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he safety of our food and water may

arguably hold the greatest socio-

economic impact' compared to other
threats to national and international secur-
ity, while at the same time being the most
vulnerable.? While the complex strategy to
manage food and water safety is being
debated and defined, it is universally agreed
that one critical ingredient is information.
Real-time, comprehensive data on the state
of our food and water supply will allow
shortened times for assessment of damage,
comprehension of causal relationships and
traceability, determination of actions for
remediation, and notification of the affected
populations.® In order to obtain the infor-
mation needed to achieve these objectives,
an extensive monitoring system integrated
throughout the food chain would be ideal.
Yet, how close we are to achieving such a
system is unclear. In recent years, the num-
bers of papers related to food and water
sensors (FWSs) have exploded, covering a
vast amalgamation of multidisciplinary tech-
nologies. However, shared trends among
current FWS development appear to be
the capitalization of nanotechnology and
emerging nanomaterials. By considering key
issues such as the delivery of complex food
samples to the sensor with minimal prepara-
tion, operation in adverse field conditions,
overcoming nonspecific responses, under-
standing recognition—transducer communi-
cation, and understanding the ramifications
of incorporating nanotechnology (Figure 1),
we aim to focus on the critical issues com-
mon to all types of FWS. Therefore, no effort
is made in reviewing the vast numbers of
current sensor technologies per se.

The Role of Nanotechnology. Nanotechnol-
ogy is a common thread in a majority of the
new developments in FWS. Predominant nano-
materials used in biosensors are nanoparticles
(gold, silicon, magnetic composite, polymer),*
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The stability of food and water supplies is widely recognized as a global issue of fundamental
importance. Sensor development for food and water safety by nonconventional assays
continues to overcome technological challenges. The delicate balance between attaining
adequate limits of detection, chemical fingerprinting of the target species, dealing with the
complex food matrix, and operating in difficult environments are still the focus of current
efforts. While the traditional pursuit of robust recognition methods remains important,
emerging engineered nanomaterials and nanotechnology promise better sensor performance
but also bring about new challenges. Both advanced receptor-based sensors and emerging
non-receptor-based physical sensors are evaluated for their critical challenges toward out-of-

laboratory applications.

nanowires (gold, polymer, composite),
nanoporous surfaces,”~” carbon allotropes
(notably nanotubes), and quantum dots.*
Naturally small or downscaled systems with
various geometries offer several unique ad-
vantages in FWS: (1) high surface-to-volume
ratios, which allow greater effective function-
alized sensing surface area in a compact
form;%8~"" (2) high sensitivity due to their
small size;'>~ ' (3) unique optical and elec-
trical properties;'> (4) fast response due
to high elastic (spring) constants; and (5)
highly localized detection of entities of
comparable size. However, each of these
advantages is intertwined with a set of
challenges. For example, high sensitivity
due to a small transducer surface produces
challenges such as significantly reduced
probability of interacting with the analyte.
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Figure 1. Critical issues in food and water sensors. A sensor is described as a tightly bound combination of two components:
the recognition element and the transducer.

Thus, advantages gained by a re-
duction in size must be balanced
with realistic measurement times in
order to avoid the need for a pre-
concentration stage. In practical set-
tings of FWS, the joint merits of
“trace amount detection” (e.g., as
measured in parts per million or
parts per trillion) and “miniaturized
sensor” can therefore only be mean-
ingful if a preconcentration stage
can be devised; otherwise, lengthy
measurement times may subject
the system to debilitating noise.
Nevertheless, very few preconcen-
tration technologies'®'” are under
development for FWS. Here, as a
somewhat relevant example, we con-
sider the detection of trace amounts
of explosives molecules'” in a given
real-world environment using a mi-
crosensor with a surface area that
is far too small to offer sufficient
“scattering cross section”. Thus, the
probability of an interaction event
between a single sensor and a ran-
dom target molecule is dramatically
reduced, leading to practically infi-
nite measurement times. Circum-
vention to this low probability was
attempted by first introducing a
(cold) collection platform on which
the target molecules are physisorbed.
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After sufficient adsorption time, the
molecules coalesce into small drop-
lets, which can be propelled toward
the sensing stage via the so-called
Marangoni flow (convection by vir-
tue of surface tension gradients).'®
As a result of this elaborate precon-
centration phase, the effective mi-
crosensor area was increased by 10*
without compromising sensitivity.'”

Nanotechnology is a
common thread in a
majority of the new
developments in food

and water sensors.

Another serious consideration when
dealing with small objects such as
carbon nanotubes (CNTs), which
naturally form bundles due to strong
intrinsic van der Waals attractions,
is the separation, manipulation, and
translocation of individual nano-
structures for feasible device manu-
facturability.'” Furthermore, often
overlooked stochastic as well as de-
terministic forces that are gener-
ally weak macroscopically can be
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non-negligible microscopically. An
example of the former is Brownian
agitation, while an example of the
latter is the Knudsen forces arising as
temperature gradients can be estab-
lished over length scales that are
proportional to a characteristic length
scale of the object, which in turn can
be proportional to the mean-free-
path of the constituent molecules of
the surrounding environment.? For
example, at room temperature, the
mean-free-path of the molecules
making up the air is approximately
65 nm. For a nanostructure that has
a characteristic dimension of the
same size, such as the diameter
of a nanosphere or the length of a
nanowire, any local temperature
gradients can lead to substantial
forces exerted on the object that can
interfere with the sensing operation.
Emerging Nanomaterials—Conducting
Polymers. Emerging nanomaterials
such as conducting polymers are
demonstrating potential for bio-
logical and chemical transducer
platforms for FWS due to their abil-
ity to be functionalized with biolo-
gical recognition elements, direct
electrical signal transduction, and
biocompatibility.'*?'*?  Conduct-
ing polymer nanoparticles® and
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nanowires'? have been functiona-
lized as molecular imprinted poly-
mers (MIP), phage functionalized
for Salmonella®® and Escherichia coli
0157:H7 detection,’® and antibody
functionalized for viral®* and bac-
terial'' immunosensing. However,
known complications to using con-
ductive polymers in FWS are their
difficult processability (infusibility
and insolubility in organic solvents),
poor mechanical properties (low
spring constant), high resistance,
high actuation voltages, and sus-
ceptibility to environmental condi-
tions (humidity, ions, pH, CO,, etc.).

Emerging
nanomaterials such as
conducting polymers
are demonstrating
potential for biological
and chemical
transducer platforms
for food and water
sensors due to their
ability to be
functionalized with
biological recognition
elements, direct
electrical signal
transduction, and

biocompatibility.

Micro/Nanofluidics Integration. Micro/
nanofluidic and digital micro/nano-
fluidic systems enable measurements
of small sample volumes, thus offer-
ing the prospect of scaling devices
down to “lab-on-a chip” platforms,
automation of multiple analytical
procedures, increased sensitivity,
lower costs, and easier opera-
tion.”>?® For detecting biological
pathogens and parasites, the pri-
mary advantage is significantly re-
duced sample populations, there-
by eliminating the need for skilled
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operators to perform enrichment
and culturing steps that could take
2 to 4 days to complete prior to the
actual testing.?” Given these advan-
tages, microfluidic systems are be-
coming prevalent in FWS,>3736 with
optical-based transduction systems
incorporating microfabricated opti-
cal waveguides.>>*' However, work-
ing with microfluidic systems can be
extremely difficult. The most serious
practical limitations confronting mi-
crofluidic systems are biofouling and
“world-to-chip” interfacing.®”

In addition, understanding the
physics of the flow for proper de-
sign, operation, and interpretation
of the measurements is not without
challenges.3® The Navier—Stokes
equation is known to break down
for confined fluids, where slip flow
and temperature jumps can occur.
Given the complexity of the analyte—
sensor configurations, proper mod-
eling of the fluid—structure interac-
tions requires nontrivial fluid dynamic
considerations in the range from
continuum down to atomistic ap-
proaches3® These problems are
aggravated for food and water sam-
ples, where field input conditions
are already far less than ideal.

Diverse Priority Target Analytes. The
diversity of molecular species to
be detected by FWS is enormous,
shown in Figure 2. For example, in
the United States, Campylobacter,
Salmonella, Listeria monocytogenes,
and Escherichia coli (E. coli O157:H7)
are considered the primary food-
borne pathogens® and continue to
be the focus of FWS research. 232414
Worldwide, emerging water-borne
pathogens responsible for illnesses
include Vibrio cholerae 0139, enter-
ohemorrhagic E. coli O157:H, chlorine-
resistant Cryptosporidiumare, and
multi-drug-resistant Pseudomonas
aeruginosa®® driven by forces such
as population growth, transloca-
tion, and socio-economic unrest.*’
Meanwhile, toxin sensor develop-
ment>*#7°2 remains relevant be-
cause, although food sterilization
methods can deactivate many pro-
teinaceous toxins, heat-stable small
molecule toxins such as mycotoxins
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and saxotoxins can still be toxic in
cooked foods.>®* Recently, claims
that ricin could viably be used as a
biological weapon on urban popu-
lations have been disputed;*® never-
theless, new ricin sensors continue
to be reported.>>*® Additionally,
detection of pesticide®® contamina-
tion in food and water remains a
priority due to its toxic effects and
persistence in the environment®
caused by residue, drift, and unin-
tended effects on nontarget spe-
cies. Thus, given the multiplicity of
contaminants, FWS characteristics
must be tailored for the particular
analyte and its acceptable level of
concentration, the food source, en-
vironmental stresses, and ease of
operation.

Complex Food Matrices and Input Con-
ditions. The ultimate goal and chal-
lenge of the FWS is to function
in field conditions, whether in agri-
cultural settings, food processing
facilities, or consumer venues. These
real-world conditions present a num-
ber of obstacles for reliable and rapid
assays of food. For example, consider
that food and beverage matrices are
complicated substances containing
protein, fats, carbohydrates, preserva-
tives, and other constituents that can
appear in raw, processed, and pre-
cooked arrangements®' Further-
more, the distributions of biological
and chemical contaminants are not
homogeneous in food and water.
Small numbers of harmful microor-
ganisms (10—10000 cells) can be an
infectious dose, while nonharmful
strains may be copresent.®’ The un-
favorable sensing environments of
farms, factories, and transportation
containers make it difficult for sen-
sors to operate with stability, where
temperature, pressure, mechanical,
chemical, and electromagnetic param-
eters can vary grossly. Even if a sen-
sor is thermally stable, food and
food sources vary in water content,
structure (liquid or solid), and tem-
perature, requiring the sensor to be
effective in wide operating ranges.
Sample preparation must be negli-
gible or minimal for unattended
operation in the field. In typical
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Figure 2. Hierarchical categorization of priority target analytes for food and water. The boxes in blue contain specific
examples of pathogens, parasites, toxins, and pesticides.

laboratory experiments, food sam-
ples must be prepared and de-
livered to the sensor region, for
example, through a fluidic system
enabled with concentration and fil-
tration control. Practical FWS must
be designed to operate in environ-
mental conditions with a high non-
target analyte background and bio-
logical milieu without highly skilled
operators and precisely contrived
input conditions. Given these chal-
lenges, FWS development must em-
brace a multidisciplinary approach
that incorporates a host of recogni-
tion and transducer technologies to
satisfy very different target-sample
scenarios.

Potential Recognition Technologies.
Biological-based receptors (biolog-
ical sensors) are by far the most
conspicuous recognition technol-
ogy discussed in terms of FWS, fol-
lowed by chemical-based receptors
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The ultimate goal and
challenge of the food
and water sensors is to
function in field
conditions, whether in
agricultural settings,
food processing
facilities, or consumer

venues.

(chemical sensors), charted in
Figure 3. However, direct receptor-less
(physical) sensors, rarely mentioned
in the context of FWS yet, could be
an important contributor for future
devices. For receptor-based sensors,
receptor material is coated over the
transducer, thereby “functionalizing”
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the transducer to respond to a parti-
cular aspect of the specific biological
or chemical species. However, in phy-
sical sensors, the inherent properties
of the sample are measured directly
and, if sufficiently distinct, the mea-
surement can be used to identify
the analyte. This could prove to be
an extremely powerful alternative,
where the “usual” need for wet
chemistry (enzymatic conversion,
receptor—ligand binding, biomimetics
using aptamers or molecularly im-
printed nanomaterial, etc.) is absent.
While here we do not make a dis-
tinction between “point” sensors
and “standoff” sensors,%>°* it is un-
derstood that any remote detection
is to be considered a receptor-less
approach.
Biocatalysis

mode|)34,51,64,65
ligand binding
are mature technologies that offer

(“lock-and-key”

and receptor/
6,9,11,15,24,30,35,41,66,67
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Figure 3. Stratification of potential recognition technologies for food and water sensing. The recognition element is generally
described as a substance that produces a biological, chemical, or physical response to the presence of a stimulus (target
analyte). Biologically based receptors, often called biological sensors, biosensors, or bioreceptors, use a bioactive macro-
molecule as the recognition element to sense a limited group of molecules or chemicals that are not necessarily biological in
origin. Non-biological-based receptors for FWS are often called chemical sensors or chemosensors or chemoreceptors and,
through molecular recognition, have high affinity and selectivity for inorganic and organic molecules, including proteins.
While significantly more tenacious to exploit and to develop, receptor-less technologies are also potential FWS.

highly selective identification of mole-
cules and continue to be the recog-
nition method of choice for FWS.
Moreover, the cellular response
based on the biochemical pathways
of whole cells has emerged as a
powerful method to detect patho-
gens and toxins, such as the mam-
malian cell-based biosensor by
Banerjee et al.**%® Additionally, sen-
sors utilizing bacteriophage (phage)
can identify bacterial pathogens
by capitalizing on phage-display
technology.'®®*7° Recent non-bio-
logical-based FWS have employed
aptamers*?”'72 and molecularly
imprinted polymers (MIP)®'2 as arti-
ficial biomimetic receptors.
Persisting issues, for example, in
the case of interpretation of the
response from a self-assembled
monolayer (SAM), call for potential
alternatives that bypass chemistry

FARAHI ET AL.

in receptor-based sensors. Challenges
in achieving robust and stable
recognition through functionalized
coatings have led to interest in non-
receptor approaches that capitalize
on inherent material responses such
as unique spectral and thermal fin-
gerprints of analytes. Recent exam-
ples include Bacillus anthracis iden-
tification with nonfunctionalized
(coatingless) microcantilevers via
photothermal and thermal pro-
cesses,”> chemical warfare agent
detection with microheaters,”* and
heat profiling of explosives with
microcalorimetric sensors.”>”® How-
ever, thus far, due to a lack of strong
specificity governed by the nature
of the particular spectroscopy em-
ployed, these promising techniques
remain immature as FWS.
Recognition—Transduction Communi-
cation. The susceptibility of material

VOL.6 =

properties to environmental param-
eters via various electrochemical,
electromagnetic, thermodynamic,
and nanomechanical couplings of-
fers a host of potential transducers
for FWS, listed in Table 1. Ideally, the
transducer should be dependent on
the original response of the recog-
nition element and, through am-
plification and filtering, be able to
produce a minimum detectable sig-
nal (limit of detection). A prevail-
ing mismatch between transducer
sensitivity and uncompromisable
recognition has led to a sensor tech-
nology state where extremely sen-
sitive (attogram’” and zeptogram’®
detection limits) transducers are
available while recognition elements
remain grossly inferior. As a result, for
sensitive platforms such as surface
acoustic wave (SAW), quartz crystal
microbalance (QCM), microcantilevers,
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TABLE 1. Potential Transduction Methods and Platforms for FWS?

transduction method transduction mechanism

platform example

electrochemical
1. capacitive
2. amperometric or voltametric
3. potentiometric
4. impedance or resistance
5. conductance
6. electrochemiluminescence
7. calorimetric (heat)
electromechanical mechanical change due to mass loading
and change in surface
tension measured as:
1. static mode — bending
2. dynamic mode — bending, resonance frequency shift
optical optical transduction by measuring:
1. light scattering

electrochemical change between two electrodes measured as:

 micro/nanofluidic-based systems
 microelectrodes (micropipets)

o MEMS electrodes (microcantilevers)

o interdigitated transducer (IDT) electrodes
 non-carbon nanowire electrodes

o carbon nanotube and nanofiber electrodes
o field-effect transistors (FET)

o surface acoustic wave (SAW) devices

o quartz crystal microbalance (QCM)

o tuning forks

 microcantilevers — passive, active (piezoresistive, piezoelectric)
o conducting polymer ribbons — polyaniline, polypyrrole

o carbon nanotubes and carbon nanofibers

o fiber-optic-based systems
o photonic waveguides

2. fluorescence

3. chemiluminescence
4. colorimetry

5. evanescent waves

6. thermo-optic heat

o interferometry

o microfluidic flow cytometry

o Fourier transform infrared (FT-IR) spectroscopy

o fluorescence resonance energy transfer (FRET)

o surface plasmon resonance (SPR) and SPR spectroscopy
o surface-enhanced Raman spectroscopy (SERS)

o differential optical heterodyne

“The signal transduction platform converts (transduces) the response of the recognition element into a quantifiable signal through electrochemical, electromechanical, or
optical processes. It is generally agreed that selectivity is primarily govemed by the recognition element, while sensitivity is predominantly influenced by the transduction mechanism.

surface plasmon resonance (SPR),
and others to rise above the trans-
ducer status and be appreciated as
sensors, a paradigm shift is needed
in the status of recognition chemis-
try and physics. Further complexity
for cases where the above mis-
match has been eliminated lies with
the interfacial communication be-
tween the transducer and the re-
cognition element. Recent work
indicates that, despite the availability
of high-sensitivity transducers and
reasonably robust recognition ele-
ments (within a laboratory setting),
the interpretation of the signal, that
is, the transfer of the response to the
transducer, is far from trivial.”®
Nonspecificity Factors. Often the
discourse on nonspecific adsorp-
tion or binding of analytes centers
on molecular recognition, viable
versus nonviable cells, and patho-
genic versus nonpathogenic strains;*
however, other factors contributing
to the overall sample—sensor pair
behavior must also be considered.
While transducers are generally
highly sensitive, they are inherently
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and often notoriously nonspecific.
Often, the transducer itself will re-
spond to the environmental para-
meters or respond in a nonspecific
manner to the same stimuli that the
recognition element is to convey
to the transducer. Such parameter
couplings add substantial complex-
ity to the interpretation of the
signals. Decoupling of the various
parameters of a sample—sensor
pair so as to minimize the reception
of “false positives” is particularly
important not only in data reliability
but also in quantitative data inter-
pretation. For example, the many
temperature-dependent properties
(conductivity, elasticity, expansion
coefficient, thermoelastic damping,
surface tension, dielectric function,
band gap, noise, etc.) relevant to
many transducers and/or recogni-
tion elements must not interfere
with the wide temperature range
specific to food and water samples.
Or, even for the same temperature,
other factors can include the change
in pH, hydrophobic/hydrophilic sur-
faces of the transducer, and mechanical

VOL.6 =

stress.”> Thus, transducer sensiti-
vity should ideally be accompanied
with specificity for the unique re-
sponse of the recognition element
without significantly responding
to other environmental variations.
This can be particularly challenging
for meeting the criteria of “field-
deployable” FWS. For example, while
stochastic processes often set the
ultimate limit of detection, in cer-
tain cases, the Brownian or thermo-
mechanical noise of the sensor may
be reduced with the cost of significant
complexity in either the electronics by
using feedback or temperature con-
trol by using cooling elements.
Testing and Reporting Consistency.
As sensing capabilities continue to
improve, testing conditions must
become more rigorous and the
direct use of real-world samples
in real-world operating scenarios
(e.g., spinach,*’ tomatoes,”®®" milk,
and beef®) will be more common.
Horgan et al. suggest that, although
the performances of new sensing
methods are described in terms
of specificity, sensitivity, and limits
=~
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of detection, sensor assessments
should also consider following test
guidelines from organizations such
as the Clinical and Laboratory Stan-
dards Institute (CLSI).>> FWS could
also be assessed by Receiver Operat-
ing Characteristic (ROC) analysis,
similar to ROC evaluation of immuno-
assay biosensors for medicine.®* Ulti-
mately, each sensor technology strives
to reach a superior ROC status. An ideal
FWS with a ROC curve that could
survive arbitrary field testing would
indeed be a remarkable achievement.

Future Outlook. In the future, we
expect to see both more hybrid
systems, brought about by the al-
most limitless combinations of trans-
ducer platforms and recognition
elements, and more scalable ver-
sions of conventional analytical
tools through integration of minia-
turized nonconventional methods.
In order to cope with the diverse
contaminants in food and water,
future FWS will need to integrate
arrays of sensors from optical, me-
chanical, and chemical platforms.
New receptor-less physical sensors
will continue to be explored as vi-
able methods for FWS. Success in
mitigating the challenges of FWS
can also benefit sensing efforts in
food science, crop security,1 agricul-
tural productivity, and quality.8>5¢
Due to comparable length scales,
future FWS can also be important
in characterizing the nanometer-
sized components of foods, or
“nanofoods”®” Moreover, while
not acute, naturally any established
regulation of nanotechnology over-
sight*>®8 must also be considered in
future FWS development, which
may impose additional constraints.

Efforts in mimicking human ol-
faction may lead to the so-called
electronic nose.2"® Evolved to as-
sess food and water conditions by
molecular recognition (presumably
by a lock-and-key molecular pro-
cess or an electron quantum tunnel-
ing process®®), human olfaction
can, with varied success, categorize
“edible” versus “non-edible” material
and early detection of food spoil-
age. Therefore, it is expected that,
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at the individual consumer level,
electronic noses could be used as
integrands in other devices, such as
refrigerator temperature sensors, in-
fant products, and cellular phones, to
detect odors related to food quality.

CONCLUSION

Current sensor development for
food and water safety is multifa-
ceted and challenging, with the
promise of concomitant benefits in
worldwide human health and qual-
ity of life. While specificity and sen-
sitivity continue to improve to
unprecedented levels in the labora-
tory, little or no field testing has
been reported. Although sensor re-
searchers are keenly aware of the
various issues challenging their par-
ticular technologies, outsiders may
perceive an overestimated level of
performance, or in certain cases, the
availability of “uber-sensors”. It may
be argued that new as well as ex-
perienced investigators contem-
plating engaging in sensor devel-
opment, program managers, and
funding sources alike would strongly
profit from a better defined status of
recognition and transduction tech-
nologies that contain the term “sensor”,
with the expectation that matura-
tion may be many years away from a
development level that would per-
mit direct application to field-
deployable food and water sensing.
However, from current reports, it is
expected that field testing of FWS
in real environmental conditions
will begin to emerge, which would
eventually drive the introduction of
useful industrial and consumer pro-
ducts for food and water testing.
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