect for power-free colorimetric
detection. However, just like the mesoporous PhCs, colori-
metric detection requires large resonance shifts and thus
limits the sensitivity of many of the targeted sensing
mechanisms.

www.angewandte.org
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6. Responsive Photonic Crystals
6.1. Mechanically Responsive Photonic Crystals

The simplest types of tunable PhCs are those that respond
to mechanical stress, such as stretching or compression.[**¢!
Asher et al. described a composite film consisting of poly-
styrene colloids embedded in an N-vinylpyrrolidone/acryl-
amide copolymer. The reflected wavelength maximum shifts
from 573 to 538 nm after uniaxial stretching as a result of the
reduction in the distance between the particles in the
lattice.®” Other matrix materials such as poly(methyl acry-
late) and poly(ethylene glycol methacrylate) (PEGMA) were
used to improve the stability. A wavelength shift of 55 nm is
observed under a compressive load of 1kPa. This shift is
slowly reversible, with the original state and color of the film
being recovered a few minutes after release of the pressure.
This pressure-sensitive material works in the 0 to 1000 Pa
pressure range.[®*! Despite being better than the first film, its
mechanical stability and recovery time are not perfect.
Modification of the PEGMA gel with 2-methoxyethyl acry-
late yielded a water-free, robust, and fast-responding compo-
site that was tested with a piezoelectric modulator. The total
range of the wavelength shift is 172 nm and is sensitive to
modulation frequencies up to 200 Hz."™ This material is
deemed to be extremely useful.

6.2. Thermoresponsive Photonic Crystals

Such materials can be used in place of conventional
optical probes and sensors for temperature.’! Two types of
thermally responsive PhCs are typically found in the liter-
ature, namely those based on polymer swelling, and those
based on phase transitions when incorporated into inorganic
host materials. The outstanding studies by Asher and co-
workers”? resulted in several combinations of polymer/PhC
materials that typically consist of colloidal crystals embedded
in a thermosensitive hydrogel, such as poly(N-isopropyl-
acrylamide) (PNIPAM), which has a low critical solution
temperature (32 °C). PNIPAM expels water from the voids in
the polymer at this temperature, and this leads to shrinkage.
The change in volume is fully reversible between 10°C and
35°C, and the reflected wavelength can be adjusted over the
whole visible range. Colloidal crystals without a host matrix
(i.e. consisting of pure hydrogel nanoparticles) displayed
a small wavelength shift of about 5 nm only. However, the
intensity of reflected light decreases as the temperature
increases.”>*! Modification of the PNIPAM colloids made
from 2-hydroxyethyl acrylate and divinylsulfone improved
the thermal stability and response time.™ It was also
demonstrated that a PNIPAM colloidal crystal array can
undergo diffraction shifts even on a nanosecond time scale.””

Alternatively, PNIPAM and poly(p-methylstyrene) can be
used to produce 1D PhCs that change the wavelength of
their reflection band with temperature.”® New strategies
include a) the synthesis of thermoresponsive soft core/shell
microspheres by using microfluidic techniques,”” and b) the
combination of a poly(methyl methacrylate) (PMMA)
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Figure 5. Thermoresponse of the reflectance of interconnected
PNIPAM nanoparticles. The color changes from blue to green on
going from 30 to 15°C. Figure adapted from Ref. [101] with permis-
sion; copyright 2006 American Chemical Society.

inverse opal with liquid crystals.”®! The use of close-packed
silica particles as a template is another approach!”'°! that can
be combined with the use of PNIPAM.[? The spectral
changes of a typical thermoresponsive PhC in the visible
range are shown in Figure 5.

Hybrid particles that respond to two parameters have also
been reported. For example, copolymerization of N-isopro-
pylacrylamide and methacrylic acid leads to a gel that is
sensitive to a temperature range of 15 to 40°C and acidity at
pH values between 2 and 7. The sensitivity to pH changes
leads to a wavelength shift of around 150 nm, while temper-
ature only induces a shift of 50 nm at pH 7 and of 20 nm at
pH 2. This is the first approach to PhCs with dual sensitivity,
but improvement of the signal range, selectivity, and sensi-
tivity is still ongoing.['*!

Thermally responsive PhCs based on phase transitions in
inorganic material hosts have advantages over the use of
hydrogel hosts, for example, better thermal stability and faster
response time.”!! The distance between particles (and the
refractive index) will change during the course of a phase
transition, and this will lead to a measureable variation in the
intensity of reflected light. Core—shell particles consisting of
a selenium core and an Ag,Se shell undergo a temperature-
dependent change in light reflection (of around 130 nm) on
going from 70 to 140°C. This enables measurements above
the boiling point of water.™! Materials such as BaTiO;, VO,,
and silicon can also be used!™'" for the preparation of
thermally sensitive PhCs. The combination of a thermores-
ponsive Bragg stack PhC with the technology of organic light-
emitting diodes (OLEDs) even allows for a color readout by
conventional cameras."”

6.3. Optically Responsive Photonic Crystals

Irradiation with UV/Vis light can induce changes in the
distance of the lattice and of the refractive index of a PhC.
This was used to design optically responsive PhCs. In a typical
example, the surface charge of silica nanospheres coated with
Malachite Green carbinol base is altered on UV irradiation.
The resulting change in Coulomb interaction leads to an
order/disorder phase transition and to altered optical proper-
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ties.””7 A polymer/crystal composite containing a covalently
bonded azobenzene or spirobenzopyran chromophore
changes its volume as a result of photoisomerization of the
molecules after irradiation with UV/Vis light. Isomerization
causes a volume change in the polymer matrix, and this results
in a shift in the reflected wavelength. The process is
reversible, but slow (on the order of minutes)."™ ! Another
approach to optically responsive PhCs is based on liquid
crystals.’®” The nematic/isotropic phase transition of the
photochromic liquid crystals 4-butyl-4'-methoxyazobenzene
and 4-pentyl-4'-cyanobiphenyl form the basis of a switchable
light-sensitive PhC if incorporated into an inverse silica opal.

6.4. Electrically Responsive Photonic Crystals

There are two types of electrically responsive PhCs: those
that can be stimulated by an external electrical signal," and
those that respond to an electrochemical stimulus. The first
type is mainly based on a combination of PhCs with liquid
crystals (LCs). A change in the orientation of an LC in an
applied electric field causes a change in the refractive index
which results in a shift of the reflected wavelength. The
inclusion of a nematic LC in a silica opal yields a composite
whose wavelength shifts by 5.5 nm if a voltage of 160V is
applied.!"? The larger inclusion capability of an inverse opal
structure leads to a better tuning ability and a larger wave-
length shift (35 nm), but only at higher voltages, typically
300 V.3

The second type (which is more important from a chemical
viewpoint) generally requires a redox-active compound such
as polyferrocenylsilane to become responsive to an electro-
chemical stimulus. A typical composite consists of a silica
colloidal crystal array on an indium tin oxide (ITO) coated
microscope glass slide. This array is soaked with a low-
molecular-weight polyferrocenylsilane with polymerizable
groups (such as an olefin group) and a photoinitiator. After
photopolymerization, this composite is fixed in position by
a second ITO-coated glass slide. If an oxidation potential is
applied to this sensor layer, swelling of the polymer occurs
and results in a shift of the reflected light to a longer
wavelength. In contrast, a reduction potential allows the
composite to shrink and this induces a shift to a shorter
wavelength.*1) Apgain, the choice of an inverse opal
structure instead of an opal structure improves the perfor-
mance. In this material, a small bias of 2.8 V causes a shift as
large as 300 nm.["'! Other approaches are based on polyelec-
trolyte hydrogels. Examples of electrochemically responsive
PhCs include copolymers prepared from N-isopropylacryl-
amide and methacrylic acid,''”’ from 2-hydroxyethyl meth-
acrylate and 3-(methacryloylamino)propyltrimethylammo-
nium hexafluorophosphate,'™® or from styrene and 2-vinyl-
pyridine in a 1D PhC.[''

6.5. Magnetically Responsive Photonic Crystals

Magnetically responsive PhCs are a special case, in that
a magnetic species typically must be included directly in the
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colloidal spheres in order to respond to an external stimulus
without further modification.'"*'?!l The incorporation of
Fe;O, (magnetite) nanoparticles into monodisperse, highly
charged polystyrene nanoparticles yielded a PhC where the
wavelength of the reflected light could be adjusted by
application of a magnetic field. However, the properties of
the composite, such as signal range and response time, require
further research. Currently, the application of a 0.24 Tesla
magnetic field causes a maximum wavelength change of only
10 nm and requires 60 minutes until equilibration is accom-
plished.['”>'%]' Another approach™®'®! is based on the syn-
thesis of 30-180 nm sized colloidal nanoclusters based on
magnetite. The resulting PhCs can be fully reversibly tuned
from the blue (450 nm at an applied magnetic field of
0.0352 Tesla) to red region (730 nm; at 8.78 x 10~* Tesla), as
can be seen in Figure 6. This is achieved by increasing the

Figure 6. Change in color of colloidal magnetite nanocrystal clusters
with decreasing magnetic field strength (from left to right). Adapted
from Ref. [125] with permission; copyright 2007 Wiley-VCH GmbH.

distance between the magnet and the vial containing such
PhCs from 2.0 to 3.7 cm (Figure 6). To achieve periodic
arrangement in solvents other than water, the nanocrystals
are typically covered with a silica shell to form more stable
dispersions. 12671281

The methods based on materials that can be magnetically
tuned make use of the distance dependence of particles in
a PhC. Alternatively, a change in the orientation may be
exploited to alter the reflected wavelength. In one example,
colloidal CoFe,O,/polystyrene nanoparticles in a polyacryl-
amide host were ground to small pieces and then dispersed in
water. In the absence of a magnetic field, reflectance is weak.
The application of a field parallel to the detection unit results
in the light reflectance being strongly increased because of the
particles becoming more ordered. If the orientation is
disturbed again by applying a second field in the vertical
direction, the effect is reversed.!'”)

7. Photonic Crystals Responsive to Solvents, Vapors,
and Chemical Species

There are numerous situations where chemical sensors are
needed that are small, portable, easy to handle, and capable of
on-line monitoring a chemical species, ideally with a visual
(naked-eye) readout. Sensors based on the use of PhCs are
promising candidates in this respect,> not the least because
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they are not affected by electromagnetic fields. One may
discern between chemically responsive PhCs based on porous
structures with a tunable refractive index, and those based on
the shrinking and swelling of polymers. The first are the
materials of choice for distinguishing solvents through differ-
ences in the refractive index (RI). Inverse opal materials, that
is, materials with a 3D periodic hole structure such as oxides
of silicon, aluminum, and zirconium, give a significant
response to the application of different solvents.'3134
Mesoporous (1D) Bragg stacks consisting of various inorganic
materials can differentiate organic solvents particularly
well."172137137 Taple 1 shows that such PhC-based sensors
are able to detect changes with a resolution of 0.001 RI units
per nm. Sensors based on surface plasmon resonance have
a resolution that is a factor of at least 500 better, but require
a more complex instrumental readout.!*!

Table 1: Sensitivity of mesoporous Bragg stacks to refractive index (RI)
as a function of the number of layers.

Material  Number of RI A [nm] Resolution Ref.
layers

SiO,/ 2-6 1.36— 545-575  0.002 [136]
Tio, 1.42

SiO,/ 6 1.33- 500-700  0.001 [72]
Tio, 1.53

Si/Sio, 20 133~ 1560-  0.003 [137]

1.53 1620

[a] Resolution in RI units per nm.

The degree of compound uptake has to be closely
controlled to achieve chemical selectivity when sensing
changes in the refractive index. The small pore sizes in
mesoporous materials allow for selective surface adsorption
to have a significant impact on the total uptake of material, as
shown in the study by Bonifacio et al.” on a PhC-based
chemical nose. A similar device makes use of the selective
wetting of inverse opals by tuning the bulk filling of the
porous material™®!3 to achieve better specificity than that
achieved, for example, by the research groups of Ozin or
Miguez.">13136.1] The method was further refined!”! by
combining mesoporous photonic crystal beads that had been
modified with 16 different alkoxysilanes. This led to an array
that functioned as an optical nose chip for the detection of
organic vapors. Figure 7a shows a digital image of the
respective 16-spot chip (array), and Figure 7b the reflection
spectra of the bead in the spot.

The same assembly was used to measure the vapor
pressure of 2-propanol.”! The exchange of SiO, in the layer
structure by a mixed-metal oxide led to a sensor for volatile
organic compounds (VOCs).'*!] A sensor for VOCs was also
obtained by combining a porous silicon PhC with an optical
fiber waveguide!'**! and with an LED.'*"] A stack of three
mesoporous silicon-based PhCs was shown!'**! to enable time-
resolved identification and quantification of VOCs at ppm
levels. Another kind of sensor (with naked-eye readout) was
constructed by depositing a gradient of long-chained alkylsi-
lanes with different head groups (methyl, carboxy, hydroxy)
on porous silicon. It allows for the determination of ethanol in
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matter produced by living creatures
and thus issues of reproducibility and
large-scale production require par-
ticular attention. One-dimensional
PhC sensors made from mesoporous
silicon have also been designed to
determine relative humidity, >3
gaseous ammonia and gaseous chlor-
ine,'” and gaseous hydrofluoric
acid.'*™! However, complex mixtures
of fluids and mixed gaseous samples
have not been investigated so far.

A simple 1D periodic lamellar
structure was fabricated in the form
of alternating layers of hydrophilic
and hydrophobic block polymers
(Figure 8). In essence, this is a type
of a Bragg stack with layers of two
different polymers. The hydrophobic
and more rigid layers force expan-

oy e
800 400 600 800 400 600

Alnm

ooy
800 400 600

Figure 7. a) Digital image of a 4x4 photonic crystal sensor array. b) Reflection spectra of the beads
in the 4x4 array. Adapted from Ref. [140] with permission; copyright 2014 Wiley-VCH GmbH.

water at concentrations between 0 and 8 % with a resolution
of 1%.047 The combination of a microporous metal-organic
framework (known as ZIF-8) with layers of mesoporous
titanium dioxide was used™ for discriminating between
methanol, ethanol, 2-methylbutanol, and fert-pentanol. A
two-dimensional TiO, pillar array can differentiate fluids with
a refractive index in the range between 1.33 and 1.39 with
a resolution of about 0.002 RI units per nm.['*) A zinc sulfide
nanobowl array™” was assembled from polystyrene nano-
particles as well as zinc and sulfide precursors and enabled the
refractive index of organic solvents to be determined over an
even wider range (from 1.33 to 1.50) but at lower resolution
(ca. 0.004 RI units per nm).

Another solvent-selective PhC sensor that, in fact, detects
changes in refractive index was obtained™! from butterfly
scales of the Morpho species (see Section 2). This approach
has certain limitations though, in that it depends on the use of
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sion of the hydrophilic copolymer-

ized layers into the z-direction (i.e.

vertically), while expansion into the
| x- and y-directions is prevented by
the hydrophobic copolymer. The
resulting PhC responds by a swelling
of the hydrophilic layers. This was
successfully demonstrated by expos-
ing the sensor layer to a 75 mMm
solution of ammonium chloride."*®!
The selectivity for chemical species
will clearly be limited.

The second type of chemores-
ponsive PhCs (based predominately
on 3D swelling and shrinking) forms
the basis for numerous other sensors.
Again, organic solvents may be
detected that cause such effects
(Table 2),8082157-1601 byt selectivity
remains poor because such gels
respond only to polarity, and not
specifically to a certain solvent. If the
correct materials are used, the sensors will also respond
predictably to vapors of organic species.

Organic solvents may also be detected and determined
solely by PhCs with an opal structure!™! or an inverse opal
structure!®% without the need for a hydrogel matrix. The
inverse structures are obtained by permeating a 3D opal with
sol-gel precursors, such as those for making SiO,'**'* or
ceria.l'®l After completion of the inverse opal shell, the
template is removed. A related approach is based on the use
of a metal-organic framework!'*” to build a solvent-sensitive
inverse opal PhC. Conceivably, such a material will be
unstable in certain organic liquids, but the inorganic oxides
(which, unfortunately, hardly respond to organic solvents)
may be replaced by more-responsive metal-organic materials.

Takeoka and co-workers used the phase separation of
a self-assembled polymethacrylate ester to detect solvent
impurities in toluene."®® The wavelength of the transmitted
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Figure 8. Schematic representation of a photonic gel film prepared by the self-assembly of layers of
hydrophobic and hydrophilic copolymers. Swelling and shrinking of the hydrophilic gel layers (blue)
by aqueous solvents modulates both the domain spacing and the refractive-index contrast, and
accordingly shifts the wavelengths of the reflected light (hv). The hydrophobic and glassy
polystyrene layers (red) limit the expansion of the gel layers in the direction perpendicular to the
layers. Reprinted from Ref. [156] with permission; copyright 2007 Macmillan Publishers Ltd.

light changed from 400 to 700 nm between 83 and 100 %
toluene. The swell/shrink process was also exploited in
a sensor for relative humidity." " Another approach
utilizes the different molecular conformations that PNIPAM
adopts in different hydration states."”!! The fabrication of an
inverse opal consisting of carbon resulted in an oil-sensitive
PhC sensor that responded to refractive indices between 1.37
and 1.66.'72

Various PhC-based sensors have been reported that
enable the determination of pH values and of ionic
strength.74768173-17 1ny 3 typical process to fabricate such
a sensor film, nanoparticles are incorporated into a polyacryl-
amide hydrogel matrix. The resulting layer exhibits a rever-
sible wavelength shift of around 250 nm on going from pH 2
to pH 7. However, the method described for the readout is
rather complex. Typical materials and properties of pH
sensors are summarized in Table 3.

Ionic strength (IS) plays an important role in physiology
and also determines the salinity of seawater. The first method
for sensing pH and IS was introduced by Lee and Asher.™
However, they only tested solutions of sodium chloride in the
range of 0 to 10 mm. Zhang et al. carried out a similar study
with PNIPAM microgel crystals, but with NaCl concentra-
tions of up to 750 mm."”” In a detailed study, Fenzl et al.l®
showed that such sensors responded to the IS of various
electrolyte solutions and gave an almost linear response to the
log value of the salt concentration in the range from 50 um to
10 mm (Table 3).

The ethanol-assisted self-assembly of polystyrene spheres
and their incorporation into a poly(vinyl alcohol) hydrogel
results in a PhC that is responsive to a) various solvents,
b) various cations and the pH value, and c)compressive
strain.l'® Such sensors are of limited practical utility due to
their poor selectivity. More specific and ion-selective PhC-
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based sensors have even been
reported.l’’”18 Selectivity for potas-
sium was accomplished, for example,
by the introduction of crown ethers
(that can bind alkaline and other ions
fairly selectively) into the hydrogel.
An increase in the potassium ion
concentrations from 0 to 40 mm cause
a spectral shift of 200 nm in the
wavelength of the maximum diffrac-
tion."™ A sensor for lead(II) ions
also utilizes crown ethers as molec-
ular receptors. The shift in wave-
length is about 150 nm at lead(II)
concentrations between 0 and
10 mm."®*"% In another method for
sensing metal ions, a PhC based on
poly(vinyl alcohol) (PVA) was modi-
fied with the optical indicator 8-
hydroxyquinoline to (unselectively)
respond to copper, nickel, and zinc
cations,"*" possibly also to magne-
sium. Anions, in turn, can be selec-
tively detected either with a photonic
ionic-liquid polymer!"™® or by hydro-
gel opal structures with a water-tunable photonic band
gap.™ A 2D array of polystyrene particles placed in
a poly(N-isopropylacrylamide) matrix was found to be
responsive to ionic surfactants such as sodium dodecyl sulfate
(anionic) and cetyl trimethylammonium bromide (cation-
ic).120

PhC-based chemical sensing was also combined with the
molecular imprinting (MIP) technique. In this approach, an
array of colloidal spheres—mostly silica or polystyrene—is
soaked with a mixture of polymerizable monomers, a poly-
merization initiator, and the analyte. After polymerization,
the template is removed to create voids into which the analyte
from a sample may diffuse if it fits. MIP-based sensing with
PhCs has been described for BSA, egg albumin, and
lysozymes,®!! where silica spheres were used as the template
and a copolymer made from methacrylic acid and ethylene
glycol dimethylacrylate (EGDMA) was imprinted with the
desired analyte. Concentrations as low as 1 pugL™' caused
a detectable shift in the reflected wavelength.

Bisphenol A (BPA) was quantified™? with a resolution
(expressed in terms of concentration per wavelength shift) of
0.014 pmnm™~' by using the materials described above.'”!l In
another approach, BPA was imprinted directly into the
PMMA spheres, and these were then placed on a glass
substrate by a vertical deposition technique. This led to
a sensor that can detect 1 pgL~" of bisphenol A with a clearly
detectable red-shift of the reflected light."**) Cholesterol was
imprinted into a copolymer prepared from acrylic acid and
methacrylic acid and allowed its detection at levels as low as
1 ngL™". The selectivity is surprisingly good; stigmasterol and
ergosterin, for example, do not cause a wavelength shift.*!
Similarly, vanillin was imprinted"™ into a cross-linked
PMMA inverse opal structure which resulted in a sensor
that can detect vanillin in concentrations down to 1 pm. Yuan

PS-b-QP2VP
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Table 2: Overview of materials used in photonic crystal (reversible) sensors for organic solvents, the respective wavelengths of maximal reflection (on air; in nm), and the spectral shift cause by solvent or

vapor (in nm).F
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et al." used polystyrene opals and a polyacrylamide hydro-
gel for imprinting 3-pyridinecarboxamide and were able to
detect a 1% aqueous analyte solution with a shift of 27 nm
relative to a negative control, as the imprinted hydrogel
changes its reflected wavelength as a result in a change in the
volume of the hydrogel film in the presence of the analyte.
Such sensors display limited selectivity because the hydrogel
itself is sensitive to matrix effects, for example, as a result of
a change in the pH value. Chiral recognition of L-pyrogluta-
mic acid in concentrations between 0.01 and 0.5 mm was
achieved by imprinting the amino acid into a polystyrene
PhC.""

The Berthelot reaction (based on the reaction of an
alkaline solution of phenol and hypochlorite with ammonia to
form a blue indophenol) was used’®! in a 3D PhC to
determine ammonia. The photonic effect is caused by the
indophenol generated, which induces new cross-links in the
hydrogel. This, in turn, results in a blue-shift of the reflected
wavelength. A TiO, inverse opal was soaked with aniline and
potassium peroxydisulfate and then polymerized to form
a responsive layer.'”” Tt was reported to reversibly change its
reflective color in the presence of ammonia or hydrochloric
acid as a result of acid—base reactions in the polymer causing
changes in the refractive index of the polymer layer which
resulted in a wavelength shift of the reflected light.

Glucose (like many other saccharides) undergoes a fully
reversibly binding reaction with certain boronic acids, and this
can be used for quantitative assays.”” The respective PhC
sensor was obtained from polystyrene spheres and a poly-
acrylamide hydrogel functionalized with 3-aminophenylbor-
onic acid. This material responds to glucose in concentrations
of up to 100 mm, however with a signal change of only a few
nanometers at 4 mm (which is the typical concentration of
glucose in blood). Signal changes also occur with fructose,
galactose, and mannose, but these are usually present in much
lower concentrations in blood. Similarly, a crystalline colloi-
dal array (CCA) was incorporated into a polyacrylamide
hydrogel (PCCA) with pendent boronic acid groups, as shown
schematically in Figure 9. The CCA diffracts visible light, and
the PCCA diffraction wavelength is dependent on the hydro-
gel volume. The PCCA responds to carbohydrates, in
particular to aqueous solutions of glucose with a low ionic
strength, by swelling and red-shifting its diffraction. The
hydrogel swelling results from a Donnan potential as a result
of the formation of the boronate anion whose acid pK, value
decreases upon glucose binding. The sensor was incorporated
into a contact lens to visually monitor glucose concentrations
in tear fluid.">*'"! In yet another version of a glucose

€ é)H OH
TG OH

Figure 9. Incorporation of a phenylboronic acid (acting as a receptor
for glucose) into a 3D PhC. GL: glucose. Reprinted from Ref. [75] with
permission; copyright 2004 American Chemical Society.
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Table 3: pH-Sensitive photonic crystals, respective analytical wavelengths, pH ranges, and effects of ionic strength.

Material A [nm] pH Linear pH range lonic strength range [M] Ref.
polystyrene/polyacrylamide 430-550 1-9 3.5-4.5 107°-6x107" [83]
polystyrene/quaternized poly-(2-vinyl pyridine) 450-600 2-7 - - [173]
polystyrene/poly(acrylamide-co-acrylic acid) 620-670 2-8 3.5-4.5 - 74
SiO,/poly (hydroxyethyl methacrylate-co-methacrylic acid) 520-640 3.5-9 5-6 - [76]
polystyrene/polyacrylamide 500-800 2-9 - 107*-1072 [74]
polystyrene/poly (vinyl alcohol) /succinic acid 445-485 2.5-6 3.5-4 - 175
polystyrene/poly(vinyl alcohol) /3-aminophenol 410-450 7-10.5 9.5-10 - [175]
morpho butterfly wing scales/polymethylacrylic acid 466-492 1.5-10.5 - - [176]
sensor,™ the block copolymer polystyrene-co-poly(2-vinyl o, o o % % °
pyridine) was modified with 2-(bromomethyl)phenylboronic % % .0. e %% %
acid to give a material capable of selectively detecting o.e..v. creatinine diffuses into. @ Q v. (il
fructose even in the presence of glucose, mannose, and % % °© 23"‘;;‘:3:‘ and binds to .o' .o. %
sucrose. The limits of detection are 500 um of fructose in plain adies Al ¢ ¢ ¢ a=creatiine
water and 1 mu™ in phosphate-buffered saline, which indicates washing creatinine hydrolysis e.

. produces OH' =enzyme
an effect of the ionic strength. & " .

8. Biosensors Based on Photonic Crystals

Biosensors make use of biological components such as
enzymes, antibodies, aptamers, and gene probes to recognize
a specific target. Typical applications of such sensors® are in
the screening of compound libraries and of ligand-receptor
interactions (such as between biotin and streptavidin), in
label-free optical detection, and in studies on cell morphol-
ogy. Creatinine is a clinically highly relevant parameter that
can be sensed with PhCs by using the enzyme creatinine
deiminase. The effect is due to the swelling of hydrogels as
a result of two consecutive reactions: First, creatinine
deiminase causes the production of hydroxide ions by
hydrolysis of creatinine. In a second step, 2-nitrophenol
(also incorporated in the hydrogel) is deprotonated by the
hydroxy ions formed. The increased solubility of the pheno-
late anion causes the swelling in the polymer (Figure 10). The
red-shift in the diffraction is approximately 35 nm at 1 mm
levels of creatinine. The change is, however, much smaller
(15 nm) at typical physiological concentrations (100 pm).%!

Cholesterol was also detected enzymatically in concen-
trations of up to 5 mM by linking cholesterol oxidase (ChOx)
to an epoxide-functionalized hydrogel-based PhC prepared
from acrylamide and glycidyl methacrylate®™ and was
referred to as a polymerized crystalline colloidal array
(PCCA). The bound enzyme retained about 85 % of its initial
activity. Upon exposure to 5.0 mm cholesterol, the maximum
diffraction wavelength was red-shifted by as much as 63 nm
compared to the negative control. Detection is again based on
hydrogel swelling: Changes in the Donnan potential of ChOx
causes swelling of the polymer and, therefore, a shift of the
reflection signal.

Organophosphate nerve agents can be detected and
quantified by making use of the enzymes acetylcholinesterase
and organophosphorus hydrolase in modified PhCs.2%*!
Both sensors utilize the fact that the hydrogel host shrinks
or swells as a result of changes in the polarity of the
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Figure 10. Schematic depiction of the creatinine sensor concept.
Creatinine deiminase causes the production of hydroxide ions. In

a second step, 2-nitrophenol is deprotonated. The increased solubility
of the phenolate ion and its negative charge causes the swelling in the
polymer. Adapted from Ref. [206] with permission; copyright 2004
American Chemical Society.

environment. Acetylcholinesterase is capable of binding
parathion, and this causes swelling and a red-shift of the
maximum of the reflected light.?® Organophosphorus hydro-
lase, on the other hand, produces two protons on hydrolyzing
parathion, and this causes the polymer to shrink, which results
in a blue-shift.”®! Mercury is a strong inhibitor of the enzyme
urease. By analogy to a known fluorescent detection scheme
based on this effect,?'! a Hg"-selective PhC sensor probe was
described.l The hydrolysis of 1 mM urea caused by urease
results in a blue-shift in the reflected wavelength from 764 to
646 nm because of the increasing ionic strength of the
medium as a consequence of the generation of both ammo-
nium and bicarbonate ions. If the enzyme is inhibited by Hg"
ions, a shift from 646 (uninhibited hydrolysis) to 730 nm is
obtained on increasing the concentration of the inhibitor from
0to 20 ppb. However, other heavy metal ions are also likely to
cause an effect. A poly(acrylamide-co-acrylic acid)-based
PhC hydrogel that was modified with a tetracycline-cop-
per(IT) complex was shown!*'?! to respond to the model amino
acid glycine at a concentration as low as 100 pm. Here, the
diffraction band is even located in the near infrared region.

PhC sensor technology was also used to detect ligand—
receptor interactions. A silicate layer that forms the top of an
Si0,/Ta,05 Bragg stack was modified®! with streptavidin
(each molecule of which can bind four biotin molecules). On
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Figure 11. Fabry—Pérot resonator based on a 1D PhC coupled with total
internal reflection (TIR). a) Schematic sensor configuration on separate
signal and reference channels. b) The resonance mode shift (04,) can
be monitored by directly observing the reflectance spectrum or by
measuring the reflected intensity change (d1,) at a specific laser
wavelength. c) Binding kinetics monitored by the reflected signal
intensity and by the normalized intensity ratio, where region | is the
baseline with ligand on the surface and region Il reflects real-time
analyte binding to ligand. Adapted from Ref. [213] with permission;
copyright 2010 American Chemical Society.

binding biotin, the refractive index of the top layer changes,
and this results in a wavelength shift of the reflected light. The
resulting signal change was detected with a Fabry-Pérot
resonator incorporating a prism coupler and a Bragg reflector
(Figure 11). Biotin can be monitored by this method with
a limit of detection (LOD) of 3 uygmL~". The same principle
was applied to follow the binding of a wide range of other
biomolecules by their respective receptors?*?* with molec-
ular masses ranging from 0.244 to 150 kDa. The detection of
a biotinylated 20-base oligomer had an LOD of 1 nm. Guo
et al. emphasized™? that this approach results in a more
easily detectable resonance signal than that obtained by total
internal reflection spectroscopy. In this detection approach
for oligomers, an energy-loss mechanism is triggered in the
dielectric stack in that light is absorbed in the silicium layer
which generates defects in the top dielectric. This allows light
(that would otherwise be resonant in the dielectric cavity) to
penetrate the analyte solution.

PhCs also can be modified with nucleotide oligomers
(including aptamers) such that gene sensors are obtained.
Particles consisting of a styrene, methyl methacrylate, and
acrylic acid copolymer were used®! for sensing DNA at
13.5 fm levels. The PhC was used here to enhance the
fluorescence of a FRET-based DNA detection approach
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Figure 12. a) DNA sequence detection based on a FRET mechanism.
After hybridization, ethidium bromide (EB) can intercalate and forms
a FRET couple with fluorescein-labeled ssDNA. b) Effect of the PhC on
the efficiency of FRET. The periodicity of the PhC amplifies the
fluorescent signal and improves the limit of detection. Adapted from
Ref. [215] with permission; copyright 2008 Wiley-VCH GmbH.

(Figure 12). The functionalization of silica colloidal arrays
with DNA led to a PhC sensor with the ability to detect
bacterial pathogens®® or hybridization/denaturation pro-
cesses.”'”! The metal ions Pb" and Hg" were detected with an
irreversible PhC-based optical probe that is based on the
functionalization of the PhC hydrogel matrix with aptam-
ers.?"® This approach is entirely different from the enzyme-
based detection method for heavy metal ions described
above. The short nucleotide strands were immobilized in
a hydrogel and change their conformation in the presence of
the heavy metal ion they were designed for. This causes
a volume change of the polymer and a blue-shift of the
diffraction band.

Immunoassays based on PhCs include a multiplexed
immunoassay'®' based on a nanoscale optofluidic system
and an array of evanescently coupled 1D PhC resonators. The
device enabled antibodies against interleukin to be deter-
mined in the 1 to 100 ugmL~"' concentration range and with
an LOD as low as 0.06 fg(!) of totally bound mass. A similar
kind of biosensor (a 2D silicon-on-insulator PhC sensor)?'*!
can detect 2.5 fg of bovine serum albumin.

The binding of BSA (and probably also of other proteins)
to glutaraldehyde in the microcavities of the porous silicon
sensor causes a red-shift of the reflected wavelength. As the
interaction of glutaraldehyde and BSA is nonspecific, the
authors also tested the device with immobilized streptavidin
and found a biotin-specific red-shift in the reflected wave-
length. This device works at a wavelength of around 1.5 pm,
which was chosen (such as the integrated design) to obtain
a platform that is CMOS-compatible and can be integrated on
a large scale (e.g. in consumer electronics). Both sensors?*2%
have the advantage of possessing very high so-called Q factors
so that the electromagnetic energy can be localized very
accurately, and they display narrow bandwidth spectra that
enable the precise determination of the wavelength of the
resonance peak. Both factors contribute to the fact that very
small quantities of bound mass can be detected. In another
immunodetection approach, protein A was deposited on
a porous silicon PhC by nonspecific adsorption. Three kinds
of immunoglobulins were then detected®! because they bind
to protein A. Human, sheep, and chicken IgG were distin-
guished because their refractive indices are different. Binding
(and thus the optical effect) is irreversible.

Microplates with nanowells incorporating PhCs were
prepared®! by electron beam nanolithography and combined
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with an electrophoretic particle entrapment system. These
immuno platforms were used for detection of the food-borne
staphylococcal enterotoxin B (SEB). Polystyrene nanoparti-
cles were modified with anti-SEB antibody and entrapped in
the nanowells. Upon binding of the SEBs and after addition of
a fluorescently labeled anti-SEB secondary antibody, the
signal corresponding to a guided mode resonance is amplified
by the PhC structure. SEB can be determined at levels as low
as 35am, an LOD that is 106-fold better than that of
a conventional 96-well ELISA. The method was applied to
milk samples (known to be a rather difficult matrix), where
the LOD was not significantly altered. A related immuno-
assay?? is based on the use of a 2D silicon PhC and enables
the detection of anti-BSA binding to surface-immobilized
BSA.

The Endo research group'“~ showed that the fluorescence
intensity of DNA intercalators can be strongly enhanced by
using nano-imprinted 2D PhCs. Highly ordered 2D PhCs
prepared from a cycloolefin and possessing triangle-shaped
and nanometer-sized hole arrays were deposited on a 100 um
thick polymer film by nanoimprint lithography. Double-
stranded DNAs (in lengths of 4361 and 48502 base pairings
and in concentrations from 1 pm to 10 nm) were adsorbed on
the surface by electrostatic interactions and then treated with
intercalators. The fluorescence of the intercalator was found
to be enhanced by factors of up to 10 (compared to the usual
enhancement by intercalators). If the PhC is used as a Bragg
reflection mirror, the fluorescence enhancement can be easily
observed visually or using a spectrofluorometer. These results
suggest that printed PhCs offer a large potential for sensitive
intercalator-based detection of DNAs. A similar 2D PhC
sensor (and also based on a polycycloolefin) was modified
with anti-insulin antibodies and was then capable®! of
detecting insulin with an LOD of 1pUmL™ through
a change of the reflection peak intensity upon binding of
the analyte. In yet another approach,”*! porous silicon
microparticles in buffer solution were functionalized with
anti-human CD3 primary antibody. The binding capability of
the epitope of the primary antibody was still active after
functionalization. The authors consider these findings to
represent a first step towards single-cell optical biosensors.

A TiO,-based inverse opal was modified®! with IgG
through nonspecific adsorption and subsequent BSA block-
ing. The resulting so-called bioPhC can detect 1 ugmL™
levels of anti-human IgG. Recently, Gu and co-workers?”!
reported on the physical adsorption of IgG on PMMA
nanoparticles possessing structural colors. FITC-labeled
(FITC=fluorescein isothiocyanate) anti-IgG antibodies
bind to these particles, as demonstrated by measuring both
the changes in the reflectivity and the intensity of the
fluorescence (Figure 13). By encoding different proteins
with the structural color of PhCs and using FITC labeled
antibodies, Li co-workers®®! demonstrated multiplexed
immunodetection of mycotoxins. Aflatoxin B1, fumonisin B1,
and citrinin were detected simultaneously with detection
limits of 0.5, 1, and 0.8 pgmL™!, respectively.

The combination of an Si;N,/SiO, layer array and a 2D
PhC enabled® the detection of single nanoparticles with
diameters of 150 nm or larger, with the particles inside the

[223]
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Figure 13. Fluorescence and optical reflection spectra (left) and bright-
field microscopy images (right) of three colloidal crystal beads with

a diameter of 400 nm. The red, green, and blue beads were modified
with human, mouse, and rabbit IgG, respectively. They were exposed
to a sample containing FITC-tagged goat anti-human IgG and goat
anti-rabbit 1gG. Both the fluorescence and reflection measurements
were performed. Spectra are offset along the R axis for clarity. Adapted
from Ref. [227] with permission; copyright 2006 Wiley-VCH GmbH.

PhC nanoholes appearing as bright spots in the micrograph
acquired with a CCD camera. This proof-of-principle study
demonstrated such PhCs to enable the visualization with
a conventional optical microscope of particles with a size
smaller than the diffraction limit. The authors expect that
even biomolecules with a diameter between 50 and 100 nm
may be visualized in the future if the SiO, component is
modified with a biorecognition element.

In summary, most of these biosensors do not enable
a species to be monitored over time.”*"! Rather, the perfor-
mance of hydrogel-based PhCs resembles that of indicators
which enable single-shot measurements only, which is more
than adequate in many situations for clinical diagnosis. For
continuous monitoring, for example of parameters whose
concentrations vary over time, it is recommended to choose
PhCs based on integrated nanocavities or Bragg stacks.

9. Conclusions and Outlook
9.1 Current and Future Applications

This Review reveals the large scope of PhC-based
chemical sensing and biosensing. The question remains as to
future applications where such sensors would be superior to
existing ones. We believe that low costs (both in terms of
materials and production) and the ease of instrumental (if not
visible-eye) readout are very strong features of this technique.
Mechanically responsive PhCs are an ideal choice for sensors
that rely on pressure-dependent color changes. The finger-
print sensor developed by Ozin and Arsenault™ is a good
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example. The use of electrically tunable PhCs in a display is
also presented in the same study.”!! Magnetically tunable
devices of a similar kind use colloidal PhCs made of magnet-
ite and silica.l'""!

Biosensors, in our eyes, have a larger scope than chemical
sensors, where the state of the art in sensing conventional
parameters (pH values included) is quite advanced. We think
that colloidal PhCs that respond to a biochemical stimulus
(glucose and other highly competitive clinical parameters not
included) hold great promise, in particular for point-of-care
parameters for which alternative methods are not available or
perform poorly. In our opinion, PhC-based sensing should not
aim to replace existing methods but should focus on entirely
new fields and parameters. Fast (on-site) testing of food safety
is one such area. Methods for the rapid detection of pathogens
in food are urgently sought. Pathogen-responsive PhCs,
especially if accompanied by a visibly detectable color
change comparable to a pregnancy test, potentially have
a large market. In fact, respective test stripes may be
integrated into the packaging. Semiquantitative tests are
adequate in such situations, and small-sized low-cost instru-
mentation may be used.

PhC-based sensors have also been designed that work (by
reflecting light) in the 1-2 um wavelength range. While not
visually detectable, such sensors are compatible with CMOS
technology, as shown, for example, by Erickson and co-
workers.[®! Such devices are likely to be more sensitive and to
offer better resolutions (expressed as the signal change AS per
concentration unit), for example in high-throughput pharma-
ceutical screening.®” In contrast to the widely used colori-
metric enzymatic (inhibition) methods that use kinases or
proteases and the respective substrates, methods for the
detection of protein—protein interactions (in high-throughput
screening) often lack the simplicity inherent to enzyme and
receptor assays. PhC biosensors (and other emerging tech-
nologies) may, therefore, be utilized for the identification of
compounds that disrupt or enhance protein—protein interac-
tions. In the medical field, PhC technology is, of course, not
limited to the field of chemical sensing and biosensing.
Biodegradation processes can be monitored,”! for example,
by implanting an inverse opal PhC consisting of poly(1,5-
pentanediol-co-pentaerythritol-co-citric acid) into subcuta-
neous tissue of mice. A relatively large shift in the reflection
peak is observed due to the deterioration of the PhC through
biodegradation.

9.2. Current Challenges

Several challenges are currently limiting the performance
of PhC-based sensors. Major issues include selectivity, sensor
stability, signal changes, readout schemes, and improved
materials. These shall be briefly addressed in the following.
1) Selectivity is often not warranted (unless biological

recognition is integrated). Many so-called “sensors” are

in fact detectors, for example to measure changes in
refractive index or solvent polarity, which is useful in
numerous situations, but such “sensor detectors” are not
selective. Even more specific sensors (such as for
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pH values of metal ions) are often affected, for example,
by the ionic strength of a solution or by other metal ions.

(2) Sensor stability is compromised in two ways: Storage can
lead to (irreversible) changes in the structure (or
dimensionality) of PhCs, and this will affect performance
and calibration functions. Secondly, some sensors
undergo irreversible changes when used, so that recali-
bration of the sensor becomes mandatory after each
single use (which is highly impractical), or sensors are to
be disposed of, which is not a problem in terms of costs
but is a problem in terms of environmental protection and
precalibration of such probes.

(3) Signal changes need to become larger. Resolution
(defined as signal change per concentration unit) is
often small, so that sophisticated methods for readout
become mandatory to accomplish good resolution. Ide-
ally, the change in color is so large that acceptably good
resolution becomes possible even by inspection with the
naked eye (ideally by making use of a calibration color
scale). This would represent a major leap forward and
form an attractive alternative to test strips and lateral
flow assays.

(4) Readout schemes (unless visual) need to be simple,
but should not be limited to reflectometry, Bragg grat-
ings, or interferometry. Novel schemes with high reso-
lution are sought, for example, by combining it with
CMOS techniques and integrated into consumer elec-
tronics. Fluorescence also represents an attractive
scheme.[*'>222] Methods for radiative decay engineer-
ing (of fluorescence) on one-dimensional photonic crys-
tals have been discussed.

(5) Materials improvements mainly relate to the homoge-
neity of the particles (in terms of polydispersity) and an
almost perfect crystal structure. Both give rise to high
color purity and, thus, to better spectral/color resolution
and discrimination. This, eventually, will lead to an
alternative generation of test strips of the single-shot
probe type and with visual or smartphone-assisted read-
out, and even to sensors for continuous and on-line
monitoring of chemical, biochemical, or biophysical
parameters.
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