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ABSTRACT

With trade globalization, food fraud such as tampering, substituting, and falsifying, challenges human health and the man-
agement of food supply chain. As a food type that only processed at primary level, the authenticity of fruit supply information
has become a guarantee for its edible safety. This review covers recent applications of IoT technologies in fresh fruit supply
chain (FFSC) management, focusing on their potential to authenticate fruit information, predict shelf-life, and improve supply
chain efficiency. Besides, the technical evaluation and application barrier analysis are also conducted. Results showed that IoT
can comprehensively improve the service level of the FFSC. Concretely, wireless sensors can record the whole supply infor-
mation of fruits on cultivation, picking, processing, and transportation. Moreover, fruit quality authentication and shelf-life
prediction are carried out by mathematical coupling models in remote monitoring database. Such information can be fur-
therly distributed and encrypted through blockchain and other encryption techniques, resulting in secure, permanent, and
immutable food authentication information, thereby greatly avoiding the food fraud behaviors. However, the application of
these emerging technologies still faces challenges of technical obstacles, infrastructure construction, and model optimization for
commercial use.

1 | Introduction processing, such as fruits (Salman et al. 2021; Thomas

et al. 2021). Thus, fruits that are being safe to eat, harvested

The World Economic Forum (WEF) reported that nearly 10% of
the population worldwide gets sick due to food safety incidents,
involving substituting, diluting, falsifying food ingredients, and
misleading statements about food (WEF 2019). In the back-
ground of the global outbreak of SARS-COVID-19, people seem
to be more concerned about the safety, quality, and nutrients of
food, especially those agri-food that only undergoes minimal

from a high-quality origin, and rich in nutrition are increasingly
sought after by consumers.

However, food fraud behaviors pose risks to the edible value and
safety concern of fruit. Food fraud commonly manifests in
several specific forms, including but not limited to varietal
substitution, origin mislabeling, ripeness deception and
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specification fraud (Das et al. 2025). For example, the mis-
labeling of cherries from the Brda region of Slovenia as “Italian
produce”, due to the higher market price of Italian cherries, is a
typical case of geographical indication fraud (Mahynski
et al. 2025). During postharvest fresh fruit supply chain (FFSC),
fresh fruits are prone to mechanical damage, peel browning,
pulp softening, nutrients deterioration, and pathogen infection
(Botrytis cinerea, Alternaria alternata, Penicillium species, etc.)
(W. Zhang and Jiang 2019; Bunge et al. 2022; W. Zhang
et al. 2023; Y. Zhang et al. 2023a). In this process, many sup-
pliers tamper with the inherent fruit information to replace,
such as origin, picking date, and circulation mode. This makes it
impossible to get the real information about the fruit from the
label, leading to confusion in the market. Furthermore, partic-
ipants in fruit trade are widely distributed, warranting a third-
party centralized server (client paradigm) to guarantee the
transaction information (including data storage, transmission,
and sharing) from producer till it reaches consumers (Duan
et al. 2024). However, there is still the possibility of data
tampering, leading to trust crisis among complex stakeholders
(M. A. Khan and Salah 2018), making the fruit source, pro-
cessing, and transaction information ambiguous (Kamilaris
et al. 2019). On the other hand, part of orchards uses excessive
and chemically synthesized pesticides (dichlorvos, phoxim,
hexachlorocyclohexane, etc.) to increase fruit production. This
not only reduces safety level of fruits but also deteriorates the
ecological environment (Xu et al. 2022). Based on the above
phenomenon, many studies advocate transparent and sustain-
able production for FFSC to improve consumers' edible safety,
value perception, and willingness to pay for high-quality fruits
(Y. Zhang, Chen, et al. 2022).

In fact, as the institutional economics clarified, the information
constraints and insufficient recognition have become major
deficiencies in the agri-food industry. These issues increase the
difficulty of transactions, leading to inefficiency and adultera-
tion in FFSC, and ultimately cause a loss of food quality and
consumer trust (Kamble, Gunasekaran, and Gawankar 2020a;
Kamble, Gunasekaran, and Sharma 2020b; Z. Liu et al. 2021).
Figure 1 summarizes the process of the current fresh fruit
supply chain in general situations. To this end, the Food and
Agriculture organization (FAO) conducted E-agriculture, that
is, applying Internet of Things (IoT) into agri-food area to
improve food authentication, transaction information sharing,
supply efficiency, and service quality (Ferrag et al. 2018; X. Li
et al. 2020). Kitouni et al. (2018) proposed an approach for
effectively integrating the IoT into agricultural enterprises
including smart sensors and agricultural machinery. The
approach was based on agent interaction protocols (AIP),
through which they specified complex transactions by recog-
nizing large meaningful code chunks (generated automatically
by webpack) in the application domain. In another study,
Mukherjee et al. (2018) also reported an agricultural IoT to solve
sustainability issues such as transaction fraud and fruit rot. The
study proposed a method of sensor authentication and blind
agricultural IoT node, which could be sourced and operated
from the master node or remote monitoring center. It can be
seen that FFSC integrated with IoT technologies has become a
potential trend to enhance food authentication and increase the
efficiency of circulation.

In recent years, there has been an explosion application of IoT
in the agri-food supply chain, literature focusing on traceability,
automated trading models, and high-precision sensing mate-
rials. However, there are no comprehensive reviews on the IoT
enhancing fruit information authentication. Herein, this paper
summarizes recent applications of IoT-related technologies in
agri-food supply chain and introduces the potential of these
technologies for the authentication of fruit identity and quality,
the prediction of fruit shelf life, and the enhancement of FFSC
service. Additionally, the systematic evaluation and application
barriers highlighting their advantages and limitations are
emphasized with future needed developments.

2 | Sensing Technology

Ideally, nondestructive quality sensing technologies are effective
means to enhance fruit authentication and prolong fruit quality
in FFSC. The characteristic of such technologies is that they can
rapidly assess fruit quality and ripeness through physical or
chemical methods without damaging the external appearance or
internal structure of the fruit (Akter et al. 2024). The sensing
technology is in the law of indirect detection and its basic pro-
cedure includes the following: (1) acquiring the electronic sig-
nals of the FFSC microenvironment via sensor elements; (2)
converting electronic signals into readable data; (3) building the
correlation model between data and fruit (authentication,
quality, and predictive value) via experimental measures; (4)
predicting fruit quality and trading based on the built model (X.
Wang et al. 2021). Selecting appropriate sensing technologies in
the FFSC first requires an understanding of the fundamental
principles of these specific technologies. The selection criteria
are based on the compatibility with the target fruit, the appli-
cation scenarios, and their potential impact on monitoring fruit
quality and safety. For example, gas sensors and electronic
noses/tongues are highlighted for their sensitivity to volatile
organic compounds and flavor profiles, which are critical in-
dicators of fruit freshness and spoilage. Optical sensing tech-
nologies were chosen because of their rapid detection
capabilities. Literature demonstrated that many sensing tech-
nologies with high resolution and smart systems have been
developed in recent years (Le et al. 2016; Y. Zhang, Li,
et al. 2022). These authentication technologies have greatly
improved the efficiency of FFSC.

2.1 | The Commonly Used Gas Sensors

Generally, the use of nondestructive, contactless, and real-time
quality sensing technologies are critical measures for fruit
authentication and freshness prediction in the FFSC (X. Wang
et al. 2021). The principle of sensing technology lies in detecting
environmental parameter signals and then simulating and pre-
dicting the sensory and quality of fresh fruit via mathematical
coupling model (S. Khan et al. 2023). Early research focused on
high-resolution quality sensing via temperature and humidity,
which were mostly based on the principles of thermal resis-
tance, thermocouple, and thermoelectric capacity (X. Wang
et al. 2021). Recently, studies began to focus on emerging and
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FIGURE 1 | The process of current fresh fruit supply chain in general situations.

more efficient sensor substrate materials. For example,
Y. Zhang, Li, et al. (2022) prepared multifunctional silver-based
metal-organic frameworks@carboxymethyl filter paper (Ag-
MOFs@CMFP) composite paper by using in situ synthesis. The
prepared composite paper could transmit the humidity response
signal to the mobile phone thus providing remote real-time
authentication of fruit quality (fresh strawberries, blueberries,
and plums). Compared with temperature and humidity, the
interaction between environmental gas and fruits is rather dy-
namic and uncertain (X. Wang et al. 2021). The postharvest fruit
still keeps an active metabolism, mainly including respiration,
transpiration, and stress-secondary metabolism, which are
essential to maintain cell integrity and energy supply (ATP,
ADP, and AMP) of the tissue (S. Li et al. 2021). These processes
involve the exchange of various gas components, such as O,,
CO,, H,0, ethanol, ethylene, volatile terpenes, aldehyde, and
organic acids (He et al. 2022). Moreover, postharvest techniques
are usually used to inhibit respiration, microorganisms, injury
ethylene, and other negative effect factors to reduce enzymatic
browning and maintaining the oxidation reduction (REDOX)
homeostasis of fruits, and ultimately prolong fruits shelf life
(Zhu 2016; S. Li et al. 2021). Such diversified preservation
technology of modern cold chain increases the complexity of the
gas environment of FFSC (Figure 2), such as 1-MCP, NO, O3,
H,S, ClO,, and SO, gas fumigation, controlled atmosphere, and
edible coating (W. Zhang and Jiang 2019). For the most part, the
industrial gas sensor array cannot meet the requirement of
micro signal acquisition for FFSC due to its limitations of res-
olution, scale, power consumption, cost, and so on (X. Wang
et al. 2016; S. Khan et al. 2023).

In the environment of FFSC, even some micro variations of gas
may cause significant changes in fruit status, thus bringing

many uncontrollable factors for fruit quality authentication (He
et al. 2022). For example, the reduction of local O, concentra-
tion can lead to anaerobic respiration of the fruit, resulting in
ethanol and unpleasant smell (Y. Zhang et al. 2021; W. Zhang
et al. 2023; Y. Zhang et al. 2023a). Studies have demonstrated
that a-farnesene and conjugated trienols could act as endoge-
nous inducers which were intrinsically correlated with fruit peel
browning (Lindo-Garcia et al. 2021), and has yet to be revealed
for other natural products in fruits. In addition, ethylene is an
autocatalytic plant hormone that accumulates in the transport
environment of FFSC, thus accelerating fruit senescence (S. Li
et al. 2021). To this end, the monitoring and regulation of FFSC
gas environment is considerable to be a prerequisite to maintain
the shelf life and authentication of fruit cargo (Y. Zhang, Li,
et al. 2022). However, the FFSC typically operates in low-
temperature and high-humidity environments, where gas
sensor drift often exceeds acceptable accuracy limits. In such
conditions, water molecules may adsorb onto the sensor surface,
occupying active sites and hindering the adsorption of target
gases. Furthermore, low temperatures can slow the sensor's
reaction rate, leading to longer response times and reduced
sensitivity. Moreover, sensors require self-power support for
online detection and authentication of fruit quality (X. Wang
et al. 2021).

With the boom in semiconductor and spectroscopic technology,
gas sensors based on different principles are gradually devel-
oped, types could be broadly classified as electrical, optic, sur-
face acoustic wave, gas chromatographic and calorimetric-based
sensors (Xiao, Mu, et al. 2022). Metal-oxide semiconductors
(ZnO, Sn0,, WO;, and MOS), carbon- and silicon-based mate-
rials (carbon nanotubes (CNT), graphene oxide (GO), and
lamellar silicate), and electrochemical (conductive hydrogel)
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FIGURE 2

| A typical sensor system in the fresh fruit supply chain. (A) represented the component and working principle of the semiconductor

gas sensor, (B) was the propagation path and reading process of the sensor electrical signal, and (C) showed the main gas atmosphere of the fruit

during storage and transportation.

can sense changes in electrode properties (Xiao, Mu, et al. 2022;
S. Khan et al. 2023). These sensing technologies greatly enhance
the authentication of the food supply chain. For example, most
of MOS gas sensors are based on the adsorption and reaction of
the target gas to be measured by MOS gas sensitive material,
which causes the successive change of charge carrier and
resistance value. Then the electrical signal is captured in cur-
rent/voltage change, and finally read by computer through the
analog-to-digital conversion (ADC) (Dey 2018). The basic com-
ponents and sensing principles of semiconductor gas sensors
were shown in Figure 2. Sensors based on optic properties can
be further divided into near-infrared spectroscopy, Raman
spectroscopy, hyperspectral, and x-ray fluorescence spectros-
copy. Similarly, these technologies are mainly sensing signals
through the changes of absorption of light by hydrogen-
containing groups of organic compounds, Raman scattering
and displacement and the release of x-rays from atoms excited
by high-energy radiation (X. Wang et al. 2021; S. Khan
et al. 2023).

Although various gas sensors have been developed for particular
gas species, such as biogenic amines, pH values, and foodborne
pathogens. With the FFSC upgrade, future sensors should be
oriented toward flexible sensor platforms, sensitivity and
responsiveness optimization, manufacturing technologies
(microelectron mechanical system and 3D printing), multiple
components and full functionality (multi-sensor arrays) toward
all gas species in fruits. In a study of Thai et al. (2020), the multi-
sensor array could monitor multiple parameters in FFSC to
obtain more effective environmental and fruit information.

2.2 | Smart Tag Systems With Color Response

In addition to gas sensors, smart tags that rely on color
response can also monitor environmental parameters and
certify fruits' nutritional quality upon storage and trans-
portation. They can indicate more visible fruit freshness for the
B-ends (business) and C-ends (consumer) of the FFSC (He
et al. 2022).

Recent studies have focused on gas target metabolite products,
gas sensitive components, and their underlying interaction
mechanisms. The types of gas metabolites have been dis-
cussed in Section 3.1. Gas-sensitive components consist
mainly of chemical or natural pH chromogenic dyes (in-
dicators), as well as some nonferrous metal ions. Early
colorimetric indicators on chemical synthesis mainly include
methyl red, phenol red, bromophenol red/blue, and bromoc-
resol purple. The principles of chemical reactions involve
Lewis acid/base and dipole reactions. For example, the color
change of phenol cyanogen dye during deprotonation (He
et al. 2022; S. Khan et al. 2023). Natural pH indicator dyes
mainly belong to anthocyanins and betalains extracted from
plants such as roselle and beetroot. These dyes depend on
their chemical structure changes caused by the positively
charged oxygen (IV) and nitrogen (III) atoms, thus inducting
different colors (Becerril et al. 2021). Their chemical struc-
tures were shown in Figure 3. The main nonferrous metal
ions include Mn (II, IV, VI and VII), Mo (III, IV, V, and VI),
and Cr (II, III, and VI), and they show different colors in
different valence states (Iskandar et al. 2020).
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Studies on CO, analysis is relatively comprehensive compared
to other gases. Wan et al. (2021) explored the application of
succinylated chitosan and hydroxypropyl chitosan film (bro-
mocresol blue and methyl red as indicators) to monitor and
identify the modifications in banana during storage at 10°C. In
their study, the label film color difference (AE) from blue (fresh)
to yellow (not fresh) showed a good linear relationship with the
CO, content which could predict the ripening and freshness of
the banana. The volatile organic acids of fruits are mainly low
carbon straight-chain fatty acids, such as formic acid, acetic
acid, and butyric acid produced from Embden-Meyerhof
pathway (EMP) (He et al. 2022). Kuswandi et al. (2013) evalu-
ated the volatile organic acid content of guava by fixing bro-
mophenol blue as an indicator on bacterial cellulose films by
absorption method. With the extension of storage time, the film
changed from blue to green allowing for a multi-parameter fruit
quality authentication model, including soluble solid (TSS),
texture, and sensory evaluation. Studies on natural pigments as
indicators mainly focus on marine, meat, and dairy foods, with
less application for fruits, which is also the focus of future
research. In an interesting study by Zhou et al. (2021), smart
labels containing blueberry anthocyanins and cellulose nano-
fibers (CNF) were prepared by coaxial 3D printing. With litchi
freshness decreasing, the color of the label gradually changed
from purple to pink. The 3D-printed label also had the function
of sustained release on 1-Methylcyclopropene (1-MCP), which
could extend the shelf life of litchi by 6 days. Likewise, an
intelligent  starch/chitosan-based film incorporated by
anthocyanin-encapsulated amylopectin nanoparticles (ANPs)
was fabricated for the determination of shrimp freshness
monitoring. The pH-responsive films with ANPs exhibited
obvious color changes from pink-colorless-yellow to reflect
shrimp deterioration and yet to be examined for other food
types. There are also natural plant extracts that have shown
potential in monitoring fruit freshness. Ardiyansyah et al. (2020)
prepared a pH-responsive colorimetric indicator packaging
based on Brazilian hematoxylin extracts to successfully identify
the quality of climacteric fruit (banana) within 6 days, showing
the color from yellow (pH 4.5) to dark red (pH 5.1). Respiratory
climacteric fruits such as apple, avocado, guava, and banana are
sensitive to ethylene signal response, and for which monitoring
of ethylene is particularly important. Pirsa and Chavoshiza-
deh (2018) developed a smart label based on Dbacterial

nanocellulose and KMnO, (oxidizing metal ions indicator), to
measure ethylene levels in banana fruit during storage (i.e., red
to yellow indicates a decrease in freshness). Other smart sensing
tags application included the use of aldol condensation and
Cannizzaro reactions to indicate volatile aldehydes in fruit (He
et al. 2022).

In addition, high target specificity binding smart tags for bio-
recognition probes have also become a hot topic in recent years.
These tags were mainly used to monitor pesticide residues and
foodborne microbial (including viable but nonculturable
(VBNC) state) contamination for the authentication of fruits.
Promising probes include bacteriophages, functional oligonu-
cleotides, and antibodies (S. Khan et al. 2023). Y. Tian
et al. (2021) proposed to immobilize Alicyclobacillus acid-
oterrestris specific aptamers and antibodies onto magnetic
nanoparticles to isolate target bacteria in juices, and subse-
quently used A. accidoterrestris-binding antibodies labeled with
fluorescent quantum dots for fluorescence visualization. It is
necessary to mention the time and temperature indicator (TTI),
which mainly uses the acetylene reagent to prepare the activity
indicator, monitors the temperature accumulation -effects
through diffusion, polymerization, and enzymatic method, and
then indicates food quality changing and remaining shelf-life
information by combining the Arrhenius equation (X. Zhang
et al. 2016; T. Gao et al. 2020). Bobelyn et al. (2006) evaluated
the color change of mushrooms during cold chain, and a
commercialized enzymatic TTI (Vitsab) was applied to check its
applicability. The CIE color (L*) was used to identify the
mushroom quality and the reflectance of the TTI was consid-
ered for modeling. Suppakul et al. (2018) designed a diffusion
type TTI which employed polydiacetylene/silica nanocomposite
(PDA/SiO2 NC) as the color-developing substance, and it was
loaded on the diffusion path of a microporous strip. This
designed TTI produced good results in the quality authentica-
tion in wheat grass juice.

2.3 | Electronic Nose and Electronic Tongue

Electronic noses (E-noses) and electronic tongues (E-tongues)
have emerged as innovative sensor tools for enhancing quality

266

Future Postharvest and Food, 2025

85UB017 SUOWIWOD BAIIe8ID o|aedljdde sy Aq peusenob afe ssjoile O ‘esn Jo Sajni 1o Arliq1T 8UIUO A3|1M UO (SUONIPUOD-PpUR-SLLLBIW0D A8 | IM° Ae1g 1[I UO//SANY) SUONIPUCD PUe Swie | 8y} 8eS *[9202/80/50] Uo Areidiauljuo A8|IM ‘6T00L Zd)/200T 0T/I0p/w0d A3 | Aleiq 1 uljuosupel//sdny Wwody pepeojumod ‘s ‘SZ0Z ‘9789/£82



authentication and safety monitoring in this sector. These de-
vices simulate human olfactory and gustatory senses, providing
nondestructive and rapid methods for analyzing various attri-
butes of fresh fruits (Baldwin et al. 2011). Specifically, E-noses
are particularly effective in assessing the ripeness and fresh-
ness of fruits by detecting VOCs emitted by produce. For
instance, they can identify the presence of ethylene, a key
hormone in the ripening process, allowing for precise timing of
harvesting and storage conditions (Tibaduiza et al. 2024). E-
tongues, on the other hand, analyze the taste profile of fruits
and vegetables by detecting nonvolatile compounds. This
capability is crucial for ensuring consistency in flavor and
sweetness levels, which is essential for processed fruit products
(Tibaduiza et al. 2024).

The spoilage detection also takes an important sector in mini-
mizing waste and maintaining consumer satisfaction. E-noses
and E-tongues can identify changes in VOC profiles, pH
levels, and acidity that occur as fruits begin to decay, enabling
timely intervention such as adjusting storage conditions or
prioritizing the sale of produce that is nearing spoilage
(Munekata et al. 2023). Importantly, the E-noses and E-tongues
contribute to optimizing logistics and distribution in the wide
abroad supply chain. By providing real-time data on the quality
and condition of produce, these sensors enable better decision-
making regarding transportation routes, storage durations, and
inventory management. In addition, the integration of E-noses
and E-tongues with other data analytics and machine learning
techniques can further enhance their capabilities. Advanced
algorithms can process the data collected by these sensors to
predict future quality changes and identify patterns that may
indicate potential issues (Munekata et al. 2023). This predictive
analytics approach allows for proactive measures to be taken,
rather than reactive ones, thereby improving the overall quality
and safety of the produce.

Of course, there are also challenges associated with E-noses and
E-tongues, including issues related to sensor drift, sensitivity
loss, and regular calibration. Besides, the complexity and cost of
these devices can be barriers to widespread adoption, particu-
larly for small-scale producers (Baldwin et al. 2011). Therefore,
ongoing research and development are focused on creating
more robust, cost-effective, and user-friendly versions of these
technologies, ensuring them an important role in the safety,
quality, and sustainability FFSC.

2.4 | Optical Sensing Technology

Sensors are mainly aimed at nondestructive monitoring and
authentication of fruit metabolites in FFSC, whereas spectral
imaging sensing technology is based on the surface and internal
images of fruits for anti-counterfeiting and identity authentica-
tion, which can bring more impact and intuitive results. Inevi-
tably, mechanical damage occurs during fruit postharvest
processing in FFSC. One difficulty is that bruising may not be
visible instantly as it may take a 12 h incubation period (Du
et al. 2020). At the microscopic scale, it is manifested as the
damage of the phospholipid bilayer in cell membrane and the
fracture of the structural fibers in cell wall, which leads to

the disappearance of the compartment effect between enzymes
and substrates, and the interaction of them eventually produces
visible lesions on the fruit epidermis (W. Zhang and Jiang 2019).
In addition, some fruits also undergo corkification and lignifi-
cation, resulting in fruit spots (W. Zhang et al. 2023; Y. Zhang
et al. 2023a). These internal and external features give the fruit a
distinctive and unique texture that can be readily recognized. At
present, new spectral sensing techniques create more possibility
for fruit authentication, such as hyperspectral, fluorescence,
biospeckle, and x-ray. Setting spectral sensing at specific nodes
in FFSC can effectively enhance the accuracy of fruit identity
authentication and quality prediction (Du et al. 2020).

Hyperspectral imaging (HSI) can provide the fruit sample both
spatial and spectral signal of a certain wavelength range from
each pixel (J. Li, Luo, et al. 2019). In practice, data need to be
filtered via ML to identify wavelength range that best represents
the fruit identity (Du et al. 2020). These representative wave-
lengths can be used to represent the different texture charac-
teristics of different fruits, such as spot, mechanical damage,
peel browning, so as to identify fruit in FFSC. The information
contained in HSI can be extracted and analyzed according to its
wavelength pattern (one-dimensional spectrum), spatial pattern
(two-dimensional image), and hyperspectral image (three-
dimensional data cube) (Du et al. 2020; Shen et al. 2023).
Currently, hyperspectral images are usually divided into several
segments including visible region, short-wavelength near-
infrared region, and mid-wavelength near-infrared region.
These electromagnetic spectrum segments are processed to
reduce the dimensionality via multivariate data analysis such as
PCA. Other supervised multivariate data analysis for classifying
spectral images at a certain wavelength range include partial
least squares discriminant analysis (PLS-DA), SVM, random
forest, CNN, and other ML methods for finding the proper
wavelengths to complete the fruit authentication (Du et al. 2020;
Cai et al. 2023). Que et al. (2023) applied spectral feature
coupled with grouped convolutional network for the authenti-
cation model of seed variety (Figure 4A). The study employed
interval continuum removal (iCR), backward interval partial
least squares (BiPLS), and interval random frog (iRF) to
constrain the spectrum; then extracted physical and chemical
features of each interval independently by group convolution
(GC), allover to improve the accuracy and inference speed of
seed authentication models. Cai et al. (2023) used HSI, CNN,
and attention mechanism to acquire and analyze the hyper-
spectral images from the two sides of Baishao known as Chinese
peony. Cynanchum otophyllum Schneid, a TCM formulation
used to treat inflammatory disorders for the accurate identifi-
cation of its geographical origins. In this study, generalized
gradient-weighted class activation mapping (Grad-CAM++)
was utilized to visualize and identify certain wavelengths which
were representative. The proposed data-level and feature-level
deep fusion models outperformed the conventional ML
methods in authentication of Baishao origins.

Speckle imaging refers to high-resolution imaging techniques
based on displacement stacking or speckle interferometry. Bio-
speckle imaging is often used to observe discontinuous subcel-
lular structures, such as filamentous, fibrous, softened, and
pulpy biological tissues, in the practical application of FFSC
authentication. This allows real-time image analysis of the FFSC
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FIGURE 4 | Application of spectral imaging sensing technology in authentication of agri-foods. (A) Included the original hyperspectral image of
wheat kernels, Pseudo RGB image, binary image for extracting regions, hyperspectral image cube, and raw spectra; (B) represented the bio-speckle

activity image of citrus at different degrees of freezing visualized by Fujii method. Copyright 2023 & 2020 Elsevier. (A) Reproduced with permission
from Que et al. (2023). (B) Reproduced with permission from Que et al. (2023) Rahmanian et al. (2020).

dynamic system to understand the physiological state of the
fruit (Du et al. 2020). Specifically, organelle movement, cyto-
plasmic flow, and various biochemical reactions occur all
throughout in fruit cells. The coherent laser irradiation causes
optical interference between these dynamic intercellular/intra-
cellular particles of fruit, resulting in diffuse reflection to form a
group of dynamic random bright and dark spots (discrete spots)
(Rahmanian et al. 2020). The mainstream speckle analysis
methods include laser speckle contrast analysis (LASCA),
generalized difference (GD), Fujii method, time contrast (TC),
and inertia moment (IM) (Du et al. 2020). Rahmanian
et al. (2020) extracted 12 features from oranges bio-speckle
images for classification and authentication (Figure 4B). The
classifiers included soft independent modeling of class analogy
(SIMCA), linear discriminant analysis, quadratic discriminant
analysis, ANN, and SVM. Their results of image processing
proved the forward-scattering arrangement and ANN classifier
resulted in the best prediction power with equal classification
accuracies of 100%, which could be considered an alternative
and useful tool for fruits authentication. Pieczywek et al. (2018)
employed optical sensors and the artificial inoculation of apple
fruit with Pezicula malicorticis (apples bull's eye rot) to identify
the infection symptoms before it is visible. The chlorophyll
fluorescence and globally measured bio-speckle activity and
hyperspectral imaging enabled statistically significant detection
of infected areas as early as 2 days after the inoculation of
P. malicorticis. In addition, the spatial visualization of bio-
speckle activity revealed the development of disease with a
higher level of detail than hyperspectral imaging and allowed
for the earlier infection detection than chlorophyll fluorescence
detection method and has yet to be tested for other infections in
different food matrices.

For some chlorophyll-rich, thin-skinned fruits, authentication
can also be achieved by using fluorescence imaging. Fluores-
cence imaging is based on that chlorophyll emit fluorescence
near the peaks of 685 and 730 nm when excited by electro-
magnetic radiation or visible light (Pieczywek et al. 2018).
Therefore, database can identify counterfeit fruits according to
the different distribution position and relative intensity of
chlorophyll fluorescence in fruits (Du et al. 2020). Omwange
et al. (2021) examined extra virgin olive oil (EVOO) adulterated
with virgin olive oil (VOO) using front-face fluorescence spec-
troscopy and ultra-violet (UV) LED. In this study, excitation
emission matrices (EEM) and their corresponding fluorescence
images were captured and examined. Specific regions for both
EEM and fluorescence imaging were classified using SVM and
the sensitivities were evaluated using partial least squares
regression (PLSR) analysis. Results showed that the front-face
fluorescence spectroscopy and UV-induced fluorescence imag-
ing could potentially discriminate adulterated olive oils.

Moreover, characteristic biometric fingerprints image (CBFI)
based on visible light, structured illumination reflectance im-
aging (SIRI) using x-ray imaging (XI) based on the differences of
attenuation in different fruit tissues, etc., have also shown great
potential in fruit authentication. Nuclear magnetic resonance
imaging and spontaneous thermal imaging can not only be used
for fruit identity authentication, but also achieve quantification
and correction of recognition error rates (Du et al. 2020;
Shen et al. 2023). It is worth mentioning that although these
emerging frontiers technologies can achieve anti-counterfeiting
of fruits, cost, industry support, fruit type, and transportation
distance are challenges that must be considered (Kamilaris
et al. 2019; Y. Zhang, Chen, et al. 2022). In FFSC, we should
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choose appropriate imaging sensing techniques based on the
actual situation.

3 | Other IoT Technologies for Enhancing Fruit
Authentication

3.1 | RFID

The development of wireless sensing technology has greatly
improved the transparency of FFSC and ensured food quality and
safety. However, the low efficiency of conventional cell let the
system powering in long-term cold environmental FFSC become
aproblem. Fortunately, the RFID can realize fruit monitoring and
authentication on dynamic nonstop information such as the gas
composition, temperature and humidity, microorganism, and
production date, place and batch without battery (antenna) (Le
et al. 2016; Xiao, Mu, et al. 2022). RFID technology has been
considered to be an enhanced method for temperature moni-
toring in food owing to several applications and benefits.

A typical wireless RFID system consists of tag, reader, signal
processing circuit, and a microcontroller which can realize
signal wireless acquisition, amplification, filtering, analog-to-
digital conversion, power supply management, and other func-
tions of data (Xiao, Mu, et al. 2022). The information and RF
energy can be transmitted between the reader and tag within a
few centimeters via an electromagnetic field. These collected
data are then reliably transmitted to the aggregate node, and
further to the remote master computer by GPRs, 2/3/4/5G and
other means. The master computer processes the obtained data
so as to issue control commands to the nodes in the FFSC
(Figure 3). In addition, RFID have a sufficient nonvolatile
memory that can be easily and nontamperably read/written by
the reader (Xiao, Fu, et al. 2022; Xiao, Mu, et al. 2022). There-
fore, RFID can be easily employed in FFSC for fruit monitoring,
tracking, authentication, and cold chain management (X. Wang
et al. 2021). Le et al. (2016) developed a battery-free 13.56 MHz-
based RFID sensor tag to read monitoring data in the RF range
of up to 30 cm and was employed to remotely control the
transport environment of apricot abalone mushrooms. Recently,
high frequency/ultra-high frequency (HF/UHF) RFID, which
can read data with large throughput, strong penetration, large
memory capacity, and more reliability, has increasing attention
in food technology worldwide. Xiao, Fu, et al. (2022) proposed a
sustainable battery-free sensing system for fruit cold chain
management. The system transmitted fruit environmental data
via UHF RFID and ZigBee, and collected solar energy to power
sensing elements, readers, and sink nodes. With the continuous
maturation of RFID, future research should focus on flexible
RFID materials and multi-sensor integrated RFID, optimizing
the early warning model to continuously monitor the fruit
transport environment in FFSC (X. Wang et al. 2021).

3.2 | Mathematical Coupling Model and Remote
Monitoring Databases

Another important aspect of fruit authentication is the signal
processing method. Most of the studies placed signal processing

in remote monitoring database which includes the application
layer, network layer, and database layer. Specifically, the
application layer (basic database) is for user's authorization
management, the network layer (communication database) is
for communication management and the database layer (storage
database) is for sensing data real-time monitoring and storage
(Le et al. 2016; Xiao, Fu, et al. 2022). All the data existed in the
database will be uploaded to the blockchain node in real-time.
The user can get their required results by interaction with
application layer and the database layer by the internet (Baralla
et al., 2021).

The widely used analysis tools for databases include principal
component analysis (PCA), independent component analysis
(ICA), nonlinear principal component analysis (NLPCA), sup-
port vector machine (SVM), artificial neural network (ANN),
back propagation neural network (BPNN), convolutional neural
networks (CNN), Yolo neural network (YNN) and ML (Du
et al. 2020). These data-driven machine learning models focus
on automatically extracting features and patterns from large
volumes of sensor data, offering strong real-time prediction and
self-adaptive capabilities. Appropriately selecting models and
analytical methods can enhance the accuracy of real-time
environmental monitoring and improve system-level decision
support in FFSC. Menichetti et al. (2023) introduced an ML
algorithm (FoodProX) based on food processing extent classifi-
cation system that accurately predicted the degree of food pro-
cessing. In addition, predicting model of fruit freshness can be
established based on the filtered data, and dynamic mathe-
matical coupling algorithms involved include weighting, bias,
linear/nonlinear coupling (X. Wang et al. 2021). Some mathe-
matical coupling models of fruit quality based on different
principles are shown in Table 1. Most of the existing mathe-
matical modeling were derived from the respiratory rate, which
only described relationship between O,/CO, as fruit quality.
There was an interesting work by Saenmuang et al. (2012), in
which they successfully fitted 3 respiratory adaptability models
of spinach under hypoxia environment according to Michaelis-
Menten model, Langmuir adsorption model, with/without
(competitive) inhibition. This model could be used for gas
composition prediction and package optimization for spinach
supply chain. Subsequent studies have introduced several
different environmental parameters into the model to optimize
the authentication results. Jalali et al. (2020) simultaneously
considered microbial deterioration, mass loss and cumulative
CO, production as a guide to predict the shelf life of straw-
berries. The model was applied in strawberry supply chain
under modified atmosphere packaging and opening tray con-
ditions with varying temperature and humidity. More recent
studies were based on electronic nose discrete signal processing,
which can separate hundreds of gas components to identify fruit
quality (X. Wang et al. 2021), and further to infer for the sensory
properties in food. However, dimensionality reduction analysis
of the data is a challenge, and it is not suited for the continuous
signal analysis with cumulative effects during the FFSC process.
In general, to account for the complex interaction between gas
and fruit quality, existing mathematical models need optimi-
zation to improve the prediction accuracy. Huang et al. (2023)
proposed a groundbreaking method to use multi-sensing tech-
nology and ML algorithm to identify blueberry quality auto-
matically and accurately. They investigated the interaction
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TABLE 1 | The mathematical coupling model of fruit quality based on different principles and different parameters.

Coupling
Species Input parameters quality Mechanisms Advantages References
Mushroom  Temperature and relative Skin color = Enzyme reaction Integrated medium transfer and Joshi
humidity change kinetics heat transfer process. et al. (2018)
Apricot Weight Weight loss  Statistical method Predicted the contents of carotene Deng
and phenolic. et al. (2022)
Lychee Temperature and weight Shelf-life  Chemical reaction Shelf-life at low temperature could  Zou and
prediction equation be predicted. Li (2020)
Strawberry The pixel value for each area Skin color  Spectral analysis Determined the effects of packaging, Takemoto

change atmosphere, light, and air pressure. et al. (2022)
Microbial deterioration, Shelf-life = Michaelis-Menten Coupled with multi-environmental Jalali
weight loss, and CO, prediction equation parameters to improve accuracy et al. (2020)
production
Spinach Gas composition (CO,, O,) Respiration Langmuir Furtherly studied the information of Saenmuang
rate adsorption respiration metabolism et al. (2012)
equation
Lettuce Gas composition (CO,, O,) Microbial  Michaelis—Menten = Microbial, quality attributes, and Yu
and microbial population  growth rate equation sensory scores were coupled during et al. (2023)
refrigeration
Blueberry Temperature and weight Freshness Arrhenius equation Nondestructive sampling and Huang
prediction and machine machine learning could improve the et al. (2023)
learning accuracy of freshness prediction
Garlic Temperature, weight, gas  Respiration Michaelis-Menten Coupled with multi-environmental Chen
composition, and packaging rate equation parameters to improve accuracy et al. (2019)

material

between O,, CO,, C,H,, and blueberry freshness at critical
control points (HACCP) and further constructed neural
network algorithms (BP, RBF, SVM, and ELM) for fruit fresh-
ness prediction. The four development methods all showed
prediction accuracies above 90%, whereas the traditional
Arrhenius equation method based on temperature and quality
parameters was only at 85.10%.

3.3 | Blockchain

The blockchain is composed of a set of discrete client nodes
based on the transmission control protocol (TCP) network,
originating from the bitcoin digital currency white paper
(Nakamoto 2008). In essence, blockchain is an intelligent peer-
to-peer (P2P) network that uses a distributed database to iden-
tify, record and disseminate information ledger technology, with
no restriction by geographic location factors. Specifically, it
contains multiple dimensions of technologies, including the
following. (1). Encryption technologies ensure data security,
such as hash functions, asymmetric encryption algorithms,
digital signatures, and anonymity techniques (Kamilaris
et al. 2019). (2). Decentralized online discrete transaction tech-
nologies enhance transaction processing speed (C. Liu
et al. 2018). (3). Electronic token technologies upgrade the
traditional commercial currency model (Nakamoto 2008). (4).
Transparent technologies record all transactions publicly on the
internet, breaking the information asymmetry from the original
centralized system (Rahman and Rahmani 2018). (5). Smart

contract technologies allow users to define operations of arbi-
trary complexity (Bunge et al. 2022). In this way, the anti-
counterfeiting features of blockchain seem to meet the re-
quirements of fruit authentication in FFSC. In fact, there have
been extensive literature in recent years on the use of block-
chain to enhance food authentication. With the governance
level of hardware, software, networks, and database technolo-
gies developing in-depth, blockchain is expected to make the
agri-food supply chain efficient, safe, and sustainable at the
levels of society, environment, and economy (Y. Chen
et al. 2020; Bunge et al. 2022).

(F. Tian 2016, 2017) proposed to integrate blockchain with IoT
technologies (such as RFID, WSN, and near field communica-
tion (NFC)) for agri-food cultivation, harvest, processing, lo-
gistics, and sales, especially those key links during food
processing, named hazard analysis and critical control point
(HACCP). Such an approach using the smart sensors to auto-
matically collect/upload data in real-time, thereby expanding
the shared information set of all nodes in the entire supply
chain. In their study, fruit information from FFSC was tracked,
monitored, and stored, thereby providing a valuable information
for fruit identity authentication. Since 2018, there has been
increasing growth of blockchain-based applications, including
industrial, medical, and agricultural programs around the
world. Regarding agri-food literature were mainly centered on
the supply chain whole process monitoring, decentralized
transaction, information authenticity, sustainability, etc. For
instance, Boehm et al. (2017) reported the use of more private
NFC to track and identify food, providing great transparency
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and security. Liao and Xu (2019) established a tea quality
monitoring system based on blockchain. The program built a
multi-role, multi-link production management system via
E-agriculture. George et al. (2019) emphasized that the trace-
ability has become the added value of food, which represented
the quality of supply chain services and internal efficiency, and
then they proposed to use blockchain and product identifiers to
achieve food authentication in restaurants. In the field of agri-
food trading, Mao et al. (2019) designed an automatic food
trading system based on alliance blockchains (FTSCON), in
which the online double auction mechanism was used to
eliminate competition and the practical byzantine fault toler-
ance (PBFT, a consensus mechanism algorithm) was used to
enhance service efficiency and food authentication. In this
program, nonprofessionals could design and manage their own
life-cycle smart contracts according to their needs, therefore, the
authenticity and security issues in transactions were improved.
Based on the aforementioned studies, many researchers even
claimed that blockchain was a revolutionary information tech-
nology which presented great potential to enhance the food
safety and authentication sustainably.

Transparency, authenticity, traceability as well as sustainability
have become key indicators for evaluating the quality of the
food supply chain. Distributed storage is a data management
approach that distributes data across multiple physical locations
to enable data sharing and collaboration, enhance data security,
and reduce storage costs (Boller et al. 2024). It provides critical
support in addressing data silos, improving transparency, and
strengthening security. These issues that are particularly vital in
the FFSC. Owing to the characteristic of distributed storage for
anti-counterfeiting data, blockchain can reshape the traditional
transaction mode of the current FFSC and respond quickly to
the needs of growers, consumers, suppliers, and market super-
vision (Kamilaris et al. 2019). Monitoring of fruit quality,
transparent transactions, information security and authenticity,
and sustainable production are several critical factors for
blockchain to enhance the fruit authentication in FFSC (Sau-
rabh and Dey 2021). Recent studies of blockchain in agri-food
authentication are listed in Table 2.

Monitoring the environment parameters and the fruit physio-
logical status plays a vital role in fruit authentication for FFSC
(Huang et al. 2023). Most fruits are harvested from living plants
and maintain active metabolism to sustain biological integrity of
the edible tissue (Mittler et al. 2022). Although ICT can ensure
real-time communication, the processes of fruit cultivation,
harvest, processing, storage, and logistics still need to be
completed offline. In this complex and long commercialization
process, the fruit quality tends to degrade rapidly (Zhang and
Jiang 2019), negatively affecting the consumers’ acceptability
(Zhang et al. 2023; Zhang et al. 2023). To this end, Dong
et al. (2021) studied ICT and blockchain-driven agricultural
cross-channel information strategies and analyzed the rela-
tionship between pricing and behavior. Their results proved that
retailers tended to leverage this strategy to complete more
transaction when the devaluation coefficient of agri-food was
low. Therefore, the evaluation of fruit sensory, biochemical,
physical, and chemical indicators cannot be ignored. The
traditional FFSC can hardly monitor the external environment,
nor can it guarantee data security. With the help of blockchain,

the external environment of fruits can be monitored, analyzed,
and certificated. Managers can adjust deteriorated environ-
mental conditions in time. For example, Wang et al. (2021a)
designed an alliance blockchain framework to identify agri-food
through quick response (QR) codes and smart contracts, the
program has already been proved to have the potential for
commercial use. Farmers recorded details about the environ-
ment and crop growth data in the inter planetary file system
(IPFS) and stored file hash values in smart contract, which not
only increased data authenticity and security from hacking at-
tacks or equipment failures, but rather alleviated the problem of
central database storage explosion. In another insightful study
of Saurabh and Dey (2021), the automated transaction based on
IoT was proposed, in which the sensors were used to monitor
grape quality and shelf stock units of wholesalers, thereby
optimizing the pricing strategies, and eliminating inventory
replenishment time.

In terms of decentralization, transparent and intelligent trans-
actions, the blockchain network structure based on P2P has
many advantages (Li et al. 2018). The first is openness, which
eliminates restrictions of websites’ access for participants which
improves food transparency and authentication. In fact, almost
all consumer believes that the transparency available of fruit
processes is critical. They need to grasp fruit entire supply cycle
to ensure the food safety, authenticity, and high quality (Astill
et al. 2019). Secondly, the P2P digital interface can help FFSC to
manage various complex operations, such as adding, deleting,
modifying, and searching, etc. (Casey and Wong 2017). For
instance, Baralla et al. (2021) designed a blockchain system for
Sardinia, Italy to track the local agri-food in cold chain. The
platform could monitor fruits information such as storage
temperature, environment humidity, and global positioning
system data (GPS) as the system is interfaced with IoT network
devices. Moreover, the smart contract could guarantee the
transparency and authenticity of food information. As for smart
contract, which is an automated protocol based on blockchain
technology that can autonomously execute contractual terms
when predefined conditions are met, without third-party inter-
vention (Puthenveettil and Sappati 2024). By embedding
contractual logic into the blockchain through code, it ensures
transparency, tamper-resistance, and efficiency in execution.
Smart contracts are fundamentally reshaping commercial trust
mechanisms. In this process, the transaction was digitally
uploaded, and the company could read the record in real-time
and optimize supply efficiency, including: (1) adjusting sale
strategies according to the updated fruit freshness; (2) control-
ling the food-borne pollution and reducing fruit decay; (3)
obtaining people’s needs directly, thereby eliminating the bull-
whip effect (rising supply costs caused by intermediate nodes)
for decision-makers (Lu et al. 2021; Zhang et al. 2022a). Simi-
larly, Liu et al. (2020) used big data to propose a more suitable
supply chain of cost-sharing and revenue-sharing contract.
From another angle, the blockchain could manage the infor-
mation of FFSC, enhancing trust relationships and consumer
loyalty, thus making it possible for the trust-lacking transaction
model (Kamilaris et al. 2019). Therefore, potential high-quality
fruit suppliers/consumers will be matched directly (Mao
et al. 2019). Besides, P2P allows consumers to verify randomly
and evaluate anonymously on producers/processors which ex-
empts the third-party intervention (Nakamoto 2008). The best
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TABLE 2 |

Recent studies of blockchain in agri-food authentication.

Fields and purpose

Technologies

Main work and findings

References

Monitoring, authentication, and
traceability of the entire agri-food
supply chain.

Build a multi-role, multi-link, multi-
region food monitoring and
transaction management system to
improve the authentication of agri-
food.

Decentralized, transparent, and
intelligent transactions in the agri-
food supply chain.

Blockchain, IoT, RFID,
‘WSN, NFC, and ICT

Blockchain, tag, sensor,
NFC, and smart contract

Blockchain, tag, sensor,

and smart contract

Blockchain, WSN,
Ethereum, and QR code

Blockchain, ICT

Blockchain, IoT, WSN,
cloud computing, and ML

Blockchain, smart contract,
and QR code

Blockchain and big data

Enhance the information security and  gjockchain. cloud storage

blockchain storage capacity of the
agricultural food supply chain,
increase the trust value of the entire
chain, reduce transaction fraud, and
protect the interests of consumers.

Blockchain, IoT, fuzzy
logic

Blockchain, big data, and
sensing

Based on the blockchain architecture
model, combining RFID, NFC, food
identifiers, and wireless sensors to
track, share, and certificate agri-food
information; record the entire process
of agricultural food planting,
processing, and circulation through
intelligent sensing equipment.

Used more private NFC to track and
identify food; signed transactions for
the blockchain by the tag.

Built a rice supply chain system in
India using blockchain; assuring
safety of rice from fraud, tampering,
and falsifying information.

Built a holographic database of the tea
whole supply chain from farmland to
table; adopted the food risk
assessment and traceability
technology based on the hazard factor.

Constructed a theoretical analysis
model to study ICT and BT-driven
agricultural cross-channel
information, strategies; analyzed the
relationship between pricing
strategies, and customer behavior.

Used IoT&ICT to automate
transactions and auto-replenish
product orders; identified potential
drivers of blockchain adoption;
employed a rating-based conjoint
analysis in grape wine supply chain.
Proposed a framework based on
consortium blockchain and smart
contracts to track and trace the
workflow of agri-food supply chain;
stored hashes in smart contracts;
increased data security, alleviated
blockchain storage explosion.

Investigated the convenience of
E-agriculture based on blockchain in
Chinese five villages.

Used cloud storage to propose a
blockchain-based encryption storage
method and privacy protection
scheme for agricultural monitoring
data.

Constructed a corrosive food
traceability system via blockchain, IoT
and fuzzy logic; established decision
support by shelf-life adjustment and
quality evaluation.

Big data and blockchain improved the
data security and transparency for

(Tian, 2016, 2017)

Boehm et al. (2017)

Kumar and
Iyengar (2017)

Liao and Xu (2019)

Dong et al. (2021)

Saurabh and
Dey (2021)

Wang et al. (2021a)

Li, Wang and
Li (2020)

Liu, Huang and
Wang (2021)

Tsang et al. (2019)

Wang (2019)

(Continues)
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TABLE 2 | (Continued)

Fields and purpose

Technologies Main work and findings

References

Information security and authenticity
in the agri-food supply chain.
Improve supply chain participation
and broaden consumers' access to
market, agriculture, and transaction-
related information; improve
blockchain throughput and reduce
transaction delays.

Sustainable agri-food supply chains.
Increase the internal supply efficiency
of the fresh fruit industry, realize the
rationalization of resource allocation,
reduce the economic, social, and
environmental burden, and increase

private information; improved the
speed of data collection and
processing.

Provided a blockchain-based credit
evaluation system to supervise and
enhance the food authentication.

Blockchain, LM, SVM,
and NB

Revised the market demand function;
built a revenue model with cost/
benefit sharing.

Blockchain and big data

Consortium blockchain,
and smart contract

Proposed a system that allows
nonprofessionals to design smart
contracts according to their needs.

Public blockchain, and IoT Created a virtual area based on the
public chain to storage secure and
immutable information.

Public blockchain Proposed an agri-food supply chain
based on double blockchain
architecture; studied the storage
mode, resource rent-seeking,
matching mechanism, and consensus

algorithm.

Blockchain, linkable ring
signature, and smart
contract

Blockchain and ICT

Presented a new reputation evaluation
system based on blockchain without a
third party; protected user privacy.

Relay-assisted wireless network
transmission of sustainable E-
agriculture information.

Discussed the sustainable social and
environmental impact of blockchain
on the food supply chain via
technology assessment framework.

Blockchain, technology
assessment framework

Blockchain, IoT, and big Proposed the combination of big data

o ’ data and blockchain to improve the
the possibility of sustainable sustainability of the food supply
development. chain.

Other fields.
Solve the detailed problems in the
implementation of the blockchain;

Blockchain, smart contract,
and GPS

Designed a blockchain system for
tracking the local agri-food in cold
chain; company could read the ledger
in real-time and optimized supply
efficiency.

Blockchain, IoT, and big  The integration of IoT, big data and
data blockchain can create a data-driven
sustainable agri-food supply chain.

Blockchain, sensors Designed a blockchain-based
E-agriculture circular agriculture

framework for ecological farm.

Blockchain, ML, and IoT  Evaluated the proposed framework

FarMarketplace.

Discussed mathematical models and
food quality indexes to ensure that
consumers were provided with quality
food.

Blockchain

Mao et al. (2018)

Liu et al. (2020)

Mao et al. (2019)

Hammi et al. (2018)

Leng et al. (2018)

Li et al. (2019b)

Song and Li (2021)

Kohler and
Pizzol. (2020)

Zhang et al. (2020)

Baralla et al., 2021

Kamble,
Gunasekaran and
Sharma (2020)

Chen Li and
Li (2020)

Leduc, Kubler and
Georges (2021)

George et al. (2019)

(Continues)
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TABLE 2 | (Continued)

Fields and purpose Technologies

Main work and findings References

optimize the business model; provide ~Blockchain, 10T, and ICT
consumers with high-quality food, etc.

Blockchain

Addressed interoperability issues  Kitouni et al. (2018)
between heterogeneous IoT-based
services by offering a
harmonized AIP.

Took 202 text related to blockchain ~ Hong et al. (2021)
and food safety on Chinese Zhihu
platform via information adoption

model.

example on this issue was reported by Mao et al. (2018), in
which the authors provided a blockchain-based credit evalua-
tion system to supervise and enhance the food authentication
for agri-food supply chain. The system gathered and analyzed
credit evaluation text from traders by smart contracts and depth
machine learning (LM) named long short-term memory
(LSTM). The LSTM showed better performance than support
vector machine (SVM) and naive bayes (NB) in the aspect of
supervision for the transaction behavior.

With the continuous accumulation of fruit monitoring data, the
space, authenticity, and privacy of local storage data have also
become urgent issues which challenges farmers, governments,
and consumers. Similarly, researchers also tirelessly search for
the efficient solutions in this area for years. Hammi et al. (2018)
created bubbles trust (virtual area) from public blockchain
which ensured a robust identification and authentication of
sensing devices, thus improving the security of private infor-
mation. Li et al. (2019a) presented a new reputation evaluation
system based on blockchain, in which the third party was
removed, and the user privacy could be protected. Song and
Li (2021) assessed relay-assisted wireless networks to meet the
massive communication needs of rural areas. However, the
exploration of this field in agri-food is still relatively lacking, and
further exploration is needed in the future.

The blockchain helps to improve the sustainability of FFSC in
economic, environmental, and social dimensions. Firstly, it re-
duces cumbersome audit steps from the third-party which de-
creases transaction costs greatly (Tonnissen and Teuteberg 2020.
Y. Chen et al. 2020) proposed a circular E-agriculture frame-
work based on blockchain for an ecological farm in Beijing from
a sustainable perspective. The framework expanded the shared
information set, thereby eliminating unreliable third agencies,
as well as allowing retroactivity for organic food. The combi-
nation of blockchain and E-agriculture realized the self-
management of agricultural equipment. The proposed model
was especially suitable for unmanned farms, or those lacking
effective management, which could greatly reduce postharvest
waste of the fruits (Xu et al. 2017). Intriguingly, the study of
Leduc et al. 2021 emphasized the importance of digitalized
market design and templated smart contract trade. Then, the
authors evaluated the proposed agricultural market framework
based on blockchain (Far-Marketplace) and promoted a
restrictive evaluation method for food blockchain system. In
addition, blockchain strengthened the participation of the FFSC
to realize win-win cooperation, maximizing benefits while

minimizing risks, leading to a sustainable FFSC (Kamilaris
et al. 2019). For example, Kamilaris et al. 2019 suggested that
the integration of IoT, big data, and blockchain could achieve a
data-driven sustainable agri-food supply chain. The sustain-
ability could improve ecology quality and food safety, further
promoting consumer acceptance, presenting an unprecedented
virtuous circle in food industry (Feng et al. 2020). Kohler and
Pizzol (2020) also discussed the positive sustainability impact
posed by blockchain on the authentication of the food supply
chain via the application technology assessment framework.

In other food application scenarios of the integration of block-
chain and E-agriculture, George et al. (2019) presented a
restaurant model, discussing the relationship between the
mathematical models and the food quality indexes (FQI), for
providing high-quality food, technology standard, cost-
effectiveness, and information security. Hong et al. (2021)
studied 202 public text data related to blockchain and food
safety on Chinese Zhihu application program based on the in-
formation adoption model, in which the four factors of advan-
tages, costs, national policy, and supervision have significant
effects on the public's recognition and adoption with a confi-
dence level of 0.1. In addition, several studies also discussed the
opportunities and challenges of blockchain application in the
food industry, including the investment decisions, the accep-
tance of rural people, among others (Kamilaris et al. 2019; Liu
et al. 2020).

4 | The Technology Evaluation and Application
Barriers

The implementation of IoT technologies has obvious advantages
for FFSC (Liu et al. 2020). Nevertheless, assessing the pros and
cons of the technical framework cannot be ignored.

Sensors can monitor the environment parameters which en-
sures the authentication of fruit information, maintains timely
communication in whole supply chain, improving the efficiency
of FFSC services. Albeit the construction of sensing devices in
cold chain is difficult owing to the remote and scattered
distributed orchards. The existing logistics system also cannot
solve the problem of “first & last kilometer” in delivery (Hong
et al. 2021; Huang et al. 2023). Consequently, the absent of
internet especially in remote areas can hinder data transmission
of sensing devices in fruit origins. In addition, the current study
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mainly focuses on data storage and analysis, ignoring the
standardization of data collection for sensors (Bai et al. 2021).

The mathematical coupling models of fruit can provide early
decay warning, which reduces the rot loss of FFSC. Most studies
only consider the decay degree and freshness of fruit (Zhang
et al. 2022a; Huang et al. 2023), with needed studies to optimize
the model to integrate fruit sensory and nutrients (poly-
saccharides, polyphenols, flavonoids, alkaloids, etc.). It is worth
noting that the model requires reliable preliminary experi-
mental data to estimate parameters and it needs to be updated
continuously since different varieties, origins, or seasons.

With the development of cryptography and mathematical cal-
culations, vulnerabilities of blockchain asymmetric encryption
become increasingly prominent, causing difficulty to balance
the information transparency and privacy protection for the
FFSC (Anithaashri and Baskaran, 2016). For example,
tampering of original data, “51% attacks”, loss of private key and
incorrectly coded smart contracts will directly lead to illegal
transactions and leads to huge loss of resources (Xu et al. 2022).
The “51%” is the most typical form of systemic risk. When an
attacker controls more than 50% of the network's computational
power or staked tokens, they gain dominant control over new
block generation and transaction validation, which may lead to
a breakdown of the underlying consensus mechanism of the
blockchain. The current smart contracts are still in the
screening stage for degraded fruits, with a lot of space for further
development of the compatibility of computer languages. On the
other hand, the exponentially increasing historical data brings
trouble in storage space and transaction delay (Liu et al. 2020),
imposing great restriction on high-frequency small-scale fruit
transactions. Additionally, more convenient, and intuitive fresh
fruit trading application program for individual should be
developed to meet different needs. The FFSC involves multiple
interests in economic and social area. The IoT framework re-
quires close coordination and cooperation between participants
to achieve efficient operations. This process will break the fixed
interest relationship, leading to social issues such as secondary
distribution and unemployment (Kohler and Pizzol 2020; Xu
et al. 2017). Secondly, the regulatory differences and legal
applicability of smart blockchain need to be paid special atten-
tion, especially in fruit trade involved in cross-border. Thirdly,
the blockchain virtual tokens may bring the risk of bubble
economy. Other sustainability issues are also nonnegligible such
as huge maintenance costs for blockchain and the power waste
of proof of work (PoW) computing (Li, Barenji and Huang 2018;
Kitouni et al. 2018).

5 | Conclusions

In recent years, agri-food fraud has led to a loss of food safety
and reduced public trust in food supply chain, especially for
fresh fruit which has undergone only primary processing. In the
process of circulation, storage, and processing, the quality of
postharvest fruit gradually degrades or even rots. Therefore,
fruit information authentication, supply chain transparency and
data storage security have been the key issues in the field of food
safety. To this end, it is necessary to apply emerging

technologies into the FFSC. The IoT technologies is an effective
strategy for enhancing food authentication. This study reviews
the latest applications of IoT technologies in FFSC, highlighting
their potential to authenticate fruit true information, predict
fruit shelf-life, and improve supply chain efficiency. The tech-
nical evaluation and application obstacle analysis are also car-
ried out. As a result of the present work, gas sensors and RFID
can collect and transmit environmental parameters throughout
the FFSC from fruit cultivation to consumption. The mathe-
matical coupling model in remote monitoring database is used
for fruit quality simulation and shelf-life prediction. In addition,
the optical sensing technology can also be used for fruit
authentication which greatly limits substitution and counter-
feiting incidences. Finally, the fruit supply process and trans-
action information are distributed and encrypted via the
blockchain, creating a secure and permanent record. These
emerging technologies have promoted the development of the
fruit trading market in a sustainable direction. Although IoT
technology offers significant potential for comprehensive service
improvement in FFSC, its implementation in developing
countries or small-scale farms may face limitations due to
inadequate infrastructure, limited financial resources, etc.

Author Contributions

Yiqin Zhang: conceptualization, investigation, writing — original draft.
Simin Fan: writing - original draft, methodology, data curation.
Ruiling Liu: methodology, resources, investigation. Huizhi Chen:
conceptualization, investigation. Ben Niu: methodology. Hangjun
Chen: methodology, resources, supervision, writing — review and edit-
ing. Weijie Wu: writing - review and editing, resources, supervision.

Acknowledgments

This work was supported by the Key Research and Development Pro-
gram of Zhejiang Province (Grant Nos. 2023C04006 and 2023C04002).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The authors have nothing to report.

References

Akter, T., T. Bhattacharya, J.-H. Kim, et al. 2024. “A Comprehensive
Review of External Quality Measurements of Fruits and Vegetables
Using Nondestructive Sensing Technologies.” Journal of Agriculture and
Food Research 15: 101068. https://doi.org/10.1016/j.jafr.2024.101068.

Anithaashri, T. P., and R. Baskaran. 2016. “Enhancing Multi-User
Network Security Using Sagacity and Dismissal of Conquered Move-
ments (SDCM).” Journal of Computational and Theoretical Nanoscience
13, no. 1: 69-78. https://doi.org/10.1166/jctn.2016.4770.

Ardiyansyah, Kurnianto, M. F., B. Poerwanto, A. Wahyono, M. W.
Apriliyanti, and I. P. Lestari. 2020. “Monitoring of Banana De-
teriorations Using Intelligent Packaging Containing Brazilien Extract
(Caesalpina Sappan L.).” IOP Conference Series: Earth and Environ-
mental Science 411, no. 1: 012043. https://doi.org/10.1088/1755-1315/
411/1/012043.

Astill, J., R. A. Dara, M. Campbell, J. M. Farber, R. Y. Yada, and S.
Sharif. 2019. “Transparency in Food Supply Chains: A Review of

275

85UB017 SUOWIWOD BAIIe8ID o|aedljdde sy Aq peusenob afe ssjoile O ‘esn Jo Sajni 1o Arliq1T 8UIUO A3|1M UO (SUONIPUOD-PpUR-SLLLBIW0D A8 | IM° Ae1g 1[I UO//SANY) SUONIPUCD PUe Swie | 8y} 8eS *[9202/80/50] Uo Areidiauljuo A8|IM ‘6T00L Zd)/200T 0T/I0p/w0d A3 | Aleiq 1 uljuosupel//sdny Wwody pepeojumod ‘s ‘SZ0Z ‘9789/£82


https://doi.org/10.1016/j.jafr.2024.101068
https://doi.org/10.1166/jctn.2016.4770
https://doi.org/10.1088/1755-1315/411/1/012043
https://doi.org/10.1088/1755-1315/411/1/012043

Enabling Technology Solutions.” Trends in Food Science & Technology
91: 240-247. https://doi.org/10.1016/j.tifs.2019.07.024.

Bai, Y., K. Fan, K. Zhang, X. Cheng, H. Li, and Y. Yang. 2021.
“Blockchain-Based Trust Management for Agricultural Green Supply: A
Game Theoretic Approach.” Journal of Cleaner Production 310: 127407.
https://doi.org/10.1016/].jclepro.2021.127407.

Baldwin, E. A., J. Bai, A. Plotto, and S. Dea. 2011. “Electronic Noses and
Tongues: Applications for the Food and Pharmaceutical Industries.”
Sensors 11, no. 5: 4744-4766. https://doi.org/10.3390/5s110504749.

Baralla, G., A. Pinna, R. Tonelli, M. Marchesi, and S. Ibba. 2021.
“Ensuring Transparency and Traceability of Food Local Products: A
Blockchain Application to a Smart Tourism Region.” Concurrency and
Computation: Practice and Experience 33, no. 1: €5857. https://doi.org/
10.1002/cpe.5857.

Becerril, R., C. Nerin, and F. Silva. 2021. “Bring Some Colour to Your
Package: Freshness Indicators Based on Anthocyanin Extracts.” Trends
in Food Science & Technology 111: 495-505. https://doi.org/10.1016/j.
tifs.2021.02.042.

Bobelyn, E., M. L. Hertog, and B. M. Nicolai. 2006. “Applicability of an
Enzymatic Time Temperature Integrator as a Quality Indicator for
Mushrooms in the Distribution Chain.” Postharvest Biology and Tech-
nology 42, no. 1: 104-114. https://doi.org/10.1016/j.postharvbio.2006.
05.011.

Boehm, V. A, J. Kim, and J. W. K. Hong. 2017. “Holistic Tracking of
Products on the Blockchain Using NFC and Verified Users.” In Inter-
national Workshop on Information Security Applications, 184-195.
Springer: August.

Boller, M. L., A. Zurwehme, and C. Krupitzer. 2024. “Qualitative
Assessment on the Chances and Limitations of Food Fraud Prevention
Through Distributed Ledger Technologies in the Organic Food Supply
Chain.” Food Control 158: 110247. https://doi.org/10.1016/j.foodcont.
2023.110247.

Bunge, A. C., A. Wood, A. Halloran, and L. J. Gordon. 2022. “A Sys-
tematic Scoping Review of the Sustainability of Vertical Farming, Plant-
Based Alternatives, Food Delivery Services and Blockchain in Food
Systems.” Nature Food 3, no. 11: 1-9. https://doi.org/10.1038/s43016-
022-00622-8.

Cai, Z., Z. Huang, M. He, et al. 2023. “Identification of Geographical
Origins of Radix Paeoniae Alba Using Hyper-Spectral Imaging With
Deep Learning-Based Fusion Approaches.” Food Chemistry 422: 136169.
https://doi.org/10.1016/j.foodchem.2023.136169.

Casey, M. J., and P. Wong. 2017. “Global Supply Chains Are About to
Get Better, Thanks to Blockchain.” Harvard Business Review 13: 1-6.

Chen, J., Y. Hu, R. Yan, H. Hu, Y. Chen, and N. Zhang. 2019. “Modeling
the Dynamic Changes in O2 and CO2 Concentrations in MAP-Packaged
Fresh-Cut Garlic Scapes.” Food Packaging and Shelf Life 22: 100432.
https://doi.org/10.1016/j.fps1.2019.100432.

Chen, Y., Y. Li, and C. Li. 2020. “Electronic Agriculture, Blockchain and
Digital Agricultural Democratization: Origin, Theory and Application.”
Journal of Cleaner Production 268: 122071. https://doi.org/10.1016/j.
jclepro.2020.122071.

Das, P., A. B. Altemimi, P. C. Nath, et al. 2025. “Recent Advances on
Artificial Intelligence-Based Approaches for Food Adulteration and
Fraud Detection in the Food Industry: Challenges and Opportunities.”
Food Chemistry 468: 142439. https://doi.org/10.1016/j.foodchem.2024.
142439.

Deng, L. Z., C. H. Xiong, Y. P. Pei, et al. 2022. “Effects of Various Storage
Conditions on Total Phenolic, Carotenoids, Antioxidant Capacity, and
Color of Dried Apricots.” Food Control 136: 108846. https://doi.org/10.
1016/j.foodcont.2022.108846.

Dey, A. 2018. “Semiconductor Metal Oxide Gas Sensors: A Review.”
Materials Science and Engineering: B 229: 206-217. https://doi.org/10.
1016/j.mseb.2017.12.036.

Dong, S., L. Yang, X. Shao, Y. Zhong, Y. Li, and P. Qiao. 2021. “How Can
Channel Information Strategy Promote Sales by Combining ICT and
Blockchain? Evidence From the Agricultural Sector.” Journal of Cleaner
Production 299: 126857. https://doi.org/10.1016/.jclepro.2021.126857.

Du, Z., X. Zeng, X. Li, X. Ding, and W. Jiang. 2020. “Recent Advances in
Imaging Techniques for Bruise Detection in Fruits and Vegetables.”
Trends in Food Science & Technology 99: 133-141. https://doi.org/10.
1016/j.tifs.2020.02.024.

Duan, K., H. Onyeaka, and G. Pang. 2024. “Leveraging Blockchain to
Tackle Food Fraud: Innovations and Obstacles.” Journal of Agriculture
and Food Research 18:101429. https://doi.org/10.1016/]j jafr.2024.101429.

Feng, H., X. Wang, Y. Duan, J. Zhang, and X. Zhang. 2020. “Applying
Blockchain Technology to Improve Agri-Food Traceability: A Review of
Development Methods, Benefits and Challenges.” Journal of Cleaner
Production 260: 121031. https://doi.org/10.1016/.jclepro.2020.121031.

Ferrag, M. A., M. Derdour, M. Mukherjee, A. Derhab, L. Maglaras, and
H. Janicke. 2018. “Blockchain Technologies for the Internet of Things:
Research Issues and Challenges.” IEEE Internet of Things Journal 6, no.
2: 2188-2204. https://doi.org/10.1109/ji0t.2018.2882794.

Gao, T., Y. Tian, Z. Zhu, and W. Sun. 2020. “Modelling, Responses and
Applications of Time-Temperature Indicators (Ttis) in Monitoring Fresh
Food Quality.” Trends in Food Science & Technology 99: 311-322.
https://doi.org/10.1016/j.tifs.2020.02.019.

George, R. V., H. O. Harsh, P. Ray, and A. K. Babu. 2019. “Food Quality
Traceability Prototype for Restaurants Using Blockchain and Food
Quality Data Index.” Journal of Cleaner Production 240: 118021. https://
doi.org/10.1016/j.jclepro.2019.118021.

Hammi, M. T., B. Hammi, P. Bellot, and A. Serhrouchni. 2018. “Bubbles
of Trust: A Decentralized Blockchain-Based Authentication System for
IoT.” Computers & Security 78: 126-142. https://doi.org/10.1016/j.cose.
2018.06.004.

He, X., Y. Pu, L. Chen, et al. 2022. “A Comprehensive Review of
Intelligent Packaging for Fruits and Vegetables: Target Responders,
Classification, Applications, and Future Challenges.” Comprehensive
Reviews in Food Science and Food Safety 22, no. 2: 842-881. https://doi.
org/10.1111/1541-4337.13093.

Hong, W., J. Mao, L. Wu, and X. Pu. 2021. “Public Cognition of the
Application of Blockchain in Food Safety Management-Data From
China's Zhihu Platform.” Journal of Cleaner Production 303, no. 14:
127044. https://doi.org/10.1016/j.jclepro.2021.127044.

Huang, W., X. Wang, J. Zhang, J. Xia, and X. Zhang. 2023. “Improve-
ment of Blueberry Freshness Prediction Based on Machine Learning
and Multi-Source Sensing in the Cold Chain Logistics.” Food Control
145: 109496. https://doi.org/10.1016/j.foodcont.2022.109496.

Iskandar, A., I. Yuliasih, and E. Warsiki. 2020. “Performance
Improvement of Fruit Ripeness Smart Label Based on Ammonium
Molibdat Color Indicators.” Indonesian Food Science and Technology
Journal 3, no. 2: 48-57. https://doi.org/10.22437/ifstj.v3i2.10178.

Jalali, A., M. Linke, M. Geyer, and P. V. Mahajan. 2020. “Shelf Life
Prediction Model for Strawberry Based on Respiration and Transpira-
tion Processes.” Food Packaging and Shelf Life 25: 100525. https://doi.
org/10.1016/j.fps1.2020.100525.

Joshi, K., J. Warby, J. Valverde, B. Tiwari, P. J. Cullen, and J. M. Frias.
2018. “Impact of Cold Chain and Product Variability on Quality Attri-
butes of Modified Atmosphere Packed Mushrooms (Agaricus Bisporus)
Throughout Distribution.” Journal of Food Engineering 232: 44-55.
https://doi.org/10.1016/j.jfoodeng.2018.03.019.

Kamble, S. S., A. Gunasekaran, and S. A. Gawankar. 2020a. “Achieving
Sustainable Performance in a Data-Driven Agriculture Supply Chain: A

276

Future Postharvest and Food, 2025

85UB017 SUOWIWOD BAIIe8ID o|aedljdde sy Aq peusenob afe ssjoile O ‘esn Jo Sajni 1o Arliq1T 8UIUO A3|1M UO (SUONIPUOD-PpUR-SLLLBIW0D A8 | IM° Ae1g 1[I UO//SANY) SUONIPUCD PUe Swie | 8y} 8eS *[9202/80/50] Uo Areidiauljuo A8|IM ‘6T00L Zd)/200T 0T/I0p/w0d A3 | Aleiq 1 uljuosupel//sdny Wwody pepeojumod ‘s ‘SZ0Z ‘9789/£82


https://doi.org/10.1016/j.tifs.2019.07.024
https://doi.org/10.1016/j.jclepro.2021.127407
https://doi.org/10.3390/s110504749
https://doi.org/10.1002/cpe.5857
https://doi.org/10.1002/cpe.5857
https://doi.org/10.1016/j.tifs.2021.02.042
https://doi.org/10.1016/j.tifs.2021.02.042
https://doi.org/10.1016/j.postharvbio.2006.05.011
https://doi.org/10.1016/j.postharvbio.2006.05.011
https://doi.org/10.1016/j.foodcont.2023.110247
https://doi.org/10.1016/j.foodcont.2023.110247
https://doi.org/10.1038/s43016-022-00622-8
https://doi.org/10.1038/s43016-022-00622-8
https://doi.org/10.1016/j.foodchem.2023.136169
https://doi.org/10.1016/j.fpsl.2019.100432
https://doi.org/10.1016/j.jclepro.2020.122071
https://doi.org/10.1016/j.jclepro.2020.122071
https://doi.org/10.1016/j.foodchem.2024.142439
https://doi.org/10.1016/j.foodchem.2024.142439
https://doi.org/10.1016/j.foodcont.2022.108846
https://doi.org/10.1016/j.foodcont.2022.108846
https://doi.org/10.1016/j.mseb.2017.12.036
https://doi.org/10.1016/j.mseb.2017.12.036
https://doi.org/10.1016/j.jclepro.2021.126857
https://doi.org/10.1016/j.tifs.2020.02.024
https://doi.org/10.1016/j.tifs.2020.02.024
https://doi.org/10.1016/j.jafr.2024.101429
https://doi.org/10.1016/j.jclepro.2020.121031
https://doi.org/10.1109/jiot.2018.2882794
https://doi.org/10.1016/j.tifs.2020.02.019
https://doi.org/10.1016/j.jclepro.2019.118021
https://doi.org/10.1016/j.jclepro.2019.118021
https://doi.org/10.1016/j.cose.2018.06.004
https://doi.org/10.1016/j.cose.2018.06.004
https://doi.org/10.1111/1541-4337.13093
https://doi.org/10.1111/1541-4337.13093
https://doi.org/10.1016/j.jclepro.2021.127044
https://doi.org/10.1016/j.foodcont.2022.109496
https://doi.org/10.22437/ifstj.v3i2.10178
https://doi.org/10.1016/j.fpsl.2020.100525
https://doi.org/10.1016/j.fpsl.2020.100525
https://doi.org/10.1016/j.jfoodeng.2018.03.019

Review for Research and Applications.” International Journal of Pro-
duction Economics 219: 179-194. https://doi.org/10.1016/j.ijpe.2019.
05.022.

Kamble, S. S., A. Gunasekaran, and R. Sharma. 2020b. “Modeling the
Blockchain Enabled Traceability in Agriculture Supply Chain.” Inter-
national Journal of Information Management 52: 101967. https://doi.
org/10.1016/j.ijinfomgt.2019.05.023.

Kamilaris, A., A. Fonts, and F. X. Prenafeta-Boldv. 2019. “The Rise of
Blockchain Technology in Agriculture and Food Supply Chains.” Trends
in Food Science & Technology 91: 640-652. https://doi.org/10.1016/j.tifs.
2019.07.034.

Khan, M. A., and K. Salah. 2018. “IoT Security: Review, Blockchain
Solutions, and Open Challenges.” Future Generation Computer Systems
82: 395-411. https://doi.org/10.1016/j.future.2017.11.022.

Khan, S., J. K. Monteiro, A. Prasad, C. D. Filipe, Y. Li, and T. F. Didar.
2023. “Material Breakthroughs in Smart Food Monitoring: Intelligent
Packaging and On-Site Testing Technologies for Spoilage and Contam-
ination Detection.” Advanced Materials 36, no. 1: €2300875. https://doi.
org/10.1002/adma.202300875.

Kitouni, I., D. Benmerzoug, and F. Lezzar. 2018. “Smart Agricultural
Enterprise System Based on Integration of Internet of Things and Agent
Technology.” Journal of Organizational and End User Computing 30, no.
4: 64-82. https://doi.org/10.4018/joeuc.2018100105.

Kohler, S., and M. Pizzol. 2020. “Technology Assessment of Blockchain-
Based Technologies in the Food Supply Chain.” Journal of Cleaner
Production 269: 122193. https://doi.org/10.1016/j.jclepro.2020.122193.

Kumar, M. V., and N. C. S. Iyengar. 2017. “A Framework for Blockchain
Technology in Rice Supply Chain Management.” Advance Science
Technology Letter 146: 125-130.

Kuswandi, B., C. Maryska, Jayus, A. Abdullah, and L. Y. Heng. 2013.
“Real Time On-Package Freshness Indicator for Guavas Packaging.”
Journal of Food Measurement and Characterization 7, no. 1: 29-39.
https://doi.org/10.1007/s11694-013-9136-5.

Le, G. T., T. V. Tran, H. S. Lee, and W. Y. Chung. 2016. “Long-Range
Batteryless Rf Sensor for Monitoring the Freshness of Packaged Vege-
tables.” Sensors and Actuators A: Physical 237: 20-28. https://doi.org/10.
1016/j.sna.2015.11.013.

Leduc, G., S. Kubler, and J. P. Georges. 2021. “Innovative Blockchain-
Based Farming Marketplace and Smart Contract Performance Evalua-
tion.” Journal of Cleaner Production 306: 127055. https://doi.org/10.
1016/j.jclepro.2021.127055.

Leng, K., Y. Bi, L. Jing, H. C. Fu, and 1. Van Nieuwenhuyse. 2018.
“Research on Agricultural Supply Chain System With Double Chain
Architecture Based on Blockchain Technology.” Future Generation
Computer Systems 86: 641-649. https://doi.org/10.1016/j.future.2018.
04.061.

Li, H., H. Huang, S. Tan, N. Zhang, X. Fu, and X. Tao. 2019a. “A New
Revocable Reputation Evaluation System Based on Blockchain.” Inter-
national Journal of High Performance Computing and Networking 14, no.
3: 385-396. https://doi.org/10.1504/ijhpcn.2019.102138.

Li, J., W. Luo, Z. Wang, and S. Fan. 2019. “Early Detection of Decay on
Apples Using Hyperspectral Reflectance Imaging Combining Both
Principal Component Analysis and Improved Watershed Segmentation
Method.” Postharvest Biology and Technology 149: 235-246. https://doi.
0rg/10.1016/j.postharvbio.2018.12.007.

Li, S., K. Chen, and D. Grierson. 2021. “Molecular and Hormonal
Mechanisms Regulating Fleshy Fruit Ripening.” Celis 10, no. 5: 1136.
https://doi.org/10.3390/cells10051136.

Li, X., D. Wang, and M. Li. 2020. “Convenience Analysis of Sustainable
E-Agriculture Based on Blockchain Technology.” Journal of Cleaner
Production 271: 122503. https://doi.org/10.1016/j.jclepro.2020.122503.

Li, Z., A. V. Barenji, and G. Q. Huang. 2018. “Toward a Blockchain
Cloud Manufacturing System as a Peer to Peer Distributed Network
Platform.” Robotics and Computer-Integrated Manufacturing 54: 133-
144. https://doi.org/10.1016/j.rcim.2018.05.011.

Liao, Y., and Xu, K. 2019. “Traceability System of Agricultural Product
Based on Block-Chain and Application in Tea Quality Safety Manage-
ment.” In Journal of Physics: Conference Series August 1288, no. 1: 012062.
https://doi.org/10.1088/1742-6596/1288/1/012062, IOP Publishing.

Lindo-Garcia, V., J. Giné-Bordonaba, N. Vall-Llaura, E. Duaigiies, and
C. Larrigaudiére. 2021. “Unravelling the Cold-Induced Regulation of
Ethylene and a-Farnesene and its Involvement With the Development
of Scald-Like Disorders in Different Pear Cultivars.” Postharvest Biology
and Technology 174: 111441. https://doi.org/10.1016/j.postharvbio.2020.
111441.

Liu, C., Y. Xiao, V. Javangula, Q. Hu, S. Wang, and X. Cheng. 2018.
“Normachain: A Blockchain-Based Normalized Autonomous Trans-
action Settlement System for IoT-Based E-Commerce.” IEEE Internet of
Things Journal 6, no. 3: 4680-4693. https://doi.org/10.1109/jiot.2018.
2877634.

Liu, P., Y. Long, H. C. Song, and Y. D. He. 2020. “Investment Decision
and Coordination of Green Agri-Food Supply Chain Considering In-
formation Service Based on Blockchain and Big Data.” Journal of
Cleaner Production 277: 123646. https://doi.org/10.1016/j.jclepro.2020.
123646.

Liu, Z.,, W. Huang, and D. Wang. 2021. “Functional Agricultural
Monitoring Data Storage Based on Sustainable Blockchain Technology.”
Journal of Cleaner Production 281: 124078. https://doi.org/10.1016/j.
jclepro.2020.124078.

Lu, B., Q. Gong, B. Huo, and W. Zhou. 2021. “Coping With the Bullwhip
Effect Using Inventory or Cash: An Environment-Behavior-Performance
Paradigm.” Journal of Systems Science and Systems Engineering 30, no. 2:
215-235. https://doi.org/10.1007/s11518-021-5485-5.

Mahynski, N. A., L. Strojnik, V. K. Shen, and N. Ogrinc. 2025.
“Comparing Machine Learning Models to Chemometric Ones to Detect
Food Fraud: A Case Study in Slovenian Fruits and Vegetables.” Food
Chemistry 486: 144569. https://doi.org/10.1016/j.foodchem.2025.144569.

Mao, D., Z. Hao, F. Wang, and H. Li. 2019. “Novel Automatic Food
Trading System Using Consortium Blockchain.” Arabian Journal for
Science and Engineering 44, no. 4: 3439-3455. https://doi.org/10.1007/
$13369-018-3537-z.

Mao, D., F. Wang, Z. Hao, and H. Li. 2018. “Credit Evaluation System
Based on Blockchain for Multiple Stakeholders in the Food Supply
Chain.” International Journal of Environmental Research and Public
Health 15, no. 8: 1627. https://doi.org/10.3390/ijerph15081627.

Menichetti, G., B. Ravandi, D. Mozaffarian, and A. Barabasi. 2023.
“Machine Learning Prediction of the Degree of Food Processing.” Na-
ture Communications 14, no. 1: 2312. https://doi.org/10.1038/s41467-
023-37457-1.

Mittler, R., S. I. Zandalinas, Y. Fichman, and F. Van Breusegem. 2022.
“Reactive Oxygen Species Signalling in Plant Stress Responses.” Nature
Reviews Molecular Cell Biology 23, no. 10: 663-679. https://doi.org/10.
1038/s41580-022-00499-2.

Mukherjee, A., S. Misra, N. S. Raghuwanshi, and S. Mitra. 2018. “Blind
Entity Identification for Agricultural IoT Deployments.” IEEE Internet
of Things Journal 6, no. 2: 3156-3163. https://doi.org/10.1109/JI0T.
2018.2879454.

Munekata, P. E., S. Finardi, C. K. de Souza, et al. 2023. “Applications of
Electronic Nose, Electronic Eye and Electronic Tongue in Quality,
Safety and Shelf Life of Meat and Meat Products: A Review.” Sensors 23,
no. 2: 672. https://doi.org/10.3390/s23020672.

Nakamoto, S. 2008. “Bitcoin: A Peer-To-Peer Electronic Cash System.”
Decentralized Business Review 21260.

277

85UB017 SUOWIWOD BAIIe8ID o|aedljdde sy Aq peusenob afe ssjoile O ‘esn Jo Sajni 1o Arliq1T 8UIUO A3|1M UO (SUONIPUOD-PpUR-SLLLBIW0D A8 | IM° Ae1g 1[I UO//SANY) SUONIPUCD PUe Swie | 8y} 8eS *[9202/80/50] Uo Areidiauljuo A8|IM ‘6T00L Zd)/200T 0T/I0p/w0d A3 | Aleiq 1 uljuosupel//sdny Wwody pepeojumod ‘s ‘SZ0Z ‘9789/£82


https://doi.org/10.1016/j.ijpe.2019.05.022
https://doi.org/10.1016/j.ijpe.2019.05.022
https://doi.org/10.1016/j.ijinfomgt.2019.05.023
https://doi.org/10.1016/j.ijinfomgt.2019.05.023
https://doi.org/10.1016/j.tifs.2019.07.034
https://doi.org/10.1016/j.tifs.2019.07.034
https://doi.org/10.1016/j.future.2017.11.022
https://doi.org/10.1002/adma.202300875
https://doi.org/10.1002/adma.202300875
https://doi.org/10.4018/joeuc.2018100105
https://doi.org/10.1016/j.jclepro.2020.122193
https://doi.org/10.1007/s11694-013-9136-5
https://doi.org/10.1016/j.sna.2015.11.013
https://doi.org/10.1016/j.sna.2015.11.013
https://doi.org/10.1016/j.jclepro.2021.127055
https://doi.org/10.1016/j.jclepro.2021.127055
https://doi.org/10.1016/j.future.2018.04.061
https://doi.org/10.1016/j.future.2018.04.061
https://doi.org/10.1504/ijhpcn.2019.102138
https://doi.org/10.1016/j.postharvbio.2018.12.007
https://doi.org/10.1016/j.postharvbio.2018.12.007
https://doi.org/10.3390/cells10051136
https://doi.org/10.1016/j.jclepro.2020.122503
https://doi.org/10.1016/j.rcim.2018.05.011
https://doi.org/10.1088/1742-6596/1288/1/012062
https://doi.org/10.1016/j.postharvbio.2020.111441
https://doi.org/10.1016/j.postharvbio.2020.111441
https://doi.org/10.1109/jiot.2018.2877634
https://doi.org/10.1109/jiot.2018.2877634
https://doi.org/10.1016/j.jclepro.2020.123646
https://doi.org/10.1016/j.jclepro.2020.123646
https://doi.org/10.1016/j.jclepro.2020.124078
https://doi.org/10.1016/j.jclepro.2020.124078
https://doi.org/10.1007/s11518-021-5485-5
https://doi.org/10.1016/j.foodchem.2025.144569
https://doi.org/10.1007/s13369-018-3537-z
https://doi.org/10.1007/s13369-018-3537-z
https://doi.org/10.3390/ijerph15081627
https://doi.org/10.1038/s41467-023-37457-1
https://doi.org/10.1038/s41467-023-37457-1
https://doi.org/10.1038/s41580-022-00499-2
https://doi.org/10.1038/s41580-022-00499-2
https://doi.org/10.1109/JIOT.2018.2879454
https://doi.org/10.1109/JIOT.2018.2879454
https://doi.org/10.3390/s23020672

Omwange, K. A., D. F. A. Riza, Y. Saito, et al. 2021. “Potential of Front
Face Fluorescence Spectroscopy and Fluorescence Imaging in
Discriminating Adulterated Extra-Virgin Olive Oil With Virgin Olive
Oil.” Food Control 124, no. 1: 107906. https://doi.org/10.1016/j.foodcont.
2021.107906.

Pieczywek, P. M., J. Cybulska, M. Szymanska-Chargot, et al. 2018.
“Early Detection of Fungal Infection of Stored Apple Fruit With Optical
Sensors-Comparison of Biospeckle, Hyperspectral Imaging and Chlo-
rophyll Fluorescence.” Food Control 85: 327-338. https://doi.org/10.
1016/j.foodcont.2017.10.013.

Pirsa, S., and S. Chavoshizadeh. 2018. “Design of an Optical Sensor for
Ethylene Based on Nanofiber Bacterial Cellulose Film and its Applica-
tion for Determination of Banana Storage Time.” Polymers for Advanced
Technologies 29, no. 5: 1385-1393. https://doi.org/10.1002/pat.4250.

Puthenveettil, N. R., and P. K. Sappati. 2024. “A Review of Smart
Contract Adoption in Agriculture and Food Industry.” Computers and
Electronics in Agriculture 223: 109061. https://doi.org/10.1016/j.compag.
2024.109061.

Que, H., X. Zhao, X. Sun, Q. Zhu, and M. Huang. 2023. “Identification of
Wheat Kernel Varieties Based on Hyperspectral Imaging Technology
and Grouped Convolutional Neural Network With Feature Intervals.”
Infrared Physics & Technology 131: 104653. https://doi.org/10.1016/j.
infrared.2023.104653.

Rahman, H., and R. Rahmani. 2018. “Enabling Distributed Intelligence
Assisted Future Internet of Things Controller (FITC).” Applied
Computing and Informatics 14, no. 1: 73-87. https://doi.org/10.1016/j.
aci.2017.05.001.

Rahmanian, A., S. A. Mireei, S. Sadri, M. Gholami, and M. Nazeri. 2020.
“Application of Biospeckle Laser Imaging for Early Detection of Chilling
and Freezing Disorders in Orange.” Postharvest Biology and Technology
162: 111118. https://doi.org/10.1016/j.postharvbio.2020.111118.

Saenmuang, S., M. I. Al-Haq, H. C. Samarakoon, Y. Makino, Y. Kawa-
goe, and S. Oshita. 2012. “Evaluation of Models for Spinach Respiratory
Metabolism Under Low Oxygen Atmospheres.” Food and Bioprocess
Technology 5: 1950-1962. https://doi.org/10.1007/s11947-010-0503-5.

Salman, D., D. Vishnubala, P. Le Feuvre, et al. 2021. “Returning to
Physical Activity After Covid-19.” British Medical Journal 372: 1-6.
https://doi.org/10.1136/bmj.m4721.

Saurabh, S., and K. Dey. 2021. “Blockchain Technology Adoption, Ar-
chitecture, and Sustainable Agri-Food Supply Chains.” Journal of
Cleaner Production 284: 124731. https://doi.org/10.1016/j.jclepro.2020.
124731.

Shen, C., Y. Zhang, L. Chen, A. L. Jia, J. Cao, and W. Jiang. 2023. “A
Mango Biological Fingerprint Anti-counterfeiting Method Based on
Fuzzy C-Means Clustering.” Food Innovation and Advances 1, no. 1: 21—
27. https://doi.org/10.48130/fia-2023-0004.

Song, K., and C. Li. 2021. “Blockchain-enabled Relay-Aided Wireless
Networks for Sustainable E-Agriculture.” Journal of Cleaner Production
281: 124496. https://doi.org/10.1016/j.jclepro.2020.124496.

Suppakul, P., D. Y. Kim, J. H. Yang, S. B. Lee, and S. J. Lee. 2018.
“Practical Design of a Diffusion-Type Time-Temperature Indicator With
Intrinsic Low Temperature Dependency.” Journal of Food Engineering
223: 22-31. https://doi.org/10.1016/j.jfoodeng.2017.11.026.

Takemoto, R., K. Koyama, T. Watanabe, S. Koseki, and N. Nakamura.
2022. “Mathematical Model for Analyzing the Effect of Storage Condi-
tions on the Visually Perceived Freshness of Strawberries via Surface
Luminance Distribution.” Food Packaging and Shelf Life 34: 100965.
https://doi.org/10.1016/].fps1.2022.100965.

Thai, N. X., N. V. Duy, C. M. Hung, H. Nguyen, N. D. Hoa, and N. Van
Hieu. 2020. “Prototype Edge-Grown Nanowire Sensor Array for the
Real-Time Monitoring and Classification of Multiple Gases.” Journal of
Science: Advanced Materials and Devices 5, no. 3: 409-416. https://doi.
0rg/10.1016/j.jsamd.2020.05.005.

Thomas, M., P. Haynes, J. C. Archila-Godinez, M. Nguyen, W. Xu, and
Y. Feng. 2021. “Exploring Food Safety Messages in an Era of COVID-19:
Analysis of YouTube Video Content.” Journal of Food Protection 84, no.
6: 1000-1008. https://doi.org/10.4315/jfp-20-463.

Tian, F. 2016. “An Agri-Food Supply Chain Traceability System for
China Based on RFID & Blockchain Technology.” In 2016 13th Inter-
national Conference on Service Systems and Service Management
(ICSSSM), June 1-6. IEEE.

Tian, F. 2017. “A Supply Chain Traceability System for Food Safety
Based on HACCP, Blockchain & Internet of Things.” In 2017 Interna-
tional Conference on Service Systems and Service Management, June 1-6.
IEEE.

Tian, Y., X. Li, R. Cai, et al. 2021. “Aptamer Modified Magnetic
Nanoparticles Coupled With Fluorescent Quantum Dots for Efficient
Separation and Detection of Alicyclobacillus Acidoterrestris in Fruit
Juices.” Food Control 126: 108060. https://doi.org/10.1016/j.foodcont.
2021.108060.

Tibaduiza, D., M. Anaya, J. Gomez, et al. 2024. “Electronic Tongues and
Noses: A General Overview.” Biosensors 14, no. 4: 190. https://doi.org/
10.3390/bios14040190.

Tonnissen, S., and F. Teuteberg. 2020. “Analysing the Impact of
Blockchain-Technology for Operations and Supply Chain Management:
An Explanatory Model Drawn From Multiple Case Studies.” Interna-
tional Journal of Information Management 52: 101953. https://doi.org/
10.1016/j.ijinfomgt.2019.05.009.

Tsang, Y. P., K. L. Choy, C. H. Wu, G. T. S. Ho, and H. Y. Lam. 2019.
“Blockchain-Driven IoT for Food Traceability With an Integrated
Consensus Mechanism.” IEEE Access 7: 129000-129017. https://doi.org/
10.1109/access.2019.2940227.

Wan, X., Q. He, X. Wang, et al. 2021. “Water-Soluble Chitosan-Based
Indicator Label Membrane and its Response Behavior to Carbon Diox-
ide.” Food Control 130: 108355. https://doi.org/10.1016/j.foodcont.2021.
108355.

Wang, K. 2019. “Design of Agricultural Product Quality and Safety Big
Data Fusion Model Based on Blockchain Technology.” In International
Conference on Advanced Hybrid Information Processing, September 216—
225. Springer.

Wang, L., L. Xu, Z. Zheng, et al. 2021a. “Smart Contract-Based Agri-
cultural Food Supply Chain Traceability.” IEEE Access 9: 9296-9307.
https://doi.org/10.1109/access.2021.3050112.

Wang, X., H. Feng, T. Chen, S. Zhao, J. Zhang, and X. Zhang. 2021. “Gas
Sensor Technologies and Mathematical Modelling for Quality Sensing in
Fruit and Vegetable Cold Chains: A Review.” Trends in Food Science
and Technology 110: 483-492. https://doi.org/10.1016/].tifs.2021.01.073.

Wang, X., X. Xiao, Z. Zhu, Y. Zhang, and X. Zhang. 2016. “Experimental
Study of Response Characteristics of Gas Sensors for Monitoring Table
Grape Cold-Chain Logistics.” Transactions of the Chinese Society for
Agricultural Machinery 47, no. 1: 240-246.

WEEF. 2019. Innovation With a Purpose: Improving Traceability in Food
Value Chains Through Technology Innovations. World Economic Forum.

Xiao, X., Y. Fu, Y. Yang, and X. Zhang. 2022. “Sustainable Solar Pow-
ered Battery-Free Wireless Sensing for Food Cold Chain Management.”
Sensors International 3: 100157. https://doi.org/10.1016/j.sintl.2022.
100157.

Xiao, X., B. Mu, G. Cao, Y. Yang, and M. Wang. 2022. “Flexible Battery-
Free Wireless Electronic System for Food Monitoring.” Journal of Sci-
ence: Advanced Materials and Devices 7, no. 2: 100430. https://doi.org/
10.1016/j.jsamd.2022.100430.

Xu, Y., G. S. Amacher, and J. Xu. 2017. “Village Democracy and
Household Welfare: Evidence From Rural China.” Environment and
Development Economics 22, no. 4: 351-372. https://doi.org/10.1017/
$1355770x17000146.

278

Future Postharvest and Food, 2025

85UB017 SUOWIWOD BAIIe8ID o|aedljdde sy Aq peusenob afe ssjoile O ‘esn Jo Sajni 1o Arliq1T 8UIUO A3|1M UO (SUONIPUOD-PpUR-SLLLBIW0D A8 | IM° Ae1g 1[I UO//SANY) SUONIPUCD PUe Swie | 8y} 8eS *[9202/80/50] Uo Areidiauljuo A8|IM ‘6T00L Zd)/200T 0T/I0p/w0d A3 | Aleiq 1 uljuosupel//sdny Wwody pepeojumod ‘s ‘SZ0Z ‘9789/£82


https://doi.org/10.1016/j.foodcont.2021.107906
https://doi.org/10.1016/j.foodcont.2021.107906
https://doi.org/10.1016/j.foodcont.2017.10.013
https://doi.org/10.1016/j.foodcont.2017.10.013
https://doi.org/10.1002/pat.4250
https://doi.org/10.1016/j.compag.2024.109061
https://doi.org/10.1016/j.compag.2024.109061
https://doi.org/10.1016/j.infrared.2023.104653
https://doi.org/10.1016/j.infrared.2023.104653
https://doi.org/10.1016/j.aci.2017.05.001
https://doi.org/10.1016/j.aci.2017.05.001
https://doi.org/10.1016/j.postharvbio.2020.111118
https://doi.org/10.1007/s11947-010-0503-5
https://doi.org/10.1136/bmj.m4721
https://doi.org/10.1016/j.jclepro.2020.124731
https://doi.org/10.1016/j.jclepro.2020.124731
https://doi.org/10.48130/fia-2023-0004
https://doi.org/10.1016/j.jclepro.2020.124496
https://doi.org/10.1016/j.jfoodeng.2017.11.026
https://doi.org/10.1016/j.fpsl.2022.100965
https://doi.org/10.1016/j.jsamd.2020.05.005
https://doi.org/10.1016/j.jsamd.2020.05.005
https://doi.org/10.4315/jfp-20-463
https://doi.org/10.1016/j.foodcont.2021.108060
https://doi.org/10.1016/j.foodcont.2021.108060
https://doi.org/10.3390/bios14040190
https://doi.org/10.3390/bios14040190
https://doi.org/10.1016/j.ijinfomgt.2019.05.009
https://doi.org/10.1016/j.ijinfomgt.2019.05.009
https://doi.org/10.1109/access.2019.2940227
https://doi.org/10.1109/access.2019.2940227
https://doi.org/10.1016/j.foodcont.2021.108355
https://doi.org/10.1016/j.foodcont.2021.108355
https://doi.org/10.1109/access.2021.3050112
https://doi.org/10.1016/j.tifs.2021.01.073
https://doi.org/10.1016/j.sintl.2022.100157
https://doi.org/10.1016/j.sintl.2022.100157
https://doi.org/10.1016/j.jsamd.2022.100430
https://doi.org/10.1016/j.jsamd.2022.100430
https://doi.org/10.1017/s1355770x17000146
https://doi.org/10.1017/s1355770x17000146

Xu, Y., X. Li, X. Zeng, J. Cao, and W. Jiang. 2022. “Application of
Blockchain Technology in Food Safety Control: Current Trends and
Future Prospects.” Critical Reviews in Food Science and Nutrition 62, no.
10: 2800-2819. https://doi.org/10.1080/10408398.2020.1858752.

Yu, H., M. Sun, M. Liu, et al. 2023. “Postharvest Shelf-Life Simulation
for Lettuce (Lactuca sativa L.) Based on Coupling Dynamic Models of
Respiration, Gas Exchange, and Pseudomonas Fluorescens Growth.”
Food Packaging and Shelf Life 35: 101021. https://doi.org/10.1016/].fpsl.
2022.101021.

Zhang, A., R. Y. Zhong, M. Farooque, K. Kang, and V. G. Venkatesh.
2020. “Blockchain-Based Life Cycle Assessment: An Implementation
Framework and System Architecture.” Resources, Conservation and
Recycling 152: 104512. https://doi.org/10.1016/j.resconrec.2019.104512.

Zhang, W., and W. Jiang. 2019. “UV Treatment Improved the Quality of
Postharvest Fruits and Vegetables by Inducing Resistance.” Trends in
Food Science & Technology 92: 71-80. https://doi.org/10.1016/].tifs.2019.
08.012.

Zhang, W., Y. Pan, Y. Jiang, and Z. Zhang. 2023. “Advances in Control
Technologies and Mechanisms to Treat Peel Browning in Postharvest
Fruit.” Scientia Horticulturae 311: 111798. https://doi.org/10.1016/].
scienta.2022.111798.

Zhang, X., G. Sun, X. Xiao, Y. Liu, and X. Zheng. 2016. “Application of
Microbial TTIs as Smart Label for Food Quality: Response Mechanism,
Application and Research Trends.” Trends in Food Science & Technology
51: 12-23. https://doi.org/10.1016/j.tifs.2016.02.006.

Zhang, Y., L. Chen, M. Battino, et al. 2022. “Blockchain: An Emerging
Novel Technology to Upgrade the Current Fresh Fruit Supply Chain.”
Trends in Food Science & Technology 124: 1-12. https://doi.org/10.1016/
j-1ifs.2022.03.030.

Zhang, Y., H. Li, Y. Yao, et al. 2022. “Multifunctional Flexible Ag-MOFs@
CMFP Composite Paper for Fruit Preservation and Real-Time Wireless
Monitoring of Fruit Quality During Storage and Transportation.” Food
Chemistry 395: 133614. https://doi.org/10.1016/j.foodchem.2022.133614.

Zhang, Y., H. Mu, H. Gao, et al. 2021. “Preparation of Modified Poly-
vinyl Formal Vibration-Damping Material and its Application in
Strawberry.” Journal of Food Biochemistry 45, no. 4: e13647. https://doi.
org/10.1111/jfbc.13647.

Zhang, Y., W. Zhang, H. Wang, et al. 2023a. “The Combination Treat-
ment of Chlorogenic Acid and Sodium Alginate Coating Could Accel-
erate the Wound Healing of Pear Fruit by Promoting the Metabolic
Pathway of Phenylpropane.” Food Chemistry 414: 135689. https://doi.
org/10.1016/j.foodchem.2023.135689.

Zhou, W., Z. Wu, F. Xie, S. Tang, J. Fang, and X. Wang. 2021. “3D
Printed Nanocellulose-Based Label for Fruit Freshness Keeping and
Visual Monitoring.” Carbohydrate Polymers 273: 118545. https://doi.org/
10.1016/j.carbpol.2021.118545.

Zhu, J. K. 2016. “Abiotic Stress Signaling and Responses in Plants.” Cell
167, no. 2: 313-324. https://doi.org/10.1016/j.cell.2016.08.029.

Zou, J., and P. Li. 2020. “Modelling of Litchi Shelf Life Based on the
Entropy Weight Method.” Food Packaging and Shelf Life 25: 100509.
https://doi.org/10.1016/.fps1.2020.100509.

279

85UB017 SUOWIWOD BAIIe8ID o|aedljdde sy Aq peusenob afe ssjoile O ‘esn Jo Sajni 1o Arliq1T 8UIUO A3|1M UO (SUONIPUOD-PpUR-SLLLBIW0D A8 | IM° Ae1g 1[I UO//SANY) SUONIPUCD PUe Swie | 8y} 8eS *[9202/80/50] Uo Areidiauljuo A8|IM ‘6T00L Zd)/200T 0T/I0p/w0d A3 | Aleiq 1 uljuosupel//sdny Wwody pepeojumod ‘s ‘SZ0Z ‘9789/£82


https://doi.org/10.1080/10408398.2020.1858752
https://doi.org/10.1016/j.fpsl.2022.101021
https://doi.org/10.1016/j.fpsl.2022.101021
https://doi.org/10.1016/j.resconrec.2019.104512
https://doi.org/10.1016/j.tifs.2019.08.012
https://doi.org/10.1016/j.tifs.2019.08.012
https://doi.org/10.1016/j.scienta.2022.111798
https://doi.org/10.1016/j.scienta.2022.111798
https://doi.org/10.1016/j.tifs.2016.02.006
https://doi.org/10.1016/j.tifs.2022.03.030
https://doi.org/10.1016/j.tifs.2022.03.030
https://doi.org/10.1016/j.foodchem.2022.133614
https://doi.org/10.1111/jfbc.13647
https://doi.org/10.1111/jfbc.13647
https://doi.org/10.1016/j.foodchem.2023.135689
https://doi.org/10.1016/j.foodchem.2023.135689
https://doi.org/10.1016/j.carbpol.2021.118545
https://doi.org/10.1016/j.carbpol.2021.118545
https://doi.org/10.1016/j.cell.2016.08.029
https://doi.org/10.1016/j.fpsl.2020.100509

	IoT Technology as an Effective Strategy Enhances Food Authentication for Current Fresh Fruit Supply Chain
	1 | Introduction
	2 | Sensing Technology
	2.1 | The Commonly Used Gas Sensors
	2.2 | Smart Tag Systems With Color Response
	2.3 | Electronic Nose and Electronic Tongue
	2.4 | Optical Sensing Technology

	3 | Other IoT Technologies for Enhancing Fruit Authentication
	3.1 | RFID
	3.2 | Mathematical Coupling Model and Remote Monitoring Databases
	3.3 | Blockchain

	4 | The Technology Evaluation and Application Barriers
	5 | Conclusions
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement


