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Abstract: Smart packaging is an emerging technology that has a great potential in solving
conventional food packaging problems and in meeting the evolving packaged vegetables market
needs. The advantages of using such a system lies in extending the shelf life of products, ensuring
the safety and the compliance of these packages while reducing the food waste; hence, lessening
the negative environmental impacts. Many new concepts were developed to serve this purpose,
especially in the meat and fish industry with less focus on fruits and vegetables. However, making
use of these evolving technologies in packaging of vegetables will yield in many positive outcomes.
In this review, we discuss the new technologies and approaches used, or have the potential to be used,
in smart packaging of vegetables. We describe the technical aspects and the commercial applications
of the techniques used to monitor the quality and the freshness of vegetables. Factors affecting the
freshness and the spoilage of vegetables are summarized. Then, some of the technologies used in
smart packaging such as sensors, indicators, and data carriers that are integrated with sensors, to
monitor and provide a dynamic output about the quality and safety of the packaged produce are
discussed. Comparison between various intelligent systems is provided followed by a brief review
of active packaging systems. Finally, challenges, legal aspects, and limitations facing this smart
packaging industry are discussed together with outlook and future improvements.

Keywords: smart packaging; intelligent systems; active packaging; sensors; indicators; RFID tags;
nanoparticles; biosensors; humidity; oxygen; carbon dioxide

1. Introduction

Food packaging was developed to serve several purposes such as limiting food loss and preserving
food quality for longer periods. Its main functions can be summarized as protection from possible
contaminations as it acts as a barrier, communication of the package information about brands
and nutritional content, containment, and convenience to accommodate the fast-paced customer’s
lifestyle [1]. However, continuous changes in customer and industry demands led to the evolution of
smart packaging as an alternative to conventional packaging. An important purpose of smart packaging
is to trace and preserve perishable goods as much as possible while ensuring safety, reducing food
waste and environmental impact through monitoring and sensing. Generally, food loss is considered
one of the main issues of concern around the world. It was found that almost one third of the food
produced is wasted along the supply chain [2]. In Canada, in 2019, the estimated food loss was worth
$31 billion, of which 30% was vegetables [2].

Food waste occurs along different stages in the supply chain, starting with on farm waste as
a result of inadequate harvesting and handling, to losses through processing and storage, then in
transportation and distribution due to the use of unsuitable facilities, and losses at the retail shops
due to limited shelf-life or improper storing. Figure 1 shows percentages of food losses for different
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categories, from post-harvest to distribution. Fruits and vegetables are considered a major contributor
after the roots, tubers, and oil-breaking corps to food wastage along the supply chain with 21.6% [3].
Apart from the ethical side of wasting food, other problems such as food contamination is an issue
of concern. Many deaths over the years were linked to presence of pathogens in packaged food [4].
The economic loss and the environmental depletion of agricultural resources are also major problems
that need to be addressed. All of that brought to attention the necessity to take the appropriate
measures to ensure control and reduction in these wastage rates. Smart packaging presents a viable
solution in such application to reduce the inefficiencies and wastage in the food supply chain [5].
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Many papers were published about the use of smart systems in different food and beverage
industries [6]. Some discussed their use in monitoring water quality [7–11]. Other publications
focused on freshness detection and control of packaged meat and animal products [12–15]. Some
others were concerned about the freshness of the produce in general [16–20], with less attention and
focus to vegetables in specific. However, with the recent increase of illnesses outbreaks related to
packaged vegetables [21], the need to have more research on vegetable freshness inside a package
in specific became a necessity. This is to avoid food wastage while ensuring the health and safety
of the public. Smart systems have a great potential in such application. Smart packaging can be
used to monitor the freshness and the quality of the food inside, and also to detect the presence of
substances such as Bisphenol A migrating from the plastic package itself that is used in the food and
beverage industries [22]. Therefore, with the continuous improvement in smart systems technologies,
the possibility of commercial use of smart packaging in the food industry is rising.

In this paper we provide a review of the state-of-the-art smart packaging systems used. Definition
and classification into intelligent and active packaging systems are discussed in the first two sections.
In the Section 3, we present some of the most important factors affecting vegetables inside the
package. In Section 4, intelligent systems are further classified into sensors, indicators, and data
carriers with various commercial top niche examples of each category briefly described. In Section 5,
a comparison between different intelligent systems are summarized. In Section 6, an introduction
to active packaging with a glance on different scavenging and object releasing active components is
overviewed. In Section 7, challenges, outlook, and future research opportunities are discussed. In
Section 8, a conclusion is provided emphasizing on the importance of smart packaging systems in
evaluating freshness monitoring of vegetables.
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2. Classification

In the last two decades smart packaging has become popular especially because it leads the
consumer and businesses to make better decisions regarding food quality. It can be further classified
into two main categories: intelligent packaging (IP) to monitor the freshness and safety, and active
packaging (AP) to keep or improve the quality. IP is defined as one of the packaging systems that
plays an important role by providing means of sensing/indicating and communicating the information
about the freshness and the safety of the consumed vegetables and aims to prolong the shelf life. This
emerging packaging technology, that serves as a barrier against environmental influences such as
odors, dust, micro-organisms, facilitates decision making regarding the quality of the packaged food.
IP contains smart devices that are capable of tracing and monitoring the freshness of the produce. It can
also store and transfer the sensed information to retailers and stakeholders to improve the technology.
Intelligent packaging (IP) can be classified into three main categories: sensors, indicators, and data
carrier, as shown in Figure 2. Each category can be either placed inside or on the package to provide
information about each package, or to monitor the environment surrounding the packages [1,23].
In contrast, active packaging (AP) is defined as the system that incorporates active components such as
scavenging or releasing objects in response to changes in package headspace to extend the shelf-life of
the packaged food. AP can be further classified depending on the objects used inside the package into
scavengers and releasers. Scavenging objects concern the capture of excess moisture, odors, and gases
such as moisture absorbers, oxygen scavengers, and odor absorbers [23]. The releasing objects are
usually emitters/generators that release objects such as antimicrobials agents, carbon dioxide emitters,
and antioxidants [23].

1 

 

 

Figure 2. Smart packaging system classification.

3. Factors Indicating the Freshness of Packaged Vegetables

In order to assess the freshness of packaged food, we need to determine which parameters
influence its quality so smart monitoring systems can be developed. Examples of such parameters
include oxygen and carbon dioxide concentration inside the package, pathogen count, and humidity.
In this section, some of the key factors affecting the quality of vegetables are briefly discussed. Some
key parameters include respiration gases, temperature, humidity, chlorophyll content in leafy greens,
and pathogens that affect the safety of vegetables.



Appl. Sci. 2020, 10, 7937 4 of 41

3.1. Oxygen and Carbon Dioxide Effects

Oxygen and carbon dioxide are considered the most important gases because of their global
influence on metabolism which has a huge impact on quality of packaged vegetables. These two gases
are a crucial part of respiration and photosynthesis processes in vegetables. After cutting vegetables,
photosynthesis stops, while breathing continues. In respiration, the oxygen is consumed through
chemical reaction to provide energy for vegetables, emitting carbon dioxide as an outcome of that
reaction. The ratio between these gases inside the package affects the freshness, firmness, and the
color of the packaged product [16]. Thus, keeping these gases’ combination within a certain range
inside the package, which is known as modified atmosphere packaging (MAP), is essential to prolong
storage duration and shelf-life of packaged vegetable. Three main process of how these gases affect the
packaged vegetables are briefly discussed.

3.1.1. Oxidation

The appropriate amount of oxygen inside the package is chosen depending on the type of
vegetables. Oxidation is considered an important factor that can affect their shelf life. For example,
the oxidation process induces the browning in vegetables by the action of polyphenol oxidase
(PPO) [24]. PPO is a coper-containing metalloprotein enzyme that becomes exposed to air in fresh cut
vegetables catalyzes the oxidation of phenolic compounds producing quinone, then further reaction
with other amino acids produces brown pigment colors (Melanin) on exposed chloroplasts [16,24,25].
The summarized reaction is shown in Figure 3. Therefore, inhibiting this oxidation process requires
adjustment of the oxygen partial pressure inside the package. For instance, for lettuce it was found
that keeping the oxygen in the range of 0–1 kPa will reduce this process significantly. The problem of
oxidation does not only lie in the brown color that might affect customers’ desire to buy, but also leads
to loss of the nutritional value of vegetables due to destruction of many nutrients such as vitamins and
proteins. Moreover, the flavor may also change with this process, thus the quality deteriorates [23].
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3.1.2. Respiratory Metabolism

Respiration generally affects all the metabolic pathways occurring in vegetables. Where through
breathing, the consumption of oxygen together with the metabolic materials such as sugars and acids
will lead to reduced shelf life of vegetables. This biological process has an effect in suppressing or
enhancing the meristematic activity in many vegetables such as asparagus, broccoli, and onions [16].
The meristematic region is where the tissues responsible for the growth are found. For example,
controlling the range of oxygen in packaged onions to 3 kPa will result in suppressing the activity of
this region, thus preventing sprout and bulb weight loss which will prolong the storage time [16,26].

Elevating carbon dioxide concentration was found to reduce chlorophyll degradation [16]. At
the same time, increasing its concentration above certain limits depending on the vegetable type may
induce the fermentation process [16]. Hence, keeping CO2 percentage inside the package within the
right amount can control the deterioration of chlorophyll content for many vegetables as in broccoli,
cabbage, asparagus, and spinach when the partial pressure is kept in the range of 3–5 kPa. Moreover,
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elevating carbon dioxide concentration would also suppress to a lesser extent the respiration and
metabolic materials consumption compared to oxygen [16,27].

3.2. Ethylene Response

Ethylene (C2H4) is a natural hormone that stimulates the ripening process in plants. Reducing
the oxygen partial pressure while elevating carbon dioxide to appropriate levels inside the package
inhibit ethylene production, this was initially demonstrated by Burg and Burg [28]. For instance,
using O2 partial pressure of 0.5–5 kPa and CO2 of 1–5 kPa while keeping the temperature in the
range of 0–5 ◦C for cabbage reduced the ethylene production and hence prolonged its life [16]. In
addition, for broccoli, a reduction in methane production by 20% was obtained when treated with
60% CO2 and 20% O2 at 25 ◦C [29]. This response for low oxygen pressures can be interpreted
by understanding ethylene biosynthesis in plants which was described by Yang cycle, where the
conversion of 1-aminocyclopropane-1-carboxylicacid (ACC) enzyme to ethylene is suppressed as
this reaction is limited by the oxygen concentration inside the package [28,29]. A similar effect was
noticed when elevating carbon dioxide levels, where both conversion from ACC to ethylene and the
biosynthesis of this enzyme were inhibited [18,28,30].

3.3. Pathogens

Post-harvest handling of leafy greens such as lettuce and spinach has been of concern due
to the possibility of contamination with different pathogens. Their presence usually indicates the
contamination of vegetables with fecal material and poor sanitation. Many illnesses and deaths
reported over the years were related to food contamination [31–33]. Thus, legal limits were set for the
allowed count of these microorganisms inside a food packaged to ensure its safety. A summary of the
most common pathogens in vegetables with their unsatisfactory limits are shown in Table 1.

Table 1. Pathogens in vegetables responsible for foodborne illness.

Pathogen Unsatisfactory
Limits (CFU/g)

Incubation
Period Symptoms Illness Ref.

Escherichia coli ≥100 2–4 days Stomach pain, diarrhea, nausea, chills,
fever, and headache

Hemorrhagic
colitis [31–33]

Escherichia Coli
O157:H7 > 0 3–4 days Severe stomach cramps, diarrhea,

vomit, fever
Hemorrhagic

colitis [31–33]

Salmonella spp. > 0 12 to 24 h Stomach pain, diarrhea, nausea, chills,
fever, and headache Salmonellosis [31,32]

L. mono-cytogenes
>108 or 102–103

for susceptible
people

2 days to 3
weeks

Fever, chills, headache, backache,
sometimes abdominal pain and diarrhea Listeriosi [31,32,34]

Shigella spp. > 0 12–50 h Abdominal pain, cramps, fever, vomiting,
and diarrhea containing blood and mucus Shigellosi [31,32]

Bacillus cereus ≥104 30 min to 15 h Diarrhea, abdominal cramps, nausea,
and vomiting

Bacillus cereus
food poisoning [31–33]

One of the most common microorganisms found in vegetables is Escherichia coli (E. coli). Most
E. coli strains are usually harmless if within the acceptable limits that differs between countries. One
study was done in 2007 on 100 samples of bags with tag “ready to eat” of spinach and lettuce from
around the world that tested for E. coli presence using the FDA Bacteriological Analytical Manual
methods. The number of these bacteria were then counted with the use of Coli Complete disc which
is the association of official analytical chemists (AOAC) official method [35–37]. The results showed
that bagged leafy greens have generic E. coli in the range of 4 to 7 log10 CFU/g, which is considered a
controversial limit in many countries, and satisfactory in others as not all countries have a limit set
for generic E. coli count. However, there is a specific strain of E. coli that should not be detected in
any raw vegetables or ready to eat food, known as E. coli (O157:H7) that was identified as the reason
for dangerous illness and led, in severe cases, to 33 deaths in USA only between 2003 and 2012 [38].
Several outbreaks linked to it were reported over the years. In 2019, the FDA and CDA announced
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the outbreak of E. coli related to Romaine lettuce consumption [39,40]. Thus, the presence of E. coli
(O157:H7) should be absent from any ready to eat food. In addition to E. coli, other pathogens such
as Listeria, Salmonella spp., and Shigella spp. that are found in fresh-cut vegetables and salad bags
can cause illness and may also lead to death. For example, Salmonella accounts to 47% of foodborne
diseases in Brazil in 2010 [41]. Between 1988 and 2007, the contribution of these pathogens in the
foodborne outbreaks related to vegetables and fruits was reported internationally as follows: E. coli
19.5%, L. monocytogenes 1.9%, Salmonella spp. 7.2%, Shigella spp. 28.9%, and Bacillus cereus 8.1% [42].
Fortunately, sensor technologies play a key role in monitoring and tracing these pathogens, and thus
nowadays, controlling such outbreaks is much easier than before. In contrast, the number of reported
deaths due to foodborne has decreased over the years from thousands [43] in the period between
1998–2008 in USA to hundreds in the period between 2009–2015 in USA [44]. The decrease in mortality
rate is due to having better tracking and prevention procedures of food.

Studies done in 2016 [45], and in 2014 [46], suggested that there is a potential growth of
micro-organisms inside plastic bags during transportation, distribution, and retail storage. This is
an important discovery, as it emphasizes the need to have precise monitoring systems to track and
control the variations due to various environmental changes during the stages of supply chain, and to
warn when the number of these pathogens exceeds the allowed range. The reason for microorganisms’
growth is related to the temperature fluctuations along the supply chain since temperature variations
has a great effect on their growth rate inside the package. It was found that for E. coli O157:H7,
the growth rate can be inhibited if storage temperature is kept <5 ◦C [34,47]. It was noticed that a
more significant growth rate occurs from 8 ◦C to 12 ◦C while the visual freshness of the product is
maintained. The count of this strain of E. coli increases with temperature [48–50]. For Salmonella, a
significant increase in the population is noticed for packaged arugula over 6 days when stored at 15 ◦C
(4.05 log10 CFU/g ) compared to when stored at 7 ◦C (2.11 log10 CFU/g ) [51]. Another study done in
2001 [34], showed that L. monocytogenes growth rate is increased by approximately 1.5 log cycles as
the temperature rises from 4 ◦C to 8 ◦C over a period of 12 days for packaged lettuce. Shigella sonnei
showed a rapid growth of approximately 2.72 log10 CFU/g on chopped parsley at 21 ◦C within two
days while an inhibited growth is noticed when chopped parsley is kept at 4 ◦C [52]. The growth rate of
Bacillus cereus, often found in cooked chilled food and pasteurized vegetables such as courgette broth,
is inhibited when kept <10 ◦C [53]. Therefore, understanding how pathogens react to temperature
variation is essential to check safety of packaged food. Hence, monitoring the storage and the display
units is very crucial to ensure that pathogens’ growth is inhibited or controlled for compliance with
food safety.

3.4. Chlorophyll Content and Leaf Senescence Effect for Packaged Leafy Greens

Chlorophyll (Chl) are the green pigments found in plants that allows the absorbance of light energy
needed for photosynthesis. These pigments have different absorbance and reflectance corresponding
to different light wavelengths. The peak absorbance occurs at the blue light and to a lesser extent in
red light, while high reflectance is noticed around green light, that is why we see the leaves green in
color. The reason for this strong absorbance is due to the electron transitions between the blue and red
energy levels [54].

Knowing Chl concentration helps to a great extent in assessing the freshness of leafy greens.
Spectral reflectance is considered one of the fastest non-destructive methods that can identify Chl
concentration in vegetables. It was found that there is a correlation between the maximum slope of
reflectance and the Chl content at wavelengths between 690–740 nm, which is known as the “red
edge” [54]. The higher the concentration of Chl, the broader its absorbability becomes, and the
less reflectance occurs shifting the red edge to longer wavelengths. Thus, the red reflectance can
be considered as a reliable parameter to indicate the concentration of Chl. It was noticed that the
reflectance of fresh lettuce tissue is different from old one at specific wavelengths as shown in Figure 4.
Where a distinct reflectance difference is maximized with the use of near infrared light (700–900 nm),



Appl. Sci. 2020, 10, 7937 7 of 41

similar results were also noticed with spinach [55]. However, the near infra-red (NIR) reflectance is not
only sensitive to changes in Chl content, but also to changes in the leaf structure and water content. For
this reason, development of decay sensors or indicators based on spectral imaging and Chl fluorescence
imaging can help identify the quality of the packaged vegetables whether by quantifying the content
of Chl or by measuring the reflectance [56–60].
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The correlation between the chlorophyll breakdown with time is related to the leaf’s senescence.
Many other hypotheses evolved trying to explain this phenomenon. For instance, it was recently
suggested that this degradation is due to the catabolic process of Chl as a part of senescence [61].
Another study suggested that the decrease of carotenoids which protects Chl from light leads to loss in
the green pigments [62]. Other studies suggested that the contact of chlorophyllase, which is present
in the outer membrane of the chloroplast, with the Chl inside the chloroplast leads to the destruction
of Chl [63]. Regardless of these hypotheses, the common fact is that the Chl concentration degrades
with time and hence can be used as indicator to vegetables freshness.

3.5. Humidity

Undoubtedly, water content inside the package is considered an important factor to monitor.
This is because the relative high humidity accompanied with temperature fluctuations will lead to
water condensation, which in turn will induce growth of yeast, mold, fungus, and bacteria on the
surface of fresh-cut vegetables or even might spread inside through the places where tissue injuries are
present [16]. Furthermore, in the case of using perforated plastic packages, blockage of these small
holes might occur with the condensed water drops inside, leading to reduced respiration rate than the
desired and hence faster deterioration and spoilage of vegetables. The fog resulting from having high
humidity inside the package would not give a clear vision of the product quality inside, which may
affect the consumer’s decision to buy the product [16].

4. Intelligent Packaging (IP)

Incorporating an external smart component as part of packaging to monitor, trace and convey
information is what referred to as intelligent packaging (IP). There are three main categories to classify
these systems: Sensors, indicators, and data carriers. In this section, examples on each of these
categories are discussed as part of freshness monitoring for packaged vegetables.

4.1. Sensors

There are many types of sensors that have the potential to be used in smart packaging.
The advantages that this category provides over other intelligent systems is their high sensitivity
and accuracy, in addition to providing measurements about certain parameters such as temperature,
humidity, and gas concentration inside the package, as sensors are capable of quantifying the
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pre-reported parameters. Sensors can be integrated with other IP systems like radio frequency
identification (RFID) tags to provide more information and data transmission through these tags. In this
section, four different types of sensors are presented: optical, biosensors, gas, and humidity sensors.

4.1.1. Optical Sensors

Optical sensors play an important role in determining the freshness of vegetables, due to their
capability of sensing the optical variations resulting from changes in chlorophyll content. These
sensors can also sense pathogens’ growth using fluorescence or hyperspectral imaging to indicate
deterioration and spoilage. Optical sensors provide accurate results and are highly sensitive. Optical
sensor technologies are considered promising in detecting the deterioration of packaged green leaves
such as bagged lettuce, spinach and arugula. Hyperspectral imaging relies on the intensity and spectral
characteristics of light reflected from the leaves. On the other hand, chlorophyll (Chl) fluorescence
imaging relies on the reflection as a result of exciting the chlorophyll using light [57]. However, the
current cost of such systems is still a drawback for their commercial use.

At present, chlorophyll fluorescence imaging use fluorometers to measure the amount of emitted
light after excitations of Chl with light at certain wavelengths. Illuminating the leaves will give a photon
of energy, hνEX, to Chl pigments. This will lead to creation of excited unstable state (S1’), that has a very
short half-life in the order of nanoseconds [64]. Therefore, through the relaxation process, light will be
emitted as shown in Jablonski diagram in Figure 5a. The wavelength of the emitted light depends on
the energy difference in the two states. Chl pigments are classified into Chl-a and Chl-b. Chl-a was
found to be a good fluorescent material, hence fluorescence is measured based on the excitation of Chl-a.
Chl-a has two absorption peaks, one at 430 nm (blue light) and the other at 665 nm (red light) with
higher absorption at the blue light [65,66]. For emission, Chl-a emits in the red-light region at 680 nm
(higher) and 750 nm [65,66]. This means that for better resolution, a fluorometer will excite at 430 nm
and measure fluorescence at 680 nm. However, due to the decomposition of Chl-a at 430 nm into
by-products such as pheophytin, 460 nm light is used for excitation of Chl-a [65,66]. The connection
between the fluorescence intensity and Chl is based on Beer–Lamberts law of absorption [65,66].
Although the quantum efficiency of Chl is low and in the range of 2% to 10% of the absorbed light [67],
it is still a very useful and powerful technique for plant physiologists in studying Chl fluorescence
effect in vegetation [68–70].
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There are many techniques used to make fluorometers, such as the ones based on the pulse
amplitude modulation (PAM) [71], or on pump and probe signals [72,73]. These techniques rely on
the wide-field detection and have a limited spatial resolution in the orders of millimeter [74]. These
methods depend on the transition of Chl for adaptation from dark to light environment. An example
of such system is as shown in Figure 5b. Fluorescence imaging systems consists of light source for
excitation of the Chl in the sample, hence the re-emission will be captured by the camera after which it
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is processed in a computer. Light emitting diodes (LEDs) are widely used in fluorometers because
of their ability to control the intensity of light and its duration. While for the detecting camera,
normally the commercial version is enough for this purpose without packaging. However, for Chl
fluorescence imaging of leafy greens inside plastic bags, the decayed tissue with no fluorescence will
not be distinguished from the background which also does not fluoresce [58]. Therefore, cameras
with higher sensitivity are required for such systems or the use of hyperspectral images can be an
alternative for more accuracy [58,59].

Hyperspectral imaging, which is also known as imaging spectrometer, obtains a spectrum for each
pixel in the image, it provides the electromagnetic spectral information for the use in the identification
of surfaces. These devices measure the reflectance of the light from a surface as a series of narrow
and contiguous wavelengths bands. The fact that the pixel is shown as a spectrum gives much more
information about the leaves and their freshness. The schematic of such a system is very similar to
that used in fluorescence imaging, shown in Figure 5b. The broad-spectrum light source, with typical
spectral range of 380 nm to 1012 nm, will cause elastic scattering in the leaves. Then, the reflectance is
captured by the spectrometer in the form of simultaneous images in a high number of bands [75]. Each
resulting pixel from the contiguous reflectance spectrum will give three-dimensional hyperspectral
cubic data, with two of them in the spatial domain and one in the spectral domain for further processing.
For leafy greens monitoring, the use of reflectance at 671 nm was found better in differentiating between
the white parts of leafy greens as in lettuce from the white background [75]. The main difference
between spectral imaging and fluorescence imaging is that measurements with fluorometers rely on the
visible spectrum fluorescence re-emission of photons. While in hyper-spectral imaging, the reflectance
is measured from the whole electromagnetic spectrum, providing more accurate results with higher
resolution and a wider wavelength range to evaluate surfaces of interest [75,76].

Decay sensors were developed to evaluate the reflectance and fluorescence spectra of leafy greens
through Chl fluorescence imaging and hyperspectral imaging. In [58], both techniques were used
to detect freshness of plastic bagged lettuce. One of the lettuce decay indices was developed based
on the use of modified hyperspectral indices developed in [77]. The modified relation of reflectance
was chosen based on the reflectance difference spectrum between fresh and decayed tissues. They
provided a logarithmic ratio between the reflectance at different wavelengths as a performance index
called LEDI4. The other lettuce decay index was used to measure Chl fluorescence known as LEDICF,
which is defined as the ratio between the minimum Chl fluorescence to the maximum fluorescence.
The minimum level of fluorescence is measured usually after switching the measuring light, because
the exciting beam is not sufficient to induce electron transport [78]. The maximum fluorescence is then
measured after applying a saturated light pulse [78].

The best performance was observed with the use of hyper-spectral imaging in terms of sensitivity,
specificity, and early decay detection for different color groups of lettuce. In [58], for lettuce, the
white color image indicated fresh tissue, red for decayed tissue, and blue was for the background.
However, the accuracy of such a sensor was low when it came to white stacks of lettuce and was
misidentified as decayed, giving a false negative output of the sample. Thus, it was concluded that the
hyperspectral technique for freshness detection is better suited to evaluate green leaves such as baby
spinach or butterhead lettuce. The other imaging technique that was tested in [58], used a fluorescence
index which gave a better performance and higher sensitivity in identifying the white parts, but it
misclassified as decayed the red fresh tissues, found in red oak lettuce. Here, the white color indicated
decayed tissue, and the blue color, fresh tissue. Evaluations of these parameters (LEDI4 and LEDICF)
showed positive correlations between each other and the visual rating scale, as illustrated in Figure 6.
The results of this experiment were successful in classifying fresh from decayed tissue of plastic bagged
lettuce packaged with modified atmosphere (MAP). It is harder to generalize whether this technique
can work for all packaging types, but it works on different types of leafy green vegetables. Furthermore,
this approach needs adjustment with the cut-off values for the indices if more specific classification is
needed such as: fresh, intermediate, or decayed. The choice of which imaging technique to be used
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depends on the color of the product. Both parameters (LEDI4 and LEDICF) showed high accuracy of
96.7–96.9% in evaluating the quality of bagged leafy greens [58]. Hence, there is a possibility of using
commercial imaging sensors to identify and monitor the freshness of such products.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 43 
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For pathogen detection, the use of hyperspectral imaging (HSI) together with the integration of
chemometric and an artificial neural network was developed in [79]. This technology depends on the
formation of metabolic by-products because of pathogens activity that induces biochemical changes
and indicates contamination of food. Taking hyperspectral images of bagged leafy greens, spinach
for instance, over the range 400–1000 nm will give a spectrum with varied reflectance depending
on the intensity of E. coli present. The outcome of these images is a 3D cube that gives information
about total spatial distance, wavelength, and intensity of the image from where the quantitative and
qualitative data can be extracted using principal component analysis (PCA) [79]. For prediction and
computing of E. coli number in packaged spinach, artificial neural network (ANN) can be applied on
the hyperspectral data. In [79], the ANN used consisted of seven artificial neurons to obtain better
performance in counts prediction. Regression analysis used showed a good fit between the predicted
from ANN and true values obtained.

For more convenient interpretation, a prediction map is constructed to give a visual indication
based on the fingerprint left by the E. coli count on the leaves of each pixel in the spatial plane of the
hyperspectral image based on the chemometric techniques. This map shows visual color changes as
the count increase, which allows for an easy, rapid, and accurate detection. The blue color is considered
the control and as the concentration of E. coli on the leaves increase, color shift towards green, yellow,
orange, and then red [79]. This allows for easier detection of the contaminated samples with visual
colors as shown in Figure 7. This simple method shows the high possibility of using such a technique
for the detection of pathogens. Testing of this technology is done only on certain strain of E. coli (K12);
hence, more tests are needed to validate and ensure its compatibility to detect other strains of E. coli or
even other pathogens.

Many other techniques were used for detection of contamination of vegetables with the use of
conventional NIR spectroscopy [80–83]. However, the information provided from these techniques
lacks the spatial information as only one spectrum is provided for each sample. Thus, information
about chemical composition will not be extracted compared to hyperspectral imaging where the
information is represented in 3-D.
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4.1.2. Biosensors

Biosensors are analytical devices that detect, record, and convert biological responses into easily
measured signals such as electrical or optical signals. This category of sensors consists of two main
elements: bio-receptors, which recognize the target analyte, and transducers, which convert the target
recognition into a measurable signal. These bio-receptors can be further classified into antibodies,
enzymes, cells, DNA, biomimetic, or phage, while the transducer can be electrical, optical, chemical,
magnetic, or micromechanical [31,84]. In general, the first two types of these bio-receptors are widely
used in the food packaging industry and have a promising potential in vegetable packaging for
contamination assessment. In this section, the focus will be mainly on antibody-based biosensors.

Antibody-based bio-receptors rely on the concept of “lock and key” fit with the antigens. Antigens
are proteins found on the surface of the pathogen and can also be synthesized to bind with a large set of
pathogens. Antibodies are made up from light and heavy chains of polypeptide and have two regions:
a variable region which change its structure to fit the antigen, and a constant region with constant
structure [31]. As biosensors, antibodies are generally immobilized on the surface of the detector, so
that, with their unique property of binding to the antigen and recognizing the molecular structure, they
will sense the presence of pathogens, as shown in Figure 8a [31]. The process of antibodies attachment
to labels such as isotopes, fluorophores, or enzymes for the purpose of detection, is termed antibody
labeling. The interactions between antigen and antigen-specific antibodies are converted to digital
signals that can be read out with the use of transducers that are electrochemical, magnetic, optical, or
mass-based. Figure 8b illustrates the functional blocks of antibody-based biosensors. The sensitivities
of these sensors depend on both the sensitivity of the transducer and the quality of antibodies that
are used. In this section, an overview of different types of antibody-based biosensors will be briefly
discussed [31,80].
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Optical Biosensors

The use of optical systems as a part of biosensors has been extensively investigated. These
biosensors use light-based interactions to measure the biochemical reactions. One of the common
methods for freshness detection of foodborne pathogens is surface plasmon resonance (SPR) [80].
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This opto-electronic phenomenon is based on the energy transfer to electrons in a metal surface as
from visible or near infrared monochromatic light through a prism into surface plasmon resonance to
be detected by photodiodes. The photon energy transferred to electrons will free them and lead to
the generation of electromagnetic waves (surface plasmons) that resonate and absorb light; thus, the
reflectivity will be minimum at this specific angle [80]. This angle is a function of refractive index which
depends on the mass of immobilized antibodies. The reflected beam will shift to longer wavelength
due to the biomolecular interaction changing the refractive index [80]. Hence, measuring this change
will qualitatively detect the presence of these analytes without the need for enriching and culturing.
Figure 9a summarizes the working principle of this biosensor. The advantages of this SPR technology
are their high sensitivity and selectivity and they can be made in the form of compact chips. On the
other hand, the use of prism is not always suitable for chip-based sensors. Moreover, there is a limit
in the number of simultaneous measurements that can be performed. To overcome these issues, the
use of multiple channels sensors was proposed to allow for parallel measurements. SPR imaging
biochips were used to measure change in refractive index, in order to reduce non-specific signals from
background [85,86].
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of SPR biosensors chip.

Another approach is the grating-coupled SPR imaging that uses optical diffraction gratings for
coupling and providing angle readings, and it is a low cost and wide dynamic range imaging [86–89].
In [90], an SPR-based protein chip, as illustrated in Figure 9b, was used for the detection of E. coli
O157:H7, Salmonella, and other pathogens. This means that there is a high potential of using such a
system in packaging. By integrating this chip as part of the package, the package can be screened
with the use of light source and SPR spectroscopy to check if pathogens are present. Furthermore, the
response of antigens binding to the immobilized antibodies on Au-substrate was enhanced with the
use of G protein [80,90]. Other popular optical biosensors that are used for pathogens include Raman
spectroscopy [91,92], Fourier transform infrared (FT-IR) [93], and fiber optics [94]. However, these
techniques need culturing to increase the biomass of the pathogen before detection. In addition, the
difficulty in integrating these as part of the packaging where contact of food with nanoparticles (NP) is
unavoidable, makes them suitable for a different stage of supply chain, for instance in pre-packaging.
Other techniques developed for bacterial detection as a type of freshness indicator include those
based on surface plasmon resonance (SPR) [95], hyperspectral imaging [79], or polymerase chain
reaction [96,97]. However, these methods require expensive equipment that make them non-commercial
for use in supermarkets for monitoring packaged vegetables.
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Electrochemical Biosensors

Electrochemical biosensors are those in which the binding elements are antibodies and the
transducers are electrochemical. The binding response of antibodies to antigens will be converted
into an electrical signal with the electrodes. The advantages of this biosensor category are low-cost
and the possibility of coupling with other biosensing techniques. However, its sensitivity is less than
optical biosensors. This category can be classified according to the output formats as amperometry,
impedimetry, potentiometry, or conductimetry [80]. Amperometric is when an applied voltage
excites the electroactive species, leading to oxidation or reduction and current flow. The higher the
concentration of the analyte, the higher is the current produced. This measurement method gives
higher sensitivity compared to potentiometry. In a potentiometric biosensor, the voltage between
the electrodes for near the zero current is measured and the potential will build-up as a result of
the bio-recognition process. A conductimetric biosensor relies on the use of conductive polymer to
turn the analyte into electrical signal. In this type, incorporating nanoparticles (NPs) can increase the
conductivity which will enhance the sensitivity of the system. The last one is the impedimetric type
which depends on the metabolites of the microbes as a result of redox reactions that will decrease the
impedance; that is, the conductance and capacitance increases [30,80]. Table 2 shows a comparison
between the common electrochemical biosensors for pathogens’ detection of vegetables.

Table 2. Electrochemical foodborne pathogen detection.

Transducer Analyte Limit of Detection
(CFU/mL)

Response
Time Reference

Amperometric E. coli O157:H7
77 ± 0.4 6 min [80]
7.8 ×101 10 min [81]

6 × 102 cells/mL 2 h [98]
Potentiometric E. coli 10 cells/mL 1.5 h [99]

Conductometric

E. coli O157:H7 7.9 ± 0.3 × 101 10 min [100]
E. coli 7.5 ± 0.3 × 101 10 min [100]

Salmonella spp. 8.3 ± 0.6 × 101 10 min [100]
Bacillus cereus 35–88 6 min [101]

Impedimetric E. coli 101–107 - [102]
L. monocytogenes 4.1 pg/mL 30 min [103]

Commercial Biosensors

Toxin Alert has produced a visual biosensor known as Toxin GuardTM [104,105]. This biosensor
immunoassay uses the concept of antigen/antigen-specific antibodies to detect pathogens in the form
of antibodies sandwich with thickness of 100 µm [106]. There are two types of antibodies used: the
capture antibodies and the detector antibodies. Capture antibodies are immobilized and incorporated
into a thin layer of polymer plastic films such as polyethylene and are patterned in the form of icons
in a nutrient gel such as agarose gel [106]. The detector antibodies are labeled with colorimetric
enzymes or luminescent chromophore dyes that will change color upon binding to antigens and
are free to move in the nutrient gel layer. Then, a permeable protector gel coat is applied forming
compartments that act as test sites and allow for specific pathogens to penetrate. Detector ligands
will bind to pathogen antigens, and the nutritious gel will support the rapid growth of penetrated
pathogens. The detector antibodies binding to the antigens of pathogens will then migrate toward the
captured ligand due to affinity, leading to a distinctive pattern shapes where the chromophores are
concentrated [106]. The response time is 30 min to show different patterns and up to 72 h to give a
distinct dark color change [106]. The advantages of this biosensor lies in its ability to simultaneously
detect and identify several bacterial types such as: E. coli, E. coli O157:H7, Salmonella, and Listeria,
its stability and suitability for warm and cold environments, and its shelf life of one year [104–107].
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However, small amounts of micro-organisms that may still cause diseases are not captured due to
sensitivity limitations [104,105,107]. Figure 10 shows a picture of Toxin Guard biosensors.
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Recently, a new technology known as Janus emulsion droplets was developed for the detection of
bacteria using E. coli as the model system for testing [108,109]. This technique, based on Janus particles,
shows a promise to be part of vegetable packaging as pathogens detectors. Janus particles have
been used for many sensing applications such as in biomedicine and highly selective sensors [87,110].
These nanoparticles have different hemispheres with distinct physical and biochemical properties.
The surface nature of these particles is like that of the living cells which enabled their use as E. coli
detector. The droplets are prepared with the use of surface-active agents that are made of carbohydrates
and their optical properties (allow light to pass) change because of pathogen recognition through
carbohydrate–lectin interactions. Half of these hemisphere will bind to the pathogen forming clusters
of these droplets in a way that induce light scattering that depends on the concentration of pathogens,
as shown in in Figure 11. Measurement in this system can be either quantitative with a quick response
code (QR) for binary readout on such surfaces using smart-phone application while placing these
droplets inside transparent chamber, or quantitative with the use of image processing techniques [108].
This system has a limit of detection of 104 CFU/mL with a response time of around 5s [109,111].
The advantages here are the fast response and the ease of implementation, as detection can be done
by the naked eye or with use of mobile phones. This sensing technique is not yet commercialized.
However, if these droplets turned into films or thin membranes that are implemented as part of
packaging for the purpose of pathogen detection, then the possibility of integration within packages
will be much higher.

NP-based microbial sensors can be used instead of conventional biosensors. Incorporation of
other materials such as silver nanoparticles (AgNPs), and gold nanoparticles (AuNPs) was noticed
to interact with proteins of pathogens such as E. coli preventing their DNA replication [12,112–114].
The advantages of using NPs in sensors are in their unique optical and electrical properties that
improve the sensitivity, response time, and selectivity compared to biological sensors. NPs can also
act like a “magnet” to capture specific pathogens, and such systems are known as immunomagnetic
separation-based (IMS-based) detection [115]. Magnetic nanoparticles such as (Fe2O3) can bind
to specific antibodies that can be used to identify pathogens. This will allow for detection due to
observable electrical and optical changes after binding and for isolating pathogens by applying an
external electric field [116,117]. The working principles of IMS are shown in Figure 12. However, the
use of these nanoparticles is still being studied as there are concerns about the possibility of their
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migration to food inside the package. The validation process of such sensors should be carefully
studied, as issues regarding the safety and hazards must be addressed to ensure public health safety.
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4.1.3. Gas Sensors

These sensors concern the quantitative measurement of gas concentration, mainly oxygen and
carbon dioxide, due to their big effect on the metabolism of packaged vegetables and hence their
quality. For carbon dioxide detection, optical-based gas sensors are a promising technology in food
packaging applications. Commonly used types rely on fluorescence with the use of CO2-sensitive dyes
or on colorimetric change as result of using pH sensitive dyes [118].

Dry solid CO2 sensor is an opto-chemical sensor that uses fluorescent dyes that change
their luminescence with the carbon dioxide level. An example on this type that can be used in
vegetable packaging is in ref. [119] which is based on the use of pH-sensitive fluorescent dyes
1-hydroxypyrene-3,6,8-trisulfonate (HPTS) incorporated within plastic films. As the CO2 concentration
increases, the fluorescence of the dye decreases. The response time for this dye is less than 2 min, and
its recovery time of less than 40 min [119]. The advantages of HPTS plastic film CO2 sensor are: its
stability in various environments such as water and acidic solutions, high sensitivity (%CO2 = 0.29%),
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and its shelf life can extend to more than 6 months if kept in a dark storage environment [119].
The limitation lies in difficulties of finding suitable fluorescent material for food applications and better
sensitivity is required to cover the measuring range of 0–100% [118]. Another example on this dry
carbon dioxide sensor type was tested on ready-to-eat packaged salads in [118] that is based on Förster
Resonance Energy Transfer (FRET). FRET mechanism relies on energy transfer from donor fluorophore
to acceptor chromophore [120]. Here, phosphorescent donor dye Pt-porphyrin (PtTFPP) will emit
energy at 650 nm to be absorbed by pH indicator chromophore (α-naphtholphthalein NP) acceptor.
The mixture of both complexes will result in films which have varying optical responses with carbon
dioxide concentration. The concentration of carbon dioxide affects the FRET. It is highest kin no CO2

and decreases as the CO2 increases. For this sensor, the energy transfer will have optical responses
from blue to colorless when the CO2 is in the range of 0–10%, which makes this sensor suitable with
modified atmosphere vegetable packages that have the same range of CO2 [118]. The response time of
this sensor is 1 min with a recovery time of less than 4 min. Its sensitivity is constant for 21 days at
4 ◦C which is considered suitable for vegetable packaging applications [107,118,121]. The safety of
this sensor was tested and it showed no traces of dyes migrating to the packaged food, which is a big
advantage for commercial uses. The limitation of this sensor is its temperature sensitivity, deterioration
of its performance if carbon dioxide or oxygen concentrations are higher than 10%, susceptibility to
signal drift, and cross-sensitivity with O2. To overcome the cross-sensitivity for this sensor type, the
oxygen concentration is measured to compensate for its effect, thus, the sensor can be used to evaluate
the concentration of both CO2 and O2 at the same time [118].

A sol-gel based optical carbon dioxide sensor that uses the pH indicator 1-hydroxypyrene-3,6,8-
trisulfonate (HPTS) immobilized on a hydrophobic modified silica matrix forming membranes, was
developed in [114]. The working principle of this sensor depends on the luminance intensity being
quenched by CO2 that leads to its fluorescence. The fluorescence intensity lifetime is then converted and
measured in phase domain with the use of the dual luminophore referencing (DLR) method [121–124].
In this technique, the fluorescent dye is co-immobilized with an inert referencing luminophore such
as ruthenium complex that has a long lifetime and high absorption rate of blue to green light. In
phase domain, the HPTS dye fluorescence intensity signal will have a zero-phase angle due to its
short lifetime while the reference luminophore will have a phase shift. The total measured signal will
represent the superposition of both signals leading to a different combined measured phase. Thus, the
change in carbon dioxide concentration will lead to change in the amplitude of fluorescence intensity
signals of both luminophores. This amplitude change will correspond to a phase change in the total
measured signal which is a function of carbon dioxide in the sample gas [124]. This sensor has a
resolution better than 1%, a limit of detection of 0.08%, and a minimized cross-sensitivity with oxygen of
0.6% [112,125]. It is stable for more than seven months, which makes it suitable for vegetable packaging
applications [107,124]. However, this sensor suffers from oxygen sensitivity, as the commonly used
reference luminophore (ruthenium complex) is affected by oxygen, and from temperature sensitivity.
Therefore, the need of a correction protocol is essential to guarantee accurate measurements of gas
concentrations [121–124].

A nondispersive infrared (NDIR) sensor can be used to monitor the storage environment of a
package or can be integrated as part of RFID tags. This type depends on the selective light absorption of
gases at different wavelengths due to their different quantum energies. For carbon dioxide, it absorbs
at 2.7, 4.3, and 15 µm, the light passes through two tubes, one acting as the reference with nitrogen
which does not absorb light, and the other having the gas to be measured. The ratio of the attenuation
between the tubes is proportional to carbon dioxide concentration. The advantages of these sensors are
their accurate reading, immunity to temperature, and humidity, but they are relatively more expensive
compared to thermal resistors-based carbon dioxide sensors [126,127].

Another type of sensing is based on thermal resistors whose resistance changes according to the
thermal conductivity of carbon dioxide passing through it. The thermal resistors are two arms of a
Wheatstone bridge that is shown in Figure 13. This type relies on the variation of the conductivity
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with the concentration of carbon dioxide, but it is also affected by temperature and humidity. The idea
here is to measure the resistance of the thermal resistor in the CO2 atmosphere by comparing its value
to an identical thermistor in a reference chamber with sealed atmosphere under same temperature
and humidity conditions. An increase in the concertation of the gas causes the molecular weight to be
heavier compared to the dry air, shifting the output to positive, and the opposite occurs when there is
less carbon dioxide in the air. The linear response of this sensor made it very suitable for gas detection
up to 100% [13,128]. However, the drawback of this type is in the dependence on other factors such as
humidity and temperature that makes the sensor reading unreliable unless these conditions are the
same and constant in both chambers [13,128]. Many other carbon dioxide sensors were developed
based on other techniques such as emulsions of iconic liquids at room temperature [129], and the
polymer hydrogel-based sensor [130]. However, an important concern with these sensors that are used
to quantify carbon dioxide will be the possibility of migration of the sensor materials to the food.
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Monitoring oxygen inside the package is important because an adequate amount of O2 is needed
to maintain vegetables freshness. Therefore, a lot of mechanisms were developed to measure oxygen
content inside a package. The most common oxygen sensors are photoluminescence-based (fluorescence
or phosphorescence) that rely on the quenching principle of oxygen sensitive dyes. Photoluminescent
dyes are usually embedded in oxygen permeable polymers or sol-gel matrices in the form of labels or
dots. Oxygen is considered a very common fluorescence quencher of the electronically excited oxygen
sensitive dye. The interaction of light with oxygen molecules will deactivate the phosphors of the active
dye, so the emission intensity and the lifetime of the dye will decrease, reflecting the change in level of
oxygen inside the package [105,131]. The concentration of oxygen is related to quenching fluorescence
through the Stern–Volmer equation, which can be used for quantitative measurements [132]. This
type of sensor is considered superior over conventional oxygen sensors such as electrochemical-based
oxygen sensor for food packaging applications for the following reasons: non-destructive, clean,
reversible, fast response, and does not consume oxygen in the headspace of the package. However,
degradation in the dye may cause disturbance in the light path and is a limitation together with its
susceptibility to drift [19]. There are several common dyes, that were used for oxygen sensing of
packaged vegetables such as [Ru(dpp)3]2 [124], PtTFPP [133], PtOEPK [134,135], and PtTPTBPF [136].
Table 3 provides a brief comparison of photophysical properties for four common sensing dyes.
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Table 3. Photophysical properties of commonly used oxygen dyes in oxygen sensing.

Oxygen
Sensing Dye

Max Absorption Wavelength
(nm)

Max Emission
Wavelength (nm)

Luminescence
Lifetime µs Ref.

[Ru(dpp)3]2 452 613, 627 5.3 [137]
PtTFPP 390 (323), 504 (23.2), 538 (29.4) 647, 710 60 [138]
PtOEPK 398 (86.2), 592 (55.1) 758 60 [139]

PtTPTBPF 430 (212), 615 (146) 773 50 [140]

The first commercial photoluminescence-based sensor for oxygen detection was developed by
OxySense, also known as O2xydotsTM which is suitable for packaged vegetables [13]. The dots have
an oxygen sensitive dye that is illuminated with blue light. A photodetector is used to detect red color
emissions and measure the fluorescence lifetime [13]. The fluorescence will depend on the oxygen
concentration which will quench the emissions as its level increases. Another popular oxygen sensor
that can be used for freshness monitoring is the galvanic cell type. This electrochemical sensor has
three main parts: cathode, anode, and oxygen permeable membrane that allow oxygen diffusion from
the surrounding to the electrodes (cathode and anode) where oxidation and reduction reactions takes
place [141–143]. The electrolyte soluble anode will free electrons that will reach the cathode where
diffused oxygen will absorb these free electrons. This will allow for current to flow between electrodes
depending on the concentration of oxygen diffused. The self-powering property, low cost, and the
absence of cross-sensitivity to carbon dioxide are important advantages of these sensors [141–143].

A comparison between some of the commercial oxygen and carbon dioxide sensors used in
packaged vegetables with respect to principle of operation, typical specifications, and cost is summarized
in Table 4.

Table 4. Commercial O2 and CO2 sensors used in vegetable package monitoring.

Commercial
Name

Examples

Gas
Detected

Principle
of

Operation

Operating
Range

(%)
Accuracy

Operating
Temperature

(°C)

Operating
Humidity

Packaging
Form Cost ($) Ref.

O2xydotsTM O2

Fluorescence-based
using

[Ru(dpp)3]
Cl2 dye

0–30 5% of
reading 0–50 0–100%

Dots
with

silicon
glue

~4.3 [144]

OptechTM

-O2
Platinum

O2

Fluorescence-based
using
PtTBP

dye

0.015–25 3% of
reading 5–40 0–100% Adhesive

label ~3 [145]

Pst3 O2

Fluorescence-based
using

PtTFPP
dye

0–100
±0.4%

@20.9%
O2

0–50 0–100%

Dots
with

silicon
glue

~33 [131]

SS1118 O2
Galvanic

Type 0~100 < ±1.0% −10~50 0~99%
RH

RFID
tag

Up to
100

[146,
147]

Cubic
SRH CO2 NDIR 0–20 <

±2.0%FS −20–70 -
Possible
in RFID

tags

Up to
100 [148]

NAP-21A CO2
Thermal
Conductivity0~100 0.2

mV/%CO2
−10~50 0~95%

RH
RFID
tag 0.001–0.1 [147]

4.1.4. Humidity Sensors

Freshness of packaged vegetables is highly affected by the water content, which creates a suitable
environment for mold and bacterial growth. Thus, for water vapor monitoring, many humidity sensors
were developed over the years for different applications such as storage environment monitoring,
ventilating, and air condition systems (HVAC systems), and home heating systems. The fact that
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humidity sensors can be made now as thin films or membranes enabled the possibility of their use
as part of packaged vegetable monitoring, especially with their possibility of integrating with RFID
tags. The thin films can be classified into three main categories depending on the sensing material
used: polymer, ceramic (semiconductor), and hybrid (polymer/ceramic [149]. Each one of them can be
further classified into capacitive or resistive based on the transduction. Although ceramic has more
advantages compared to polymer such as mechanical strength and physical stability, polymers are
more promising and cost-effective option with acceptable sensitivity suitable for humidity monitoring
in packaged vegetables.

The sensing functionality of thin porous films depends on the measurable changes of electrical
properties due to water uptake. Water molecules interactions have different dominating mechanisms
that affect humidity-sensitivity characteristics. At low RH, the interaction of water molecules is
dominated by electronic conduction. At high RH, ionic conduction is dominant, meanwhile at medium
RH both are contributing [149,150]. A summary for different types of thin film humidity sensors that
are used or can be used as an intelligent system for package characterization in food industry are
shown in Table 5 with their specifications.

Table 5. Specification of thin film/membrane humidity sensors.

Sensing
Material Transducer RH Range

(%)
Response
Time (s) Sensitivity Hysteresis

(%RH) Ref.

Polymer

Resistive

12–90 15–20 136 <0.16 [151]
20–95 ~5 high Small [152]
20–95 97 31.5%/%RH −1.1 to −0.8 [153]

10–90 45 −0.0327 log
Z/%RH 6.1 [154]

Capacitive

20–95 - 162 ± 0.6
fF/%RH <7 [155]

10–98 356 ± 3 4.5 fF/%RH <10 [156]

15–90 0.075–0.175

0.33 pF/%RH
(15–62% RH)
46 pF/%RH
(62–90%)

- [157]

10–90 108 ~1 pF/%RH <2 [158]

Ceramic
Resistive

10–90 4 >4%/%RH <2 [159]

40–90 4 10.01 MΩ/%
RH <7 [160]

Capacitive 30–95 188 483 fF/%RH >65 [161]
11–98 10 111 pF/%RH ~2 [162]

Hybrid
(Polymer/Ceramic)

Resistive
30–90 45 −0.0655 log

Z/%RH <2 [163]

30–90 40 −0.0306 log
Z/%RH - [164]

Capacitive 40–100 13 ~31.6
pF/%RH 12–13.3 [165]

50–95 20 32.19%/%RH - [166]

4.2. Indicators

Indicators are devices that provide information about the change in characteristics as a result
of interaction in the presence or absence of substance such as micro-organisms, oxygen and carbon
dioxide. These devices do not have a receptor or a transducer as in sensors. They just rely on direct
visible changes. This class of devices can be sub-divided into three main categories: time-temperature
indicators (TTIs), gas indicators, and freshness indicators [117]. These indicators are widely used in
the meat industry. However, the low-cost and simplicity of integrating them with packaging, opened
the opportunity for their use in other food industries [117].
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4.2.1. Time-Temperature Indicators (TTIs)

These indicators are labels placed on each package from outside to provide information about
the temperature history of each package. TTIs act as a very useful visual or electronic indicator
for the freshness of the products by tracing its temperature. The indication occurs as a result of
irreversible responses to temperature variation due to chemical, electronic, or even nanoparticle
changes. These indicators can be classified into three main categories: (1) Critical temperature
indicators that give limited information about the product where indication is provided as to whether
a reference temperature was exceeded or not. (2) Partial history TTIs which provide accumulative
temperature versus time changes with respect to a reference temperature. (3) Full history indicators
that provides all the temperature changes throughout the whole storage period [4,5,77,167].

The working principle of these indicators depends on color change as a response to enzymatic-,
polymer-, microbial-, photochemical-, or diffusion-based reactions [105]. For an enzymatic-based
indicator, the mixture between pH dye, the lipid substrate, and lipolytic enzyme will stimulate reactions
of free fatty acids, which in turn degrade the pH leading to visual change. For a polymer-based indicator,
it relies on the fast color change of the active solid-state polymer as a result of high temperatures and
at a slower rate at low temperatures. This type depends on changes of optical properties of the active
polymer in response to temperature variation, therefore no activation is needed before use, but attention
to its storage temperature before use is essential [105]. A microbial-based TTI relies on increased growth
rate of micro-organisms inoculated into the label due to high temperature exposures. For photochromic
reactions, the use of photosensitive compounds causes a reaction resulting in changes in their color in
response to temperature fluctuations over time. In a diffusion-based indicator, the colored fatty acid
ester causes a temperature-time dependent diffusion through an indicator track. Here, the low-cost,
small size, reliability, and the ease-of-use made them more commercially viable than other intelligent
systems. However, exposure to very low temperatures affect the spoilage of some vegetables, too; thus,
the limitation of TTIs lies in the difficulty to give information whether the package was exposed to
subminimum temperatures or not for example, if carrots were frozen at temperature below −1.8 °C,
freezing injury may cause sunken, pitted areas, or even internal browning [168]. Hence, the need for
more complicated systems is essential, depending on the packaged produce such as the use of RFID
tags to quantitatively monitor temperature, moisture and gas concentration quantitatively [94,169].

Many TTIs were commercialized and are widely used for monitoring perishable goods.
Fresh-Check® is an example of polymer-based self-adhesive chemical indicator in the form of labels
that are produced by TEMPTIME Corporation, [13,167,170,171], as shown in Figure 14a. This indicator
is a full history type that is based on a solid-state polymerization reaction. The active center polymer,
such as diacetylene monomer placed in the inner ring, will change the inner circle color from red to
black color matching the outside reference marker as the package is exposed to high temperatures over
time, giving a visual indication regarding the quality of packaged food. The higher the temperature
the package was exposed to, the faster the color will change.
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Monitor MarkTM is a commercial example of a partial-history TTI [13,167,170,172]. This easy-to-use
indicator provides temperature versus time history of the product and remains active for months when
kept below its threshold temperature. Figure 14b shows an illustration of this indicator. This is a
one-time use label made of layers of paper and films connected to a chemical reservoir. The working
principle is based on the diffusion of blue-dyed fatty acid ester through a film as a result of melting
due to its exposure to a higher temperature than the reference temperature. Thus, a blue color will
appear on the left edge and gradually move to the right at a rate that depends on the temperature
exposure. If temperature is below the reference, the dye will be in the solid-state phase and hence
will not move through the porous paper. This type require activation prior to use by removing the
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activation strip. A response timecard is then used to interpret the extent of color movement (run out
time) in terms of time and temperature.

OnVuTM indicator is a photochemical-based TTI that indicates whether the product was exposed
to high temperatures over time. This device is fabricated with the use of a temperature sensitive
printable ink that changes its color from colorless to blue upon activation with UV light [173]. A UV
blocking filter is then thermally transferred on the top of charged UV photochromic ink with the use
of a thermo-transfer ribbon (TTR), to prevent further exposure to UV light and hence guarantee the
irreversible change of color [169,173]. With time, the color starts to revert to a color matching the
reference at a rate corresponding to time and temperature change as shown in Figure 14c. The intensity
and the pulse modulation of the UV light used for activation will control the shelf life of this label
which is directly related to the shelf life of packaged vegetables. This indicator is considered a very
cheap and flexible option for such applications [174].

eO® is a microbial-based TTI [105,175], shown in Figure 14d. The food-grade microorganism in
the label mixed with the nutritive environment in the shape of flower, will grow differently depending
on the temperature history of the package. As a result, lactic acid will be produced, and the pH
degradation will cause the pH dye to change accordingly from green to red color indicating spoilage of
the packaged vegetable.

Timestrip® is a diffusion-based TTI and is illustrated in Figure 14e [176]. The blue fatty esters will
show a line upon activation. Then, this dye will melt and migrate through the porous membrane when
the temperature is higher than the reference temperature, and the indicator will show the accumulated
time of temperature breach of the packaged food. This indicator is now upgraded into a new electronic
smart TTI version known as eTimestrip® [176]. Figure 14f shows an illustration of this new indicator.
This type is a full history indicator that uses LEDs to show the status of package. A green light indicates
that the temperature is ok, a flashing red light when exposed to high temperature, and an orange
light if the indicator is ready to use or if it is not working. The real-time data for the temperature
variation will be recorded with time and can be retrieved when scanning the label using a smart phone
application. This will allow for more accurate data regarding temperature versus time. This new
upgrade may be very costly if used for each package of vegetable. If it is used for bulk monitoring of
packaged vegetables, the cost will be reduced.

Checkpoint® indicator, shown in Figure 14g, is an example of enzymatic-based TTI that turns from
green to red as a result of enzymatic reaction [4,5,105,117,167,170]. Before activation, the self-adhesive
label has two separate compartments: One has pH indicating dye mixed with lipolytic enzyme, and
the other is lipid substrate such as glycerine, tricapronate (tricaproin), or tripelargolin. Upon activation
by hand pressure, the two compartments will react in a rate corresponding to time and temperature
variations. The reaction will free the fatty acids, leading to a pH decrease and hence, the color will
change accordingly.

Tempix® is an example of a diffusion-based TTI [177,178]. Figure 14h is an illustration of this
indicator. The indicator is made from thermal porous paper with thermally printed barcodes and a
cavity where the activation liquid is applied. The liquid substance will turn into a solid-state if the
temperature is below the threshold. In case a temperature breach occurs, the substance will melt and
will migrate toward the barcodes. The fact that the activator is made alkaline will cause the diffused
liquid to act as a bleach for the barcodes, hence affecting its readability by scanners.

A comparison between some of the commercially available TTIs based on the reaction type, typical
characteristics, and cost are shown in Table 6.
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Table 6. Comparison between commercially available TTIs.

TTI
Commercial

Name
Reaction Type Response Need

Activation Cost ($)
Temperature
Oper-Ating
Range (◦C)

Fresh-Check® Polymeric Red to black N 0.02–0.04 -
Monitor Mark

TM Diffusion Colorless to
blue Y 2–4 −15 ◦C to +31

OnVuTM Photochemical Dark Blue to
colorless Y 0.01–0.05 0 ◦C to +25

eO® Microbial Green to Red N 0.05–0.17 2 to +12
Timestrip® Diffusion Green to red N ~0.6 2 to 8

eTimestrip® electronic Green LED off
Red LED ON Y - −30 to 70

Checkpoint® Enzymatic Tricolor green
to yellow to red Y 0.05–0.15 −20 to 5

Tempix® Diffusion Barcode lines
disappear Y <0.01 −35 to +32

4.2.2. Gas and Humidity Indicators

Gas and humidity indicators are used to monitor the gas composition and water content inside the
food package. These indicators are in the form of printable labels, films, or tablets that are placed inside
the package to give information about the changes in gas mixture inside the headspace of packaged
vegetables, and other ready-to-eat packaged food such as salad. Changes in the gas composition are
a result of respiration of vegetables, leakage, or generated by the microorganisms present that will
change the indicator color. Oxygen, carbon dioxide and water vapor indicators are the most popular
ones used in the food industry. Most of these indicators depends on the binding reaction between the
gas and the indicator, or on redox reactions which will change the dyes such as methylene blue that is
used to give visual indications [107].

Gas indicators are used to monitor the variation of gases in the head space of packaged vegetables.
At the time of packaging, the ratio of gases mixture is adjusted through a modified atmosphere
packaging (MAP) technique to extend the shelf life of vegetables. An example of oxygen indicators,
known as Tell-Tab [179], show color changes from pink to purple when the oxygen concentration
inside the package is 0.1% or greater. This type requires no activation. Therefore, it must be placed
in oxygen absorbing packets until being introduced to packages. In contrast, for the Ageless Eye®

oxygen indicator [180], the color changes from pink to blue when the oxygen concentration is 0.5% or
more inside the package. For carbon dioxide indicators, pH responsive dyes such as cresol red are
used [181]. In this case, the diffusion of carbon dioxide through the permeable membrane causes a
chemical reaction with the pH dye, leading to a color change. As the concentration of CO2 increases,
the color changes from red to yellow. This type of indicator is reversible and insensitive to moisture
inside the package.

For moisture indicators, humidity cards that give visual color indications of the relative humidity
were developed by IMPAK. These cards are injected with cobalt chloride solution that changes from
sky blue to purple or pink as the humidity increases. The cost of such cards ranges from $0.14–$0.65
with an RH range of 8 to 80% [179]. Another interesting example for humidity monitoring is with
carbon-coated copper nanoparticles dispersed on a glass substrate, resulting in a film that swells in
low humidity due to the increase of the separation between the NPs. As the humidity gets higher, the
water vapor starts to condense on the strip film, leading to destructive interference at perpendicular
incident angles. Hence, reflection and absorption of light will have different light colors depending on
the amount of water vapor concentration inside. This film can measure RH between 45% and 100%,
with the color changing from orange (around 50% RH) to blue (70% RH), pink then green (100% RH) as
water vapor saturation increases [115,182]. This metallic color film has a reversible color change which
gives the possibility of reusing and recycling such indicators. Using it inside the package as a film
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or using labels impregnated with these NPs will create real-time monitoring for the humidity, when
compared against a pre-set color reference, the humidity percentage can be monitored. Furthermore,
this strip can indicate the presence of other gases such as ethanol vapor [115,182].

4.2.3. Freshness Indicators

Freshness indicators have the target of detecting the chemical changes or the microbial growth
inside the packages based on reactions with the growth metabolites such as carbon dioxide, oxygen,
ethanol, lactic acid, glucose, and the other volatile organic compounds. They require a direct contact of
indicator with the food. Thus, all the materials used together with the output of these reactions should
comply with food regulations. A commercial example, Food FreshTM [13,183], shown in Figure 15a, is
a timer for the safe consumption period that ranges between few days to several months. It is made of
polyethylene terephthalate (PET) that changes its color with time. Typically, this product is used for
meat and jars like mayonnaise. However, it can be modified depending on the products monitoring
time, and for vegetable packages, it normally lasts for several days.Appl. Sci. 2020, 10, x FOR PEER REVIEW 25 of 43 
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The Insignia Technologies integrity indicators [184] are used to indicate the freshness of packaged
perishable food products. These indicators use sensing films made from proprietary smart plastics and
inks that show color changes as a response to carbon dioxide level, leakage, temperature variation,
or shelf life. For carbon dioxide monitoring, light yellow color will turn to dark purple to indicate
freshness of a packaged product as shown in Figure 15b. This indicator was initially for meat, but it is
claimed that it can also be used on any product as long as it was flushed with carbon dioxide while
processing for modified atmosphere packaging (MAP). This is the case for bagged salads, as flushing
with carbon dioxide is used to inhibit the growth of aerobic bacteria or molds [185,186].

4.3. Data Carriers

Data carriers enable the flow of information about the packages along the supply chain. They do
not assess the quality of packaged vegetables but are integrated with sensors and indicators in the
form of tags or labels that assess the freshness of the product. Then, these carriers will communicate
the gathered data through readers. The most common data carriers used in food packaging are radio
frequency identification tags (RFID) and barcodes.

4.3.1. RFID

RFID tags are devices that use electromagnetic field to monitor various measurements and are
capable of communicating the readings through a reader that emits radio frequency waves to capture
the data stored on the chip with the use of antenna in the RFID. Figure 16 shows a schematic diagram
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of components in a RFID system. Since the RFID tags have only antennas, other sensors and indicators
are usually added to be used for freshness monitoring. To utilize the functionality of this technology,
many sensors and indicators are added to these tags. RFID tags can be classified into three main
types [187]:

1) Passive tags with no batteries on the chip and are powered through the electromagnetic induction
produced from placing the reader nearby. This type has a long shelf life, but a relatively short
reading distance.

2) Semi passive tags that have a battery to power the chip, but the reader is essential to power
broadcasting of the signal. This type is in active most of the time, and it also has a long shelf life.

3) Active tags that have their own battery to power.
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Table 7 provides a comparison of important features among passive, semi-passive, and active
tags [1,23,105,188,189].

Table 7. Comparison of important features among active, semi-passive, and passive tags.

Feature Active Semi-Passive Passive

Power Battery
Use battery to power chip,
and power from reader to

send data
Power from reader

Cost Up to $100 $10–$50 ~$0.5
Communication distance 20–100 m ~30.5 m Up to 10 m

Life Duration Limited, depends on battery power Depend on battery and use Depend on use

Operating Frequencies 433 MHz, 2.45 GHz, 5.8 GHz 850 MHz to 950 MHz 128 kHz, 13.6 MHz, 915 MHz,
2.45 GHz

In recent years, there is an increasing trend toward employing these tags as a part of smart
packaging systems. RFID tags are more convenient than barcode technology and can store more
data while simultaneously providing real-time monitoring for more than one type of information
(temperature, humidity, product information). Packaged vegetable monitoring normally uses the high
frequency (HF) range. However, there are many factors that need to be considered with the use of this
technology in smart packaging, for instance, their cost needs to be low for commercial use. The lifespan
of such tags should cover the lifetime of the products monitored through the choice of appropriate
battery life span in active tags, for instance. In addition, signal loss due to absorption by water in
human bodies or moisture in packages may lead to low-level microwave signals which are maybe
difficult to detect [105].

In [147], a vegetable monitoring system using RFID tags was integrated with respiration gas
sensors to evaluate the quality of the monitored vegetables. The idea relied on measuring the amount of
respiration gases: oxygen and carbon dioxide produced in the package. As shown earlier, the freshness
of vegetables and fruits depends on the ratio of these two gases. To quantify the respiration rate,
respiration quotient (RQ) defined as the ratio between the volume of CO2 to O2 per unit time is used. If
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RQ is more than 1, then the freshness of packaged vegetables and fruits are degrading. This experiment
was tried on green mume stored in plastic package for several days using different low-density
polyethylene (LDPE) packages. It shows that RQ >1 as the quality deteriorates. The oxygen sensor used
was a galvanic type, while the carbon dioxide sensor was a thermal conductive type. These sensors
were connected to the RFID antenna forming RFID tags and placed inside a leafy greens package to
monitor the gas concentration with storage. It shows how the oxygen concentration decreases while
the carbon dioxide increases, indicating deterioration of the vegetables monitored. With the LED color
changing from blue (fresh) to red (not fresh), indication of the freshness can be achieved. However,
more research and development are needed in terms of finding less bulky inexpensive circuits to
ensure the practicality of such techniques in monitoring freshness without much affecting the final
product cost or even the packaging and processing cost [147]. Other smart sensors with RFID tags for
vegetable ripening evaluation were demonstrated [190,191].

Another smart RFID label, introduced in [128], used several sensors’ temperature, humidity, and
ammonia. This system can be used in logistic chains monitoring. The storage area or the display units
can have these labels installed to monitor real-time temperature variations. These smart tags can be
attached to each bagged or packaged vegetables. Thus, more information can be extracted about the
freshness of vegetables or even about the growth rate of pathogens. The multisensory platform that
was made of printed electronics is then integrated with a screen-printed HF RFID antenna label, from
where the data can be read through an RFID reader. In general, during the measurement mode, the
data from sensors are measured one by one, then are written in memory until it is read by an external
reader. The presence of a resistance temperature detector (RTD) on the RFID label is not only to provide
temperature reading, but also to act as temperature compensator for the other two sensors (humidity
and ammonia) because of the strong dependence of ambient absolute humidity and the sensitivity of
their sensing layers to temperature. The RTD values were in the range of 500–550 Ω with a measuring
range of −10 ◦C to 80 ◦C. In addition, the resolution of this sensor was 1 ◦C [128]. The humidity
sensor uses the variation of dielectric constant with water vapor. This constant is much higher than
the one in interdigitated electrode’s (IDE). Therefore, absorption of moisture will be reflected as an
increase in the capacitance, and hence humidity can be measured. This sensor gives relative humidity,
after compensating for temperature. The advantage in this RFID label is that the usual drawback of
cross-sensitivity between temperature and humidity, which was noticed in earlier studies in printed
RTD and humidity sensors [167], is absent. The reason for that is the DP protection layer on top of the
RTD, which has a low water vapor permeability, preventing a direct contact between water vapor and
the RTD [128]. The source of power in this system is a battery with a capacity of 150 mAh. It can last
up to 57 days knowing that the periodicity of the measurement is every 60 min for a duration of 30 s.
This lifetime is enough for monitoring storage and display temperature and humidity variations and
can provide a real time update [128]. TempTRIP® RFID temperature tags are a commercial example of
this technology used to monitor and record the temperature and time throughout the supply chain,
and data can be collected later through readers [192]. It has an operating range of −30 ◦C ± 50 ◦C
and temperature accuracy of ±0.2 ◦C [193]. Another example is Easy2 log©which is a semi-passive
RFID tag that is also used to monitor temperature with an operating range of −20 ◦C ± 70 ◦C and
temperature accuracy of ±0.5 ◦C [194].

4.3.2. Barcodes

Barcodes are considered one of the most popular data carriers due to its simplicity of use and low
cost. These codes carry information about products through lines with different widths separated by
spaces, and with numbers written underneath. The Universal Product Code (UPC) barcode is mostly
used now. Barcodes are used to track the location of every package along the supply chain as each one
has a unique UPC. This type of data carriers can also be integrated with sensors and indicators to check
the freshness of packaged vegetables through erasing or amending the barcode to make it unreadable.
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There are many other examples that uses barcode labeled antibodies as biosensors. For example, a
barcode capable of sensing the presence of pathogens and identifying whether a product is contaminated
or not, known as the “Food Sentinel System”, is shown in Figure 17a. This system uses two barcodes,
one for the information about the product which is readable by barcode reader, and another for
contamination code symbol which is usually unreadable in case of safe food. The antibodies are
labeled and made in the form of a membrane attached to a part of the barcode. When contamination is
detected, one barcode will be unreadable and the other readable. This is because lines appear when
antigens bind to the antibodies on the barcode or disappear due to their dissociation from the substrate
in case of bacterial metabolite being present [30,105,195,196]. This system uses labeled antibodies on
the membrane of the barcode to identify specific antigens. Another version of this technology is based
on turning the membrane containing antibodies into red ink when a pathogen attaches to it, and so
would not be readable by scanners. An illustration of this indicator is shown in Figure 17b [196,197].
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A microbial TTI placed over barcode, known as TRACEO® has the labelled barcode impregnated
with lactic acid bacteria that changes the color of the barcode from transparent to opaque due to time
expiration or indication of high temperature exposure of the package. Thus, this barcode will become
unreadable showing that produce is no longer safe to consume [105].

5. Comparison between Intelligent Systems

In this section, a brief comparison based on the advantages and disadvantages in terms of cost,
sensitivity, and the way of reading the output between the previously discussed systems used in
vegetable packaging for the purpose of freshness monitoring are summarized in Table 8.
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Table 8. Comparison between different intelligent systems.

Intelligent
Systems Optical Sensors Biosensors Gas Sensors Humidity Sensors TTI Gas Indicators Freshness Indicators RFID Barcodes

Advantages

• Accurate and
highly sensitive.

• Can be used
in headspace.

• Fast and reliable.

• Can provide
quantitative and
qualitative data.

• Low cost.
• Can be used

in headspace.

• Integrated
into packages.

• May be checked
by eye or
optical devices.

• EM immunity.

•

Integratedinto packages.
• Provide quantitative

/qualitative information.

• Provide
visual information.

• Low cost.
• Placed outside

the package.

• Provide
visual information

• Low cost.
• Checked by

naked eye.

• Low cost.
• Checked by

naked eye.
• Provide

information about
quality of food.

• Integrated
into packages

• Provide
traceability
of Packages.

• Supports No
line-of-sight reading.

• More efficient and
may read multiple
tags simultaneously.

• Low cost.
• Easy to use.
• Convey information

about package
• (manufacturer,

position, etc.).
• Smaller and lighter

readers than RFID.

Disadvantages

• High cost.
• Cannot be

checked by
naked eye.

• Possible migration
of chemicals to food.

• Sensitivity depends
on transducer and
quality of antibody.

• Cross Sensitivity
• Humidity

may affect.

• Cross sensitivity
with gases.

• Hysteresis can be
a problem.

• No information
about
food quality.

• No information
about food quality.

• Possible
substance migration.

• No quantitative
information.

• No information
about food quality.

• Possible
substance migration.

• More expensive
than Barcodes.

• Possible EMI.

• Scanning within short
distance (few cm).

• NO read/write.
• Less secure.
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6. Active Packaging (AP)

Active packaging can be defined as a system that uses active components such as scavengers and
releasing objects as a part of packaging material or inside the headspace, for the purpose of extending
the shelf-life of the packaged product [83,170]. The target of such a system is to adjust and improve
the environment inside the package to keep the packaged product fresh and free from contamination.
Active packaging has several applications in different fields such as pharmaceuticals and health care,
energy and power, and food packaging. This packaging system can be classified according to its
functionality or the active components used. For functionality, the system is divided into: scavenging
that capture objects from headspace of a package such as oxygen scavengers, moisture absorbers,
and odor absorbers; or releasing the release components for specific purposes such as antimicrobial,
antioxidants, and carbon dioxide emitters. This system can also be classified based on the active
components used into oxygen scavengers, carbon dioxide absorbers or emitters, moisture absorbers,
temperature compensating films, or preservative releasers.

Oxygen scavengers help to control the amount of oxygen inside the package and are usually in
the form of sachets, labels or plastic films. Oxygen scavengers contain either metallic powders such as
iron, which reacts with the water inside the package using the oxygen to produce a stable oxide, or
non-metallic scavengers that uses a reducing agent such as ascorbate salts or enzymic systems.

Carbon dioxide scavengers or emitters are used to maintain carbon dioxide within a specific limit
which in turn reduces the effect of vegetable injury and color change. For example, the prolonged
freshness of shiitake mushroom and eggplant were observed with the use of CO2 absorbers [198,199].
Furthermore, keeping the percentage of this gas within a certain limit shows a difference on the
freshness of different vegetables such as potato, onions, lettuce, cucumber, and cauliflower [200]. These
scavengers or emitters use a valve to release a gas; or powders as physical absorbers, or in sachets or
granules form that uses chemicals such as calcium hydroxide mixed with oxygen scavengers [1,201].

Moisture absorbers play a key role in vegetable packaging, since they absorb accumulated water
and/or water vapor inside the package, inhibiting mold and bacterial growth, and hence prolonging the
shelf-life of the packaged vegetables. These absorbers controls humidity either in the liquid phase or in
the vapor phase. Liquid-state absorbers are usually sachets filled with silica gel such as natural clays
or drip absorbing pads that consists of strong absorbent polymer sandwiched between microporous
polymers. Vapor-state absorbers are typically humectant layers between permeable plastic films [201].

Temperature compensating films rely on the use of polymer-based membranes that adjust their
permeability for oxygen and carbon dioxide depending on the temperature variation to help control
the percentage of these gases within a certain range [1,23,202]. These films allow for CO2 penetration
at rates that are four time faster than O2 to ensure a slower rate of respiration and dehydration inside
the package. In this way the freshness is prolonged. A schematic illustration of the method is given in
Figure 18. Low-density polyethylene (LDPE) is an example of such materials that can be used as a
temperature compensating film [16]. These films are available for manufacturers packaging and even
for home use [1,201].

Preservative releasers such as antimicrobial and antioxidants are components that can be added
directly to the food or can be mixed with packaging materials to release objects to inhibit the growth
of bacteria or to reduce the oxidation process that leads to loss of packaged food nutritional value
and change its color. For antimicrobial packaging, commercialization is still limited due to the safety
concerns and masking the spoilage of packaged food. This may give a false indication regarding the
freshness of the food and may lead to improper hygiene along the supply chain as a result of depending
on antimicrobial presence [203]. For antioxidants, synthetic types such as butylated hydroxytoluene
(BHT), butylated hydroxyanisole (BHA), or tertiary butylhydroquinone (TBHQ) are traditionally used
as antioxidants [1,201]. However, due to the potential toxicity of the food as a result of their migration,
there is increasing interest toward the use of natural antioxidants, where the antioxidants are made of
natural components such as vitamin E or rosemary containing plastic films [1,201,204].
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A summary of the commercial names of AP systems, used for packaged vegetables, that are
classified depending on the active component is given in Table 9.

Table 9. Comparison between different intelligent systems.

AP System Commercial Name Packaging Form Reference

O2 scavengers ATCO® LH-100 Labels [20]
Cryovac® OS2000TM Film [205]

CO2 scavengers

ATCO® CO-450 Sachets [206]
Ageless® Sachets & labels [201]

Freshlock® Sachets [1]
Yome Sachets [207]

Moisture absorbers
Tyvek® Sachets [20]

Pad-Loc Fresh® Pads [1]
PichitTM Film [1]

Temperature
compensating films

BreatheWay® Film [208,209]
Intellimer® Film [210]

7. Challenges, Outlook, and Future Research

Smart packaging is a powerful way to change the current quality assessment models used for
packaged vegetables from “Use by” or “Best Before” to more dynamic paradigms. However, several
challenges and concerns should be carefully considered. One of the major concerns is the safety of
the smart systems used with direct contact to food, especially with the possibility to migrate to food.
Therefore, the substances used shall pass and comply with all food regulations regarding the material
used. In Europe for instance, there are two main regulation standards’ 1935/2004/EC and 450/2009/EC
to control and enhance the safety of smart packaged vegetables, while the US USFDA regulations are
for active packaging materials [105]. In Canada, there is the food and drug act and regulations for food
packaging and for materials used. Thus, the authorization to use new materials in labels requires a
complex and long process for regulatory approval. This may inhibit companies from investing in this
field. Therefore, more cooperation between government agencies and commercial entities are required.

Accuracy and robustness of smart sensing systems need to be very high to guarantee public
safety and welfare. False positive should be avoided, as having a package labeled safe despite its
contamination can cause very serious health and legal problems. The false negative should also be
minimized as this is considered an economic loss. New validation techniques and methodologies need
to evolve to support testing of such systems. Studies are needed on how the existing systems may be
upgraded to improve the quality of smart packaging systems and decrease the number of errors.

Sustainability of the smart system used is an important factor due to its huge impact on the
depletion of natural resources. However, many components of the smart packaging systems such as
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batteries are not environmentally friendly. Thus, the disposal of these smart sensors or labels must
be carefully considered. A potential solution of this challenge is in the development of recyclable
technology together with the shift toward integrating bio-degradable materials as part of packaging.
Green sustainability, a growing trend in smart packaging, can help in reducing environmental impacts.
This concept is relatively new and requires more studies and new regulations.

The cost of smart packaging systems is a major limitation for its widespread commercialization.
Increasing the unit price of packaged vegetables will not satisfy most consumers. The return-on-
investment may then negatively affect manufacturers, inhibiting potential investments in smart
packaging technologies. However, the huge food waste in retail and distribution that can be avoided
with the use of such technologies. For instance, the outbreaks of E. coli in lettuce in early 2019, lead
most traders, manufacturers, and distributers to discard whole batches to avoid the possibility of
contamination. This is a big loss that could have been avoided with the use of smart packaging
technologies. Risk management may improve with the use of information traced and extracted using
real-time monitoring systems that gives more information about the behavior of food. Systems under
development should consider the cost to ensure that any price increase will be within few cents
per package.

Cyber security and data security are also major concerns that need to be addressed. With improved
traceability and tracking systems along the supply chain of the packaged vegetable comes the challenge
of handling big data generated from real-time monitoring of packages. For this, the infrastructure
requires upgrading of the network to fit the increasing capacity of data generated, and to keep the
information private and safe against theft. This is because a consumer information such as location, or
preferences may be part of the data gathered. Cryptography can help solving this problem in smart
packaging systems. With these precautions, continuously gathering more reliable information about
each package state along the supply chain can provide more insights about the consumer preference
and current market trends without misuse by hackers.

The need for new manufacturing techniques that comply with the current packaging guidelines
is essential to spread and commercialize smart packaging systems use. One promising technology
with the potential to overcome some limitations in the packaging industry is printable electronics.
Inkjet printing, for instance, is considered a low-cost easy way to produce films from solutions that can
be later incorporated as a part of the package [211,212]. The use of nanotechnology also has a great
potential in the packaging industry [213]. This is because NPs have the following advantages: ease of
integration within packages, uniqueness of functionality that can be provided, high accuracy, ability to
communicate information, and low-cost

8. Conclusions

In this article, we review the current trends in smart packaging systems. The smart packaging
systems provide potential solutions to the conventional packaging problems such as food loss and
contamination. For packaged vegetables, the most important factors to monitor as a part of freshness
assessment of vegetables are the ratio of oxygen and carbon dioxide inside the package, ethylene
response, pathogen presence, and temperature, which has a huge effect on pathogens growth rate,
chlorophyll content, and humidity. Tracking these parameters can be done through intelligent systems
such as sensors (optical, bio, gas, and humidity), indicators (TTI, gas and humidity, and freshness),
or by data carriers (RFID tags and barcodes). Adjusting these parameters can be done using active
packaging such as using scavenging objects (oxygen or carbon dioxide scavengers, moisture absorbers),
or releasing objects (oxygen or carbon dioxide emitters, antioxidants, antimicrobials). However, the
challenges facing this industry in terms of complexity of legislations and regulation, cost, privacy
concerns, and sustainability of the systems used are inhibiting mass-production of such smart systems.
Therefore, collaboration between the researchers, industries, regulatory agencies, and the consumers
will allow for further development of smart packaging systems.
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