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Smart food packaging commercialization
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M Check for updates

Smart food packaging
technologies can actualize
real-time, in situ food quality
monitoring, increasing food safety
and decreasing food waste. Here,
we detail challenges that hinder
the commercialization of such
smart packaging systems and
identify opportunities to facilitate
their translation from prototype
to product.

neffective food product monitoring

can lead to foodborne illness, with over

600 million annual global cases and an

associated death toll exceeding 420,000
(ref. 1). Concurrently, over 40% of the food
producedinthe United Statesis wasted, with
similar values reported globally’. Much of this
waste is attributed to widespread reliance
on ultraconservative, static expiry dates.
Smart food packaging systems — consisting
offood-safe biorecognition elements embed-
ded directly into existing packaging mate-
rials, can monitor and report the quality of
individual products in real-time throughout
their lifespan. However, the commercializa-
tionof these innovative technologies remains
scarce. Understanding the challenges that
hinder translation and identifying opportuni-
ties for meaningful change can guide future
developments.

Technical challenges for spoilage
sensing

Quantitative thresholds of food spoilage are
not clearly defined by regulators. Neverthe-
less, several metrics, such as pH, biogenic
amine concentration and total bacterial
count, are correlated with food spoilage, with
innovators applying variable thresholds to
validate proposed sensing platforms® Such
inconsistent performance standards make the
value add of individual platforms difficult to
determine. Regulatory bodies such as the US
Food and Drug Administration need to define
quantitative spoilage marker thresholds in
relation to the physical and chemical changes
of distinct food products as they transition
to inedibility.

Technical challenges for pathogen
sensing

Although pathogen thresholds are well estab-
lished, proof-of-concept contamination
sensing protocols often lack real-world consid-
eration. First, simulated pathogen detection
studies largely use small food samples that
are contaminated at a localized site. A smart
packaging sensing interface, measuring a
few square centimetres, is applied directly
to this site. This offers a best-case scenario,
as the real-world likelihood of a smart sens-
ing interface being situated at the exact site
of contamination on a large food product
is small. Second, reagents required for sen-
sor functionality (such as buffers) are often
broadly dispensed onto tested products,
altering the organoleptic properties of the
food product and raising safety concerns. To
overcome thisissue, the Sentinel Wraps Group
hasdeveloped the ‘Lab-in-a-Package’ technol-
ogy’ (Fig. 1a). The system uses a redesigned
packaging tray that localizes fluids naturally
released by food productsto acentral testing
site, yielding a test sample representative of
the entire product. The testing site features a
cutout that can be embedded with any trans-
parent optical sensor. This tray is paired with
a reagent-immobilizing membrane that is
placed adjacent to the embedded sensor,
ensuring high reagentavailability at the sens-
inginterface. Pairing the system with a Salmo-
nella sensor enables hands-free, in-package
detection of the pathogen at concentrations
as low as 10° colony-forming units (CFU) per
gram onwhole chicken®*. Similar technologies
that help actualize real-world application are
critically needed.

Corporate adoption challenges

Various smart packaging systems use com-
plex detection and transduction techniques
to achieve high performance. Antibody-
mediated detection cascades, multi-agent
amplification strategies and ultrasensitive
electrochemical signal readouts are all used”.
However, effective, increased sensor com-
plexity yields higher cost. Corporate toler-
ance towards increases in packaging cost is
in the range of US $0.01 to $0.05 per prod-
uct, making such high performance systems
commercially unfeasible’. Inorder to develop

cost-effective systems, we apply low-cost
RNA-cleaving fluorescent deoxyribozymes
(RFDs) as highly specific biorecognition
molecules with built-in optical transduc-
tion capabilities®. Concurrently, we have
identified two mechanisms for increasing
cost tolerance. The first mechanisminvolves
developing clear profitability arguments for
privateindustry stakeholders. Although hun-
dreds of billions of dollars in global annual
losses are associated with food contamina-
tion and waste, such numbers cannotbe con-
textualized to the operations of individual
industry stakeholders’. If corporations quan-
tify the potential savings to their business
through smart food packaging integration,
they may be able to justify increased costs.
Importantly, these assessments should
also account for legal liability in the case of
smart packaging failure and social return
oninvestment. There is growing industry
interest towards such assessments, yield-
ing optimism. The second mechanism for
increasing cost toleranceinvolves creating a
strong commercial need for smart food pack-
aging usage. Currently, conservative food
testing regulations fail to motivate corpora-
tions to explore new technologies. Although
increased testing frequency requirements
would improve food safety, a bottleneck
exists because producers may raise food
prices to circumvent the added costs. This
would not be acceptable for consumers at a
time of heightened food insecurity. However,
given that low-cost smart food packaging
has progressed, reconsideration of current
regulations is warranted. This may encour-
age policymakers to impose stringent, yet
economically reasonable testing regulations
that motivate corporations to explore smart
packaging as an alternative to the expensive,
laborious testing protocols.

Consumer-level challenges

Despite using food-safe reagents in smart pack-
aging, consumers remain hesitant consum-
ing products that are in contact with agents
not native to food. Much of this hesitancy
may stem from the scientific terminology
used to describe smart platforms to consum-
ers® and the unclear real-world accuracy of
these systems. By increasing the reliability
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Fig.1| Advancesinreal-time, in situ smartfood monitoring developed by

the Sentinel Wraps Group. a, The Lab-in-a-Package platform consists of a
redesigned packaging tray, reagent-immobilizing membrane and pathogen
sensor. Validation with a Salmonella-specific RFD sensor demonstrates

real-time contamination monitoring of a sealed whole chicken product using
ahandheld fluorescence reader. b, Lubricant-infused RFDs sensors consisting

of fluorosilanized food packaging, a food-safe fluorocarbon lubricant layer and
covalently linked RFDs. Repellence of non-specific entities away from the sensing
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interfaceyields improved sensing performance. ¢, Bacteriophage microgels

for sprayable decontamination of food products. Each microgel is structurally
composed of 13 billion self-organized bacteriophages and loaded with virulent
bacteriophages with antibacterial activity. F, fluorophore; FNAP, fluorescent
nucleicacid probe; Q, quencher; R, RNA cleavage site. Part ais adapted from
ref.3, CCBY 4.0 (https://creativecommons.org/licenses/by/4.0/). Part b adapted
with permission fromref. 9, the American Chemical Society. Part c adapted from
ref. 10, Springer Nature Limited.

of smart packaging systems, increased inter-
est from consumers is expected. Still, this
will be weighed against the slightly elevated
prices at which smart packaged foods are
expected to be sold. Accordingly, the willing-
ness of consumers to pay for smart packag-
ing remains a key focus within various public
inquiries®.

Developing platform technologies
Smart food packaging is often developed with
very specific use cases in mind (for example,
apple monitoring), wherein the high degrees
of system customization aid in performance
optimization. Consequently, certain universal
in-package monitoring issues remain unad-
dressed, hampering real-world translation.
Thus, developing platformtechnologies appli-
cable to a wide range of food products may
advance real-world smart food monitoring —
apremise that inspired the Lab-in-a-Package
platform®. As the technology is not specific to
the Salmonella sensor used for its validation,
it can act as a plug-and-play platform, which
can be used for the in-package integration of
other food sensors.

Applying proven technologies from
otherindustries

Technical barriers in smart food packaging
mirror issues inbiomedical material develop-
ment, drug delivery and environmental bio-
sensing. Accordingly, sourcing established
technologies fromthese spaces may yield low-
risk, high-reward opportunities. For example,
coating RFD sensors with food-safe lubricant-
infused coatings can reduce food-induced
fouling’ (Fig. 1b), increasing sensor sensitivity
by 75% within complex food environments. In
another example, food-safe microneedles are
used within smart food packaging to enable
monitoring below the surface of a product.
Finally, machinelearning algorithms can elimi-
nate user bias by automating the signal read-
outprocess. Algorithms with arobust training
set can differentiate between a negative and
positive result with high accuracy. Moreover,
variations arising in sensor signal intensity
throughinconsistent food storage conditions
—thatyielda high rate of false results — canbe
addressed. By using data derived from sen-
sorsstored under diverse conditions, machine
learning algorithms can adjust positive result

thresholds for a product based oniits storage
conditions. Accordingly, our groupis develop-
ing both sensor output image classification
algorithms and robust RFD image libraries.

Developing multifunctional
technologies

The value add of smart food packaging sys-
temscanbeincreased by combining functions,
such as preservation, quality enhancement,
sensing and pathogen eradication into sin-
gular platforms. For example, we are cur-
rently developing kill-and-detect packaging
that aims to eliminate pathogens and report
their presence simultaneously. The pathogen-
killing function uses sprayable bacteriophage
microgels that eliminate up to 10° CFU g of
Escherichia coli 0157:H7 from food products
within nine hours'®" (Fig. 1c). This technology
complements our pathogen sensing platform,
asRFDsrely onaproteintarget for detection.
Therefore, cell eradication does not dete-
riorate sensing activity. By combining these
two low-cost systems, we expect to deliver a
multifunctional platform of increased value
proposition.
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Concentrating efforts towards
priority issues

Itisimportantto concentrate smartfood pack-
aging efforts towards a couple of objectives
atatime. This approach has been employed
by the US Food and Drug Administration to
address Shiga toxin-producing E. coli out-
breaks, developing the Leafy Greens STEC
Action Plan'. This plan seeks to confront
prevention, response and knowledge gaps
through collaboration between regulators,
innovators and corporations. Such synchro-
nization in the smart food packaging space
will accelerate commercialization.
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