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ABSTRACT

Real-time monitoring of bacterial contaminants and pollutants in food is of paramount importance nowadays, owing to the impressive exten-
sion of the food production/supply chain and the consequent increase in foodborne outbreaks worldwide. This represents a serious risk for
consumers’ health and accounts for a large fraction of food wastage, especially in the developed countries. Therefore, modern sensors for
food quality control should possibly afford low-cost, portability, and easiness of readout to enable widespread diffusion of the technology,
thus allowing food quality monitoring from the production/supply chain to the consumers’ table. In these regards, one-dimensional photonic
crystals, also known as Distributed Bragg Reflectors (DBRs), can represent simple yet efficient all-optical and label-free colorimetric sensors,
given their relatively high color purity, easiness of integration with a large number of stimulus responsive materials, and low-cost fabrication
from scalable processes. In this perspective article, we discuss the development of DBRs-based colorimetric sensors for the monitoring of bac-
terial contaminants and pollutants of interest in the food quality sector. We aim at providing a systematic overview on the main approaches
that have been employed to achieve selectivity and sensitivity in DBRs-based sensors, with the view to enable widespread use of this technology
at both the industry/supply chain and customers’ level.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

I. INTRODUCTION

The relentless world population growth comes along with the
massive extension of food production and supply chain worldwide.
This, however, can pose serious risks for food quality, especially for
those goods that can easily degrade (i.e., meat, fresh fruits, and veg-
etables). Accordingly, the field of sensing for food quality control is
expanding at utmost rate. ~ Food contamination brings a number
of serious risks for consumers’ health and contributes to an increase
in wastage. Its prevention and mitigation is, therefore, a top priority
in reducing food waste and can be seen as an active and important
part of a well-developed circular economic system.” In particular,
it has been estimated that one third of the food produced around
the world is wasted (~ 1.3 x 10° tons per year)," and a large part
of this wastage originates from food contamination in developed
countries (e.g., in the USA). Hence, given the increasing number of

APL Photon. 5, 080901 (2020); doi: 10.1063/5.0013516
© Author(s) 2020

pathogen-outbreaks in food, the need for simple, cost-effective, and
portable sensing devices has become paramount both at the indus-
try/supply chain and at the customers’ level, within the new circular
economy paradigm.

In this context, a plethora of methods and techniques have
been proposed and utilized for tracking food contaminants and/or
by-products of the degradation process.”” Apart from traditional
colony counting (i.e., for bacterial pathogens), immunological
assays, and polymerase chain reaction (PCR)-based methods that
despite their relatively high sensitivity usually suffer from low turn-
around time for results, new bio-sensing methods involving opti-
cal interrogation of the contaminated samples hold great promise
for rapid and low-cost detection of common contaminants. These
include vibrational spectroscopies (Raman and Fourier-transform
infrared spectroscopies), detection of surface plasmon resonance,
optical fibers, and resonators, ° among others. However, all these
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approaches are stacked at a low technology readiness level, for they
rely on the use of expensive equipment and specialized personnel,
hampering a widespread use of the technology. Indeed, modern
biosensors shall provide a simple and rapid readout that can be ana-
lyzed even by unskilled operators. For instance, large availability of
simple and low-cost bio-sensors can be of vital importance in devel-
oping countries, as well as in rural area of the developed world, due
to the lack of infrastructure and specialized personnel.

Driven by the possibility to build up miniaturized and cheap
devices, photonic crystals (PhCs) have emerged recently as a promis-
ing class of (bio)sensing platforms mostly due to two reasons: first,
the versatility in terms of fabrication and functionalization,” and
second, the ease of detection, by naked eye, based on the change
in the color. PhCs can be considered as an assemblage of peri-
odically arranged materials with different dielectric functions in
1D, 2D, or 3D, in which only certain wavelengths of light, set
by the periodic spacing (d), can propagate through the structure
[Fig. 1(a)]. This in turn leads to the generation of structural col-
ors'”!" that emerge without the presence of pigments, an effect
widely found in nature.'”"” The well-known phenomenon of x-
ray reflection [Fig. 1(b)] can be roughly adapted to explain the
reason why PhCs reflect light of certain wavelengths. In the case
of x-ray diffraction, only those beams positively interfering with
each other produce regular oscillations (Bragg’s reflections) that
are characteristic of the interplanar distance d and incidence angle
0, in agreement with the Bragg’s law 2d cos = mA. If we com-
bine Bragg’s law with Snell’s law, introducing the effective refrac-
tive index (RI) of a two-material repetitive unit (n.y), we obtain the
Bragg-Snell law (see equation in Fig. 1), which links the interplanar
distance and the refractive indices of the PhCs to the wavelengths
of reflected light, the so-called photonic bandgap (PBG). From these

@) (b)

©

4 A A

2d (nZs; — sin?0)'/2 =ma
nZe =nfVy +njv,

expressions, one can easily infer that the structural color of PhCs can
be sensitive to a number of environmental effects and stimuli that
modulate the refractive index contrast and the lattice spacing, there-
fore enabling application of PhCs in sensing. In order to enhance
the analyte interaction with the photonic lattice and cause an effec-
tive modulation of the photonic bandgap and, hence, the structural
colors, most PhC-based sensors exploit porosity in the architec-
ture or permeability of the components. Both strategies rely on the
notion that .y is a spatial average affected by infiltration of the
analytes in the PhC structure and that infiltration may also change
the PhC periodicity due to swelling or shrinking of the architec-
ture geometry. Unskilled operators can easily assess the consequent
color changes by a quick visual inspection of the PhC as long as
the variation is higher than the wavelength discrimination thresh-
old, which is often below 50 nm even for people suffering from color
deficiency.'* Nature offers many examples to validate this idea, for
instance, the wings of Morpho rhetenor butterfly are natural PhCs."’
When ethanol is added on the wings, in fact, one can observe an evi-
dent color shift [Fig. 1(d)] that originates from the change in the
effective refractive index after infiltration of the liquid inside the
microstructure. '

One-dimensional PhCs, also known as Distributed Bragg
Reflectors (DBRs) or Bragg stacks, represent the simplest photonic
architecture as the bandgap simply originates from the alternation
of layers with different refractive indices. The intrinsic simplic-
ity of DBRs and their well-defined optical features, relatively easy
fabrication, and compatibility with a variety of stimulus respon-
sive functionalities'® *’ have enabled their use as versatile detec-
tion platforms.”*' >’ Figure 1(d) reports the typical optical response
of a DBR with the characteristic reflectivity peak centered at Eppg
with a AEpgg width, while the inset in Fig. 1(d) represents the

FIG. 1. (a) Schematic representation of
1D, 2D, and 3D PhC architectures. (b)
Scheme of light reflection mechanism in
PhCs. (c) Picture of the wings of Mor-
pho rhetenor upon addition of ethanol
on the right wing [Adapted from R. A.
Potyrailo, Proc. SPIE (2011). Copyright
2011 Society of Photo-Optical Instru-
mentation Engineers (SPIE).] '”. (d) Typ-
ical reflectivity of a Distributed Bragg
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Reflector (DBR). The PBG region, which
is centered at Epgg and AEpgg Wide,
is denoted by the red patterned area.
The inset shows the structure of the
DBR, composed of alternated layers of
materials having two different refractive
indices.
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structure of a DBR composed of alternated layers of two different
materials exhibiting different refractive indices. The exact position
of the bandgap in wavelength (Apgg) can be calculated by means of
the following expression:

ApsG = 2Dy /nZ; — sin®6, (1)

where D is the total thickness of the repetitive unit and n.q is the

effective refractive index of each double layer (n.s = %,

where ny and np are the highest and lowest refractive indices of the
material pair, respectively, while dy and dy are the thicknesses of
the respective layers). The energetic width of the bandgap instead
follows

_ 4Epgg np —ni _ 4Epgg  An

AE = = R 2
PBG M nyg+np m  2np +An )

while the maximum reflectivity intensity follows

N A N
RPBG:1—4(E) =1—4(1——n) . (3)
ny Ny

All those above-mentioned expressions indicate that the reflectivity
output of a DBR is strongly connected to the refractive environment,
allowing one to track the presence of analytes by simply analyzing
the photonic bandgap peak position, intensity, and angular disper-
sion. For instance, Fig. 2 displays two color-coded maps showing the
changes in reflectivity due to swelling/shrink of the multilayer and
changes in the high refractive index layer. The thickness variation
[Fig. 2(a)] induces a rigid shift of the reflectivity energy response fol-
lowing a linear relation with the thickness, as a direct consequence
of the electromagnetism law scale invariance.”* The modulation of
the refractive index instead results in a more convoluted behavior
[Fig. 2(b)]. In particular, while we can still observe a shift of the
PBG due to the shrinkage of the optical path upon an increase in the
refractive index, the consequent increase in the contrast An causes
an enhancement of the reflectivity intensity and a broadening of the
PBG, in agreement with Eqgs. (2) and (3). Note that at lower ny val-
ues, when the high index gets near ng, the PBG almost disappears
as the material is virtually homogeneous and, hence, does not show
any photonic effect, with the exception of the appearance of weak
interference fringes.

While sensing can be based on similar phenomena as reported
above, it is worth noting that those variations are typically not
analyte-selective; therefore, various methods have been proposed to
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achieve selectivity. In addition, such sensors should aim at a full col-
orimetric response that would enable an effective wide spreading of
the technology.

In this perspective article, we will provide an overview of the
main approaches employed to confer DBR’s selective responsivity
with respect to common bacterial contaminants and pollutants of
interest in the field of food quality control and introduce our view on
the development of this branch of research that holds great promise
for the development of simple colorimetric sensing devices.

Il. MESOPOROUS DBRs

Porosity at the mesoscale level can be considered a simple yet
effective responsivity element in DBRs. This provides already two
useful functionalities, namely: (i) a porous structure that allows
percolation and accommodation of liquids and capillary conden-
sation of vapors within the air voids, thus determining a modula-
tion of the refractive index contrast; (ii) a relatively large surface
area, which is required for efficient chemical/physical functional-
ization of the inner part of the DBR, i.e., for biorecognition pur-
poses. The first seminal works on porous DBRs obtained by electro-
chemical etching of silicon (porous silicon, PSi) were reported two
decades ago” " and have paved the way for their utilization in a
range of applications, such as lasing, 7" chemical sensing,’;'w and
biosensing.” ** Within the context of PSi-based DBRs, the major-
ity of reports exploit an optical resonator configuration, composed
of a Fabry-Perot microcavity integrating emissive materials (i.e., sil-
icon nanocrystals) embedded between two DBRs. The interaction
between the analyte and the proper chemical functionality decorat-
ing the microcavity leads to a shift of the emission peak, which is
modulated and narrowed down by the microcavity. Such an archi-
tecture permits attaining a relatively high sensitivity, as tiny changes
in the effective optical thickness modify the reflectivity spectrum,
causing a spectral shift in the interference pattern.” For instance,
this approach has been used for DNA sensing’® " and the detec-
tion of environmental pollutants. 941" On the other hand, detection
of whole bacterial cells is more difficult and elusive in comparison
to gas, liquids, and biomolecules mostly due to the impossibility for
bacterial cells (~1 um) to percolate throughout the porous structure.
Note that direct detection of whole cells would offer great advan-
tages over other indirect detection schemes as in this case, sensitivity
and selectivity are usually higher than indirect methods, i.e., due
to the minimization of interferences from exogenous or endoge-
nous analytes. In these regards, Miller and co-workers in a seminal

+10%

+5%

FIG. 2. Color coded reflectivity of an ideal
BS responding to the variation of (a)
thickness and (b) high refractive index.
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work have proposed a PSi resonator functionalized with an organic
receptor that specifically binds to the Gram (-) bacterial membrane,
observing a red-shift (4 nm) of photoluminescence upon exposure
to Escherichia coli.’”” A similar PSi microcavity architecture has been
employed in a more recent work, in which the authors fabricated a
chip for detecting bacteria for the molecular or subcellular analysis
by surface modification using undecylenic acid, demonstrating the
specific recognition binding of vancomycin to the p-alanyl-p-alanine
of bacteria (Fig. 3).Y In general, these interesting studies demon-
strate that PhCs can be effectively used for detecting bacteria and
contaminants and hold promises for their employment in food qual-
ity control, although the reported spectral shift is by far too low for
attaining visual colorimetric recognition of the analytes. Assessing
the PSi optical transducer technology, one should note that they have
two main advantages: (i) the high refractive index sensitivity, in the
order of 1000 nm/refractive index unit, a value that is competitive
with more-geometrically complex devices, such as those integrating
nanopillars and nanorings;"* (ii) the easy and low-cost fabrication
procedure via controlled electro-chemical dissolution of crystalline
silicon at room temperature.” Conversely, the main disadvantages
of PSi-based optical devices also originate from the electrochemi-
cal etching process that is at the core of their fabrication, such as
the use of hazardous hydrofluoric acid, the lack of reproducibil-
ity of pore size distribution that is essential for analyte percolation,
and the reactivity of the highly hydrogenated freshly etched surface,
which tends to be substituted by Si-O on exposure to atmospheric
oxygen, thus determining a large variability in the optical response.
As a final remark, even though PSi-based biosensors have been
proposed for the detection of target bacteria of interest for the food

TWTCP

—— pristine
— E. coli

Intensity

o

o o
r

- Diffelrential spectrum

industry, *° the use of DBRs as simple colorimetric systems for track-
ing such analytes has not been demonstrated yet, to the best of our
knowledge.

An important class of mesoporous DBRs are based on a multi-
layer of colloidal nanoparticles (NPs) deposited by solution-based
wet processes,Iw such as sol-gel method, dip-coating, or simple
sequential spin-casting of the colloidal dispersion.”””" Here, again,
responsivity to a large variety of external stimuli is obtained, thanks
to the large surface area available for physical and chemical inter-
action with the analytes. The versatility of fabrication”” and the
possibility to integrate different materials, such as metal oxide NPs
(i.e., SiO3, TiO,, and SnO,), clays, zeolites, electrolytes, and lig-
uid crystals, *>”* have made these DBRs popular in a variety of
fields.”' These include optoelectronics, 7 lasing,’:x‘i’&) sensing of
liquids,” and vapors.””*" In this latter regards, Ozin and collab-
orators have pioneered the development of photonic nose-sensors
for the control of water and food. This approach relies on the pat-
terning of the DBR surface with different alkoxysilanes to achieve a
combinatorial array with distinct surface energy characteristics.’*’
In the first set of experiments, the authors validate such a method
by exposing the DBR arrays to a series of alcohols and alkanes and
by calculating the absolute difference between the reference and
solvent-exposed DBR images.”” The response of each specifically
functionalized surface has been analyzed using the principal com-
ponent analysis (PCA). Such a statistical approach allows studying
high-dimensionality datasets by reducing the number of variables
and finding statistically relevant linear relations among them. This
permits us to reduce the number of variables, thus helping to find
clusters of data having similar properties.”* In the case of this work,

FIG. 3. (a) Sketch of the porous sili-
con resonator employed in Ref. 42 to
detect gram (—) bacteria, in which a
central emissive layer is sandwiched
between two dielectric mirrors (DBRs).
(b) Molecular structure of tetratrypto-
phan ter-cyclo pentane (TWTCP), which
specifically binds to diphosphoryl lipid A
in water with a dissociation constant of
592 nM.*" (c) Photoluminescence pat-
tern of a porous silicon microcavity in the
absence (blue curve) and presence (red
| curve) of bacterial cell lysates from gram
(—) bacteria (E. coli) following derivati-
zation with TWTCP and glycine methyl
ester. (d) Difference emission spectra
obtained in the presence and absence of
bacterial cell lysates. Adapted with per-
mission from Chan et al., J. Am. Chem.
Soc. 123, 11797 (2001). Copyright 2001
‘ American Chemical Society.

Wavelength (nm)
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PCA revealed a significant degree of discrimination between differ-
ent alcohols and alkanes [Fig. 4(a)]. Following such a preliminary
test, the authors proceeded on the analysis of the volatile compounds
produced by different bacterial strains [Fig. 4(b)]. The photonic-
nose was unable to distinguish Pseudomonas aeruginosa and Staphy-
lococcus epidermidis, while the other bacterial strains could be dis-
criminated. In a follow-up study, the same group reported a more
comprehensive investigation on the response of the photonic-nose
upon exposure to biogenic amines that are important indicators of
bacterial proliferation in food [Figs. 4(c) and 4(d)].”” As a proof-of-
concept experiment, the authors monitored the quality of organic
salmon and ground beef specimens, observing a clear discrimina-
tion between the chemical species originating from the degradation
of those food samples. More recently, the concept of photonic-nose
has been extended to mesoporous colloidal photonic crystal beads®
and integrated DBR-light emitting diode devices, *’ indicating that
there is still room for improvement for such a technology. However,
we reckon that these devices should achieve chemical selectivity and
a colorimetric response to be utilized in food industry.

To this end, Gonzélez-Pedro et al. have very recently shown
the proof-of-concept of a mesoporous DBR-based biosensor that,
thanks to the specific chemical functionalization of the whole DBR
volume, can be used for biorecognition purposes.”’ In particu-
lar, the authors investigated the biosensor performances by mon-
itoring the optical response of the biotin functionalized porous
DBR produced by the selective attachment of streptavidin, observ-
ing a colorimetric shift upon the streptavidin-biotin interaction
that leads to the modification of the effective refractive index. In
addition, the DBR biosensors were also integrated in analytical
systems based on the compact disk technology, which has been pre-
viously adopted for analytical applications in the food safety sec-
tor.”” This is particularly relevant for future possible applications of
mesoporous DBRs in such a field. However, it is worth saying that

P~
=
=

(b)

such architecture does not allow direct detection of whole bacterial
cells.

lll. POLYMER DBRs

Polymer (or plastic) photonic crystals have been an object of
intense scientific interest, especially in the last couple of decades,”
due to their simple fabrication from the solution-based process,
good mechanical properties, and low interfacial roughness that
ensure easy integration of these systems in a variety of devices rang-
ing from microcavities for emission control and lasers’’ " to light
emitting diodes,””” solar cells,”*”* and sensing.f‘) In this latter case,
the sensing mechanism is usually connected to the permeability of
the polymer materials owing to the free volume between the entan-
gled polymer chains, while selectivity is governed by the affinity of
the analyte for the polymer, as described by the Flory-Huggins solu-
tion theory”’ and the Hildebrand solubility parameter.” Such an
effect has been, in fact, exploited to build up colorimetric Flory-
Huggins sensors to detect volatile aromatic compounds in a label-
free fashion. In these regards, Convertino et al. first reported on the
detection of organic solvents, °' although the authors used costly
and time-consuming chemical vapor deposition to fabricate the
multilayers. Only recently, solution-processed polymer DBRs have
been proposed as low-cost optical transducers to monitor environ-
mental pollutants.”” ** For instance, Lova et al. have demonstrated
label-free colorimetric detection of aromatic volatile compounds
by means of photonic sensors (Fig. 5)." In particular, the authors
embedded poly(p-phenylene oxide) in the polymeric multilayers,
in order to exploit its ability to uptake a large amount of guest
molecules and form co-crystalline and nanoporous phases with dif-
ferent optical properties. In this way, they were able to discriminate
with relatively good selectivity carbon tetrachloride, benzene, and
1,2-dichlorobenzene due to the different ability of the guest
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FIG. 4. (a) Principal component analy-
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of the color changes induced by volatile
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FIG. 5. Transmittance spectra of the plastic DBRs composed of cellulose acetate and poly(p-phenylene oxide) upon exposure to benzene, 1,2-dichlorobenzene, and carbon
tetrachloride as a function of time. Adapted with permission from Lova et al., ACS Appl. Mater. Interfaces 11, 16872 (2019). Copyright 2019 The American Chemical Society.

Further related to the material excerpted should be directed to the ACS.

molecules to induce co-crystalline and nanoporous crystalline
phases in the poly(p-phenylene oxide). As is also shown in Fig. 5,
the color shift is sufficient to be discriminated using naked eyes.

In the field of biosensing, Olsen and co-workers have shown
that DBRs based on a block-copolymer electrolyte gel can be used
as a colorimetric sensor for proteins. In particular, the gel layers
swell/deswell when the block-copolymer gels are exposed to pro-
tein solutions that form coacervates with the polyelectrolyte block,
resulting in a variation of the photonic lattice and, hence, the
structural color.” However, despite these research efforts, plastic
DBRs have never been extensively studied as optical biosensors for
tracking food contaminants, degradation by-products (i.e., biogenic
ammines), or whole pathogenic bacterial cells. For the latter case,
for instance, this is essentially related to the impossibility for bacte-
rial cells to perturb the free volume in the polymer network, while
we reckon that such a detection scheme could be instead applied for
the detection of the degradation by-products. The introduction of
these systems can be desirable for the food quality sector as poly-
mer DBRs could guarantee the colorimetric response, selectivity,
and sensitivities in the ranges of inorganic mesoporous DBRs (~10"
ppm), *' but probably affording a higher mechanical resilience and
conformability.

IV. HYBRID 1D PLASMONIC/PHOTONIC CRYSTALS

The incorporation of plasmonic materials into photonic crys-
tals and, in particular, mesoporous DBRs has recently opened a
novel and promising pathway to confer responsivity to these oth-
erwise passive optical elements.”” With the term plasmons, we refer
to the quantized collective oscillations of free electrons in the mate-
rial that can interact with electromagnetic waves. Each plasmon is
characterized by an oscillation frequency called plasma frequency w,
that is typically included inside the UV/visible/NIR electromagnetic
frequency spectrum. The dielectric function of a material having
plasmonic resonances sharply changes in proximity of wy; the imag-
inary part rises, and the real part oscillates. The plasma frequency, in
turn, responds strongly to changes in the charge carrier density, ** as
expressed by the following equation:

Ne?

m* e

, )

CUPZ
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where N is the charge carrier density, e is the electron charge, ¢ is
the dielectric constant in the vacuum, and m* is the effective mass,
thus meaning that an active control of the frequency dependent
dielectric constant [e(w) = &1(w) + ig2(w)]” in plasmonic materials
can be achieved via modulation of the charge carrier density. This,
interestingly, permits us to modulate the refractive index contrast in
PhCs doped with plasmonic materials and, as a consequence, mod-
ify the photonic bandgap and the structural color [see Eqs. (1)-(3)
in the Introduction]. The first investigation on the integration of
plasmonic heavily doped semiconductor nanoparticles in DBRs was
reported by Puzzo et al. about 10 years ago,”” although the exploita-
tion of the tunable plasmonic response to modify the overall pho-
tonic readout has been demonstrated only recently, i.e., to build up
electro-responsive Bragg stacks.”’”> Within this context, we have
reported on the fabrication of electro/optical switches based on the
blue-shift of the photonic bandgap caused by photo/electro doping
of indium tin oxide (ITO) nanoparticles in Si0,/ITO and TiO2/ITO
DBRs” ” and electro doping of silver nanoparticles in TiO2/Ag
crystals.”” Furthermore, biosensing capabilities can be enabled for
those plasmonic materials that possess a certain bioactivity. Silver,
for instance, is a metal showing plasmonic resonances in the Vis/UV
whose bactericidal activity is well-recognized, * representing, in
fact, the first antibacterial system before the discovery of antibi-
otics in the last century.”® Such an activity has been connected to
the relatively strong electrostatic adhesion between the either the
negatively charged bacterial membrane or proteins and the posi-
tive silver surface, followed by Ag" uptake inside the bacterial cells.
This finally leads to a series of unfavorable events for bacterial cell
viability, such as an increase in membrane permeability and depo-
larization, interference with the respiratory chain, and production
of reactive oxygen species.”” Our groups have preliminary inves-
tigated the effect of the silver/bacterial interaction on the plasma
frequency, observing a blue-shift in the plasmon resonance upon
bacterial contamination. We attributed this effect to the modifica-
tion of the carrier density brought about by the strong Ag*/bacterial
interaction, within a sort of “bio-doping” mechanism.” """ However,
other possible concomitant causes, such as modifications of parti-
cle size brought about by silver oxidative dissolution'”' and bacterial
uptake that might determine appreciable shifts in the plasmon fre-
quency, cannot be completely ruled out. Interestingly, by integrating
the plasmonic functionality in the 1D PhC, we have observed that
such a plasmon modulation is translated into a photonic readout
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(Fig. 6). The approach consisted in the exploitation of the possi-
ble change in the silver complex dielectric function driven by the
Ag/bacterial interaction to modify the dielectric properties at the
DBR/metal interface and, thus, the overall DBR transmission spec-
trum. With this in mind, we first selected the minimum Ag thick-
ness achievable with our deposition apparatus (8 nm) to localize
strongly the plasmonic field enhancement in the close proximity
to the DBR interface. As a proof-of-concept, we tested the validity
of our method by detecting one of the most hazardous contami-
nants in food and water, namely, Escherichia coli. By exposing the
hybrid DBRs to either the culture medium (Luria-Bertani broth,
LB) or the bacterium, we reported a differential 10 nm blue-shift of
the bandgap after exposure to E. coli [Figs. 6(a) and 6(b)]. On the
other hand, we could not observe any effect on the silica/titanium
DBR without the top Ag layer [Figs. 6(c) and 6(d)], indicating that
the plasmonic material represents the responsivity element of our
hybrid plasmonic-photonic device. However, a precise colorimet-
ric response that would actually denote a clear paradigm shift in the
field of bacterial detection was still missing.

In this regard, our group has recently demonstrated some pre-
liminary evidence of colorimetric detection of E. coli by optimizing
the optical quality of the DBRs in terms of transmittance intensity

APL Photon. 5, 080901 (2020); doi: 10.1063/5.0013516
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Wavelength (nm)

[Figs. 7(a) and 7(b)]. These devices allow recording an average
blue-shift of 30 nm upon microbial contamination that leads to
a visual shift of the structural color [Fig. 7(c)]. Furthermore, we
extended our investigation to a gram (+) bacterium Micrococ-
cus luteus, which is of interest in the poultry industry.'”” In this
case, we observed a less obvious photonic shift, an effect that we
attributed to the efficient electrostatic interaction and cellular adhe-
sion between the silver surface and the gram (-) bacterial outer
membrane.'”

In summary, such a hybrid plasmonic/photonic approach
exploits, in fact, a physical functionalization process that presents
two important advantages over chemically modified PhCs, specifi-
cally: (i) enhanced environmental stability due to the reduced reac-
tivity of the constituent elements; (ii) scalability, i.e., by using radio-
frequency sputtering deposition.'”* In addition, the large library
of bio-tunable plasmonic materials, including noble metals, highly
doped metal oxide, and nitrides,”'">1%° could certainly contribute
to the development of this field. In order to be applied effec-
tively as low-cost and portable colorimetric sensors, at both the
food industry and customer levels, these devices need, however,
additional research to improve their selectivity and sensitivity
limits.
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FIG. 7. (a) Transmittance spectra of the DBRs before and after silver deposition and upon exposure to LB and (b) after exposure to E. coli. (c) Colorimetric change in the
photonic crystals after contamination with E. coli, while exposure to LB does not cause any substantial colorimetric change. (d) Transmittance spectra of the DBRs before
and after silver deposition and upon exposure to the culture medium [tryptic soy agar (TSA)] and (e) after exposure to M. luteus. Reproduced with permisssion from Paternd
et al., Faraday Discuss. (to be published) (2020). Copyright 2020 Royal Society of Chemistry.

V. SUMMARY AND DISCUSSION

The huge extension of the food supply chain worldwide can
pose severe issues in terms of food quality, an aspect that has recently
encouraged a steep development in the field of food quality con-
trol. Food degradation concur with a large fraction of food wastage
(around 30%), meaning that its minimization is, thus, crucial in our
overpopulated world within a circular economy paradigm. There-
fore, modern sensors for food quality control should desirably be
widespread, portable, and reusable/recyclable and should allow for
a rapid detection of the contaminants to minimize the risk of cross-
contamination. Here, we showed that photonic crystal-based sen-
sors can, in principle, fulfill these requirements. We briefly intro-
duced the main working principle based on the modification of the
dielectric constant in the periodic structure by the presence of the
contaminant. The change might stem from the change in density,
largest when contrasted by air, or more specifically by the change
in polarizability within the bandgap spectral range. Generally, any-
way, disruption of the DBR periodicity brings about a change in
the optical response. Nature offers a spectacular demonstration of
this phenomenon in animal and plant camouflage that is based on
the control of the architecture and composition of some attributes,
typically the skin, giving rise to structural colors. Aiming at
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practical application, both selectivity and naked eye detection,
which also allow easy readout by unskilled operators, are cru-
cial. Selectivity can be achieved either by introducing specific bio-
chemical functionalities or via physical matching of the analyte with
the periodic cell. In the case of bacteria, however, their size poses
challenges for the direct detection of whole cells. Either the reso-
nance frequency falls in the microwave range or there should be a
secondary structure finalized for capturing the bacteria, while a fine
underneath structure is responsible for the structural color. Most
obviously, the effect of the bacteria should necessarily be averaged
over many periods of the DBR and rely on interaction at the molec-
ular or ionic level. We showed here that this later approach indeed
works with the plasmonic DBR and that strategies to amplify the
primary bio-doping up to the naked-eye detection limit can be envis-
aged in those systems. The low-cost fabrication process is an addi-
tional advantage of the DBR approach. Indeed, among the PhCs,
DBRs represent the simplest architecture as the structural photonic
color arises simply from the periodic alternation of layers with differ-
ent refractive indices. Despite their intrinsic geometrical simplicity,
they exhibit high optical purity and easy integration with a large
number of stimulus responsive materials, an aspect that is important
to achieve selectivity and sensitivity. In this perspective, we described
the main approaches that have been adopted to make DBRs
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suitable for the detection of pollutants and bacteria, in view of their
application for food and water quality control. In regard to the
application in real and complex food matrices, selectivity and sen-
sitivity should be greatly enhanced in DBRs-based sensors, as in
real samples, the presence of a plethora of chemicals (ie., bio-
macromolecules) can, in principle, lead to the modification of the
refractive index contrast and/or on the photonic lattice spacing and,
thus, to false positives. This can be solved by judiciously adding spe-
cific bio-chemical and physical functionalities to the photonic struc-
ture. Enhanced selectivity/sensitivity within a colorimetric detection
scheme and the possibility to fabricate reusable and recyclable DRB
sensors by means of scalable and low-cost processes are, in fact, the
key elements that would permit a widespread use of these devices in
real settings, i.e., at the factory and the customers’ levels.

Although these systems have not entered the market yet, we
reckon that various research groups around the world are address-
ing the main issues that need to be overcome to bridge the death-
valley between the laboratory and the full commercialization of this
technology.
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