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Background: Understanding interactions between bacteria and fresh produce is of practical importance in the
prevention and mitigation of foodborne and plant diseases. Microfluidic approaches, which usually operate
at the same scale as produce-bacteria interactions, provide a platform for understanding interactions and
detecting contamination.

Scope and Approach: Here, we review microfluidic approaches suitable for use in fresh produce research
and industry, classifying them based on their applications. The microfluidic devices were either used to unravel
underlying mechanisms of fresh produce contamination or to develop detection tools for bacteria present on
the produce. Three classes of microfluidic devices are discussed based on their common designs, as well as
their applications in both fresh produce safety and sustainable production.

Key Findings and Conclusions: The three classes of microfluidic devices are: (1) micropatterned surfaces
(either with natural topography or simplified topography) used in the investigation of microbial attachment,
infiltration, growth, and inactivation at the surface of the produce; (2) microfluidic cultivating devices, which
consist of microcavities with a controlled environment for the growth and interaction of microbes and host; and
(3) biosensing devices, which are portable analytical tools for the detection of microbial presence on produce.
Across these three classes of devices, we illustrate that microfluidics can help understand the interactions
between bacteria and produce as well as aid in the detection of nucleic acids from contaminant microbes in a
portable format. The concise review of all microfluidic approaches presented here promises to promote future
research and education in this area.

1. Introduction through prevention and early detection of plant diseases to avoid
outbreaks (Griesche & Baeumner, 2020). Also, water and soil quality as

With the ever-increasing popularity of fresh produce around the well as plant development can most likely be monitored and thereby

world, the number of foodborne illness outbreaks associated with
fresh produce has been on the rise (Mostafidi, Sanjabi, Shirkhan, &
Tamaskani Zahedi, 2020). Salmonella spp., Escherichia coli 0157:H7,
and Listeria monocytogenes are major pathogens responsible for out-
breaks of foodborne illnesses linked to fresh produce (CDC, 2021; Han
et al.,, 2020). Once the fresh produce is contaminated, either in the
field or during post-harvest operations, its full sanitization may not
be possible, and it is no longer safe for consumption. To reduce the
risk posed by pathogens, it is important to understand the pathway
of contamination (Ranjbaran & Datta, 2019; Ranjbaran, Solhtalab, &
Datta, 2020), develop preventive measures, and provide contamination
detection tools and protocols (Choi, Yong, Choi, & Cowie, 2019). In
addition to addressing food safety concerns, understanding produce—
bacteria interactions and detecting microbial presence can also support
the sustainable production of fresh produce. This benefit is possible

managed. These measures can reduce the over-application of fertiliz-
ers and pesticides and improve the level of plant growth-promoting
bacteria in the rhizosphere (Massalha, Korenblum, Malitsky, Shapiro,
& Aharoni, 2017). Another potential advantage is to help manage and
reduce food waste, whereby the microbial presence could be dealt with
immediately (e.g., by redirecting contaminated product to a different
production stream) before reaching the consumer.

Contamination of fresh produce by bacteria can take place as a
result of bacterial attachment to the surface and/or infiltration into
the produce tissue (Fig. 1a). Similar interactions also take place when
beneficial bacteria colonize a plant surface. The contamination can be
analyzed using several approaches. For instance, some of the common
methods used in previous studies are shown in Fig. 1b, including plating
methods (Ranjbaran et al., 2020), microscopy imaging (Harmon, Gray,
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ATCC, American Type Culture Collection

BFP, Blue fluorescent protein

CDC, Centers for Disease Control and Prevention

CFU, Colony forming unit

DNA, Deoxyribonucleic acid

EcoFAB, Ecosystem Fabrication

FDA, Food and Drug Administration

FTA, Fast Technology Analysis

GFP, Green fluorescent protein

HDA, Helicase dependent amplification

ISDPR, Isothermal strand displacement polymer-
ization

LAMP, Loop-mediated isothermal amplification

LAF, Lateral flow assay

MST, Microbial source tracking

PCR, Polymerase chain reaction

PDMS, Polydimethylsiloxane

PMMA, Poly(methyl methacrylate)

PVC, Polyvinyl chloride

POC, Point-of-care

RCA, Rolling circle amplification

RPA, Recombinase polymerase amplification

rRNA, Ribosomal ribonucleic acid

SDA, Strand displacement amplification

SEM, Scanning electron microscopy

TRIS, Tracking root interactions system

TSB, Tryptic soy broth

uv, Ultraviolet

uPAD, Microfluidic paper-based analytical devices

Young, & Schwab, 2020), microfluidic approaches (Ranjbaran & Datta,
2019), optical density assays (Terry, White, & Tigwell, 2005), and de-
oxyribonucleic acid (DNA) amplification techniques (Han et al., 2020).
Application of these analytical approaches has led to the understanding
of the contamination pathways, as well as detection and quantification
of the bacterial populations on or within the fresh produce (Fig. 1c).
Often, a combination of these approaches is used.

Microfluidics is the science and technology of manipulating liquids
within channels that are tens to hundreds of micrometers wide (White-
sides, 2006). Microfluidics is useful for revealing the produce-bacteria
interaction pathways, primarily because microfluidic devices work at
the same scale at which the interaction (contamination) takes place.
Microfluidics can also be applied to design portable analytical tools,
such as biosensors, to detect bacteria at the point of need (e.g., for fu-
ture applications in farms or processing plants). In general, microfluidic
approaches can be used in three different classes for the analysis of
produce-bacteria interactions:

(1) Micropatterned surfaces (Fig. 2a) are artificial surrogates of
the produce surface and can be used to study how bacteria
interact with the microstructures of the produce surface during
attachment (Sirinutsomboon, Delwiche, & Young, 2011), infiltra-
tion (Ranjbaran & Datta, 2019), growth, and inactivation (Zhang
et al., 2014).

(2) Microfluidic cultivating devices (Fig. 2b) provide controlled
microenvironments for the host and bacterial cells to grow and in-
teract within microcavities of various shapes and sizes (Burmeis-
ter & Grunberger, 2020). So far, they have been utilized to inves-
tigate and visualize rhizosphere interactions between roots and
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plant growth-promoting bacteria as well as bacterial pathogens
(Massalha et al., 2017).

(3) Biosensing devices (Fig. 2c) are referred to as portable ana-
lytical tools that are applied to the detection of various microbial
species. While there are various types of biosensing techniques
available today (Choi et al., 2019), we review the most widely
used ones in fresh produce research that utilize nucleic acids or
antibodies as their biorecognition elements.

None of the available review papers (Choi et al.,, 2019; Mi et al.,
2022; Weng & Neethirajan, 2017)—discussing microfluidics for food
safety—primarily focus on fresh produce applications and provide prac-
tical guidelines for implementation in various stages of fresh produce
production and processing. In this review, we highlight various mi-
crofluidic approaches in current or prospective use with the aim of
understanding produce-bacteria interactions and promoting the on-site
detection of bacterial presence on or within fresh produce. For the
onsite detection, the major focus is to promote the design of portable
fully-integrated biosensors that can be used by non-specialist personnel.
All three classes (described above) are discussed in terms of their
typical designs and applications. This first-ever concise classification
should help promote further applications of microfluidic approaches in
fresh produce safety and sustainable production by training food and
biological scientists and engineers.

2. Micropatterned surfaces

Plant surfaces are covered with diverse types of microstructures.
For example, on a leaf surface (see Fig. 3), stomata are micropores at
the cuticle layer that facilitate gas exchange between the leaf interior
and the outside environment (Ranjbaran et al., 2020), grooves are the
valleys created between the epidermal cells, and trichomes are fine
outgrowths that generally contribute to the reduction of water loss and
prevent the entry of microorganisms (Ranjbaran & Datta, 2019). On a
plant surface, there is a high diversity of these microstructures as well
as variations of local hydrophobicity, causing difficulty in understand-
ing the influence of the microstructures on microbial contamination.
Artificial surfaces patterned with plant microstructures create platforms
to minimize these complexities (Doan & Leveau, 2015) and func-
tion at prescribed hydrophobicity levels. These micropatterned surfaces
have been made from various materials such as polydimethylsiloxane
(PDMS) (Ranjbaran & Datta, 2019), agarose (Zhang et al., 2014),
gelatin (Soffe, Altenhuber et al., 2019), and silicon (Sirinutsomboon
et al., 2011). Below, we classify the micropatterned surfaces based on
their topography and area of application in fresh produce microbial
safety.

2.1. Typical designs for micropatterned surfaces

In Fig. 3, we classify the micropatterned surfaces based on their
topography types. A device with a natural topography mimics the exact
shapes of the microstructures available at the produce surface. Fig. 3a
shows the three-dimensional optical microscopy images of stomata and
grooves on a fresh spinach leaf and its PDMS replica. A two-step replica
molding method is used to create the natural topography (Kumari et al.,
2020; Zhang et al., 2014). In the first step, a PDMS stamp with reversed
microstructure is provided. For this purpose, produce tissue (e.g., a
piece of a leaf) that is already securely taped at the bottom of a dish
is covered by a PDMS mixture. After curing the PDMS at a suitable
temperature (e.g., 40 °C) and for a sufficient period (e.g., 12 h), the
mold is peeled off the leaf and undergoes a surface chemical treatment
(e.g., a coating with palladium nanoparticles) to create a nonadhesive
surface. In the second step, the fabricated molds are used to create the
final patterned surfaces with natural microstructures.

Another class of micropatterned surfaces uses simplified, highly
ordered microstructures with a high degree of symmetry. For example,
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Fig. 1. An overview of various approaches used for understanding and detecting microbial contamination of fresh produce. (a) A schematic of bacterial attachment to and infiltration
of leafy greens. The bacteria located at the leaf surface can infiltrate it through stomata, cracks, or wounds (Ranjbaran et al., 2020). (b) The common methods of analysis and
detection that have been used in the area of fresh produce microbial safety. Plating methods refer to growing viable bacterial colonies on an agar gel containing growth medium

at a prescribed incubation temperature. In microscopy imaging, the bacteria are usually tagged with a fluorescent protein to be distinguishable from the background substrate
when they are seen through a fluorescence or confocal microscope. The inset microscopy image shown here illustrates the distribution of bacteria, tagged with green fluorescence
protein, on a spinach leaf surface (Ranjbaran, 2019). In the schematic of a microfluidic device shown here, the bacterial behavior is analyzed as they pass through the device or
deposit in the microwells. The optical density is used during spectrophotometry to detect the bacterial concentration within a liquid culture. In DNA amplification approaches, a
target DNA is amplified and detected using fluorometric, colorimetric, or any other detection approach. (c) The two general outcomes that can be obtained from the analysis and

detection methods..

stomata, grooves, and trichomes have been simplified to elliptical
micropores, rectangular microchannels, and cylindrical microcolumns,
respectively. Fig. 3b shows scanning electron microscopy (SEM) image
of trichomes on a tomato leaf along with a silicon wafer patterned
with microcolumns representing the trichomes (Sirinutsomboon et al.,
2011). In recent studies, the microstructures were fabricated out of
PDMS with a three-step fabrication process (e.g., Ranjbaran & Datta,
2019). In the first step, a photomask is prepared for each type of mi-
crostructure, typically using laser mask writer machines. In the second
step, molds patterned with a reverse microstructure are made using a
photolithography technique. A photoresist (liquid or solid) is coated on
a silicon wafer and exposed to ultraviolet (UV) light passing through
the photomask (from the first step). The thickness of the photoresist
determines the height or depth of the microstructures on the final PDMS
device. After developing the photoresist, the mold surface is treated to
create a nonadhesive surface. In the third step, PDMS is cast on the
molds to create the final device. See Table 1 for more details on the
fabrication methods of both classes of micropatterned surfaces.

In the natural topography class, the microstructures match the
real produce surface, providing the opportunity to study the effect
of real microstrutures on microbial contamination. Understanding the
sole effects of each microstructure type, size, and distribution on the
contamination is possible using the simplified topography class. The
simplified topography class can be more reproducible since it does not
inherit its patterns from a natural leaf that has inherent variability
and diversity. Fabrication of the natural topography devices is more
challenging. These challenges include: (1) shriveling of the leaf due to
excessive heat while curing the PDMS, resulting in inaccurate molding,
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(2) some leaves are fragile and limit the PDMS molding with high
fidelity, (3) presence of moisture at the surface of the leaf, leading to
inefficient curing of the PDMS over the entire leaf surface, and (4) after
curing, some leaf residue may still stick to the PDMS (Soffe, Bernach,
Remus-Emsermann, & Nock, 2019). To overcome these issues, one can
try: (1) using a higher PDMS base to curing agent ratio to fabricate
the leaf imprint, (2) slightly drying the leaf surface before pouring the
PDMS on it, (3) curing the PDMS at a reasonably low temperature
(around 40 °C-45 °C) for longer duration (around 12 h-20 h), and (4)
placing the cured PDMS imprints in a leaf digestion solution to remove
the leaf residues (Soffe, Bernach et al., 2019). Various applications
of these micropatterned surfaces in understanding produce-bacteria
interactions are described in Section 2.2.

2.2. Investigation of microbial contamination using micropatterned surfaces

Micropatterned surfaces have been utilized to study various phases
of microbial contamination of plant leaves including bacterial attach-
ment, infiltration, growth, and inactivation (Bernach, Soffe, Remus-
Emsermann, & Nock, 2019; Doan, Antequera-Gomez et al., 2020b;
Doan, Ngassam et al., 2020a; Ranjbaran & Datta, 2019; Sirinutsomboon
et al., 2011; Soffe, Altenhuber et al., 2019; Soffe, Bernach et al., 2019;
Zhang et al., 2014). An overview of the applications of micropatterned
surfaces in investigations of plant-microbe interactions is provided in
Table 1. In this section, representative examples of each application
related to fresh produce safety are highlighted along with their notable
results.



M. Ranjbaran and M.S. Verma

@ Micropatterned surfaces X

Trends in Food Science & Technology 128 (2022) 102-117

/b) Microfluidic cultivating

devices
Fresh spinach PDMS micropatterned
Seedli
leaf surface eedling -
PDMS chamber
e B
R 20 ST o Fuid
"V‘[ e / / 4 ; flow > Root
1 ¥%dsd /) |
s g ¥y !’YV/i // Coverslip
S0 pm 4!\!! 4-[1“1[ l §
e M~
Microscope
Stomata
ﬁ Biosensing devices \
=== Gold nanoparticles Testline  Control line
Amplified : AT
ssDNA 0 ¢ B
€
> / \
ﬂ Conjugate pad Absorption pad |
Z =" 7/ 3 i \
8

Control line

Q“‘p'e"ad n Testli.lqe /

Distance J

Fig. 2. An overview of various applications of microfluidics approaches to understanding and detecting microbial contamination of fresh produce.(a) micropatterned artificial
surfaces, that are surrogates of the produce surface used to investigate bacterial interaction with the microstructures of the produce surface during attachment, infiltration, growth,
and inactivation. The inset images were obtained from scanning electron microscopy of a fresh spinach leaf and the corresponding PDMS micropatterned surface. The images
were reproduced from Zhang et al. (2014, copyright 2014 American Chemical Society) with permission from the publisher. (b) microfluidic cultivating devices, that provide
controlled microenvironments for the bacteria and host to grow and interact within microcavities with various shapes and sizes. The inset image shows a microfluidic platform
(dual-flow-RootChip) to grow Arabidopsis roots within microchannels. Using such a microfluidic platform, the live interaction of the plant root and bacteria can be observed
using microscopy imaging through the transparent PDMS. The images were reproduced from Stanley et al. (2018, copyright 2017 John Wiley and Sons) with permission from the
publisher. (c) biosensing devices, that are used to detect presence of microbial species in an environment. Here, the image shows a schematic of an aptamer-based lateral flow
biosensor for detection of E. coli 0157:H7. A sample containing the amplified single strand DNA (ssDNA) is added to the sample pad wherein it spreads through capillary action.
At the conjugate pad, the ssDNA is captured by probe-gold nanoparticle (AuNP) conjugates through a complementary reaction between the probe on the AuNP surface and the
ssDNA. The obtained ssDNA-probe-AuNP complex is then captured at the test line, by immobilized complementary strands of the target ssDNA, at which a color change indicates
the detection of the target DNA. The excess probe-AuNP complex is either captured at the control line or absorbed at the absorption pad. The inset images were reproduced from

Wu et al. (2015, copyright 2015 Elsevier) with permission from the publisher.

Sirinutsomboon et al. (2011) studied the effect of various surface
microstructures on bacterial attachment to artificial plant leaves. The
device included micropatterned silicon surfaces with simplified to-
pography of various types, sizes, and spacing (see Fig. 3b), located
vertically within a shaking beaker with a flow of bacterial culture over
it (Fig. 4a). The bacterial strain was E. coli 0137:H41, obtained from
field cabbage contaminated by sewage water and then tagged with
green fluorescent protein (GFP). The beaker was shaken for 48 h and
the micropatterned surfaces were washed with distilled water for 5 s
afterward to remove the unattached bacteria. The authors showed that
microstructure geometry and position affected bacterial attachment.
For example, the level of attached bacteria in an area with an array
of trichomes was about half of that for the stomata or grooves. The
bacterial attachment was observed to be higher within the area 2.5-
5.0 pm away from stomatal pores. This work was a piece of evidence
for the potential application of micropatterned surfaces (discussed in
Section 2.3) in fresh produce safety assessment. A recent review of the
effects of surface micro- and nanostructures on the bacterial attachment
to a surface can be seen in Cheng, Feng, and Moraru (2019).

Ranjbaran and Datta (2019) studied the effect of evaporation of
sessile droplets, located on plant leaves, on bacterial infiltration into the
stomatal pores. The device included an artificial leaf surface, made out
of PDMS, patterned with stomatal features of different sizes and spac-
ing, with a simplified topography. The patterned surface was mounted
on a coverslip. During the experiments, a 1-pl droplet containing a
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known concentration of GFP-tagged E. coli RP437 was placed on a
micropatterned surface and allowed to evaporate in approximately 15
minutes (Fig. 4a). Given the transparency of the PDMS surfaces, the
evaporation-driven bacterial transport and infiltration were observed,
from the bottom, using an inverted confocal microscope. It was shown
that larger size and wider spacing of the micropores (i.e., stomatal
features), as well as a more hydrophilic surface, led to more infiltration.
Also, it was highlighted that a stick-slip behavior of the contact line
of the droplet contributed to more infiltration into stomata. This was
because the sticking of the contact line to the stomatal pores increased
the time scale at which evaporation-driven internal flows could trans-
port bacteria into the stomata that facilitated their infiltration. This
work showed that even very specific pathways of contamination (i.e., in
this case, evaporation-driven infiltration) can be explored in detail
using micropatterned surfaces, which contributes to the development
of mitigation strategies to avoid produce contamination.

Zhang et al. (2014) fabricated patterned surfaces, mimicking spinach
leaves, with natural topography (Fig. 3a) and applied them to study
bacterial growth at the leaf surface. The device was fabricated out
of agarose with or without 10% tryptic soy broth supplements (TSB
as nutrient source). The bacterial strain was E. coli tagged with blue
fluorescent protein (BFP). In their experiments, a 1-cm? area of the
patterned surface was inoculated with 100 pl of the bacterial suspen-
sion. The samples were then incubated at 25 °C for 24 h. The bacterial
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Fig. 3. Classification of micropatterned surfaces used for analysis of plant-microbe interactions, based on the type of surface topography. (a) 3D microscopy images of natural
topography on fresh spinach leaf and the corresponding micropatterned surface made from polydimethylsiloxane (PDMS). The inset images were reproduced from Zhang et al.
(2014, copyright 2014 American Chemical Society), with permission from the publisher. (b) Scanning electron microscopy images of trichomes at a fresh tomato leaf, and simplified
trichomes at a silicon surface. The inset images were reproduced from Sirinutsomboon, Delwiche, and Young (2011, copyright 2011 Elsevier), with permission from the publisher.
The advantages of the natural and simplified topography types are highlighted.

Table 1
An overview of the applications of micropatterned surfaces in investigating plant-microbe processes with potential applications in fresh produce microbial safety and sustainable
production.
Device Mold fabrication Mold treatment Device fabrication Microorganisms Investigated process Test time Reference
category
Simplified - - Photolithography Escherichia Attachment to 48 h Sirinutsomboon
topography followed by coli 0137:H41 fabricated leaf et al. (2011)
silicon etching microstructures

Photolithography FOTS deposition PDMS casting on E. coli RP437 Retention and 15 min Ranjbaran and

on photoresists molds infiltration on Datta (2019)

sheets fabricated
microstructures
during sessile
droplets evaporation

Photolithography FOTS deposition Casting agarose Pantoea Survival on leaf 0-72 h Soffe,

on photoresists solution, gelatin agglomerans replicas of different Altenhuber,

sheets followed by solution, or PDMS materials Bernach, Remus-

template PDMS on the PDMS Emsermann, and

casting template Nock (2019)

Natural Casting PDMS on Application of Casting PDMS or E. coli Growth and 12 h Zhang et al.
topography spinach leaves palladium agarose solution inactivation on the (2014)
nanoparticles on the molds devices

Casting PDMS on FOTS treatment Casting PDMS on Ralstonia Colonization of on Overnight Kumari et al.

a root surface the molds solanacearum K60 the tomato root (2020)
replica

Casting PDMS on FOTS deposition Casting PDMS on P. Distribution on A. Overnight Soffe, Altenhuber

a leaf and the molds agglomerans 299R thaliana leaf replica et al. (2019)

digesting leaf and

residue from the Sphingomonas

PDMS melonis Frl

Casting PDMS on Surface wash and Casting PDMS on E. coli ATCC Attachment and ~ 6 min Doan, Ngassam

a leaf UV treatment the molds 700728 and retention on spinach et al. (2020a)

Bacillus and lettuce leaves
amyloliquefaciens replicas
spores

Casting PDMS on Surface wash and Casting PDMS on E. coli O157:H7 Resistance to splash 72 h Doan,

a leaf UV treatment the molds dispersal and Antequera-
inactivation on Gomez, Parikh,
spinach replicas and Leveau

(2020b)

FOTS is (1H,1H,2H,2H-Perfluorooctyltrichlorosilane; PDMS is polydimethylsiloxane; UV is ultraviolet light.
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Fig. 4. Classification of micropatterned surfaces that are or can be used for fresh produce microbial safety. (a) Investigation of bacterial attachment and transport. The top image
in this panel illustrates the experimental setup of Sirinutsomboon et al. (2011) in which a micropatterned surface was placed vertically within a shaking beaker containing an
E. coli 0137:H4 culture to investigate bacterial attachment to the simplified microstructures. The bottom image in this panel illustrates the experimental setup of Ranjbaran and
Datta (2019) in which a microdroplet from an E coli RP437 culture was left to evaporate on a micropatterned surface to investigate bacterial transport with internal flow and
their interactions with the microstructures. (b) Investigation of bacterial growth and biofilm formation. The inset shows a fluorescence image of green-stained E. coli on an agar
surface patterned with natural topography of a spinach leaf surface, after 6 h of incubation at 25 °C (Zhang et al., 2014). (¢) Investigation of bacterial inactivation using biocidal
treatments. The schematic illustrates how presence of microstructures on a patterned agar surface can lead to inefficacy of the surface sanitation with chlorinated water. Inset
images in (b) and (c) have been reproduced from Zhang et al. (2014, copyright 2014 American Chemical Society), with permission from the publisher. (d) Investigation of bacterial
inactivation on antibacterial surfaces. The scanning electron microscopy image shows how nanopillar features cause mechanical lysis of a Staphylococcus aureus cell. The inset images
have been reproduced from Linklater, Juodkazis, and Ivanova (2017, copyright 2017 The Royal Society of Chemistry), with permission from the publisher. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

growth was examined using plating methods as well as fluorescence mi-
croscopy imaging every 2 h during the experimental duration (Fig. 4b).
The authors showed that when the agarose-based surfaces contained
10% TSB, the level of bacterial growth on the patterned and unpat-
terned surfaces was not significantly different. Using agarose-based
devices without TSB, the researchers highlighted that stomata and
grooves on the patterned surfaces could offer significant protection to
bacterial cells against dehydration (Fig. 4b). These findings suggest that
there is a need for developing surface washing procedures that can
efficiently target the bacteria hidden in the leaf microstructures.
Zhang et al. (2014) further used their micropatterned agarose-based
devices, without TSB supplements, to investigate bacterial inactivation
on plant leaves. The bacteria on the devices were stained at 22 °C
for 15 min using live/dead bacterial viability stains, showing the live
bacteria as green and dead bacteria as red (Fig. 4c). After 12 h of
incubation of bacteria on the devices, 200 mg/! chlorinated water was
applied to the surface for 1 min. It was shown that the topography of
plant surfaces influences the efficiency of the biocide treatment. On
unpatterned surfaces, most of the bacterial cells were killed and no
viable cells were observed within microscopy images obtained after
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the treatment. However, on patterned surfaces, viable cells were still
observed in the valleys (i.e., stomata and grooves), reflecting the steric
protection of the bacterial cells provided by the leaf microstructures
against biocidal treatment.

Another potential application of surface patterning in fresh produce
safety makes use of antibacterial nanopatterned surfaces (Linklater,
Juodkazis, & Ivanova, 2017) capable of mechanical bacterial inacti-
vation (Fig. 4d). The bactericidal effects of nanopatterned surfaces
were inspired by the surface topography of cicada (Psaltoda claripen-
nis) wings, which are inherently antibacterial (Linklater, Juodkazis,
& Ivanova, 2017). So far, the antibacterial nanopatterned surfaces
have been utilized in various biomedical applications, such as the
fabrication of medical implants (Linklater, Nguyen, Bhadra, Juodkazis,
& Ivanova, 2017), and they can also be applied in food packaging and
processing materials (Zhou et al., 2021). For fresh produce applica-
tions, the nanopatterns can be incorporated at the surfaces that are in
contact with the produce during post-harvest operations to minimize
contamination. When a bacterial cell rests on the nanopatterns, the
nanopillars cause substantial stress on the cell wall architecture, leading
to an increase in the internal turgor pressure of the cell. Rupturing
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is caused by extensive stretching of the cell membrane between each
nanopillar. A comprehensive review of the underlying mechanisms of
mechano-bactericidal actions of nanostructured surfaces can be found
in Linklater et al. (2021). The antibacterial nanopatterned surfaces
have been made from various materials, from which black silicon
(e.g., Nguyen et al., 2019), graphene (e.g., Selim, Mo, Hao, Fatthallah,
& Chen, 2020) and titanium-based (e.g., Wandiyanto et al., 2019)
designs were the most prevalent. Other materials for time-efficient,
scalable, precise, and low-cost fabrication of bactericidal nanopatterned
surfaces include PDMS (Heckmann & Schiffman, 2020), poly(methyl
methacrylate) (PMMA) (Rosenzweig et al., 2019), and polyvinylsilox-
ane (Green et al., 2017). With these polymers, a large number of
replicates can be fabricated from one master mold.

2.3. Potential applications of micropatterned surfaces in the fresh produce
industry

The current technology of fabrication of micropatterned surfaces
can be further extended to develop innovative risk assessment tools
for future industrial applications. Low-cost, disposable, and easy-to-use
commercialized artificial leaves can potentially help the fresh produce
industry in (1) establishing a background level of microbial contam-
ination of the produce in the field due to exposure to unsanitized
irrigation water or fecal matter, (2) understanding whether a certain
cooling/washing practice can promote contamination at the produce
surface or inside its tissue, (3) tuning cooling/washing operating con-
ditions to minimize microbial attachment and infiltration, (4) reliable
selection from various microbial inactivation strategies to sanitize pro-
duce surfaces of various roughness and hydrophobicity, and (5) tuning
controllable operating conditions in an inactivation process to achieve
the highest efficacy of microbial reduction.

These potential applications can be implemented during growing,
harvesting, and post-processing of various fresh produce, such as leafy
greens. For example, the artificial leaves can be left in the field,
during growing season, for a certain time period to collect the possible
sources of contamination. Then, the collected samples can be used
for upcoming nucleic acid testing to detect pathogens. Micropatterned
surfaces can also be used by companies that produce disinfectants
for fresh produce applications. Using these devices, the efficacy of a
certain disinfectant can be assessed by considering the produce sur-
face’s microstructures and wettability. In practice, the application of
the micropatterned surfaces requires access to the lab environment and
microscopy facilities. Small farms as well as large producers can benefit
from this technology through collaboration with land grant universities
and other research institutes. Such collaborations can be steered by
intermediate organizations such as The Center for Produce Safety (CPS)
that works with both the stakeholders and the research sectors.

Polymeric devices (e.g., PDMS-based, plastics) might be suitable for
industrial needs. For instance, a PDMS-based device can mimic any
microstructure on the produce surface and, therefore, it can be made
for various produce types, ages, sizes, etc. Further, fabrication does
not require permanent access to high-tech microfabrication facilities. It
only requires pouring and curing the PDMS on the leaves/molds, which
can be made once and re-used, and which is feasible for rolling-out
purposes.

The antibacterial nanopatterned surfaces can be used during various
steps of fresh produce process operations. Surfaces that are in perma-
nent contact with the produce during processing can be coated with
bactericidal nanostructures to minimize the bacterial colony formation
and disease spread. Following Zhou et al. (2021), future industrial
application of the antibacterial nanopatterned surfaces in fresh produce
safety requires: (1) an understanding of how various influencing design
parameters (e.g., shape and density of the nanostructures) can affect
strain-dependent bactericidal efficacy and whether these structures
can damage the produce itself; (2) an investigation of which type of
material is the safest and most cost-effective for fabrication of pro-
duce processing and packaging surfaces; and (3) an understanding of
how the bactericidal efficacy can be improved by incorporating other
technologies, such as chemical surface modification.
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3. Microfluidic cultivating devices

Fresh produce contamination may include various inter-kingdom
interactions among bacterial, plant, and fungal species (Burmeister
& Grunberger, 2020; Stanley, Grossmann, Solvas, & deMello, 2016).
Understanding these interactions helps provide preventive measures
to minimize produce contamination. Microfluidic cultivating devices
provide a platform to investigate these complex interactions in con-
trolled environments. So far, these devices have been extensively used
in understanding of bacteria-bacteria interactions (Burmeister et al.,
2019; van Vliet, Hol, Weenink, Galajda, & Keymer, 2014), as well as
bacterial interactions with various higher organisms including fungi
(Stanley et al., 2014), plants (Aufrecht et al., 2018; Massalha et al.,
2017; Stanley et al., 2018), and mammalian cells (Ellett et al., 2019).
In this section, some of the notable applications of these devices that are
relevant to fresh produce safety research are discussed by highlighting
their typical designs and method of use. More comprehensive infor-
mation and classification about microfluidic cultivating devices can be
found in Burmeister and Grunberger (2020).

3.1. Typical designs of cultivating devices

Microwells are among the popular designs to study bacteria-bacteria
interactions. The simplest microwell design possessed disconnected
habitats wherein the bacterial species interact with each other in a
mixed culture within each microwell (Fig. 5a) (Hansen et al., 2016).
In another design, the microwells were connected through narrow cor-
ridors, facilitating bacterial transport from one microwell to another.
This design was used to study competence among bacterial species to
occupy a fresh habitat (van Vliet et al., 2014). The microwell design
may resemble microbial colonies on a leaf surface. Therefore, it can
be an appropriate tool to explore phyllosphere microbial interactions.
Microwells separated by nanoporous membranes were also used to
study chemical signaling among various species. In such a design,
only the chemicals, and not bacterial cells, were able to transport
(via diffusion) across microwells. This provides a platform to explore
the importance of chemical interactions (e.g., gradients in signaling
molecules, metabolites, and nutrients) for habitat competition, in the
absence of the physical interactions (e.g., spacial exclusion) (van Vliet
et al., 2014).

In addition, microdroplets (Fig. 5a) have also been used as platforms
to assay microbial interactions and growth. In a typical application
of this microfluidic system, the droplets serve as enclosed environ-
ments, with a controlled nutrient condition, for the bacteria to grow
and interact within. One approach to generating droplets containing
multicomponent species was loading individual species into separate
droplets, grouping the droplets in enclosed cavities, and finally merging
them via alternating-current electric field to form the final microbial
community (Kehe et al., 2019).

Microchambers are another class of microfluidic cultivating de-
vices for the investigation of bacteria-bacteria interactions (Fig. 5a)
(Burmeister et al., 2019). These devices have enabled observation of
cellular interactions with full spatio-temporal resolution because the
chambers are shallow enough to provide a 2D distribution of bacterial
cells that can be tracked at a single-cell resolution. The chambers can
be separated via nanoporous membranes to only allow diffusion of the
metabolite across chambers (see Fig. 5a). One potential application
of the above devices is to study various interactions of foodborne
pathogens with natural microbiota that exist at the surface of fresh
produce, assisting in developing strategies to improve fresh produce
safety.

The cultivating devices have also been applied to study interactions
of bacteria with higher organisms (Burmeister & Grunberger, 2020),
among which plants and fungi are of interest. Investigating root—
bacteria interactions has been the most popular in this area (Aufrecht
et al., 2018; Massalha et al., 2017; Parashar & Pandey, 2011; Stanley
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Fig. 5. A schematic of microfluidic cultivating systems. (a) Investigation of bacteria—bacteria interactions, that can be performed using various designs. A microwell device provides
discontinued habitats wherein bacteria can grow and interact inside microwells. The inset shows a scanning electron microscopy image of an array of microwells on a silicon
substrate with 2 pm in diameter. Microdroplets provide an enclosed environment with prescribed nutrient condition wherein bacteria can grow and interact. The inset image
shows microdroplets filling a large chamber in a microfluidic device. Microchambers can provide a 2D distribution of bacteria within the device enabling observation of cellular
interactions with full spatio-temporal resolution at single-cell level. Microscopy images in (a) have been reproduced from Hansen et al. (2016) (left), Park, Kerner, Burns, and
Lin (2011) (middle). Rightmost microscopy image in (a) has been reproduced with publisher’s permission from Burmeister et al. (2019, copyright 2019 The Royal Society of
Chemistry). (b) Investigation of bacteria-plant interactions. The image shows the tracking root interactions system (TRIS) device that provides growth medium for nine seedlings.
The root of the plant elongates within transparent microchannels whose interactions with the bacteria can be monitored using a microscope. This image was reproduced with
publisher’s permission from Massalha et al. (2017). (c) Investigation of bacteria—fungi interactions. The image shows a microfluidic device in which the basidiomycete Coprinopsis
cinerea elongates its hyphae in transparent microchannels wherein its interactions with Bacillus subtilis was monitored using microscopy imaging. The image was reproduced with
publisher’s permission from Stanley et al. (2014, copyright 2014 Oxford University Press).

et al., 2018). In a typical design of the microfluidic device, the plant 3.2. Investigation of bacteria-bacteria interactions

seedlings were placed in ports that were in touch with the open air

while the roots were allowed to grow into transparent microchannels Microbial contamination of fresh produce may include various in-
(usually made out of PDMS), supplied with nutrient environments teractive processes among microbial communities. Examples of these
(Fig. 5b). The bacteria (usually fluorescently labeled) were then in- interactive processes are quorum sensing (Nagy et al., 2014), cross-
troduced to the microchannels and being monitored using microscopy feeding (Burmeister et al., 2019; Connell, Ritschdorff, Whiteley, &
during their interactions with the plant root. A similar design includ- Shear, 2013), and habitat competition dynamics (van Vliet et al., 2014)

ing transparent microchannels for the growth of hyphae was used to
study fungi-bacteria interactions (Fig. 5¢) (Stanley et al., 2014). The
fungal and bacterial inocula were introduced from different inlets to
the microchannels and their interactions were investigated. Recently,
the Ecosystem Fabrication (EcoFAB) protocols have provided methods
for the production of such laboratory ecosystems designed to investi-
gate plant-microbe interactions (Gao et al., 2018). Following EcoFAB
guidelines, the future microfluidic cultivating devices used for fresh
produce safety and sustainable production are expected to be: (1)
observable, by allowing for monitoring and measuring inter-species

that can be investigated using cultivating devices.

Spoilage of food products, including fresh produce, is known to
be attributed to quorum sensing among microbial communities. In
quorum sensing, gene regulations dependent on cell population density
benefit the bacterial community growing within a host. The spoilage
of vegetables and fruit is often caused by the pectinolytic activity of
bacteria (e.g., members of the Pseudomonadaceae or Enterobacteriaceae
families) at high cell densities. Because spoilage is a phenomenon
requiring high levels of microbial populations, it might be regulated

and biochemical interactions at high precision, (2) reproducible, by by quorum sensing (Skandamis & Nychas, 2012). Also, quorum sensing
allowing for the applicability in dynamic biological situations, (3) is an important factor in the colonization of foodborne pathogens at the
controllable, by allowing for the calibration of defined conditions for surface and within fresh produce tissue. Microfluidic cultivating devices
the microenvironment and the species, and (4) ecosimilar, by allowing have the potential to be used in revealing the effects of quorum sensing
for reproduction of the key behavior observed in the real system. In on fresh produce safety and quality, although they have not yet been
Sections 3.2 and 3.3, we discuss various applications of the above utilized in this context. An example of the application of these devices
cultivating devices in investigating inter-species interactions. in the investigation of cell-cell signaling in bacterial communities is
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An overview of the applications of microfluidic cultivating devices in investigating plant/fungi-microbe processes with potential applications in fresh produce microbial safety and

sustainable production.

Device Mold fabrication Mold treatment Device Microorganisms Plants/fungi Investigated Test time Reference
category fabrication process
Microchannels Photolithography - Casting PDMS Phytophthora Arabidopsis Root-microbe <198 h Parashar and
on SU-8 on the molds sojae interactions Pandey
photoresists (2011)
Photolithography - Casting PDMS Bacillus subtilis Arabidopsis Root-microbe 96-120 h Massalha
on SU-8 on the molds and Escherichia thaliana interactions, and et al. (2017)
photoresists coli pathogen
exclusion from
roots
Photolithography Silanization with Casting PDMS B. subtilis Basid- Hyphae-microbe <8 h Stanley et al.
chlorotrimethyl- on the molds iomycete interactions (2014)
silane under Coprinopsis
vacuum cinerea
Photolithography - Casting PDMS Two plant Arabidopsis Root-microbe <96 h Aufrecht
on a silicon on the molds growth thaliana interactions et al. (2018)
wafer promoting

bacterial species
isolated from the
endosphere and
rhizosphere of
Populus deltoides

PDMS is polydimethylsiloxane.

given by Nagy et al. (2014), where researchers studied the interaction
of two physically separated but chemically coupled E. coli strains. Their
device consisted of microchambers that were connected via porous
membranes. They showed that bacterial populations exhibited dynamic
spatial rearrangements as a result of secretion, diffusion, and sensing of
metabolic products and/or signaling molecules.

Cross-feeding—a biological interaction in which the growth of one
bacterial species depends on the nutrients, substrates, or growth factors
provided by the other species—has been studied using cultivating
devices. Using a device consisting of two adjacent microchambers sep-
arated by nanoporous membranes (Fig. 5a), Burmeister et al. (2019) in-

vestigated commensal interactions between L-lysine-producing Corynebac-

terium glutamicum and an L-lysine auxotrophic variant of the same
species. They revealed that spatially separated cultivation of both
strains led to the growth of the auxotrophic strain as a result of secreted
L-lysine supplied by the producer strain. Using a 3D printing technique
to generate distinct but chemically interactive bacterial communities,
Connell et al. (2013) were able to show that Staphylococcus aureus
(which is naturally susceptible to g-lactam-based antibiotics) would
be sheltered from ampicillin toxicity when embedded within a mi-
crocolony of Pseudomonas aeruginosa actively producing f-lactamases.
Using similar devices, one can address microbial interactions that may
benefit the fresh produce industry. For example, investigation of the
interaction of natural microbiota on a produce surface with foodborne
pathogens may lead to creation of engineered organisms—under the
regulations related to the genetically modified organisms (GMOs)—that
prevent or decrease the pathogen colonization on the produce surface.

Using a cultivating device consisting of one-dimensional arrays of
microwells linked by connectors, van Vliet et al. (2014) studied habitat
competition of two neutrally labeled strains of E. coli. In their setup,
the bacteria invaded the habitat from opposing sides, and differential
fluorescent labeling allowed the researchers to monitor bacterial com-
petence in the colonization of the habitat. Their results highlighted
the crucial roles of chemical interactions between populations in de-
termining the outcome of habitat colonization. Microfluidic cultivating
devices have the potential to investigate how native microbial commu-
nities associated with fresh produce affect the colonization of foodborne
human pathogens on fresh produce surfaces. An example of such mi-
crobial interactions can be seen in the work by Massalha et al. (2017)
where researchers utilized a microfluidic cultivating device (discussed
further in Section 3.3) to show that colonization of Bacillus subtilis at
the roots of Arabidopsis thaliana caused the active exclusion of E. coli
cells from the root surface.
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3.3. Investigation of bacteria-plant and bacteria—fungi interactions

Fresh produce safety and plant pathology involve various inter-
kingdom interactions (e.g., pathogenicity, symbiosis) among different
species, e.g., bacteria—plant (Aufrecht et al., 2018; Massalha et al.,
2017; Parashar & Pandey, 2011; Stanley et al., 2018) and bacteria—
fungi (Stanley et al., 2014; Millet et al., 2019) interactions. These
interactions can be investigated using cultivating devices. An overview
of the applications of microfluidic cultivating devices in investigations
of plant-microbe and fungi-microbe interactions is provided in Table 2,
and representative examples are discussed below.

Concerning bacteria—plant interactions, most studies have investi-
gated the interactions between roots and bacteria (Fig. 5b). Using a
microfluidic device to monitor the root system, Massalha et al. (2017)
investigated the intimate interaction of B. subtilis with A. thaliana roots
at a high resolution. Their microfluidic device, called a tracking root
interactions system (TRIS), included nine independent chambers for
growing seedlings and monitoring of the root growth in real time. Their
results showed a distinct chemotactic behavior of B. subtilis toward the
root elongation zone, followed by rapid colonization of the area after
6 h of interactions. Moreover, they investigated bacterial preferences
between the wild-type and mutant root genotypes using a double-
channel TRIS device to simultaneously track two root systems in one
chamber. They showed that a significant accumulation of B. subtilis
around a hairless mutant root (cpc/try) was 30% higher than that
around a wild-type root. Using a microfluidic device to culture plants
with beneficial growth-promoting bacteria, Aufrecht et al. (2018) visu-
alized and quantified their interactions. They showed that, after four
days, the populations of the two bacterial species under study on the
A. thaliana root’s visible surface were independent of the inoculum
concentration. They suggested that the plant limits the population of
bacteria in its rhizosphere through mechanisms such as attenuating the
quantity and type of root-available exudates. For the sustainable pro-
duction of fresh produce, such microfluidic studies can help determine
the optimum quantity of beneficial microorganisms in the soil.

In the area of bacteria—fungi interactions, Stanley et al. (2014)
investigated the interaction between the basidiomycete Coprinopsis
cinerea and the bacterium B. subtilis using a transparent microchan-
nel cultivating device (Fig. 5c) that restricted the hyphal growth
to one plane inside a shallow cultivation channel. They observed
that the hyphae stopped growing with the formation of extracellular,
cytoplasm-filled blebs after contact with the wild-type B. subtilis strain.
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An overview of the applications of biosensing devices in the detection of microbial contamination on plants/plant-based extracts, with potential applications in fresh produce

microbial safety and sustainable production.

Platform Assay type Detection Sample Microorganism Limit of detection Detection Reference
method time
In-tube assays
LAMP Colorimetric Tomato plant Pseudomonas 1.05x 10> CFU /ml 1 hr Chen et al.
syringae pv. (2020)
tomato
LAMP Colorimetric Pea plant P. syringae 2.5% 10> CFU /ml 20 min Kant et al.
(2021)
LAMP Fluorometric Strawberry plant Xanthomonas 1x 10> CFU /ml 20 min Getaz et al.
fragariae (2017)
LAMP Colorimetric Rice leaves X. oryzae pv. 2x 10> CFU /ml 40 min Buddhachat
oryzae et al. (2021)
Paper-based
devices
Enzyme-linked Colorimetric Chinese cabbage Escherichia coli 1x10* CFU /ml <3 hr Pang et al.
immunosorbent 0157:H7 (2018)
assay
Aptamer-based assay Colorimetric Apple juice E. coli O157:H7 10 CFU /ml <1 hr Wu et al.
(2015)
LAMP Colorimetric Spinach leaf E. coli ATCC 1x10° CFU/mi 1 hr Choi et al.
25922 (2016)
Helicase dependent Colorimetric Fruit juice Salmonella 1x10° CFU /mi 1 hr Tang, Yang,
amplification of typhimurium Gong et al.
DNA (2017b)
Immunoassay using Colorimetric Lettuce leaf E. coli 0157:H7, 1.87x 10 CFU/10g, 30 min Shin et al.
immobilized S. typhimurium 1.47 x 10° CFU/10g (2018)
antibodies
Immunoassays using Colorimetric Fruits/leaves of X. arboricola pv. 1x10* CFU /mi - Lopez-
immobilized almond, peach, pruni Soriano et al.
antibodies apricot (2017)
Chip-based
devices
LAMP Optical turbidity Apple juice E. coli O157:H7 1 CFU/ml 1 hr Li et al.
(2017)
Immunoassays using Surface plasmon Cucumber E. coli 0157:H7, 57 CFU/ml, <80 min Vaisocherové-
immobilized resonance extracts Salmonella sp. 7.4x10° CFU /ml Lisalova
antibodies on et al. (2016)
poly(carboxybetaine
acrylamide) coatings
Immunoassays using Electrochemical Walnut plant X. arboricola 1.5%x 10> CFU /ml 30 min Regiart et al.
immobilized (2017)
antibodies on amino
functionalized
SBA-15 platforms
Other devices
Immunoassays using Colorimetric Lettuce leaf S. enterica 5x10° CFU /mi 10 min Choi,
immobilized serotype Nilghaz,
antibodies on cotton Enteritidis Chen, Chou,
threads and Lu
(2018)
Immunoassays using Electrochemical Fruit juice E. coli O157:H7 3.8 CFU/ml - Pandey et al.
immobilized (2017)

antibodies on
graphene wrapped
copper (II) assisted
cysteine
(rGO-CysCu),
self-assembled on
gold electrodes

LAMP is loop-mediated isothermal amplification; DNA is deoxyribonucleic acid.

3.4. Potential applications of microfluidic cultivating devices in fresh pro-
duce industry

Several plant tissue-on-chip devices have been used for various
research purposes, but not for industrial applications. Similar to organ-
on-chip technologies that have found their applications outside re-
search areas (e.g., Emulate, 2017), the plant tissue-on-chip, which can
benefit fresh produce safety and plant disease control, needs to be
pushed toward industrial applications. A potential industrial applica-
tion of the plant tissue-on-chip devices could be during the devel-
opment of plant probiotic fertilizers. These devices can be used to
analyze how a certain probiotic product—which contains plant growth
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promoting bacteria such as Lactobacillus casei—affects the growth of
various target plants. Similarly, farmers and large producers who would
like to use such probiotics can take advantage of plant tissue-on-chip
technology during decision making for investments on a certain pro-
biotic product. A key driver to commercialize the plant tissue-on-chip
is the adoption of the technology by major agricultural companies and
universities, which in turn requires overcoming key restraints such as
cost and complexity of the devices. Since the application of plant tissue-
on-chip devices requires lab environments and microscopy facilities,
it is not anticipated that small farms can directly use them as part
of their decision-making tools. However, they can still benefit from
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Fig. 6. A schematic showing how DNA amplification approaches can be used to detect microbial contamination of fresh produce. (a) Bacterial sample from the surface of the
produce can be obtained using different approaches; For example, by swabbing of the surface and resuspension in a liquid medium, or by surface washing, microfiltration of wash
water, and resuspension of the captured bacteria by the filter membrane, in a liquid medium. (b) The bacterial sample is then heated up to lyse the cells and release their DNA in
the liquid medium. Afterwards, (¢) by adding a primer mix and other reagents, the target DNA (in red) is amplified when heating the DNA solution. For example, in the case of
the loop-mediated isothermal amplification (LAMP), the heating temperature is 65 °C. The amplification can be detected using various detection methods, such as a colorimetric

method.

these technologies through collaboration with land grant universities
and other research institutes.

In the next section, we discuss biosensing devices as another class
of microfluidic applications in produce safety.
4. Biosensing devices

The detection of microbial presence on fresh produce can help
ensure produce safety as it moves from field to fork. Within the context
of microbial safety of fresh produce, the biosensors present two broad
application areas: namely, the detection of foodborne pathogens, and
tracking sources of fecal contamination (known as microbial source
tracking, MST). In pathogen detection on fresh produce, prevalence
has resulted in more work on E. coli and Salmonella spp., and less on
L. monocytogenes (Soni, Ahmad, & Dubey, 2018)—a topic for future
research. From the viewpoint of sustainable agriculture, biosensors
have been utilized in the detection of plant diseases during their growth
period. This section explores typical elements and design characteristics
of biosensors, and their applications in the detection of foodborne and
plant pathogens as well as microbial source tracking. The comprehen-
sive reviews available in the literature provide more information on
the applications of biosensors in food and water safety (Choi et al.,
2019; Thavarajah et al., 2020) and sustainable agriculture (Griesche
& Baeumner, 2020).

4.1. Typical elements and designs of biosensing devices

A biosensor is a combination of a biorecognition element, which
recognizes a target analyte, and a transducer, which converts the recog-
nition event into a detectable signal. Common biorecognition elements
for the detection of bacteria (the target analyte) include phages (Wang
et al., 2021a; Wang, Kanach, Han, & Applegate, 2021b), enzymes (Kur-
banoglu, Erkmen, & Uslu, 2020), ionic surfactants (Verma, Tsuji et al.,
2016b; Verma, Wei et al., 2016a), antibodies (Asal, Ozen, Sahinler, &
Polatoglu, 2018), aptamers (Yoo, Jo, & Oh, 2020), and nucleic acids
(Leonardo, Toldra, & Campas, 2021; Mohan et al., 2021). Among the
aforementioned biorecognition elements, nucleic acids and antibodies
seem to be the most widely used in the detection of bacterial pathogens.
Despite the popularity of both of these biorecognition elements, the
synthesis of primers needed for detecting nucleic acids is simple, rapid,
and inexpensive compared to the production of antibodies. Fig. 6 shows
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the typical steps by which nucleic acid testing can be used in the de-
tection of microbial contamination of fresh produce. Bacterial samples
from the surface of the produce are obtained (using aseptic swabbing
or surface washing) and transferred to a liquid medium. Then, the
bacterial solution is processed (e.g., by heating, sonicating, or using
chemical methods) to lyse the cells and release their DNA. The target
DNA is amplified using a DNA amplification technique that includes the
addition of a primer mix and other reagents (such as enzymes, buffers,
and salts) to the solution and heating it with a prescribed thermal
pattern. The amplification of the DNA leads to changes in the solution
such as precipitation of magnesium phosphate and a drop in the pH.
The most widely-used transducing elements have been colorimetric
(Choi et al., 2019), fluorescence-based (Camarca et al., 2021), and
electrochemical (Zhang, Zhou, & Du, 2021); however, other types such
as surface plasmon resonance, surface-enhanced Raman scattering, and
chemiluminescence have also been applied in biosensors for food safety
(Choi et al., 2019).

The most common method in nucleic acid amplification is the poly-
merase chain reaction (PCR). Although PCR is an established method, it
requires precise cycling of temperature to separate the double-stranded
DNA, anneal two primers (a forward and a reverse primer), and elon-
gate the templates using DNA polymerase. Repeating these three steps
requires precise control over the temperature of the reaction, which is
achieved using a thermocycler. Because thermocyclers are often sophis-
ticated, bulky, and expensive, PCR is not regarded as a preferred nucleic
acid amplification technique in portable biosensors. Instead, isothermal
amplification techniques, which operate at a single temperature, alle-
viate the need for a thermocycler. The most widely used of these tech-
niques is loop-mediated isothermal amplification (LAMP) (developed
by Notomi et al., 2000), which operates at 65 °C. LAMP is fast (oper-
ating within a few minutes, as shown in Table 3) with high specificity
because the reaction occurs when six distinct regions on the target DNA
are recognized by a set of four primers. Due to its promising sensitivity
and short response time, LAMP has been extensively used in pathogen
detection in food (Huang et al., 2020; Kim & Oh, 2021; Shang et al.,
2020). Isothermal amplification techniques provide the opportunity
to develop and commercialize portable nucleic acid-based biosensors
for on-site detection of target microorganisms on fresh produce. A
comprehensive review of several isothermal amplification techniques,
including LAMP, rolling circle amplification (RCA), recombinase poly-
merase amplification (RPA), helicase dependent amplification (HDA),
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Fig. 7. A schematic of the two major classes of biosensors used to detect microbial contamination of fresh produce. (a) A paper-based device receives the sample containing
lysed bacteria and performs LAMP reaction, leading to a detectable color change at the reaction site. The device is composed of four hydrophobic layers to control the sample
flow toward the DNA amplification sites. The loop mediated isothermal amplification (LAMP) is performed by addition of the LAMP reagents to the sample and heating the
device using a closed heating compartment. After amplification, the target DNA is detected using a color change on a lateral flow strip. Images in (a) have been reproduced with
publisher’s permission from Choi et al. (2016, copyright 2016 The Royal Society of Chemistry). (b) A chip-based device receives the sample containing E. coli cells and measures
the dielectrophoretic impedance as a representative for bacterial presence. After entrance of the bacterial sample into the device, they pass through a set of bacteria focusing
channels where the bacterial concentration is increased using positive dielectrophoresis before they each the sensing zone. Image in (b) has been reproduced with publisher’s

permission from Kim et al. (2015, copyright 2015 Elsevier).

strand displacement amplification (SDA), and isothermal strand dis-
placement polymerization (ISDPR), along with their applications in
food safety, can be found in Leonardo et al. (2021).

While various types of biosensing platforms are available, paper-
based (Fig. 7a) and chip-based devices (Fig. 7b) have been the most
popular in food safety applications. Microfluidic paper-based analytical
devices (uPADs) and lateral flow assay (LFA) paper strips are among
the most widely-used point-of-care (POC) devices in food safety analysis
(Choi et al., 2019). Paper is usually made up of cellulose, which enables
ease of fabrication and proper mixing of reagents with the samples. It
enables storage of functional biomolecules (such as DNA and proteins)
that can be utilized in nucleic acid extraction since it is thermally
stable and can be heated up to 300 °C (Wong, Cabodi, Rolland, &
Klapperich, 2014). Paper also offers biodegradability and disposability.
Paper-based devices have been fabricated in different designs, such
as using multiple layers (Choi et al., 2016) or a sliding strip (Verma
et al., 2018). A comprehensive review of various fabrication methods,
device designs, and applications of yPADs is provided in Noviana et al.
(2021). Chip-based devices have also been popular in designing sample-
to-answer devices used in food safety analysis. Using these devices,
precise manipulation and control of small amounts of samples can be
achieved. Popular materials for the fabrication of chip-based devices
include PDMS and PMMA. In comparison, the above characteristics
make paper an inexpensive and reliable platform for the fabrication
of portable biosensors for on-farm detection of produce contamination.
Comprehensive reviews in the application of these platforms in POC
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diagnostic devices are available in Choi et al. (2019) and Zhang, Bi,
Liu, and Qiao (2018). An overview of application of various biosensing
devices in detection of microbial contamination on plant-based sam-
ples is provided in Table 3. In the next two sections, representative
investigations are discussed in more detail.

4.2. Investigation of pathogen detection

Detection of microbial contamination can benefit the entire pro-
duction chain of fresh produce. Several investigations in biosensor
developments have aimed at the detection of foodborne pathogens
(i.e., with a food safety perspective) and a number of investigations
have explored the detection of plant pathogens (i.e., from the viewpoint
of sustainable agriculture). Here, the main efforts have been in increas-
ing sensitivity, specificity, multiplexing capability, and in designing
fully-integrated portable sample-to-answer devices. Below, the notable
studies in these areas will be reviewed with emphasis placed on the
proof-of-concept investigations that can be extended to fresh produce
research.

Being a fully-integrated sample-to-answer device is an important
expected feature for field-deployable detection tools. Such a device
should combine various necessary steps in detection of contamination
into a user-friendly system. Despite their importance, the number of
reported fully-integrated devices for food safety application are small.
Choi et al. (2016) combined the three main steps in nucleic acid
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testing—DNA extraction, DNA amplification (using LAMP), and colori-
metric detection—into an integrated four-layered paper-based device.
In their biosensors, a Fast Technology Analysis (FTA) card and a glass
fiber membrane were integrated into a lateral flow strip for nucleic acid
extraction and amplification. Hydrophobic polyvinyl chloride (PVC)
layers were initially embedded between the paper matrices, creat-
ing valves to control the fluid flow from the nucleic acid extraction
zone to the amplification zone and lateral flow strip. The device was
tested for detection of E. coli ATCC 25922 in several media, including
drinking water and spinach leaf extracts, with detection limits of 1 x
10! CFU/ml and 1 x 103 CFU/ml, respectively. The worst detection
limit in spinach extract was attributed to the requirement for pre-
processing steps (e.g., filtration) to remove the residue of spinach leaves
before the detection, resulting in the loss of bacteria. This suggests that,
instead of preparing leaf extracts, another method of bacterial sampling
from fresh produce is needed (e.g., using a small volume of liquid to
extract bacteria from the surface of leaves). This change in bacterial
sampling is of high practical importance for on-site microbial detection,
where there is a lack of equipment for sample homogenization and
preparation.

For efficient pathogen detection in the field or during post-processing
operations, the biosensors must offer a multiplexing capability (i.e., the
ability for simultaneous detection of multiple target pathogens in one
or more samples using a single device) and an acceptable usability
(i.e., simple and minimal operation steps for the user). For multiplexed
detection of foodborne pathogens from contaminated lettuce, Shin et al.
(2018) developed a multiplexed LFA device consisting of four test
lines, with four different capture antibodies, to detect the presence
of E. coli O157:H7 and S. typhimurium. Their device consisted of a
stationary bottom part that contained the test strips and a rotating top
part that contained the sample pads and their corresponding absorbent
pads. Detection occurred in the presence of specific gold-nanoparticle-
conjugated antibodies (AuNP-Ab) for each target analyte. These authors
showed that the detection limits for E. coli 0157:H7 and S. typhimurium
in lettuce samples were 1.87 x 105 and 1.47 x 10° CFU/10g, respectively
(corresponding to 2.88 x 10° and 1.13 x 10° CFU/ml). Since these
detection limits were not meaningful for practical detection of those
bacteria—as few as 10 CFU of E. coli O157:H7 can cause infection
in humans—the bacterial samples were enriched before being tested
by the device. The researchers showed that a 6 h of enrichment was
sufficient to detect as few as 1 bacterium in 1 g of lettuce (i.e., about
5 bacteria per single lettuce leaf). While this research was focused
on fresh produce safety, there are various other works done in other
applications. For example, an LFA strip capable of detecting FITC-, hex-,
and digoxin-tagged LAMP amplicons, corresponding to three main toxin
genes of P. aeruginosa (i.e., ecfX, ExoS and ExoU genes) was developed
for environmental and drinking water applications (Chen et al., 2016).

Biosensing tools have also been used for the detection of plant
pathogens (Griesche & Baeumner, 2020) that have implications for the
sustainable production of fresh produce. Getaz et al. (2017) designed
a fast and specific LAMP assay for detection of Xanthomonas fragariae
on strawberry leaves. The specificity of the assay was tested on various
strains of X. fragariae and other Xanthomonas species. A detection limit
of 1 x 10> CFU/ml was achieved, with an assay time of 7-20 min,
providing a high-throughput and user-friendly method for on-site de-
tection and screening of plant materials. In another study, Buddhachat
et al. (2021) used a colorimetric LAMP assay for the detection of X.
oryzae pv. oryzae in rice, showing a high performance (above 80%) of
target bacteria detection in naturally infected leaf samples harvested
from a rice field. Lopez-Soriano et al. (2017) designed an LFA for the
detection of X. arboricola pv. pruni in symptomatic field samples. Their
LFA strips included a test line with immobilized 2626.1-HT antibody
and a control line. In each test, the paper strips were introduced to a
solution containing a bacterial suspension (obtained from suspending
the plant tissues in phosphate-buffered saline) and a carbon nanopar-
ticles suspension conjugated with polyclonal 2626.1-WC antibodies.
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After 10 min of LFA, the test line was distinguishable by the naked eye,
in the case of bacterial presence. The detection limit was 1x10* CFU/ml.
Other examples of biosensing tools for detection of plant pathogens are
listed in Table 3.

4.3. Investigation of microbial source tracking (MST)

MST aims to develop tools to recognize hosts (i.e., sources) of fecal
contamination in food and the environment. In fresh produce risk
assessment, these tools can have a large potential impact, because fresh
produce is usually consumed raw and the contaminants could reach the
consumer. To track the sources of fecal contamination, two different
classes of MST have been used: namely, library-dependent (i.e., applica-
tion of metagenomic sequencing) and library-independent methods (Fu
& Li, 2014). The latter is of interest here. Within library-independent
methods of MST, host-specific genetic markers are directly detected
using a DNA amplification technique. Usually, PCR has been used
for this purpose. The studied biomarkers have been animal-specific
viruses (Hundesa, Maluquer de Motes, Bofill-Mas, Albinana-Gimenez,
& Girones, 2006) and bacteria (Jiang et al., 2018). See Garcia-Aljaro,
Blanch, Campos, Jofre, and Lucena (2018) for more detailed informa-
tion about various fecal biomarkers. Among bacterial biomarkers, the
members of the order Bacteroidales are the most appropriate for MST
studies. This is because they are limited to warm-blooded animals,
are dominant members of gut microflora, and cannot grow in the
ambient aerobic environment. An example of the application of bac-
terial biomarkers in monitoring fecal contamination in fresh produce
production is in Ravaliya et al. (2014). They investigated the utility of
an MST method based on Bacteroidales 16S ribosomal ribonucleic acid
(16S rRNA) gene sequences as a means of identifying sources of fecal
contamination in growing tomatoes, jalapefio peppers, and cantaloupe.
They conducted quantitative PCR assays on rinses of the above fresh
produce, source and irrigation water, and harvester hand rinses. It was
shown that 39% of samples were positive for a universal Bacteroidales
marker. Among the positive samples, 46% were positive for one of
the three human-specific markers (BFD, HF183, BVulg) and none were
positive for a bovine-specific marker (BoBac).

As noted in Section 4.1, PCR cannot be used in portable biosensors
for on-site detection of biomarkers, such as Bacteroidales. Therefore,
attention has alternatively been devoted to isothermal amplification
techniques such as LAMP (Jiang et al., 2018) and HDA (Kolm et al.,
2019). Currently, there is no study reporting the application of isother-
mal amplification techniques in the detection of fecal contamination of
fresh produce. Most of the studies have been done in water contamina-
tion detection. For example, Jiang et al. (2018) developed a portable
nucleic acid diagnostic platform for rapid in-field identification of
human fecal contamination of water. Their assays were based on LAMP
of human-associated Bacteroides HF183 genetic markers from crude
samples, followed by a fluorescence visualization of the results. Their
assay could detect as few as 17 copies/ml of human-associated HF183
targets in sewage-contaminated water with no off-target signal from
canine or feline feces.

4.4. Challenges in the development of biosensors for on-farm applications
in the fresh produce industry

Fresh produce safety and sustainable production can benefit from
biosensors for the detection of foodborne and plant pathogens, as well
as biomarkers of fecal contamination. A portable biosensor can be used
as part of fresh produce harvest operations by continuous monitoring
of the bacterial load on harvester machines that are in contact with the
produce. If contamination by pathogenic bacteria—such as S. enterica,
Shiga toxin producing E. coli, L. monocytogenes, or Bacteroidetes as
biomarkers of fecal contamination—is detected, the most recent harvest
(e.g., within the last hour) can be discarded and the harvest machine
can go through a sanitation process. This kind of hourly data on the
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contamination of the harvesters and produce can prevent foodborne
illnesses and also help prevent millions of dollars of losses as a result
of the recall of a certain crop from the market due to foodborne
contamination.

Designing a fully-integrated sample-to-answer detection tool for
on-farm use involves various challenges—mainly, increasing the func-
tionality of the tool and ensuring its multiplexing capability. In an
ideal design, an ordinary user (e.g., a farmer or a technician in a post-
processing facility) would provide a sample of the produce to the device
(e.g., by swabbing or washing the produce surface) and follow some
easy instructions (e.g., twisting a valve or pushing a button) to get a
response, such as a color change, indicating the presence or absence
of some bacterial strains. Not only can this user-friendly device be
used by large producers as part of their produce safety assessments,
but also by small farms. However, such an ideal tool does not yet
exist commercially. The emergence of isothermal DNA amplification
techniques, such as LAMP, has now made it possible to perform nucleic
acid testing on the farm using a heater that operates at 65 °C (Pascual-
Garrigos et al., 2021). Paper can be used as a platform to run multiple
LAMP assays at a time and to store the reagents (e.g., primer sets) for
various target microorganisms. It has been used in various applications
such as SARS-CoV-2 diagnostics (e.g., Davidson et al., 2021) and proto-
cols for fabrication of paper-based LAMP assays have been introduced
(Wang et al., 2021). The anticipated cost of the paper-based LAMP
assays was reported to be approximately $10 per assay (Davidson et al.,
2021), which might be further decreased by mass fabrication. Despite
these improvements, it is still necessary to resolve many issues, such as
providing for the efficient delivery of a sufficient amount of the DNA
template to the LAMP reaction sites, eliminating uneven heat transfer
to the reaction sites, improving the limit of detection of the LAMP
assays, and inhibiting unwanted reactions that may interfere with the
LAMP-induced response. Overcoming these challenges will pave the
way toward the industrial application of paper-based LAMP biosensors
as reliable decision-making tools in the field.

5. Conclusions

As a unique characteristic of the current review, this paper classifies
various microfluidic approaches that have been used (or could be used)
in understanding fresh produce-bacteria interactions and facilitating
the detection of bacterial presence on or within the produce. This
classification scheme includes: (1) micropatterned surfaces that are
artificial surrogates of the produce surface, (2) microfluidic cultivating
devices that include microcavities with controlled environments in
which the microbes and host can grow and interact with each other,
and (3) biosensing devices that are portable analytical tools used in the
detection of microbial presence. Simplified topography micropatterned
surfaces are suitable to investigate the effect of each microstructure
type, size, and distribution on the contamination. Surfaces patterned
with natural topography of the leaf provide the opportunity to study the
effect of real microstructures on the microbial contamination. However,
their fabrication may be more challenging due to shriveling the leaf
during mold preparation, presence of moisture at the leaf surface,
and sticking leaf residue to the final PDMS device. Micropatterned
surfaces can potentially serve the fresh produce industry as novel risk
assessment tools in selecting various operating conditions that enhance
microbial safety of the produce. Popular designs for the microfluidic
cultivating devices used to investigate bacteria-bacteria interactions
are microwells, microdroplets, and microchambers. All designs provide
controlled microenvironments for the bacterial species to grow and
interact, and they can be monitored by the researchers under a micro-
scope. Several interactive processes within bacterial communities can
be investigated, including quorum sensing, cross-feeding, and habitat
competition dynamics. Plant-bacteria interactions can also be studied
using microfluidic cultivating devices. These microdevices can hold
plant seedlings in special ports where the root growth and interactions
with bacteria can be monitored through transparent microchannels,
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usually made from PDMS. The biosensing devices have been used
in detection of foodborne pathogens, plant diseases, and sources of
fecal contamination on fresh produce. Isothermal DNA amplification
techniques (such as LAMP) have provided the opportunity to bring the
nucleic acid testing on farm. Paper-based devices (known as uPADs)
can be utilized in storing reagents in a dry state and performing the
reactions at the point of need. While fresh produce industry needs on-
farm easy-to-use fully-integrated diagnostic tools capable of multiplex
detection by non-specialist users, such devices do not yet exist commer-
cially. This necessitates more research focused on resolving the major
challenges in developing such devices.
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