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Polydiacetylene (PDA) sensors have been developed as food management tools due to their convenient
colorimetric signal, low cost, versatility, and ability to be incorporated into food packaging materials and
devices. In this review, we discuss methods of PDA sensor fabrication, their use as food quality and food
contaminant sensors, and their incorporation into materials and devices. We highlight PDA quality
monitoring sensors for meat, milk, fruits, and beverages, and contaminant detection systems for
pathogens, antibiotics, pesticides, and heavy metals. We evaluate different PDA sensor formats for food
applications including solution-based tests and substrate-based sensors, such as hydrogels and films.
Finally, we discuss our perspective on the challenges and opportunities for PDA food sensors to provide
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1. Introduction

Food waste has been identified as a major economic, environ-
mental, and public health concern." Monitoring tools are
required to mitigate food loss under increasing pressure from
climate change, increasing food demand, and globalization of
the food system. Sensors have been identified as useful tools to
reduce waste throughout food production, distribution, and
consumption.*” Polydiacetylenes (PDAs) are a class of conju-
gated polymers with unique optical properties that can be used
to build colorimetric and fluorescent sensors.® They exhibit a
strong blue to red color change and a “turn on” fluorescence
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inspiration and direction for future research.

signal in response to stimuli such as heat, pressure, light,
chemical and biological recognition events.”'® The color
change can be read by the naked eye, and the sensors are
versatile, low in cost, and biocompatible. They can also be cast
into a variety of materials including films, gels, fibers, inks, and
sampling devices.'! This combination of attributes makes PDAs
ideal for building sensors to detect food contaminants and
quality markers.

PDA is formed by the self-assembly of amphiphilic diacetylene
(DA) monomers into vesicles, films, and other organized archi-
tectures suitable for polymerization. Exposing the DA structures to
254 nm UV light drives a 1,4-addition reaction producing an
alternating ene-yne polymer chain. The PDA product has a
conjugated backbone with a delocalized network of n electrons
which imparts the polymer with unique optical properties.
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Typically photopolymerization yields non-fluorescent, blue
PDAs with a characteristic absorption peak at 640 nm. Stimula-
tion of blue phase PDA with heat, mechanical stress, chemical
recognition events or changes in its chemical environment can
induce perturbations and conformational rotation of the PDA’s
ene-yne backbone (Fig. 1). This changes the degree of conjuga-
tion in the polymer and results in a characteristic blue (640 nm)
to red (540 nm) color change and fluorescent signal. PDAs can
be functionalized to detect specific biomarkers (e.g. pathogens,
pollutants, quality markers) by the conjugation or insertion
of recognition elements (e.g. aptamers, antibodies) into the
polymer network during synthesis. A broad and maturing body
of research on PDA sensors is developing for medical,'*"?
environmental,** and food'**® related applications.

Some excellent reviews have been conducted to summarize
and discuss the state-of-the-art in PDA sensors research, and they
serve as excellent guides for sensor optimization. Wen et al.
provide a review on PDA chemical modification and typical
research methodologies to characterize PDA.” Recently, we
discuss strategies to tune the chromatic response, sensitivity,

and specificity of PDA sensors.'” In a complimentary review,
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Fig. 1 Schematic diagram of PDA synthesis including the self-assembly of
diacetylene monomers, photopolymerization to form blue phase PDA, and
the red-to-blue color change due to conformational twisting in the
conjugated polymer backbone in response to stimuli, e.g. the presence
of food contaminants.

Kim et al. elaborate design strategies that can be used to enhance
the sensitivity and specificity of PDA sensors.'® Qian et al.
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reviewed recent developments of PDA-based sensors and categor-
ized them by the structure of their DA monomer.” Recent reviews
have also discussed the use of PDA sensors in medical,'*"
environmental,* and food">'® related applications. A comprehen-
sive review of the use of PDA for the detection of contaminants and
quality markers in food has not been conducted. Herein, we aim to
review the literature relating to PDA sensors for contaminant and
quality detection in food focusing on literature produced since
2015. We will first review processes for PDA manufacturing, PDA
sensors for different food products, and progress in the incorpora-
tion of PDA into packaging materials and sampling devices.
Finally, we will discuss challenges and opportunities for PDA food
sensors in a hope to guide and inspire future research.

2. Fabrication of polydiacetylenes

The fabrication of PDA sensors is a flexible process and a variety of
methods have been developed.'" Typically, these methods will
aim to: (1) arrange DA monomers into a structure suitable for
polymerization, (2) facilitate the incorporation of recognition
elements, (3) provide the opportunity for secondary processing
into a range of materials. Many methods exploit the amphiphilic
properties of DA monomers to drive self-assembly processes.
Common carboxy-terminated DAs are illustrated in Fig. 2, high-
lighting typical variations in the DA’s alkyl chain and positioning
of the diacetylene functional group that can be used to control
sensitivity and specificity.”"® The most common PDA architec-
tures are vesicles,">*° Langmuir films,*" coatings,*” and fibers.>?

The characteristics of the DA monomers play a significant
role in their sensing properties and self-assembly behavior and
should be considered during the fabrication of PDA-based
sensors. Typical DA monomers can vary in the head group,
the length of the alkyl tail, and the positioning of the diacety-
lene group (Fig. 2). These features dictate the intermolecular
forces between neighboring DA monomers which govern self-
assembly and the phase transition temperature.>® They also
determine the degree and ease of distortion of PDA conjugation
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Fig. 2 Commonly investigated diacetylene monomers in food applica-
tions that vary in alkyl chain length and positioning of the diacetylene
functional group. Reproduced from ref. 24 with permission from Elsevier,
copyright 2021.
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in response to stimuli, which determines their sensitivity as a
PDA sensor."” In general, PDAs constructed from short chain
DA monomers offer higher sensitivity than longer monomers.
Shorter chain monomers have lower phase transition tempera-
tures and will self-assemble at lower temperatures, reducing the
energy intensity of fabrication. However, if the carbon chain is
of insufficient length, they can lack the amphiphilicity required
to drive self-assembly into vesicles of regular morphology.
A compromise between the ability to self-assemble and sensitivity
must therefore be considered during fabrication. Short chain DAs
that fail to assemble into vesicles are better suited to films and
fibers.

Another important consideration in the fabrication process
is the functionalization of the PDAs with recognition elements
or receptors that are specific to target analytes. Functionaliza-
tion can be conducted before or after self-assembly and typi-
cally prior to photopolymerization to preserve the integrity of
the PDA conjugation. This can be achieved using a variety of
approaches which have been broadly categorized into two main
methods in an excellent review by Chen et al'® In the first
and most common approach, a DA monomer is modified by
covalently linking a recognition element to the DA head group
via a chemical reaction. Changing the chemistry of the head
group can impact the intermolecular forces and inhibit self-
assembly. For this reason, modified DAs are commonly mixed
with unmodified DAs in a ratio that will maximize the density
of functional groups while still enabling self-assembly.
Alternatively, in a similar approach, DA monomers can first
be self-assembled into desired supramolecular structures and
then covalently modified with functional groups to avoid
limitations related to self-assembly. This can be achieved by
directly modifying the head group of homogeneous structures
of carboxy-terminated DAs. A heterogeneous mixture of DAs
can also be used where a specific ratio of the monomers will
contain binding sites for the desired recognition element.
DAs can also be included that have binding sites selective for
the surface of a substrate which can facilitate the binding of
PDA particles to materials and surfaces. In contrast to the
covalent approaches discussed above, PDAs can be functiona-
lized by the hydrophobic insertion of recognition elements.
In this approach, the recognition element must contain a
hydrophobic moiety that is driven into the diacetylene bilayer
in an aqueous solution.

2.1 Vesicles

Vesicles are bilayer, spherical colloids that consist of a hydro-
phobic membrane encapsulating a hydrophilic moiety. Amphi-
philic DA monomers with suitable properties self-assemble into
vesicular structures in aqueous media. Vesicles are categorized
by size and lamellarity. This includes small unilamellar vesicles
(SUVs), large unilamellar vesicles (LUVs), large multilamellar
vesicles (LMVs), and multivesicular vesicles.>® SUVs are ideal
architectures for PDA sensors as they provide a spherical single-
layer membrane that can be decorated with recognition elements
by insertion or conjugation.'® PDA vesicles are commonly utilized
in solution-based assays or can be incorporated into gels and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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films or cast onto substrates. The thin film hydration method and
the solvent injection method are the typical processes used to
construct PDA vesicles.

2.1.1 Thin film hydration method. The thin film hydration
method (Bangham method)®”” is a versatile micro-batch
approach. It is a simple procedure and requires few resources
making it a common choice for PDA researchers."**° DA mono-
mers are dissolved in a polar solvent and filtered to remove
polymer contaminants. The solvent is evaporated in a container
with an inert gas such as nitrogen to leave a thin DA film coating
the vessel. Hydration of the film above the DA phase transition
temperature results in the spontaneous formation of multila-
mellar vesicles. The method is easily adapted to incorporate
hydrophobic and hydrophilic compounds. Hydrophobic com-
pounds are included in the DA and polar solvent solution and
are ultimately encapsulated in the PDA vesicle membrane. Hydro-
philic compounds can be included in the solution used to hydrate
the DA film and can be encapsulated within the vesicle’s hydro-
philic moiety or occupy the surrounding solution. To produce
unilamellar vesicles of homogenous size, secondary processing
such as sonication or extrusion is necessary. These techniques are
energy intensive and risk the integrity of incorporated bio-
molecules as they must be conducted above the relatively high
phase transition temperature of the DA monomer (50-80 °C).

2.1.2 Solvent injection method. The solvent injection
method was first developed for the construction of unilamellar
phospholipid vesicles without the need for secondary processing
to control particle distribution and morphology.>® Our laboratory
and other research groups have applied this method for the
production of PDA vesicles as an alternative to the thin film
hydration method.”***>! The DA monomers are dissolved in a
polar solvent and slowly injected into an aqueous solution that is
above the phase transition temperature of the monomer. The DA
monomers self-assemble into vesicles and the solvent is evapo-
rated from the solution. Control of the process parameters, such
as injection rate and solvent type, can be used to control the
particle’s morphology and SUVs can be formed without the need
for secondary processing such as extrusion or sonication.
In contrast to the thin film hydration method, the solvent injec-
tion method has the potential to be adapted into a continuous
flow process ideal for industrial fabrication. Further work is
required to demonstrate the method’s efficacy and versatility by
process adaption to include recognition elements, cargo, and
materials to form nanocomposites. Traiphol et al. have recently
developed an adaption of this method called the solution-mixing
method where they combined a mixture of water and DA mono-
mers dissolved in an organic solvent before incubating at room
temperature for at least two hours.** By controlling the ratio and
type of organic solvent, they were able to control the particle
morphology.*® They have also demonstrated the use of this
method to form PDA/ZnO nanoparticles to develop acid and base
and reversible thermochromic sensors.*?

2.2 Thin films

Thin polymer films are continuous solid materials with thick-
nesses ranging from several nanomaterials to micrometers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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They are used to contain volumes of materials, act as a membrane
or coating, or serve as a surface for a sensor. The multiple functions
of thin films and their ability to be incorporated into food packa-
ging have made them a point of interest for researchers. Thin films
can be categorized by their method of manufacture or their
physical properties such as the number of polymer layers and the
degree of molecular order in these layers. The film’s physical
properties are generally dictated by the method of manufacture.
Langmuir, deposition, and electrospinning methods are commonly
used to construct single and multilayer PDA films.

2.2.1 Langmuir films. As amphiphilic molecules, DA mono-
mers readily form Langmuir films on the surface of aqueous
media.>" These films are one molecule thick and organized with
the hydrophilic moiety of the monomer oriented towards the
solution and the hydrophobic moiety away from the solution. This
organizes the films for polymerization and facilitates transfer to a
variety of substrates using the Langmuir Schaffer or Langmuir
Blodgett method. This is an effective way to functionalize the
surface of materials with PDA sensors with a high degree of control
of the molecular structure. Recognition elements can be included
in the films. However, thin films are single layer and suffer from
reduced color intensity making them harder to read by eye.

2.2.2 Deposited films. DA monomers can be dissolved in a
polar solvent and be directly deposited onto substrates such as
glass, paper, or silica plates.”>** These films are less organized and
therefore polymerization efficiency is less than other methods.
However, the process can be repeated to build multiple layers of
PDA to increase the color intensity of the sensor. Although the
method is inefficient, its simplicity is attractive, and it enables the
use of small chain or non-linear DAs that do not self-assemble into
vesicles. The DA monomers can be combined with matrix polymers
by their inclusion in the polar solvent mixture that is cast onto the
substrate. This can be used to improve mechanical properties, assist
in binding to the substrate, and functionalize the film to analytes
like volatile organic compounds (VOCs) that interact with the matrix

polymer.®

2.3 Fibers

Electrospinning is an effective way to produce long PDA polymer
fibers with diameters ranging from nanometres to micro-
meters.>>*® DA monomers are mixed with a matrix polymer and
dissolved in a polar solvent. A voltage is applied to a capillary on a
reservoir containing the polymer solution which ejects a con-
trolled stream from the container. The solvent evaporates from
the stream and a composite fiber is formed. The DA monomers
can then be polymerized within the matrix polymer to form PDA.
This method does not allow easy incorporation of biological
recognition elements in contrast to vesicles and is better suited
for thermochromic, mechanical, or gas sensing applications.

3. Polydiacetylene-based sensors for
food applications

PDA sensors are excellent for food-related applications because
they are cheap, biocompatible, versatile, and can be combined

Mater. Adv,, 2022, 3, 4088-4102 | 4091
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Table 1 Polydiacetylene-based sensors for food applications discussed in this review
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Food product Target analyte Sensor format Limit of detection Temperature tested  Ref.
Beef Ammonia PDA/PVA film 650 ppm 25 °C 40
Beef Ammonia PDA/chitosan film 100 ppm —20 °C, 4 °C,25°C 41
Fish Escherichia coli PDA microneedle 8 x 107 cells per mL 25 °C 50
Fish Histamine PDA/cellulose membrane 70 ppm —20°C,4 °C, 25 °C 42
Fish and chicken = Propylamine PDA fiber 7 ppm 25 °C 43
Chicken Salmonella choleraesuis PDA solution 1 8. choleraesuis strain 25 °C 51
Milk Lactic acid PDA hydrogel N/A 4°C,25°C 45
Milk Free fatty acid PDA hydrogel N/A 4 °C, 25 °C 47
Milk Free fatty acid PDA solution 10 pg mL™" 4°C,25°C 46
Milk Staphylococcus aureus alpha-hemolysin ~ PDA solution 6.62 ug mL " 25 °C 19
Fruit Ethylene PDA/chitosan film 600 ppm 25 °C 48
Fruit Xylella fastidiosa PDA/PVDF strip 8 x 107 cells per mL 25 °C 22
Beer 4-Vinyl guaiacol PDA solution 0.19 mM 25 °C 49
Beer Diacetyl PDA solution 0.15 mM 25 °C 49

with a range of materials and devices that have promise for
inclusion in food packaging, processing, and production.
Furthermore, the pronounced colorimetric signal of the sensor
can be easily read by consumers and workers without technical
training. PDA food sensors can be broadly categorized as
quality sensors and contaminant detection sensors. Quality
sensors monitor the chemical composition of food and detect
changes in its endogenous chemical constitution to infer
quality. Typical quality sensors monitor the products of lipo-
lysis or proteolysis such as free fatty acids and VOCs. These
have great potential to be included into food packaging to
complement traditional use-by dates which have been identi-
fied as a cause of food waste. In contrast, contaminant detec-
tion systems target exogenous analytes such as pathogens or
pesticides. Here we review PDA quality sensors for different
food products (Table 1), including meat, milk, fruits, and
beverages before discussing contaminant detection systems
that could be applied across a variety of products.

3.1 Polydiacetylene food quality sensors

3.1.1 Meat. Meat is composed of water, protein, fat, carbo-
hydrates, and nitrogen compounds. Proteolysis during the
decomposition or spoilage of meat results in a characteristic
increase in ammonia and biogenic amines (BAs) such as
cadaverine, putrescine, and histamine.*’*° Ammonia and BA
concentration is therefore a useful indicator of meat quality
and its suitability for consumption. Typical PDAs have a
carboxylic acid head group that undergoes acid-base reactions
with ammonia. This reaction converts the neutrally charged
carboxylic acid head group of PDA to a negatively charged
carboxylate. Repulsive charges between neighboring carboxy-
late head groups lead to strain and rotation in the PDA
conjugated backbone resulting in a colorimetric and fluores-
cence signal. This phenomenon has been exploited to construct
a variety of PDA-based sensors to monitor meat quality.

Park et al. fabricated PDA/poly(vinyl alcohol) (PVA) hybrid
films using a drop-casting method to detect ammonia released
from beef spoilage.’’ The films exhibit a blue to red color
change upon exposure to ammonia, which is attributed to an
acid-base reaction between the carboxylic acid head groups of PDA
and ammonia gas. This was verified with Fourier-Transform

4092 | Mater. Adv, 2022, 3, 4088-4102

Infrared (FTIR) spectroscopy analysis which confirmed the
transition of carboxyl groups to carboxylate groups after expo-
sure to ammonia gas. The study investigated the impact of DA
monomer length on sensor performance. PDA/PVA films
synthesized using 6,8-heneicosadiynoic acid (HCDA, 21 carbon
atoms) were more sensitive than the films using 10,12-
pentacosadiynoic acid (PCDA, 25 carbon atoms). These results
are consistent with the literature, as shorter chain length DA
monomers produce PDA with weaker intermolecular forces and
higher sensitivity."” Poly(HCDA)/PVA films exhibited a chro-
matic shift visible to the naked eye under the presence of
650 ppm ammonia after 2.5 h incubation. The sensor response
was concentration-time-dependent, wherein red PDA formed
within 1 h when exposed to 1000 ppm ammonia. They demon-
strated the effectiveness of the system to monitor beef spoilage
at 25 °C.

In our own work, we fabricated PDA sensor films by mixing
PDA vesicles with cellulose nanocrystals stabilized in a chitosan
film to produce a highly sensitive ammonia sensor suitable for
incorporation in food packaging.** The sensors were designed
to monitor ammonia released by spoiling meat at temperatures
between —20 °C and room temperature. Chitosan was chosen
as it is biodegradable, non-toxic, and has been used in food
packaging, and cellulose nanocrystals were added to improve
the film’s mechanical properties and to stabilize the PDA
vesicle suspension. The film underwent visible chromatic shifts
in the presence of 500 ppm ammonia in sub-zero conditions
and can detect ammonia at 100 ppm at room temperature.
We tested the film’s efficacy at different temperatures demon-
strating it could detect spoiled meat in a temperature range
relevant to meat cold chain supply. An example of sensor
attachment on food packaging is shown in Fig. 3.

Li et al. also demonstrated an example of a PDA-based
sensor to detect fish spoilage at temperatures ranging between
—20 °C and room temperature (Fig. 4).*> They developed PDA
colorimetric strips to detect histamine as its level typically rises
in fish as it ages. The strips were constructed by simply
depositing PDA/DMPC vesicles onto cellulose nitrate mem-
branes. The sensors were stable over two-week storage at room
temperature and exhibited a linear response to histamine
within the range from 70 to 2240 ppm. The PDA showed little

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The colorimetric response of PDA/cellulose nanocrystal/
chitosan films to fresh and spoiled meat at different temperatures (RT —
room temperature, 4 °C and —20 °C) (inset presents the digital images
of the sensors). (b) Photographs of PDA/cellulose nanocrystal/chitosan
sensors applied on food packaging as an indicator for meat spoilage.
Reproduced from ref. 41 with permission from The Royal Society of
Chemistry, copyright 2019.
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Fig. 4 (A) Storage stability of PDA sensor strips at different temperatures.

Histamine content in fish at (B) —20 °C, (C) 4 °C, and (D) 20 °C, and the
images of the PDA sensor strips after exposure. Reproduced from ref. 42
with permission from the American Chemical Society, copyright 2020.

response to nitrogen, oxygen, carbon dioxide, argon, and
hydrogen sulfide, indicating that the sensor signal was specific
to histamine. The authors demonstrated the effectiveness of
the sensor by inclusion on the inside of the lid of the canned
fish products.

Using a different fabrication process, Valdez et al. synthe-
sized a silica-reinforced PDA nanofiber mat using a novel
Forcespinning®™ technique that demonstrated optical sensing
of BAs.*’ They synthesized the mats from two different DA
monomers and found mats constructed from 5,7-eicosadienoic
acid (ECDA, 20 carbon atoms) exhibited greater sensitivity to
BAs than PCDA. The typical response time of the sensor to
n-propylamine was 10 minutes. Fish and chicken induced a
greater colorimetric response than pork or beef in the PDA-
ECDA mat, whereas the PDA-PCDA mat showed very little
colorimetric response to any of the spoiling meat or fish. These
results highlight the significance of choice in DA monomer and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the necessity to consider the natural variation in BA profile
released from different meat products. These results support
concerns raised in our recent review that discusses challenges
in designing food sensors due to high variability in the
chemical composition of food products and the chemicals they
release during spoilage.*

The literature suggests PDA is well suited for monitoring
meat spoilage as ammonia and BAs can be detected by reaction
with PDA’s carboxy moiety. This eliminates the need for further
functionalization of the sensor with recognition elements.
Mixed PDA/polymer films and vesicles cast in films have been
demonstrated as effective architectures. PDA films allow the
use of a broader range of DAs including shorter monomers that
are more sensitive.’”** This promises a high degree of control
in the detection range by simple manipulation of the DA
monomer chain length. However, shortening of the DA mono-
mer to control sensitivity also increases the sensitivity to
temperature, mechanical stress, light, and other vOCs.'”
Considering the broad range of conditions packaged food is
subject to, these films could be susceptible to sensor drift and
false positive signals. The development of materials that can
selectively absorb ammonia and/or BAs, be readily combined
with PDA, and stabilize PDA in the face of environmental
sources of color change would greatly improve the performance
of PDA meat quality sensors.

3.1.2 Milk. Milk is composed of water, lactose, protein, and
fat. The decomposition of these constituents during spoilage
provides a variety of chemical markers that can be targeted by
PDA sensors to infer quality. Oliveira et al. studied the stability
of PCDA/DMPC vesicle suspension in the presence of chemicals
that simulate the components of milk as a feasibility study for
use as a sensor in milk products.** It was found that CaCl,,
CaHPO,, MgCl,, and MgHPO, did not induce colorimetric
changes but caused precipitation of the PCDA/DMPC vesicles
after 4 days of storage. Whey proteins, B-lactoglobulin, and
a-lactalbumin induced a color change of the PCDA/DMPC
vesicles after 12 days of storage. In the absence of proteins,
the vesicles were stable with no aggregation over 60 days when
stored at temperatures below 20 °C.

We developed a PDA/ZnO nanocomposite for the colori-
metric detection of dairy milk quality.*> As milk spoils, bacteria
convert lactose to lactic acid, and the pH decreases from 6.8 to
4.0. ZnO nanoparticles were encapsulated by PDA vesicles using
the thin film hydration method. The vesicles were then sus-
pended in a hydrogel to form discs suitable for submersion in
milk samples. The increase in acidity in spoiling milk leads
to the dissociation of the ZnO core particle which disrupts
intermolecular forces between ZnO particle surface and PDA
headgroups. This perturbs the conjugation in the PDA vesicle
and induces a visible blue to red color change. We demon-
strated that the pH at which the system produces a colorimetric
signal could be tuned by the appropriate selection of DA
monomer and lipid doping. The inclusion of lipids and the
selection of short chain DA monomers increased sensitivity to
lactic acid. We found that a system constructed from 5,7-hexa-
decadiynoic acid (HDDA)/ZnO exhibited a colorimetric
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Fig. 5 (a) Photographs and (b) red chromatic shift (RCS) of PDA/ZnO/
hydrogels after exposure to spiked milk samples at different pH levels.
Fresh milk was acidified by the addition of lactic acid to mimic microbial
spoilage via lactic acid bacteria. (c) PDA/ZnO/hydrogels in fresh refriger-
ated milk (pH 6.8) and spoiled milk (pH 4.6). Reproduced from ref. 45 with
permission from Elsevier, copyright 2020.

response in a suitable range to detect spoiled milk (Fig. 5).
The ability to tune the system suggests it could be adapted to
monitor lactic acid concentration in other foods.

More recently, we constructed a PDA/DMPC sensor to detect
free fatty acids (FFAs) to indicate milk quality."®"” As milk
spoils triglycerides are converted to short chain FFAs via
bacterial lipolysis. At concentrations relevant in spoiled milk,
we found the sensor exhibited a blue to red colorimetric
response of short chain FFAs including octanoic acid, oleic
acid, and linoleic acid. FFAs are surfactants which are known to
disrupt PDA membranes by insertion of the alkyl tail into the
hydrophilic moiety of the membrane. This disrupts the con-
jugated backbone in the PDA and results in the visible blue to
red color change. We investigated the specificity of the sensor
by incubation with common constituents in fresh and spoiled
milk including sugar, acetic acid, ethanol, and triglycerides,
which did not induce a colorimetric response in the sensor.
We have demonstrated the utility and efficacy of these sensors
to discriminate between fresh and spoiled almond milk*® and
dairy milk.*” This highlights the sensor’s potential to track fat
rancidification to infer food quality in a range of fat-containing
products.

3.1.3 Fruits. Fruits are composed of water, carbohydrates,
and typically a small amount of protein. Few consumer-oriented
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PDA sensors have been constructed for these food products as
they are low in cost, pose lesser human health risks, and typically
exhibit naturally occurring signals of quality such as color change
and smell. However, some sensors have been designed to aid food
management through distribution and processing. We developed
thiol-functionalized PDA vesicles embedded into a chitosan film
to detect ethylene released from kiwi fruit to monitor ripeness
(Fig. 6)."® The thiol head group of the PDA reacts with ethylene via
the Michael addition pathway which causes a perturbation in the
PDA conjugation leading to a visible blue to red color change. The
sensor’s specificity was demonstrated by incubation with nitro-
gen, water vapor, ethanol, benzaldehyde, and carbon dioxide,
which did not induce a color change. At concentrations equal or
higher than 600 ppm ethylene, a color change was visible to the
naked eye. Using digital image processing, the limit of detection
was 3 times lower at 200 ppm ethylene. This is a promising low-
cost device that could be used to determine fruit maturity during
agricultural processing and control ambient ethylene concen-
tration during fruit storage.

3.1.4 Beverages. Simple and reliable tools that can rapidly
discriminate complex mixtures, e.g. alcoholic/non-alcoholic
beverages, are of interest for product development and quality
control in the food industry. Qian et al. designed and synthe-
sized a sensor array comprised of five types of PDA vesicles for
the discrimination of beer products.*® Each of the PDA vesicle
sensors was functionalized by head group modification of the
diacetylenes to detect ethanol and two specific flavoring mole-
cules, 4-vinyl guaiacol and diacetyl (Fig. 7). The PDA sensors
had a detection limit of 0.19 mM of 4-vinyl guaiacol (using the
PEGylated thiol PDA) and 0.15 mM of diacetyl (using the
PEGylated arginine PDA). Using spectroscopy and statistical
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Fig. 6 Monitoring ethylene gas in the headspace of ripening kiwi using
thiol-functionalized PDA sensor films. (A) The sensor response is normal-
ized to 1 kg of ripe kiwi. (B) Color transition of the sensor embedded inside
a package containing one ripe kiwi over time. Reproduced from ref. 48
with permission from the American Chemical Society, copyright 2020.
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Fig. 7 A PDA sensor array to discriminate beers. (a) Five DA monomers
with different head groups used to assemble the PDA vesicles, including a
carboxylic acid group (T), a polyethylene glycol chain (T-PEG1), a thiol
group (T-SH), a PEGylated thiol group (T-PEG-SH), and a PEGylated
arginine (T-PEG-Arg). (b) Five vesicular PDA sensors contained in the
sensor array. (c) Schematic illustration of the discrimination of beers using
the solution-based PDA sensor array: grouping of the beers using principal
component analysis (PCA) on the basis of the different colorimetric
responses of the sensors to different beers. Reproduced from ref. 49 with
permission from the American Chemical Society, copyright 2020.

analysis of the multiplex assay response, the authors were able
to differentiate between 4 different commercial beers with
ethanol concentrations ranging between 0.09 to 10 vol%.
However, the ability of the sensors to discriminate between
beers with similar ethanol concentrations was limited.

3.2 Polydiacetylene contaminant sensors

Contaminant detection systems target exogenous chemicals
that threaten the quality of food and the safety of consumers.
These systems generally employ recognition elements with high
specificity for the analyte and could be applied across a range of
different food products.

3.2.1 Pathogens. Foodborne pathogens are a major public
health concern and can lead to serious illness. Historic methods
for pathogen detection are laboratory-based, time consuming,
and expensive. Colorimetric PDA-based sensors offer a cheaper,
rapid alternative that is better suited for food applications.
Many PDA sensors have been designed for the detection of
pathogens which are well discussed in a recent review by
Lebegue et al.*® Due to the depth in literature on PDA-based
systems for pathogen detection, we will limit our discussion
to recent examples whose efficacy has been demonstrated in
food samples. We highlight the different detection strategies
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including the direct and indirect detection of pathogenic
contaminants.

To directly detect pathogens, PDA can be functionalized with
recognition elements such as aptamers and antibodies that
exhibit specific interactions with the target. Wen et al. recently
developed a PDA-coated sensor strip for the detection of Xylella
fastidiosa which causes Pierce’s disease in grapevines.””
They conjugated an anti-Xylella fastidiosa antibody to the PDA
headgroups, which upon biological interaction with Xylella
fastidiosa exhibited a blue to red color change. The sensor
has a 8 x 107 cells per mL limit of detection, which corresponds
to the bacterial load in grapevines 18 days following bacterial
inoculation. Similarly, Kim et al. functionalized PDA/DMPC
vesicles with an E. coli-targeting antibody to detect the patho-
gen in fish samples.’® The sensors were incorporated into a
silk-based microneedle sampling device for inclusion in food
packaging, which will be discussed in more detail in Section 4
of this review.

Indirect detection methods target membrane-active com-
pounds excreted by pathogens that are known to interact with
biological cell membranes and they serve as excellent bio-
markers. Recent works have demonstrated the biomimetic
design of PDA vesicles mixed with lipids and compounds
commonly found in biological cells to detect pathogens
indirectly. Oliveira et al. developed a mixed PDA vesicle contain-
ing PCDA, sphingomyelin, cholesterol, and lysine to detect
Salmonella in chicken samples.’® Chicken inoculated with
Salmonella choleraesuis induced a strong blue to red color
change in the vesicle, which the researchers attributed to
chemical interactions between bacterial exotoxins and the
lysine moiety of the sensors. More recently, we developed
mixed vesicles composed of PDA, DMPC, and cholesterol to
detect alpha-hemolysin, a pore-forming toxin produced by
Staphylococcus aureus in milk, to aid in the diagnosis of bovine
mastitis."> We demonstrated cholesterol-dependent specific
detection of alpha-hemolysin with a visible blue to red color
change (Fig. 8). The toxins formed pores in the lipid and
cholesterol moiety of the vesicles, which led to structural
perturbation in the PDA sensor membrane. To investigate the
sensor’s selectivity, PDA/DMPC/cholesterol vesicles were incu-
bated with lipopolysaccharide excreted by Escherichia coli and
Listeriolysin O produced by Listeria monocytogenes, and no
color change in the sensor was detected. The sensor was able
to detect alpha-hemolysin in milk with a limit of detection of
6.62 pug mL~", which is below the concentrations reported for
bacteria isolated from mastitic cow infected with Staphylococcus
aureus, indicating the sensor could be a useful contaminant
detection system.

3.2.2 Antibiotics. Due to an increase in agricultural inten-
sity, antibiotics have become ubiquitous in animal farming to
fight disease. Antibiotics in the food chain can pose human
health risks and contribute to the development of antibiotic-
resistant pathogens. As a result, the detection and control of
antibiotics in food products is important. Recent work has
developed PDA sensors as a cheap and rapid tool for the
detection of antibiotic residues. Antibiotics typically inhibit
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Fig. 8 (a) Colorimetric response of PDA vesicles with varied constitution
in response to Staphylococcus aureus a-hemolysin, Escherichia coli
lipopolysaccharide (LPS), Listeria monocytogenes Listeriolysin O (LLO),
free fatty acid (FFA), and lactic acid (LA). (b) Schematic illustration of the
colorimetric change of a PDA vesicle caused via disruption of the phos-
pholipid/cholesterol moiety from the pore-forming mechanism of
a-hemolysin. (c) Photographs of PDA vesicles in milk spiked with different
concentrations of a-hemolysin. Reproduced from ref. 19 with permission
from the American Chemical Society, copyright 2020.

bacterial proliferation by interaction with the pathogen’s cells
by disrupting the membrane or blocking important cell signal-
ing pathways. PDA vesicles and membrane sensors have been
designed to mimic this phenomenon to detect antibiotics.
Kang et al. produced mixed PDA and phosphatidylinositol-
4,5-bisphosphate (PIP,) vesicles capable of detecting amino-
glycosidic antibiotics such as neomycin with a detection limit
of 61 ppb. Neomycin was shown to bind to the PIP, moiety of
the mixed vesicles, which caused twisting of the PDA conju-
gated backbone and a visible blue to red color change.>® The
sensor was shown to be specific as it did not react with non-
aminoglycosidic antibiotics such as penicillin, oxytetracycline,
and sulfamethazine. In a later iteration of their work, they
successfully immobilized the sensor onto a simple paper-based
colorimetric format.”® They mixed the PDA/PIP, vesicles with a
PVA polymer matrix before printing on a paper substrate to
detect neomycin with a limit of detection of 1 ppm.

3.2.3 Pesticides. Pesticides are toxic to humans and their
residue on food is regulated. PDA sensors have been developed
as cheaper and more rapid alternatives to traditional pesticide
residue laboratory testing methods that are expensive and time
consuming. Pimsen et al. created a PDA sensor to detect
dichlorvos (an organophosphate pesticide) using an enzyme
inhibition detection strategy (Fig. 9).>* The presence of dichlorvos
inhibited the enzymatic activity of acetylcholinesterase towards
choline ester. Negatively charged carboxylate groups of PDA inter-
acted with the positively charged ammonium groups of the choline
ester, and this reaction induced a blue-to-red color change of the
PDA. The assay has a linear range of 0-200 ppb, with a limit of
detection of 6.7 ppb using spectrometry and 50 ppb by naked eye
observation. The system is highly selective when evaluated against
other thio-organophosphates.
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Fig. 9 (a) Schematic illustration of dichlorvos detection based on PDA/

acetylcholinesterase/choline ester system. (b) Colorimetric response
of PDA/acetylcholinesterase/choline ester system to different types of
organophosphate pesticides, highlighting its selectivity to dichlorvos with
a low detection limit of 50 ppb. Reproduced from ref. 54 with permission
from Elsevier, copyright 2014.

Alternatively, the head groups of PDA can be modified to
react with organophosphate functional groups, which induce
twisting in the PDA conjugated backbone and result in a visible
blue to red color change. Alam et al. used an electrospinning
technique to fabricate a PDA/cellulose composite fiber capable
of detecting organophosphate pesticides.>> The PDA head
groups were aldehyde modified to form a PDA ester (PCDA-
HBA). The authors demonstrated the chemical recognition of
diisopropyl fluorophosphate via a chemical reaction with the
hydroxyl groups of PCDA-HBA resulting in a visible blue to red
color change. They proposed the fibers could be used to
manufacture smart fabrics for use in agricultural settings
to detect glyphosates. Zhang et al. functionalized PDA vesicles
to detect malathion by the conjugation of pyridine-2-aldoxime
(PAM) to the vesicle head groups.’® The sensor was able to
detect malathion in the millimolar range in a few seconds via
electrostatic interaction with the positively charged PAM head
groups. They attributed the blue to red color change to twisting
of the PDA conjugated backbone, which they modeled with
Density Functional Theory (DFT) calculations to support their
hypothesis.

3.2.4 Heavy metals. Heavy metals such as cadmium (Cd),
lead (Pb), mercury (Hg), and arsenic (As) can accumulate in the
food chain at various stages along the food production line,
e.g. through farming, irrigation, or contamination during food
processing and storage.>” These metals are highly toxic and
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carcinogenic even at a trace level and pose a significant threat
to human health. It is therefore essential to detect and assess
heavy metal residues in food products. Much of the research in
PDA-based sensors to detect heavy metals is primarily in the
application of environmental and water quality monitoring. It
may be possible to repurpose these PDA-based sensor systems
to perform heavy metal measurements in food.

In general, PDA-based sensors for heavy metal detection
principally involve the modification of PDA head groups with
moieties that form complexes with heavy metals. For example,
for the detection of Cd** ions, Lee and co-workers synthesized
PCDA monomers with chelidamic acid-picolylamine head
groups (PCDA-CP), which selectively bind with Cd*" via Schiff
base metal complexes.*® PDA vesicles composed of a mixture of
PCDA and PCDA-CP monomers were formed and they exhibited
colorimetric changes from blue to purple when exposed to Cd**
in buffered solutions pH 7.4. The PDA-CP system detected Cd**
with a limit of detection (LOD) of 18.5 pM and showed no
reaction to other metal ions including Li*, Na*, K", Cs*, Mg*",
Ca*', cr**, Mn**, Fe**, Fe*", Ni**, Cu®*, Ag", and Hg>*. However,
a minor chromatic shift was observed in response to Zn>'.
The authors later improved the selectivity of their PDA-based
sensors by using PCDA with 5-hydroxy-N',N>-bis(pyridin-2-
ylmethyl)isophthalamide head groups (PCDA-HP) instead of
PCDA-CP, which did not have any reaction to Zn>".>> The
sensitivity of the PDA-HP sensors to Cd>* was slightly improved
with a LOD of 16.5 pM in buffered solutions pH 7.4. To further
increase the sensitivity, the authors designed the PDA-based
sensor with different DA monomer compositions by using
mono 2-picolylamine (MP) as a head group modification on
PCDA (PCDA-MP).%® This led to an increase in Cd** sensitivity
with a LOD of 2.1 uM while retaining the high selectivity of the
PDA sensors to other metal ions. For the detection of Pb*",
recognition moieties such as dopamine,* galloyl,** 1-aza-18-
crown-6-ether,®® and glycine® have been incorporated into
PDA-based sensors for selective and sensitive detection of
Pb>" at as low as 0.24 pM. The maximum permissible concen-
tration of Cd and Pb in food is 2 ppm (17.8 uM) and 3 ppm
(14.5 uM), respectively,®® therefore these PDA-based sensors
could potentially be used to detect Cd and Pb content in food.
However, further investigation will be required to ensure that
the PDA sensors with modified head groups do not inadver-
tently react to the myriad of chemicals found in food.

4. Polydiacetylene sensor formats

PDA has been combined into materials and testing devices
suitable for use by producers, distributors, and consumers of food
products. Developments have focused on providing a convenient
way to interface with food samples, facilitate signal interpretation,
and encapsulate or immobilize PDA sensors into or onto materials
for storage and mobility. Here we discuss typical PDA strategies for
food applications including solution-based tests, hydrogels, and
films, before discussing some more innovative developments
including inks, sampling devices, and other notable inventions.
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4.1 Solution-based tests

Solution-based tests are the most prevalent form of PDA assay.
In these tests, PDA vesicles are suspended in an aqueous
solution, and a liquid or solid sample is added under controlled
experimental conditions. The tests are typically conducted in
96 well plates for easy colorimetric analysis with UV-vis spectro-
scopy. Recent food-related examples include tests for pathogens,”"
antibiotics,”* pesticides,>* and free fatty acids.*® PDA vesicle solu-
tions are the product of the thin film hydration method or the
solvent injection method and require no secondary processing in
contrast to films and gels. Furthermore, solution-based tests
facilitate fast mixing with samples and suitable conditions for
detection mechanisms that rely on aqueous chemistry. However,
solution-based tests can be impractical for out-of-laboratory appli-
cations. Suspensions of carboxy-terminated PDA vesicles are sta-
bilized by steric forces from the partial disassociation of the
carboxyl group. The introduction of recognition elements by
insertion or conjugation into the PDA membrane can change the
steric forces on the vesicle surface and threaten the suspension
stability. Kang et al. investigated the impact of the insertion of
charged phospholipids on PDA vesicle stability using dynamic
light scattering, electron microscopy, and zeta potential measure-
ments at different times during 7 days of storage.®® The insertion
of phospholipids with strong head group charges improved the
suspension stability, while neutrally charged phospholipids led to
vesicle aggregation after just 4 hours. Nelson et al. optimized the
surface charge of PDA vesicles by tuning the ratio of PCDA and
amine-functionalized PCDA to control their stability at pH 5-9.”
This further demonstrates the impact of additives on surface
charge and the ability to control and tune this phenomenon.
The depth of literature relating to solution-based tests highlights
their utility and convenience. Aqueous PDA vesicles are ideal
transducers for systems in which the recognition mechanism
relies on aqueous chemistry. The literature highlights the need
to consider the impact of recognition elements on surface charge
and how that may affect suspension stability and its interaction
with the food sample.

4.2 Hydrogels

To overcome challenges related to solution-based tests, PDA
vesicles have been combined with polymers to form hydrogels.
Fabrication processes are versatile, typically involving the
mixing of PDA vesicles with polymers before gelation under
refrigeration or a crosslinking agent. Gels can be conveniently
submerged directly into food samples or incorporated into
devices suitable for out-of-laboratory applications. Gels encap-
sulate and immobilize the vesicles preventing suspension
aggregation while maintaining a pseudo-aqueous environment
necessary for many detection mechanisms. Gels can also be
used to filter components of food mixtures that may inhibit the
function of the sensors. To prevent vesicle aggregation, Wang
et al. recently developed PDA vesicles that were encapsulated in
alginate hydrogel beads using a microfluidic droplet-based
method.®" The gel microbeads successfully prevented vesicle
aggregation and increased the storage time to two months at
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4 °C. In a different strategy, Meir et al. coated a glass-supported
Langmuir-Schaeffer PDA/phospholipid film with an agarose
hydrogel containing Luria-Bertani growth medium.®® The
hydrogel filters constituents of blood that induce false positives
in the sensor and provide nutrients to promote bacterial growth
to facilitate pathogen detection. Using the device, the authors
demonstrated the detection of Klebsiella pneumoniae in blood
and meat samples. Hydrogel-based tests typically take longer
than solution-based tests as sufficient time is required for the
sample to diffuse through the hydrogel materials. In our recent
work to monitor milk freshness via lactic acid detection with
PDA/ZnO vesicles embedded within a hydrogel, 2 hours was
required for the milk to completely diffuse through the gel and
give a homogenous colorimetric signal.*> In comparison, the
colorimetric response of the PDA/ZnO vesicles to lactic acid was
instantaneous in solution. However, the hydrogel test speed
could be improved by reducing the gel size and increasing the
porosity. The inherent turbidity of many hydrogels can also
limit the use of spectroscopy for quantification of PDA colorimetric
signals. However, alternative techniques for colorimetric signal
analysis are emerging. We recently developed a PDA-based hydro-
gel that could not be analyzed with spectroscopy due to its opacity.
To describe the color change of the gels, we developed custom
digital colorimetric analysis software to quantify the extent of color
change by image processing and RGB analysis of photographs of
the gel.”” Similarly, Kolusheva et al. encapsulated a variety of PDA/
lipid vesicles in silica gels to make an arrayed test for disease
diagnostics in blood plasma.®® They applied image analysis tech-
niques in combination with machine learning algorithms to
successfully discriminate between healthy and diseased samples
by the colorimetric fingerprint of the assay.

4.3 Free-standing films

PDA polymer films are a common architecture for vesicular and
non-vesicular PDA sensors.>"*® Vesicular PDA solutions can be
combined with soluble polymers to fabricate films by a solution
casting method.*>*"*®7° Alternatively, non-vesicular PDA films
can be fabricated using forcespinning®® or electrospinning®>”*
techniques. Polymer films have superior mechanical properties
than gels for inclusion in food packaging. Due to the low water
capacity of many polymer films, the efficacy of recognition
elements that rely on aqueous chemistry can be limited. As a
result, gaseous analytes are most commonly targeted. For
example, PDA/chitosan films have been developed for the
detection of ammonia gas and ethylene gas to monitor meat
spoilage*’ and fruit ripening,*® respectively. These materials
successfully formed a mechanically strong, yet sensitive and
flexible film stable between room temperature and freezer
temperatures (—20 °C). Similarly, Park et al. developed a PDA/
PVA hybrid film to detect ammonia gas released from beef
spoilage via the interaction with PDA’s carboxylic acid head
groups.*®

4.4 Other materials & notable developments

A range of other PDA materials and devices have been devel-
oped and here we discuss some of the most innovative and
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useful for food-oriented applications. Inkjet printing provides
an easy, fast, and cost-effective way to fabricate substrate-based
sensors using PDA ink. Park et al. printed hydrochromic images
on paper using PDA inks via inkjet printing.”* To create an ink
solution that is compatible with an inkjet printer and to avoid
clogging of the nozzle vicinity of the inkjet head, imidazolium-
containing DA monomers were dissolved in water and further
diluted with 20% (v/v) ethanol. The printed images were poly-
merized with UV irradiation (254 nm) producing blue PDA that
turned red with water contact at temperatures above 20 °C.
Wau et al. described the fabrication of a reversible thermochromic
sensor via inkjet printing using PDA/ZnO composites.”*”* They
created a PDA-based QR code sensor with the PDA/ZnO ink, which
could be used to store information and at the same time to
monitor temperature. Due to its versatility, PDA ink can also be
readily inkjet printed on other flexible substrates, such as photo-
paper and polyethylene terephthalate (PET) plastic film (Fig. 10).”>

In an interesting application, Seo et al. brushed imidazole-
modified PCDA (PCDA-Im) dissolved in chloroform directly
onto plant leaves to study stomata.”® Stomata are the pores in
plant leaves that release water in the process of perspiration
and play a fundamental role in plant ecology. After evaporation
of the chloroform, the PCDA-Im was photopolymerized and
acted as a fluorescent probe capable of detecting the release of
water vapor from individual stomata (Fig. 11). This allowed
monitoring the activity of stomata to gain insight into the
heterogeneity of their activity and their response to environ-
mental stimuli such as light, humidity, wind, and temperature.
The authors have also developed a variation of this sensor for
human sweat pore mapping.”’

Kim et al. recently developed an innovative device that
can non-destructively sample packaged food and deliver it to
a PDA-based sensor to monitor food quality.® The device
incorporates silk-based porous microneedles to transport fluid
from the food product to a printed PDA bioink sensor via
capillary action. The PDA bioink was prepared from PCDA/
DMPC vesicles conjugated with E. coli targeting antibody. Silk
fibroin was used to stabilize and preserve the PDA-antibody
vesicles. The microneedle block was designed to be strong
enough to penetrate commercial polyvinylidene chloride (PVDC)

[
r
A%

PET film

Photopaper

Fig. 10 PDA materials produced via inkjet printing using PDA ink on
photopaper (left) and polyethylene terephthalate (PET) plastic film (right).
Reproduced from ref. 75 with permission from John Wiley & Sons,
copyright 2019.
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Fig. 11 (a) Structure of PCDA-Im monomer used for coating. (b) Proce-
dure for coating PCDA-Im monomers onto the under-side (abaxial
surface) of a leaf followed by UV polymerization to afford the non-
fluorescent blue-phase PDA and subsequent exposure of the petiole to
water to permit transpiration. Conductance of water vapor at the site of
active stomata causes a localized red-phase response in the PDA sensor
coating. Reproduced from ref. 76 with permission from Springer Nature,
copyright 2016.
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Fig. 12 (a) Schematic illustration of the colorimetric food quality mon-
itoring system using silk microneedle arrays with PDA-antibody vesicle
bioinks. (b) A silk microneedle array penetrating a commercial food wrap
(A) and its application to detect spoiled fish fillet at (B) O h and (C) 4 h
Reproduced from ref. 50 with permission from John Wiley & Sons, copy-
right 2021.

films as well as the food product (fish) (Fig. 12). The sensors were
applied to spoiled fish fillets wrapped in the food film, showing a
color change within 4 hours (the time it took for the internal fluid
of the fish to be transported from the flesh and across the
packaging to the microneedle/PDA sensors). For the detection of
other pathogens, e.g. Salmonella, another PDA-antibody bioink
may be designed by changing the antibody used for detection.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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We recently developed a hydrogel encapsulating milk and
PDA/DMPC vesicles to make a quality monitoring tag for dairy
products.?” Instead of sampling the milk or submerging the
sensor, encapsulation of milk in the gel removes the need for a
direct interface with the product. This protects the integrity of
the product while allowing the tag to be conveniently placed on
the outside of the packaging for signal reading. We used PDA/
DMPC vesicles to monitor the milk quality by the detection
of FFAs produced from the rancidification of triglycerides.
We demonstrated that milk encapsulated in the hydrogel
spoiled with similar kinetics to bottled milk. Upon spoilage
of the encapsulated milk, FFAs inserted into the membrane of
the PDA vesicle inducing a blue to red color change to indicate
milk quality. We demonstrated a method of ‘“switching” the
quality tags on and off by dehydration (off) and rehydration
(on). Similar to dried food, dehydration of the tag prevents
spoilage prohibiting bacterial proliferation and rehydration
allows spoilage to continue. This removes the need for in situ
manufacturing and means the tags could be stored and
switched on when appropriate.

5. Challenges and opportunities

The application of PDA sensors as food management tools is a
promising yet challenging prospect. The depth and variety of
academic research highlights the versatility and utility of PDA
for a variety of food products across production, distribution,
and consumption. Despite this body of work, few developments
have been successfully translated into commercial food manage-
ment tools. Drawing insights from our review of the literature, we
will discuss some of the limitations and challenges of PDA sensors
in food applications before highlighting opportunities and pro-
mising areas of research.

Traditional micro-batch fabrication of PDA vesicles via the
thin film hydration method has been excellent for laboratory
research, however it is limited in scale and susceptible to batch
variation, making it inappropriate for commercial applications.
The solvent injection method can be more easily scaled
and could be adapted for continuous flow production which
exhibits better product consistency and easier incorporation
into product assembly processes.”® Recent work has demon-
strated control of PDA particle size and morphology by tuning
solvent injection process variables, which eliminates the need
for further particle processing to control sizes such as sonica-
tion and extrusion.>*?° Considering the relatively high phase
transition temperature* of common carboxy-terminated DAs,
this greatly reduces the process complexity, energy intensity,
and cost. Furthermore, concerns over vesicle suspension stabi-
lity can be avoided by immediate secondary processing into
materials. To further address challenges related to PDA vesicle
suspension stability, the solvent injection method could be
applied as a distributed manufacturing method”® to produce
vesicles in situ or on devices just prior to use to avoid time
dependent aggregation. Technology for on-demand PDA sensor
production could feasibly be incorporated into robotics or
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low-resource settings where suitable storage conditions for
vesicle solutions are not available. Due to the utility of PDA
and the ease of chemical functionalization and conjugation of
different recognition elements, tests could be designed speci-
fically to criteria of the immediate demand. These technologies
would help to improve the flexibility of biotechnology supply
chains and contribute to more effective and efficient use
of resources. However, further work is required to develop
standards and methods to verify the quality and safety of dis-
tributed biotechnology.

PDA sensors have been developed to detect pathogens,
toxins, biogenic amines, gases, heavy metals, antibiotics, and
a range of other chemical and biological analytes. In conjunction
with this, PDA is chromatically sensitive to environmental factors
such as temperature, pressure, pH, and light. This means PDA
is an incredibly versatile transducer, however as many analytes
interact directly with the PDA transducer, the impact on sensor
specificity must be considered. For example, PDA/phospholipid
vesicles have been developed for bacteria, toxins, FFAs, and
enzymes. Phospholipids are also included in PDA vesicles as a
route to conjugate recognition elements such as antibodies and
aptamers. Although many sensors rely on specific mixtures of
PDA/phospholipids, many of these sensors would be receptive
to multiple analytes. Without careful consideration of the food
samples in which the sensor is being deployed, the opportunity
for false positive signals is significant. PDA sensors deployed in
food packaging materials are also likely to encounter sensor
drift as a result of light, temperature, and exposure to mechan-
ical forces. Further developments in materials and sampling
devices could help to alleviate these concerns. Recent develop-
ments have demonstrated control of thermochromism by
material additives. Materials have also been used for in situ
sample processing by only allowing specific constituents of
food samples to interact with the sensor.>® However, due to the
complexity of food samples and variation in chemical decom-
position under different conditions, the multi receptive nature
of some PDA sensors could be leveraged to detect a variety of
chemical changes in food.

The biocompatibility of PDA has been investigated and
verified due to interest in its use as a drug delivery platform
and use in tissue scaffolding.">"® Recent work has demon-
strated that PDAs with a higher degree of polymerization
exhibit lower toxicity than partially polymerized PDA due to
higher toxicity of DA monomers.**®' However, there have been
no specific studies on the impact of contamination or addition
of PDA in food. Recent investigations have focused on the
toxicology of non-organic nanoparticles. Further studies are
necessary to verify the safety of PDA in food products and fully
elucidate its toxicity.

Food production is heavily subsidized and as a result, the
price of many food products do not represent their cost relative
to their environmental impact and resource intensity. This is a
contributing factor to poor consumer attitudes toward food
waste and limits the incorporation of sensors into food pro-
ducts. As low-cost sensors, PDAs are well positioned to lead the
incorporation of sensors into food products. To encourage their
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adoption, targeting products of high value and resource inten-
sity such as meat is a sensible strategy. Highly processed
products that do not exhibit natural and intuitive indicators
of spoilage is also a promising area of application. PDA sensors
could also play a role in verifying premium quality products
and anti-counterfeiting applications. We hope that the intro-
duction of PDA sensors into food products will help to heighten
awareness of the significance of food waste and help to
positively influence consumer attitudes towards food manage-
ment. Convincing government and industry of the potential
impact of PDA sensors to reduce waste could be key to their
widespread adoption.

6. Conclusions

In conclusion, we have provided a structured review of PDA
sensors for food applications, including fabrication techniques,
applications by food products, materials and sampling devices,
and challenges and opportunities for the translation of these
sensors into food management tools. A review of fabrication
methods illustrates a diverse collection of laboratory scale
micro-batch fabrication strategies for vesicles, films, and fibers.
The need for scalable techniques suitable for industrial appli-
cation is evident and has become a focus of recent investigations.
We found a variety of PDA sensors have been developed for quality
monitoring of meat, milk, fruits, and beverages. These sensors are
designed by considering changes in the endogenous chemistry of
the food products. Sensors typically target the by-products
of prominent constituents that are characteristic of the food,
such as proteins (e.g. meat) and sugars (e.g. milk). Contaminant
detection systems require greater specificity and as a result
typically include recognition elements such as aptamers and
antibodies. These have been combined with PDAs to detect
pathogens, antibiotics, and pesticides. Recent PDA materials
and food sensing devices include solution-based tests, hydrogels,
films, and others. Solution-based tests can be limited by vesicle
suspension stability and lack of mobility which has led to their
incorporation into other materials such as hydrogels, films, fibers,
and devices. Recent works of note have demonstrated the use
of materials and devices to overcome inherent challenges in
operating sensors in complex and heterogenous food samples.
To realize the potential of PDA sensors for food applications,
further research should focus on fabrication methods, sensor
specificity, PDA toxicity, and targeting food products of high value.
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