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Abstract

Fresh-cut potatoes are among the most widely consumed minimally processed vegetables
owing to their convenience, versatility, and suitability as ready-to-cook products. However,
the peeling and cutting operations required during processing inevitably disrupt tissue
integrity, triggering a cascade of physiological, biochemical, and microbiological responses
that accelerate product deterioration during storage. Increased respiration, oxidative stress,
enzymatic browning, moisture loss, texture degradation, metabolic reprogramming, nutri-
ent depletion, and microbial proliferation collectively reduce sensory quality, consumer ac-
ceptance, and shelf life. This review comprehensively examines the biological mechanisms
underlying these deterioration processes, with particular emphasis on wound-induced
physiological responses, phenylpropanoid metabolism, enzymatic browning, cell wall
remodelling, metabolic reprogramming, and microbial spoilage. It also critically discusses
conventional and emerging preservation strategies, including refrigeration, packaging
systems, edible coatings, natural preservatives, and non-thermal technologies, highlighting
their mechanisms of action, advantages, limitations, and industrial applicability. Finally,
this review identifies key knowledge gaps and future research priorities, emphasizing the
need for integrated hurdle approaches that combine sustainable preservation technologies
to enhance product quality, safety, shelf life, and resource use efficiency while meeting both
consumer and industrial demands.

Keywords: fresh-cut potatoes; enzymatic browning; minimally processed vegetables;
non-thermal technologies; natural preservatives; hurdle technology; shelf life

1. Introduction
The increasing demand for healthy, fresh, and convenient foods has driven the remark-

able growth of the minimally processed fruit and vegetable sector over recent decades [1–3].
The International Fresh-cut Produce Association (IFPA) defines fresh-cut fruit and vegetable
products as “any fruit or vegetable or combination thereof that has been physically altered
from its original form but remains in a fresh state” [4]. These products are ready-to-eat or
ready-to-cook plant-based foods obtained through minimal processing operations designed
to preserve the fresh-like characteristics of the raw material while improving convenience
and usability. Fresh-cut fruit and vegetable products remain fresh without additional
treatment, such as blanching, freezing, canning, cooking, or adding syrup [2,3,5]. Beyond
household consumption, where consumer demand is increasingly driven by the search
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for foods that combine freshness, convenience, and potential health benefits, fresh-cut
fruit and vegetable products are widely utilized by food service operators and processing
industries [2,6,7]. Among the various fresh-cut vegetables available on the market, potato
(Solanum tuberosum L.) represents one of the most economically important and widely
consumed commodities worldwide and is recognized as the world’s fourth most important
food crop, with around 5000 varieties cultivated globally [8–10]. According to the latest
FAOSTAT statistics, global potato production exceeded 380 million tonnes in 2024, har-
vested from more than 16 million hectares worldwide. China and India are the leading
producers, accounting for approximately 95 and 57 million tonnes, respectively, followed
by Ukraine, the Russian Federation, and the United States. Asia alone contributes more
than half of global potato production, while Europe represents the second largest producing
region, underlining the crucial role of potato cultivation in global food security and the
agri-food sector [11].

Potatoes are not only an important source of carbohydrates but also provide dietary fi-
bre, vitamins, minerals, and several bioactive compounds, including phenolics, carotenoids,
polyamines, tocopherols, and glycoalkaloids [12]. Fresh-cut potatoes (FCPs) have gained
increasing popularity among consumers, food service operators, and the food industry
owing to their convenience, reduced preparation time, and versatility in a wide range of
culinary applications [13]. The growing demand for ready-to-cook potato products has
stimulated the expansion of the FCP sector, increasing the need for effective preservation
strategies capable of maintaining quality throughout storage and distribution. Unlike
most fresh-cut vegetables, particularly leafy salads, which are commonly consumed raw,
FCPs require cooking prior to consumption because potato tubers are rich in starch, the
major component of their dry matter [13,14]. In raw potatoes, starch exists primarily in
the form of ungelatinized granules that are characterized by limited digestibility. Upon
thermal processing, starch undergoes gelatinization, a structural transformation that signif-
icantly enhances both its digestibility and overall palatability [13,15]. During frying and
baking, reducing sugars and amino acids participate in Maillard reactions that contribute
to desirable sensory attributes but may also promote acrylamide formation, a potentially
carcinogenic process contaminant. Consequently, processing and storage conditions that
modify potato composition can influence both the quality and safety of FCPs during
subsequent cooking [16–18].

Potato tubers are particularly susceptible to quality deterioration following minimal
processing, as peeling and cutting disrupt cellular integrity and remove natural protective
barriers. Tissue injury activates a cascade of physiological, biochemical, and microbiolog-
ical responses that accelerate enzymatic browning, moisture and nutrient losses, texture
modifications, and flavour alterations [8,9,13,19]. Among these deterioration phenomena,
enzymatic browning is generally regarded as the most critical quality defect, as it rapidly
impairs visual appearance and consumer acceptance. Furthermore, temperature fluctua-
tions during storage and distribution may intensify these changes, further compromising
product quality. Consequently, the commercial shelf life of FCPs is generally limited to
5–7 days under refrigerated conditions (4–5 ◦C) [13]. To preserve product quality and
extend shelf life, different preservation approaches have been investigated, including con-
ventional refrigeration, packaging and chemical treatments, as well as natural preservatives
and emerging non-thermal technologies [10,19–21].

Although several reviews have addressed specific aspects of FCP preservation, includ-
ing enzymatic browning, microbial safety, edible coatings, and non-thermal technologies,
these topics have generally been discussed separately or within broader reviews of fresh-cut
fruits and vegetables. The distinctive contribution of the present review is to integrate
the biological mechanisms underlying FCP deterioration with the technological strategies
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available for their control, providing a direct link between wound-induced physiological
and metabolic responses and preservation mechanisms. This integrated perspective also
enables the identification of current knowledge gaps and future research priorities for
extending shelf life, reducing food losses, and improving the sustainability and resource
use efficiency of FCP production.

2. Literature Search Strategy
This narrative review was based on a structured literature search aimed at identifying

relevant studies on quality deterioration and preservation strategies for FCPs. The literature
search was conducted between May and August 2026, primarily using Google Scholar
and Scopus. Search terms included “fresh-cut potato”, “minimally processed potato”,
“enzymatic browning”, “wound response”, “wound healing”, “microbial spoilage”, “refrig-
eration”, “cold chain”, “modified atmosphere packaging”, “vacuum packaging”, “edible
coatings”, “antibrowning agents”, “natural preservatives”, “chlorine”, “ozone”, “elec-
trolyzed water”, “UV-C”, “pulsed light”, “cold plasma”, “ultrasound”, “pulsed electric
fields”, and “hurdle technology”, used individually or in combination. Additional publi-
cations were identified from the reference lists of relevant articles and reviews. No strict
publication year restriction was applied, although priority was given to recent studies,
particularly those published within the last five years; earlier publications were retained
when relevant to established mechanisms or preservation principles. Priority was given to
studies specifically addressing FCPs, while studies on intact potato tubers were included
when providing relevant mechanistic information. When FCP-specific evidence was lim-
ited, particularly for emerging technologies, selected studies on other fresh-cut fruits and
vegetables were considered to describe technological principles and identify research gaps.
Relevant reviews, regulatory documents, and authoritative institutional sources were also
considered where appropriate.

3. Processing of Fresh-Cut Potatoes
3.1. Factors Affecting the Suitability of Potatoes for Fresh-Cut Processing

The quality, processing performance, and shelf life of FCPs are strongly influenced
by the characteristics of the raw material. Cultivar, maturity stage, dry matter content,
sugar composition, and tissue structure can all affect the physiological and biochemical
responses triggered by cutting, ultimately influencing browning development, texture
retention, microbial stability, and cooking quality [13]. The main pre- and postharvest
factors affecting the suitability of potato tubers for fresh-cut processing are summarized in
Figure 1.

3.1.1. Cultivar-Related Factors

Among the different factors affecting the suitability of potatoes for fresh-cut process-
ing, cultivar-related differences have received considerable attention, as potato varieties
exhibit distinct chemical, structural, and metabolic traits that influence their processing
performance and quality. Browning susceptibility, in particular, has been associated with
differences in phenolic content, the activity of oxidative enzymes such as polyphenol oxi-
dase (PPO), peroxidase (POD), and phenylalanine ammonia-lyase (PAL), and endogenous
antioxidant capacity [20,22]. Cabezas-Serrano et al. (2009) identified cv. Marabel and Agata
as the most suitable cultivars among those evaluated, showing the lowest colour changes
during storage, whereas cv. Almera exhibited greater browning despite its higher antioxi-
dant activity, likely due to its elevated phenolic content and PPO activity [22]. Similarly,
Cornacchia et al. (2011) reported the highest colour stability and visual quality for cv.
Safrane, whereas cv. Spunta was the most susceptible to browning [23].
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Figure 1. A schematic overview of the main preharvest and postharvest factors affecting the suit-
ability of potato tubers for fresh-cut processing and their major implications for product quality and
processing performance. ↑ and ↓ indicate an increase and a decrease, respectively.

Recent studies have further shown that cultivar-dependent browning involves com-
plex physiological and metabolic mechanisms. Wang et al. (2023) found that the browning-
resistant cv. Minshu exhibited lower activities of browning-related enzymes, reduced
oxidative damage, and greater preservation of cellular integrity than the susceptible cv.
Huangjin [24]. Likewise, integrated transcriptomic and metabolomic analyses by Qiao
et al. (2022) showed that the browning-sensitive cv. Yunshu 505 was characterized by
higher PPO and POD expression, enhanced respiratory metabolism, increased reactive
oxygen species (ROS) accumulation, and alterations in lipid and amino acid metabolism. In
contrast, the resistant cv. Kexin 13 showed greater accumulation of metabolites involved in
stress signalling and antioxidant defence, supporting enhanced cellular protection against
browning [25]. Besides browning resistance, cultivar selection influences processing quality,
flavour development, and food safety. Ingallina et al. (2020) reported significant cultivar-
dependent differences in sugars, organic acids, amino acids, and phenolic compounds
among 20 Italian potato cultivars. cv. Jelly showed elevated monosaccharide concentra-
tions, which are undesirable for fried products because of their association with acrylamide
formation, whereas cv. Roseval and Rubra Spes contained higher citric acid levels, as-
sociated with reduced enzymatic browning. Moreover, several cultivars showed higher
concentrations of amino acids involved in the generation of desirable flavour compounds
during cooking [26]. Consistently, Zhang et al. (2025) identified cv. Youjin885 as the
most suitable among five cultivars evaluated for FCP chip production because of its lower
acrylamide-forming potential, associated with lower concentrations of reducing sugars and
free asparagine. These compounds were positively correlated with acrylamide formation,
whereas several other amino acids showed negative correlations [18].
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3.1.2. Harvest Maturity

Harvest maturity represents another key determinant of potato suitability for fresh-cut
processing, as the developmental stage at harvest affects tuber structural characteristics,
composition, and subsequent storage and processing performance. Depending on the
intended end use, tubers may be harvested at different developmental stages. Potatoes
intended for long-term storage and industrial processing are generally harvested at or
near physiological maturity, when haulm senescence is complete, skin set is fully devel-
oped, and dry matter accumulation has stabilized. These characteristics improve storage
performance and processing quality. Conversely, immature tubers (“young potatoes”)
possess a poorly developed periderm, higher moisture content, lower dry matter, and
greater susceptibility to mechanical damage and postharvest deterioration, making them
more suitable for fresh consumption, where their thin skin, tender texture, and distinc-
tive sensory attributes are highly appreciated [13,27,28]. Although physiological maturity
is generally desirable for storage and processing, it does not necessarily confer greater
resistance to enzymatic browning after cutting. Meng et al. (2021) reported that tubers
harvested at more advanced maturity stages exhibited greater browning susceptibility
than those harvested earlier. Interestingly, this response was not associated with higher
PPO activity or reduced antioxidant capacity, as mature tubers showed lower PPO activity
and greater antioxidant potential. Instead, the authors attributed the enhanced browning
primarily to the accumulation of free amino acids, particularly tyrosine, which provides an
important substrate for PPO-mediated oxidation [29].

3.1.3. Postharvest Handling and Curing

In addition to cultivar-related characteristics and harvest time, postharvest handling
and storage conditions play a crucial role in determining the quality and processing suitabil-
ity of potato tubers destined for fresh-cut applications [13]. Since potatoes are commonly
stored for prolonged periods before processing, postharvest management represents a criti-
cal determinant of raw material quality. After harvest, tubers generally undergo a curing
period, also referred to as wound healing or maturation, aimed at repairing mechanical
injuries incurred during harvesting and handling [30]. During this stage, damaged tissues
undergo suberization and wound periderm formation, resulting in the development of a
cork-like protective barrier that reduces water loss and limits the penetration of pathogenic
microorganisms. Curing is typically performed at 12–18 ◦C and 90–95% relative humidity
for 10–14 days, while adequate oxygen availability and low CO2 concentrations are required
to promote tissue repair [31]. Following curing, storage temperature is gradually reduced
(approximately 0.5 ◦C Day−1) to minimize physiological stress, maintain dormancy, and
prevent premature sprouting [32].

3.1.4. Storage Conditions and Quality Changes

Depending on the intended use, potatoes may be stored for up to 10 months under
controlled environmental conditions [33]. Throughout storage, tubers remain metabolically
active and continue to undergo respiration, transpiration, and dormancy-related processes,
which progressively influence their physicochemical composition and storage stability.
Tubers progressively lose fresh weight through respiration and transpiration, with water
loss accounting for most of the storage-related weight reduction [31]. In addition, starch
reserves may be converted into reducing sugars, particularly under low-temperature
storage conditions (4–6 ◦C), a phenomenon known as cold-induced sweetening. Sugar
accumulation is undesirable because it promotes excessive browning, negatively affects
texture and flavour, and increases acrylamide formation during subsequent frying or
baking [17]. Reconditioning treatments can partially reverse cold-induced sweetening by
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promoting the conversion of reducing sugars back into starch, thereby restoring processing
quality. This process has been noted to lower the sugar levels by over half in tubers [34].
Conversely, prolonged storage at relatively high temperatures (8–12 ◦C) may accelerate
sprouting, shrinkage, and senescence-related deterioration [35]. Potatoes destined for
processing are typically stored at 6–10 ◦C, a temperature range that helps limit reducing
sugar accumulation and preserve the physicochemical properties required for high-quality
processed products [13].

3.2. Industrial Processing of Fresh-Cut Potatoes

The production of FCPs generally follows the processing chain adopted for most fresh-
cut fruits and vegetables, involving operations such as raw material selection, washing,
peeling, cutting, sanitization, packaging, and refrigerated storage [2,6,36,37]. However,
owing to the specific physiological and compositional characteristics of potato tubers,
particular attention must be paid to the control of enzymatic browning, texture changes,
microbial growth, and quality attributes associated with subsequent cooking [13,14,19].
The main stages involved in FCP production are summarized in Figure 2.

 

Figure 2. A schematic flowchart of general minimal processing for FCP production. Arrows indicate
the sequence of the processing steps. The graphical illustrations were generated using Artificial
Intelligence (AI)-assisted tools and subsequently assembled into the final figure by the authors.

3.2.1. Raw Material Preparation and Cutting

Following harvesting and postharvest storage, potato tubers are received, inspected,
sorted, and graded to remove damaged, diseased, sprouted, or otherwise unsuitable
units. Since the quality of the final product is highly dependent on the characteristics
of the raw material, only tubers meeting predefined quality standards are selected for
processing [36,38]. Potatoes are subsequently washed to remove adhering soil and foreign
materials before undergoing peeling operations. After peeling, tubers are cut into the
desired shape and size, including slices, cubes, wedges, strips, or fries. Peeling and cutting
represent the most critical operations in FCPs because they disrupt cellular integrity and
remove the natural protective barriers of the tuber [39]. Tissue injury triggers wound-
induced physiological responses, increases respiration rates, and promotes the interaction
between oxidative enzymes and their substrates, resulting in enzymatic browning and
accelerated quality deterioration [6,36,40–42]. Furthermore, damaged tissues become more
susceptible to moisture loss and microbial contamination. The severity of these effects may
also be influenced by cutting conditions, including blade sharpness, which affects tissue
damage, electrolyte leakage, and overall visual quality [43]. Besides blade sharpness, the
cutting style itself markedly influences the quality of FCP. Cutting geometries with a larger
exposed surface area (e.g., slices) induce greater wound stress, accelerating respiration,
enzymatic browning, moisture loss, and overall quality deterioration compared with strips
or cubes [14].
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3.2.2. Post-Cutting Treatments and Dewatering

Following cutting, potato tissues release cellular exudates containing starch, soluble
sugars, amino acids, phenolic compounds, and other nutrients. These exudates provide a
favourable substrate for microbial proliferation and other undesirable biochemical reac-
tions. Consequently, post-cutting washing and antibrowning treatments are commonly
applied to remove surface residues, reduce microbial contamination, and preserve product
quality [19,44]. Traditionally, post-cutting treatments have relied on washing solutions
containing chemical antibrowning agents to inhibit enzymatic browning, reduce microbial
contamination, and preserve product quality. Although these treatments are generally
effective, concerns regarding the potential health risks of some chemical additives, together
with increasing consumer demand for natural preservation strategies, have stimulated the
search for safer and more sustainable alternatives [20,45,46]. In the conventional potato
industry, blanching is widely employed as a pre-treatment before freezing, frying, drying,
or dehydration [47]. Besides reducing the microbial load and inactivating browning-related
enzymes, blanching promotes starch gelatinization, improves texture, reduces oil uptake
during frying, and enhances the overall stability of processed potato products. However,
thermal blanching is unsuitable for fresh-cut fruit and vegetables, intended to retain their
fresh-like characteristics [48]. Recent research has therefore focused on natural antibrown-
ing agents, particularly plant extracts rich in polyphenols, flavonoids, organic acids, and
other bioactive compounds, as well as innovative non-thermal technologies. Current
preservation strategies increasingly combine natural compounds with emerging physical
technologies to achieve synergistic effects, reducing the use of conventional additives while
maintaining the sensory, nutritional, and microbiological quality of FCPs. Following post-
cutting treatments, excess surface moisture is removed through dewatering operations,
typically based on centrifugal or forced-air systems, to reduce free surface water, limit
microbial proliferation, and improve packaging efficiency [48,49].

3.2.3. Sorting, Packaging, and Refrigerated Distribution

Following dewatering, potatoes are sorted to remove foreign materials and damaged,
defective, diseased, or deteriorated tubers. This step may be performed manually by
trained operators or through automated optical grading systems based on machine vision,
RGB imaging, laser sensors, Near-Infrared (NIR) spectroscopy, and multispectral or hyper-
spectral imaging [50,51]. The products are then packaged and labelled. Packaging plays
a fundamental role in maintaining product quality by reducing moisture loss, limiting
microbial contamination, and slowing physiological and biochemical deterioration during
storage. Modified atmosphere packaging (MAP) and vacuum packaging (VP) remain the
most widely adopted commercial approaches, although recent research has increasingly
focused on combining these methods with active packaging technologies and edible coat-
ings to further extend shelf life and preserve quality [13,52,53]. The packaged products
are subsequently stored under refrigerated conditions and distributed through the supply
chain while maintaining an uninterrupted cold chain.

4. Quality Deterioration of Fresh-Cut Potatoes
Mechanical injury caused by peeling and cutting immediately disrupts cellular com-

partmentalization and activates the wound response, which represents one of the earliest
physiological events following minimal processing. In intact potato tubers, cellular mem-
branes and natural protective tissues limit water loss, oxygen diffusion, microbial invasion,
and the interaction between enzymes and their substrates. Once tissues are cut, this orga-
nization is disrupted, exposing internal cells to the external environment and initiating a
complex network of physiological, biochemical, and molecular responses aimed at limit-
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ing tissue damage and restoring cellular homeostasis. Although these responses are part
of the natural defence system of the tuber, they also accelerate quality deterioration in
FCPs [13,20,54,55]. The main physiological and metabolic events triggered by tissue injury
and their impact on quality deterioration are schematically summarized in Figure 3 and
discussed in the following sections.

Figure 3. A schematic representation of the major biological responses induced by tissue injury
in FCPs and their effects on product quality and shelf life. ↑ and ↓ indicate an increase and a
decrease, respectively. The potato illustration was generated using AI-assisted tools and subsequently
incorporated into the figure by the authors.

4.1. Wound-Induced Physiological and Metabolic Responses

Following tissue injury, FCP tissues rapidly undergo a coordinated physiological
response aimed at minimizing damage, restoring tissue integrity, and preventing pathogen
invasion. This response is initiated by a network of early signalling events, including
respiratory burst, ROS production, calcium signalling, and phytohormone-mediated regu-
lation, which collectively trigger extensive transcriptional and metabolic reprogramming to
support wound healing while also initiating the quality deterioration processes associated
with FCPs [13,54–57]. One of the earliest physiological responses to tissue injury is a rapid
increase in cellular respiration, reflecting the elevated metabolic demand required to sustain
defence responses and tissue repair. This respiratory burst is accompanied by the rapid
accumulation of ROS, primarily hydrogen peroxide (H2O2) and superoxide anion (O2

•−),
which function as key signalling molecules regulating wound-induced responses [58,59].
At controlled concentrations, ROS activate metabolic pathways involved in tissue repair
and the formation of protective barriers at the wound site. However, excessive ROS accumu-
lation disrupts cellular redox homeostasis, promoting membrane lipid peroxidation, loss
of membrane integrity, enzymatic browning, and accelerated tissue senescence [13,24,58].
Mechanical injury also induces the opening of plasma membrane and intracellular Ca2+

channels, resulting in a transient increase in cytosolic Ca2+ concentration, one of the earliest
signalling events following wounding. This Ca2+ signal is perceived by calcium-binding
proteins, including calmodulins (CaMs), calcium-dependent protein kinases (CDPKs), and
calcineurin B-like proteins (CBLs), which initiate downstream signalling cascades through
protein phosphorylation and transcriptional regulation [60]. Together with ROS, calcium
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signalling integrates with wound-induced phytohormone pathways, predominantly those
mediated by jasmonic acid, ethylene, and abscisic acid, to activate transcription factors that
coordinate extensive transcriptional reprogramming. Consequently, tissue injury induces
the differential expression of genes involved in phytohormone signalling, antioxidant
defence, secondary metabolism, phenylpropanoid biosynthesis, and cell wall remodelling,
thereby establishing the molecular basis for the metabolic and structural changes responsi-
ble for the subsequent quality deterioration of FCPs [13,57,60,61].

4.2. Colour Deterioration and Enzymatic Browning

Following the early signalling events described in the previous section, activation of
the phenylpropanoid pathway represents one of the earliest metabolic responses to tissue
injury, promoting the biosynthesis of phenolic compounds involved in antioxidant defence,
antimicrobial protection, cell wall reinforcement, and wound healing, while simultaneously
generating substrates for enzymatic browning. The pathway is initiated by phenylalanine
ammonia-lyase (PAL), the first and rate-limiting enzyme, which converts L-phenylalanine
into trans-cinnamic acid. Subsequent reactions catalyzed by cinnamate-4-hydroxylase
(C4H) and 4-coumarate-CoA ligase (4CL) generate p-coumaroyl-CoA, a central precursor
of chlorogenic acid, flavonoids, lignin monomers, and other phenylpropanoid-derived
compounds. Consistently, mechanical wounding rapidly upregulates PAL, C4H, 4CL,
and other genes involved in phenylpropanoid biosynthesis and fatty acid metabolism,
reflecting the coordinated metabolic response underlying wound healing and suberin
formation [57,62]. Phenolic compounds are unevenly distributed throughout potato tubers,
with the highest concentrations in the peel, followed by the outer and inner flesh [13].
Among them, chlorogenic acid is the predominant phenolic acid, accounting for up to 90%
of the total phenolic content, whereas caffeic, p-coumaric, ferulic, and sinapic acids occur at
considerably lower levels [63].

Under normal physiological conditions, enzymatic browning is prevented by cellular
compartmentalization, with phenolic compounds mainly stored in the vacuole and oxida-
tive enzymes localized in separate cellular compartments [20,42,45]. Mechanical injury
disrupts this organization, allowing PPO and POD to interact with their phenolic substrates
in the presence of oxygen, thereby initiating enzymatic browning [13,57,64,65].

PPO exhibits both monophenolase (EC 1.14.18.1) and diphenolase (EC 1.10.3.1) ac-
tivities; in potato tubers, however, diphenolase activity is particularly relevant because
chlorogenic acid, the predominant phenolic compound, is already an o-diphenolic sub-
strate [66,67]. The resulting o-quinones may either be reduced back to their corresponding
diphenols by reducing agents such as sulphites or ascorbic acid (AA), or undergo non-
enzymatic reactions with phenolic compounds, amino acids, and proteins, ultimately
forming high-molecular-weight brown pigments collectively known as melanins [66,68].

The overall mechanism underlying wound-induced enzymatic browning in FCPs is
summarized in Figure 4.

Overall, tissue injury simultaneously enhances phenylpropanoid biosynthesis and
PPO- and POD-mediated oxidation. Phenolic compounds accumulating as part of the
wound response can therefore become substrates for quinone and melanin formation,
ultimately contributing to visible browning and associated sensory deterioration. This
interplay between wound-induced phenolic metabolism and oxidative reactions helps
explain why effective antibrowning strategies should preserve antioxidant capacity while
limiting excessive PPO- and POD-mediated oxidation rather than completely suppressing
wound-induced defence metabolism [57,69,70].
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Figure 4. The mechanism of enzymatic browning in fresh-cut potatoes. The potato illustrations were
generated using AI-assisted tools and subsequently incorporated into the figure by the authors.

4.3. Texture and Firmness Changes Associated with Wound Healing

Mechanical injury disrupts the structural integrity of potato tissues, exposing internal
cells to dehydration, oxidative stress, and microbial invasion [13,71]. In response, potato
tubers activate a wound-healing programme aimed at restoring tissue integrity through the
formation of a wound periderm, a specialized protective tissue that progressively replaces
the damaged epidermis and re-establishes barrier function during postharvest storage [72,73].
This response involves extensive cell wall remodelling together with the activation of
pathways associated with suberin and lignin deposition [74]. Suberization represents a major
structural component of wound healing. Suberin forms a lipid-phenolic barrier composed of
interconnected polyphenolic and polyaliphatic domains that strengthens the wounded tissue
while reducing permeability to water and microorganisms [62,75,76]. Its deposition occurs
progressively, with the formation of the polyphenolic domain followed by the accumulation
of fatty acid-derived components that complete the wound periderm [62,72,77]. Lignification
develops in parallel and further reinforces the cell wall, increasing tissue rigidity and
limiting permeability [73,75,78].

Numerous postharvest studies have demonstrated that chemical and physical elicitors,
including β-aminobutyric acid, sorbitol, UV-C irradiation and melatonin, enhance the
activities of key enzymes involved in phenylpropanoid metabolism and lignin biosynthesis,
including PAL, C4H, 4CL and cinnamyl alcohol dehydrogenase (CAD). This metabolic
activation promotes the accumulation of phenolic acids and monolignol precursors, ac-
celerates suberin polyphenolic and lignin deposition, and ultimately reduces water loss
and pathogen susceptibility during storage [79–82]. Overall, these structural responses
contribute to preserving tissue integrity and limiting firmness loss during storage.

4.4. Compositional and Nutritional Changes

Tissue injury induces substantial metabolic adjustments that progressively affect the
composition and quality of FCPs during storage. One of the earliest responses is a marked
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increase in respiration rate. Ellis et al. (2019) reported that FCP tissues exhibited res-
piration rates approximately 3.5-fold higher than intact tubers after 48 h of storage at
4 ◦C, with the difference increasing to nearly 14-fold after 9 days [83]. This increased
metabolic activity accelerates carbon reserve depletion and contributes to tissue senescence
and quality loss during storage [19]. To sustain the increased energy demand, starch
reserves are progressively mobilized into soluble sugars, mainly glucose, fructose, and
sucrose, which serve as respiratory substrates and contribute to osmotic regulation [84].
Excessive starch degradation and reducing sugar accumulation can negatively affect the
technological quality of potatoes intended for frying by promoting Maillard reactions and
acrylamide formation [13,18,84]. Tissue injury also alters nitrogen metabolism through
the accumulation and redistribution of free amino acids. Phenylalanine provides a pre-
cursor for phenylpropanoid biosynthesis, whereas increased asparagine concentrations
may further enhance the potential for acrylamide formation during subsequent thermal
processing [13,64,85–87]. Wound-induced metabolic activity is also associated with changes
in antioxidant metabolism. Potato tissues activate enzymatic antioxidants, including su-
peroxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX), together with
non-enzymatic antioxidants such as AA, glutathione (GSH), phenolic compounds, and
carotenoids to maintain redox homeostasis [58,88]. Alterations in these antioxidant systems
may therefore contribute to changes in the nutritional and oxidative quality of FCPs during
storage [13].

4.5. Microbial Spoilage and Safety Concerns

FCPs are highly susceptible to microbial spoilage because peeling and cutting remove
the natural protective periderm and expose nutrient-rich internal tissues to the surrounding
environment. Increased respiration and cellular leakage create favourable conditions for
microbial colonization and proliferation. Consequently, the microbiological quality of FCPs
depends not only on the initial microbial load of the raw material but also on contamination
occurring during peeling, cutting, washing, handling, and packaging operations [44,89,90].
The spoilage microbiota of FCPs is typically dominated by psychrotrophic bacteria that can
grow under refrigerated conditions. Among these, Pseudomonas spp. is frequently reported
as the predominant spoilage microorganisms, causing slime formation, off-odours, and
tissue degradation. Other bacteria, including, Enterobacter spp., lactic acid bacteria, and,
under certain conditions, yeasts and moulds, may also contribute to quality deterioration
through soft rot, discolouration, fermentation, and the development of undesirable sensory
attributes. The composition of the microbial community is dynamic and changes through-
out storage, being strongly influenced by storage temperature, packaging atmosphere, and
the physiological status of the plant tissue [91–95]. Although FCPs are generally intended to
be cooked before consumption, food safety remains an important consideration throughout
processing and storage. While adequate cooking effectively inactivates most vegetative
foodborne pathogens, contamination during processing and temperature abuse before
cooking may promote the survival and proliferation of pathogenic microorganisms, thereby
increasing the risk of cross-contamination during handling and food preparation [44,89,96].

5. Strategies for Quality Preservation and Shelf-Life Extension of
Fresh-Cut Potatoes
5.1. Physical Preservation Technologies
5.1.1. Refrigeration and Cold Chain Management

Refrigeration is the primary preservation strategy for minimally processed fruits and
vegetables and remains the most widely adopted strategy for maintaining quality across
processing, storage, distribution, retail, and domestic handling. By lowering product
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temperature, refrigeration slows down physiological, biochemical, and microbiological
processes responsible for postharvest deterioration, thereby extending shelf life while pre-
serving fresh-like quality attributes [96–98]. In FCPs, refrigeration is particularly important
because peeling and cutting trigger a wound response associated with increased respiration,
oxidative stress, enzymatic browning, moisture loss, and greater susceptibility to microbial
contamination. Consequently, an uninterrupted cold chain from processing to consump-
tion is considered indispensable for maximizing product quality and shelf life [10,37].
Effective cold chain management requires consistent temperature control throughout all
post-processing stages, including refrigerated storage, transportation, retail display, and
domestic handling. Particular attention should be paid to minimizing temperature fluc-
tuations during distribution, as temporary temperature abuse can accelerate microbial
proliferation and quality deterioration in fresh-cut produce. Continuous monitoring using
data loggers can support cold chain verification and facilitate the identification of critical
points and deviations along the distribution chain [99–101]. Accordingly, FCPs are generally
stored at 0–5 ◦C under high relative humidity (95–100%), conditions that effectively limit
respiration, enzymatic browning, moisture loss, and microbial growth while preserving
tissue firmness and overall product quality [13,102]. The effectiveness of refrigeration is
primarily governed by the temperature dependence of biological reactions. Most physio-
logical, biochemical, and microbiological processes involved in postharvest deterioration
follow temperature-dependent kinetics that can be described by the Arrhenius equation,
whereby reaction rates decrease exponentially as temperature declines. Consequently,
lowering storage temperature markedly reduces respiration, enzymatic activity, oxidative
metabolism, and microbial proliferation, thereby slowing the cascade of wound-induced
responses initiated by minimal processing. Nevertheless, refrigeration does not completely
arrest tissue metabolism, and FCPs continue to undergo physiological and biochemical
changes throughout storage, although at considerably reduced rates [13,103]. Zhao et al.
demonstrated that quality deterioration in FCPs can be effectively described through kinetic
modelling. Weight loss followed zero-order kinetics, whereas PPO activity was better fitted
by a first-order model. In both cases, the temperature dependence of the reaction rate
constants was described by the Arrhenius equation, while microbial growth was modelled
using the modified Gompertz and Belehradek equations. Among the evaluated indica-
tors, the PPO-based model showed the highest accuracy for predicting shelf life under
refrigerated storage (0–10 ◦C) [100]. Erturk and Picha reported that storing fresh-cut sweet
potatoes at 2 ◦C, instead of 8 ◦C, reduced weight loss by approximately 50%, slowed starch
degradation, and limited O2 depletion, CO2 accumulation, and ethanol production [104].
Overall, refrigeration remains the most effective and economically feasible preservation
strategy for FCPs. However, because it cannot completely prevent wound-induced phys-
iological and biochemical deterioration, it is commonly combined with complementary
preservation technologies to further extend shelf life and maintain product quality [13,44].

5.1.2. Packaging-Based Technologies

Packaging is a fundamental component of food preservation systems, acting as both
a physical barrier and a means of controlling the microenvironment surrounding the
product. By regulating gas exchange and moisture transfer, it contributes significantly
to maintaining food quality and extending shelf life [105,106]. For fresh and minimally
processed products, packaging is particularly important because these commodities remain
metabolically active after processing and continue to undergo respiration, transpiration, and
biochemical changes throughout storage [3,13,49,52]. The atmosphere established within
the package is determined by the dynamic equilibrium between the respiratory activity of
the product and the gas transmission properties of the packaging material. Consequently,
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oxygen is continuously consumed, whereas carbon dioxide and water vapour are released,
resulting in progressive modifications of the internal package atmosphere. The composition
ultimately reached depends on several factors, including the respiration rate of the product,
storage temperature, package geometry, fill weight, and the permeability of the packaging
film to O2, CO2, and water vapour [107–109]. Several packaging technologies have been
developed to preserve the quality of fresh-cut produce. These systems differ in the way
they regulate the package microenvironment and may be broadly classified into modified
atmosphere packaging (passive or active), vacuum packaging (VP), active packaging, and
intelligent (or smart) packaging systems. In addition, recent research has focused on the
development of more sustainable packaging materials to reduce the environmental impact
associated with conventional plastic packaging [107,110–113].

Among these, MAP is the most widely adopted approach and can be implemented
either as passive or active MAP depending on how the desired gaseous composition is
established. Passive MAP depends on the dynamic equilibrium between product respira-
tion and packaging permeability to establish the internal atmosphere, whereas active MAP
achieves the target gas composition immediately after packaging through gas flushing.
The latter offers more precise atmospheric control but involves higher equipment and
operational costs [114]. Several gas compositions have been investigated for FCPs, with
low-oxygen and moderate-carbon dioxide atmospheres generally providing the best com-
promise between delaying physiological deterioration and avoiding anaerobic metabolism.
For example, atmospheres containing 3–4% O2 and 2–12% CO2 have been shown to pre-
serve colour and texture during refrigerated storage, whereas higher CO2 concentrations
(30% CO2/70% N2) effectively reduced spoilage microorganisms and off-flavour develop-
ment compared with VP [13,94,115]. More recently, innovative MAP systems incorporating
hydrogen gas have also demonstrated promising effects by enhancing antioxidant capacity
and delaying starch degradation and enzymatic browning [116]. Furthermore, MAP is
increasingly combined with complementary preservation technologies, such as Pulsed
Electric Fields (PEFs) or osmotic dehydration (OD), to improve quality retention and micro-
biological stability during refrigerated storage [115]. The effectiveness of MAP is closely
dependent on refrigerated storage, as the antimicrobial activity of carbon dioxide increases
with decreasing temperature owing to its higher solubility in the aqueous phase of the
products. Dissolved CO2 forms carbonic acid (H2CO3), lowering tissue surface pH and
enhancing the inhibition of aerobic spoilage microorganisms [117]. The high solubility of
CO2 may also result in a reduction in the package headspace volume due to gas dissolution
into the product, leading to partial package collapse. For this reason, nitrogen is frequently
included in gas mixtures as an inert filler gas to maintain package volume while displacing
oxygen without affecting product quality [118].

VP is one of the simplest packaging technologies used for FCPs and is based on the
removal of air from the package before sealing, thereby creating a low-oxygen environment
without introducing a predefined gas mixture. Unlike MAP, VP does not actively regulate
gas composition but rather relies on oxygen depletion to reduce oxidative reactions, respira-
tion, and the growth of aerobic spoilage microorganisms. In addition, the reduced oxygen
availability helps preserve moisture and texture while delaying quality deterioration, mak-
ing VP an attractive low-cost preservation strategy for minimally processed products.
However, the anaerobic conditions created inside the package may also favour the growth
of facultative or obligate anaerobic microorganisms and promote fermentative metabolism,
leading to ethanol accumulation, off-flavour development, and reduced sensory quality
if storage temperature is not adequately controlled [19,119,120]. This limitation was ex-
perimentally confirmed by Li et al., who demonstrated that prolonged vacuum storage
progressively shifted the bacterial community toward anaerobic and facultative anaerobic
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genera, resulting in ethanol accumulation, organic acid production, flavour deterioration,
and the appearance of spoilage markers after extended refrigerated storage [91]. Beltrán
et al. reported that VP preserved the visual quality of FCP strips more effectively than
passive MAP. When combined with ozone-based sanitizing treatments, VP-maintained
texture and aroma while extending shelf life up to 14 days under refrigerated storage [93].
Similarly, Hunjek et al. observed that vacuum-packaged FCPs exhibited better overall qual-
ity and sensory characteristics than samples stored under active MAP (10% CO2/3% O2),
highlighting that packaging performance also depends on cultivar, storage duration, and
the use of antibrowning agents [33]. Xu et al. further demonstrated that VP combined
with AA effectively reduced browning, maintained firmness, suppressed respiration and
ethylene production, and preserved flavour by limiting the formation of lipid-derived
volatile compounds associated with rancid off-flavours [9,121]. These findings have been
supported by transcriptomic evidence showing that VP-AA treatment transcriptionally ac-
tivates GSH-mediated antioxidant pathways, suppresses PPO and POD activities, reduces
water migration, and contributes to texture preservation during refrigerated storage [121].
Accordingly, recent reviews suggest that VP should preferably be integrated with com-
plementary preservation strategies, including natural antioxidants, edible coatings, or
emerging non-thermal technologies, to maximize overall quality retention and shelf-life
extension [10].

Another packaging approach that has received increasing attention also for the preser-
vation of FCPs is active packaging. According to Commission Regulation (EC) No 450/2009,
active packaging materials and articles are designed to deliberately incorporate compo-
nents that release or absorb substances into or from the packaged food or its surrounding
environment in order to extend shelf life or maintain and improve food quality [122]. Ac-
cordingly, unlike conventional packaging systems, active packaging intentionally modifies
the conditions within the package rather than acting solely as a passive barrier. These sys-
tems actively regulate the package microenvironment through oxygen scavengers, carbon
dioxide emitters, moisture absorbers, antioxidant releasers, or antimicrobial agents, thereby
reducing oxidative reactions, microbial growth, and other deterioration processes responsi-
ble for quality loss during storage [123]. For example, An et al. developed pullulan-based
edible coatings enriched with polysaccharides and proteins extracted from Auricularia au-
ricula by-products. The incorporation of these bioactive compounds significantly improved
the antioxidant and antimicrobial properties of the coating, resulting in reduced enzy-
matic browning, lower weight loss, inhibition of microbial growth, and better maintenance
of total soluble solids during eight days of refrigerated storage of FCPs [124]. Another
emerging packaging technology is intelligent (or smart) packaging, which differs from
active packaging in that it does not directly modify the package microenvironment but
instead monitors the condition of the packaged food or its surrounding environment [122].
Intelligent packaging integrates sensing and communication technologies capable of pro-
viding real-time information on product freshness, package integrity, storage history, and
potential spoilage, thereby supporting quality management and traceability throughout the
food supply chain [123]. Common examples include time–temperature indicators (TTIs),
gas indicators, freshness indicators, radio-frequency identification (RFID) systems, and
biosensors that detect physicochemical or microbiological changes associated with food
deterioration [125,126]. Although the application of intelligent packaging to FCPs remains
limited, these technologies have considerable potential to improve cold-chain monitoring,
shelf-life prediction, and quality control, particularly when integrated with MAP or active
packaging systems [123,127].
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5.1.3. Edible Coatings

Edible coatings represent a surface-applied preservation strategy that differs from
conventional packaging because the protective material is applied directly onto the food
surface rather than surrounding the product. Unlike edible films, which are preformed
sheets subsequently wrapped around the food, edible coatings are applied by dipping,
spraying, or brushing, allowing for intimate contact with the tissue [19]. They consist of
thin, edible layers of food-grade materials that form a semi-permeable barrier between the
product and the surrounding environment. By regulating the transfer of gases, moisture,
solutes, and volatile compounds, edible coatings can reduce respiration, moisture loss,
oxidative reactions, and microbial deterioration, thereby contributing to the preservation
of fresh-like quality attributes [128–130]. Within the framework of this review, edible
coatings are included among physical preservation technologies because their primary
protective function relies on the formation of a surface barrier that regulates mass trans-
fer [131–133]. However, coating matrices may also incorporate bioactive compounds of
different origins, including plant extracts, essential oils, antioxidants, and antimicrobial
agents, which provide additional active preservation functions [134,135]. Accordingly,
when such compounds are incorporated into a coating matrix, they are discussed within
the edible coating section rather than as standalone preservation treatments. According to
the main film-forming material, edible coatings are commonly classified as polysaccharide-,
protein-, lipid-, or composite-based systems, each exhibiting different mechanical and
barrier properties [136–138]. Additional components, including plasticizers, emulsifiers,
crosslinking agents, and functional bioactive compounds, may be incorporated to tailor
coating performance [19]. Polysaccharide coatings generally provide effective gas barri-
ers but limited resistance to water vapour, protein-based coatings offer good mechanical
and gas barrier properties, whereas lipid-based systems are particularly effective in lim-
iting moisture transfer. Composite coatings combine different materials to balance these
properties [136–138]. The incorporation of active ingredients can further provide antiox-
idant, antibrowning, or antimicrobial functionality, resulting in multifunctional coating
systems [136–142].

Polysaccharide-Based Coatings

Polysaccharide-based coatings have been extensively investigated for FCPs because
of their gas barrier properties and ability to limit respiration, moisture loss, enzymatic
browning, and microbial deterioration. Opuntia dillenii polysaccharide coatings, for exam-
ple, reduced browning, respiration, weight loss, and microbial growth during refrigerated
storage, with the 1% formulation providing the best overall performance [143]. Similarly, an
optimized guar gum coating containing crude algae ethanolic extract and turmeric essential
oil preserved multiple quality attributes for up to 7 days at ambient temperature, com-
bining the barrier properties of the coating matrix with the antioxidant and antimicrobial
activity of the incorporated compounds [144]. Alginate- and chitosan-based systems further
illustrate the potential of incorporating active compounds into polysaccharide matrices. An
alginate coating enriched with thyme essential oil improved colour and firmness retention
and inhibited spoilage microorganisms and Listeria monocytogenes, with the lowest essential
oil concentration tested (0.05%) providing the best overall performance [145]. Similarly,
a chitosan coating containing 0.2% cinnamon essential oil delayed enzymatic browning,
maintained firmness, and reduced microbial growth and weight loss during refrigerated
storage, whereas increasing the essential oil concentration to 0.4–0.6% adversely affected
product quality, likely because of phytotoxic effects [146]. Coating architecture may also
influence preservation efficacy. A multilayer chitosan/sodium alginate coating applied
to fresh-cut purple-fleshed sweet potatoes outperformed the corresponding single-layer
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coatings, resulting in lower colour changes and weight loss, improved firmness retention,
better preservation of anthocyanins and phenolic compounds, and reduced bacterial and
fungal proliferation during 16 days of refrigerated storage [147]. The improved perfor-
mance of the multilayer system was attributed to the complementary oxygen and moisture
barrier properties of alginate and the intrinsic antimicrobial activity of chitosan [147]. Col-
lectively, these findings indicate that polysaccharide coatings provide a versatile platform
for fresh-cut produce preservation. However, their effectiveness depends not only on the
coating matrix, but also on the type and concentration of incorporated active compounds
and on the coating architecture.

Protein-Based Coatings

Among protein-based edible coatings, whey protein has attracted interest because
of its film-forming ability and gas barrier properties. Marquez et al. developed a whey
protein–pectin coating crosslinked by transglutaminase that markedly reduced weight
loss and microbial growth while preserving phenolic content, hardness, and chewiness
in FCPs during refrigerated storage. The improved performance was attributed to the
denser polymeric network generated by enzymatic crosslinking, which enhanced the water
vapour and gas barrier properties of the coating [148]. Although protein-based coatings
have been less extensively investigated than polysaccharide systems, their film-forming
properties and compatibility with other biopolymers make them promising components of
multifunctional composite coatings [149].

Lipid-Based Coatings

Compared with polysaccharide- and protein-based systems, lipid-based edible coat-
ings have received limited attention for FCPs. Lipid materials such as beeswax, carnauba
wax, fatty acids, and monoglycerides are highly effective in reducing water vapour perme-
ability; however, their limited gas permeability and relatively weak mechanical properties
may excessively restrict gas exchange, potentially promoting anaerobic metabolism in
highly respiring fresh-cut tissues. Consequently, lipid materials are more commonly incor-
porated into composite coatings than applied alone [19,150,151].

5.1.4. Non-Thermal Physical Processing Technologies

In recent years, several non-thermal physical processing technologies have been
investigated as alternative or complementary treatments for FCP, including ultraviolet-C
(UV-C) radiation, pulsed light (PL), cold plasma (CP), ultrasound (US), electron beam
irradiation, and PEFs. Although refrigeration is also a non-thermal physical preservation
method, it is discussed separately in this review as the conventional baseline strategy for
maintaining FCP quality throughout storage and distribution. The present subsection
specifically focuses on non-thermal physical processing treatments applied to the product
to induce microbial inactivation, enzyme inhibition, modifications in tissue metabolism,
or stimulation of plant defence responses [13]. Compared with conventional thermal
treatments, these technologies aim to improve microbial safety and extend product stability
while minimizing heat-induced changes in texture, colour, flavour, nutritional value, and
other fresh-like quality attributes [13,20]. Although several of these technologies are still
at the pilot or experimental stage, they have shown considerable potential for reducing
enzymatic browning, limiting microbial growth, and preserving the physicochemical and
sensory quality of FCP. Nevertheless, their effectiveness is strongly dependent on treatment
conditions and product characteristics, and improvements in quality attributes do not
necessarily translate into extended product shelf life.

Consequently, increasing attention has been devoted to their integration with comple-
mentary preservation strategies, such as refrigeration, MAP, and edible coatings, to exploit
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synergistic effects and enhance overall product stability [10,13,19,20]. However, the level of
evidence specifically available for FCPs varies considerably among these technologies. For
some emerging approaches, current knowledge is still partly derived from studies on other
fresh-cut fruits and vegetables; therefore, these findings should be regarded as indications
of technological potential rather than direct validation for FCP preservation, highlighting
the need for further product-specific optimization and validation under relevant storage
and processing conditions. A comparative overview of the main mechanisms, preservation
effects, advantages, limitations, and current evidence regarding the application of these
technologies to FCPs is provided in Table 1.

Table 1. Comparative overview of non-thermal physical processing technologies investigated for
fresh-cut potato preservation.

Technology Mechanism of
Action Primary Effects Main

Advantages Main Limitations Current Evidence/
Application in FCP References

UV-C

DNA
photodamage in
microorganisms;

induction of plant
defence responses
and modulation

of
browning-related

enzymes

Microbial
inactivation;

delayed
enzymatic
browning;

preservation of
colour and

sensory quality

Short treatment
time; no chemical

residues;
potential

integration into
existing

processing lines

Limited penetration
and surface action;
efficacy affected by
geometry and dose;
excessive exposure
may cause tissue

dam-
age/discolouration;
possible increase in

acrylamide
precursors;

regulatory and
scale-up constraints

Direct FCP evidence
available. Particularly

effective when combined
with sodium ascorbate,

VP and refrigeration; less
effective than Sodium

Acid Sulphate (SAS) for
browning control in one

comparative study.
Combination with High

Hydrostatic Pressure
(HHP) improved

microbial stability but
increased reducing sugars
and acrylamide formation

after frying

[152–154]

Pulsed light
(PL)

High-intensity
broad-spectrum

light;
photochemical,

photothermal and
photophysical
mechanisms

Microbial and
enzymatic

inactivation

Very short
treatment; high
energy delivery

with limited
overall heat

transfer

Limited penetration;
shadowing; efficacy
affected by product

geometry and
optical properties;
excessive fluence

may cause localized
heating and tissue

damage; lack of
standardized

protocols

Limited direct evidence
for FCP. Promising results

have mainly been
obtained in other fresh-cut

horticultural products;
FCP-specific optimization

and validation are still
required

[155–159]

Cold plasma
(CP)

Reactive oxygen
and nitrogen

species, charged
particles and UV

photons

Microbial
decontamination;

PPO/POD
inactivation;

delayed
enzymatic
browning

Near-ambient
temperature; no

chemical residues;
potential

in-package
application

Strongly treatment-
dependent;

excessive exposure
may induce

oxidative tissue
damage; mainly

surface-dependent
action

Potato studies show
substantial inhibition of

browning-related
enzymes and delayed
surface browning with

relatively limited effects
on tissue integrity;

evidence remains limited
compared with UV-C

[160–163]

Ultrasound
(US)

Acoustic
cavitation
generating
localized

pressure, shear
forces and

reactive radicals

Enzyme modula-
tion/inactivation;
enhanced mass

transfer;
browning control;

potential
microbial effects

Simple
application; low

energy
requirements; no
chemical residues;

suitable for
combination with

antibrowning
agents

Strong dependence
on frequency,
power and

exposure time;
excessive cavitation

may cause tissue
disruption and
firmness loss

Direct FCP studies
indicate that moderate

treatment can control PPO
activity while maintaining

quality; combinations
with natural antibrowning

compounds showed
greater effectiveness than

US alone

[164–166]
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Table 1. Cont.

Technology Mechanism of
Action Primary Effects Main

Advantages Main Limitations Current Evidence/
Application in FCP References

Pulsed
electric fields

(PEF)

Reversible or
irreversible

electroporation of
cell membranes

Enhanced mass
transfer;

modification of
tissue structure;

reduced reducing
sugars; potential
browning control
when combined

with other
treatments

Minimal
temperature

increase; useful as
pretreatment;

potential
integration with

OD and MAP

High capital costs;
application-specific

optimization
required; limited

effectiveness
against some
enzymes and

bacterial spores;
excessive

permeabilization
may affect tissue

properties

Evidence is stronger for
processing improvement
and hurdle applications
than for standalone FCP

preservation. PEF has
shown promising results

as a pretreatment
combined with OD and

MAP, contributing to
mass transfer

enhancement and quality
retention during

refrigerated storage.

[115,167]

Abbreviations: CP, cold plasma; DNA, deoxyribonucleic acid; FCP, fresh-cut potato; HHP, high
hydrostatic pressure; MAP, modified atmosphere packaging; OD, osmotic dehydration; PEF, pulsed
electric field; PL, pulsed light; PPO, polyphenol oxidase; POD, peroxidase; SAS, sodium acid sulphate;
US, ultrasound; UV-C, ultraviolet-C; VP, vacuum packaging.

UV-C Radiation

UV-C radiation is one of the most extensively investigated non-thermal technologies
for the preservation of fresh-cut fruits and vegetables. UV-C light, typically emitted at
wavelengths between 200 and 280 nm (with maximum germicidal activity around 254 nm),
inactivates microorganisms primarily through the formation of DNA photoproducts that
inhibit DNA replication and cell division [13,168]. In plant tissues, low UV-C doses may
also induce hormetic responses, stimulate antioxidant defence systems, and reduce the ac-
tivity of enzymes involved in enzymatic browning [10,13,20,168,169]. However, its limited
penetration restricts UV-C primarily to surface decontamination, making its effectiveness
dependent on product characteristics and applied dose [168,170–172]. Excessive exposure
may induce tissue damage, surface discolouration, or accelerated senescence [172–174]. Of
particular relevance to potato products intended for frying, UV-C treatment may increase
acrylamide formation by altering carbohydrate metabolism and increasing the availabil-
ity of acrylamide precursors [19,175,176]. Moreover, industrial implementation remains
constrained by process validation, investment requirements, and potential regulatory
considerations under the European Novel Food Regulation (EU) 2015/2283 [13,177,178].
Studies on FCPs confirm the potential of UV-C, although its effectiveness strongly depends
on treatment conditions and complementary preservation strategies. UV-C combined
with sodium ascorbate, VP, and refrigeration improved microbial stability, delayed brown-
ing, and maintained sensory quality, extending product acceptability during refrigerated
storage [152]. However, UV-C was less effective than Sodium Acid Sulphate (SAS) in
controlling enzymatic browning and PPO activity, while its combination with SAS pro-
vided no additional benefit [153]. Combining UV-C with High Hydrostatic Pressure (HHP)
further improved microbiological stability but promoted reducing sugar accumulation and
subsequent acrylamide formation after frying [154]. Overall, these findings highlight the
need to optimize UV-C treatments by balancing microbial stabilization with technological
quality and the intended end use of FCPs.

Pulsed Light (PL)

PL is an emerging non-thermal technology based on short, high-intensity pulses of
broad-spectrum light (200–1100 nm), including UV, visible, and near-infrared wavelengths.
Compared with continuous UV-C irradiation, PL delivers high energy over very short
exposure times, promoting microbial and enzymatic inactivation through photochemical,
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photothermal, and photophysical mechanisms while minimizing overall heat transfer to
the product [179,180]. However, its limited penetration restricts its effectiveness primarily
to exposed surfaces, making treatment efficacy dependent on product geometry, optical
properties, and processing conditions. Excessive fluence may also cause localized heating,
tissue damage, and discolouration, while the lack of standardized protocols and industrial-
scale validation remains an important limitation [179–181].

Although direct evidence for FCPs remains scarce, successful applications in other
fresh-cut horticultural products, including apples, melons, lettuce, tomatoes, and mush-
rooms, support the potential of PL as a preservation strategy [156,158,182–184]. Never-
theless, FCP-specific studies are required to establish optimal treatment conditions and
determine whether improvements in individual quality and safety parameters translate
into meaningful shelf-life extension.

Cold Plasma (CP)

CP is an emerging non-thermal technology that combines microbial decontamination
with minimal thermal damage. Plasma is a partially ionized gas containing electrons, ions,
UV photons, and reactive oxygen and nitrogen species (ROS/RNS), which can inactivate
microorganisms and reduce the activity of browning-related enzymes. CP operates at near-
ambient temperature, leaves no chemical residues, and may also be applied in-package,
thereby reducing the risk of post-processing contamination. However, its effectiveness
strongly depends on treatment conditions, while excessive exposure may induce oxidative
damage to plant tissues [10,19,163,185]. Studies on potato tissues support the potential
of CP for controlling enzymatic browning. Plasma-processed air markedly reduced PPO
and POD activities and prevented browning while largely preserving tissue integrity [186].
Similarly, microwave CP partially inactivated PPO and delayed surface browning in potato
slices, with treatment efficacy increasing with the exposed surface area [160]. Overall,
these findings indicate that CP is a promising strategy for browning control, although
the limited evidence currently available and its surface-dependent efficacy require further
investigation under FCP storage conditions.

Ultrasound (US)

US is a non-thermal preservation technology increasingly investigated for fresh-cut
fruits and vegetables. High-power US (generally 20–100 kHz) generates acoustic cavitation,
producing localized pressure, shear forces, and reactive radicals that can inactivate microor-
ganisms, modify enzyme activity, enhance mass transfer, and reduce enzymatic browning
with minimal thermal damage [10,166]. However, its effectiveness strongly depends on
treatment conditions and food matrix characteristics. Excessive sonication may induce
tissue disruption and firmness loss, whereas moderate treatments generally provide a
better balance between enzyme inactivation and quality preservation. Consequently, US
has also been investigated in combination with natural antibrowning agents to exploit syn-
ergistic preservation effects [165,166]. Studies on FCPs confirm the importance of treatment
intensity and combined preservation approaches. Moderate US treatment reduced PPO
activity while maintaining colour and firmness, whereas prolonged sonication caused cell
damage due to excessive cavitation [166]. Combining US with Sonchus oleraceus L. extract or
L-cysteine provided greater browning control than US alone, reducing browning-related en-
zyme activity and oxidative processes while preserving antioxidant compounds [164,165].
Overall, these findings suggest that moderate US treatments, particularly when combined
with antibrowning agents, may provide a better balance between browning control and
preservation of tissue integrity.
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Pulsed Electric Fields (PEFs)

A PEF is a non-thermal technology based on the application of short high-voltage
electric pulses to food placed between two electrodes, inducing reversible or irreversible
electroporation of cell membranes with minimal temperature increases. Treatment effec-
tiveness depends on electric field strength, pulse characteristics, energy input, temperature,
and the electrical properties of the food matrix [19,187]. In plant tissues, electroporation
enhances mass transfer, supporting applications in extraction, Osmotic Dehydration (OD),
drying, and frying processes [19,188]. However, industrial implementation remains con-
strained by high capital costs, application-specific optimization, and limited effectiveness
against certain enzymes and bacterial spores [187].

In potato tissues, PEF-induced membrane permeabilization has been associated
with enhanced mass transfer, reduced reducing sugar content, modifications in tissue
texture, and lower oil uptake during subsequent frying [167,189]. Beyond these pro-
cessing applications, PEFs combined with OD and MAP improved mass transfer and
contributed to browning control, texture retention, and microbiological stability during
refrigerated storage [115]. Overall, current evidence suggests that PEF is particularly
promising as a pretreatment or component of hurdle preservation strategies rather than as
a standalone preservation technology for FCPs, although application-specific optimization
remains necessary.

5.2. Chemical Preservation Technologies
5.2.1. Chlorine-Based Sanitizers

Chlorine-based sanitizers remain the most widely used chemical disinfectants in the
fresh-cut produce industry owing to their broad antimicrobial spectrum, rapid action, ease
of application, and relatively low cost. Their primary role is to reduce the microbial load
on fresh produce and, more importantly, to prevent cross-contamination during washing
operations rather than to completely eliminate microorganisms already attached to plant
tissues. The antimicrobial activity of chlorine is mainly attributed to the oxidative action
of hypochlorous acid (HOCl), which damages microbial cell membranes, proteins, and
nucleic acids. Among chlorine-based sanitizers, sodium hypochlorite (NaOCl) is by far the
most commonly used, generally at concentrations ranging from 50 to 200 mg L−1 of free
chlorine, while calcium hypochlorite (Ca(OCl)2) is mainly employed as a more stable source
of available chlorine for preparing sanitizing solutions. Chlorine dioxide (ClO2), applied
either in aqueous or gaseous form, has emerged as an alternative disinfectant because
of its stronger oxidizing capacity, effectiveness over a wider pH range (approximately
pH 3–8), and reduced formation of chlorinated by-products compared with conventional
hypochlorite solutions [10,13,190]. Despite their widespread industrial use, chlorine-based
sanitizers present several important limitations that have prompted increasing interest
in alternative technologies. Under commercial processing conditions, their antimicrobial
efficacy is generally limited to approximately 1–2 log reductions and is strongly influ-
enced by contact time, pH, temperature, and, above all, the presence of organic matter
released from damaged plant tissues. Organic compounds rapidly consume free chlo-
rine, reducing the concentration of hypochlorous acid available for microbial inactivation
and consequently decreasing sanitizing efficiency. As a result, maintaining an effective
residual free chlorine concentration throughout industrial washing operations represents
a major technical challenge, particularly in recirculated wash water with high organic
loads [190–192]. Another major concern is the formation of disinfection by-products (DBPs)
generated when free chlorine reacts with organic matter released from cut tissues. Besides
the well-known trihalomethanes (THMs), chlorination may also produce haloacetic acids
(HAAs), chloramines, chlorate and other DBPs. Some of these compounds, particularly cer-
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tain THMs, have been classified by the International Agency for Research on Cancer (IARC)
as possibly carcinogenic to humans, whereas others have raised toxicological concerns be-
cause of their cytotoxic, genotoxic, mutagenic, or endocrine-disrupting properties [192–195].
Consequently, minimizing chlorine dosage while maintaining adequate microbiological
safety has become a major objective for the fresh-cut industry [192,193]. Partially due to
the possible generation of DBPs, the use of chlorine in fresh-cut produce washing is not
permitted in several European countries such as Germany, Switzerland, the Netherlands,
Denmark, and Belgium [192]. Furthermore, increasing concerns regarding chlorate residues
generated during the use of chlorine-based disinfectants have also led to regulatory actions.
In the European Union, maximum residue levels (MRLs) for chlorate have been established
under Commission Regulation (EU) 2020/749 following European Food Safety Authority
(EFSA)’s risk assessment, which identified chlorate exposure as a potential concern for
vulnerable population groups. Accordingly, an MRL of 0.05 mg kg−1 has been established
for potatoes, reflecting the need to minimize chlorate formation while maintaining ade-
quate hygienic practices [196]. Although studies specifically addressing FCPs are relatively
limited, chlorine-based sanitizers remain the industrial standard for washing operations
owing to their low cost and ease of application. Nevertheless, because they exert little
direct effect on enzymatic browning or texture preservation, they are generally combined
with acidulants, calcium salts, or other preservation technologies within hurdle strategies
to simultaneously address microbial contamination and quality deterioration [10].

5.2.2. Ozone

Ozone (O3) is an environmentally friendly sanitizing agent widely investigated as an
alternative to chlorine for fresh-cut produce because of its strong oxidizing capacity and
broad antimicrobial spectrum. Ozone inactivates microorganisms through the oxidation
of cell membranes, proteins, enzymes, and nucleic acids, while rapidly decomposing into
oxygen without leaving persistent chemical residues. Its practical application nevertheless
remains subject to the regulatory requirements applicable to the specific food processing
context. Depending on the application, ozone can be used as aqueous ozone during wash-
ing or as gaseous ozone during refrigerated storage [197,198]. The effectiveness of ozone,
however, is highly dependent on treatment conditions, including ozone concentration,
exposure time, temperature, relative humidity, pH, organic load, and the characteristics
of the commodity surface. In particular, organic matter released from cut tissues rapidly
consumes ozone, reducing its antimicrobial efficacy, while rough or porous surfaces may
protect microorganisms from oxidation. Furthermore, excessive ozone exposure may
promote oxidative stress, tissue damage, colour loss, softening, off-flavour development,
and degradation of quality-related compounds. Consequently, ozone is generally consid-
ered more effective when applied at optimized doses or combined with complementary
preservation strategies [197–199]. Studies on FCPs have shown promising but sometimes in-
consistent results. Beltrán et al. reported that aqueous ozone, particularly when combined
with peroxyacetic acid, effectively delayed browning, maintained sensory quality, and
reduced microbial populations during refrigerated storage, whereas ozone alone showed
only limited antimicrobial efficacy. These findings suggest that ozone performs best as
part of a hurdle preservation strategy rather than as a stand-alone treatment [93]. Similarly,
Calder et al. evaluated a 2 ppm aqueous ozone wash before different acidulant treatments
and found that ozone significantly improved colour retention, as indicated by higher L*
values and lower a* values, but did not significantly affect PPO activity or aerobic plate
counts. The greatest reductions in browning and microbial growth were achieved with
SAS and the commercial NatureSeal® (ReduSal, Mantrose-Haeuser Co., Inc., Westport, CT,
USA) treatment, irrespective of ozone application. These results indicate that ozone alone
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is insufficient to control enzymatic browning and microbial spoilage in FCPs, whereas its
combination with suitable acidulants substantially improves product quality and shelf
life [200].

5.2.3. Electrolyzed Water (EW)

EW is an emerging green sanitation technology produced by the electrolysis of dilute
salt solutions, generating oxidizing and reducing species with different physicochemical
properties and biological activities. Compared with conventional chlorine-based disin-
fectants, EW offers several advantages, including on-site generation, rapid antimicrobial
activity, minimal environmental impact, and limited chemical residues after use, attracting
increasing interest as an alternative sanitizer for fresh-cut fruit and vegetables [201,202].
Its antimicrobial efficacy mainly depends on available chlorine concentration, pH, and
oxidation–reduction potential (ORP), which determine the abundance of reactive chlorine
species. Among these, hypochlorous acid (HOCl) is considered the principal antimicro-
bial agent because it readily penetrates microbial cell membranes and causes oxidative
damage to essential cellular components [202–204]. Several forms of EW have been devel-
oped according to the electrolysis system employed. Acidic electrolyzed water (AEW) is
characterized by low pH (approximately 2–3), high ORP (>950 mV), and high HOCl con-
centrations, resulting in strong antimicrobial activity [202,205,206]. Alkaline electrolyzed
water (AlEW), produced at the cathode, exhibits an alkaline pH (11–13), negative ORP, and
reducing properties, providing effective cleaning rather than strong antimicrobial activ-
ity [202,207,208]. More recently, slightly acidic electrolyzed water (SAEW; pH 5.0–6.5) has
emerged as a promising formulation for fresh produce because HOCl predominates within
this pH range, providing high antimicrobial efficacy while reducing chlorine volatilization,
equipment corrosion, and the formation of undesirable chlorinated by-products compared
with strongly AEW [206,209,210]. Besides microbial decontamination, EW may contribute
to reducing enzymatic browning, preserving bioactive compounds, and removing pesticide
residues, although its effectiveness depends strongly on treatment conditions and food
matrix characteristics [202]. The application of EW to FCPs has been investigated in a
limited number of studies. Izumi reported reductions in microbial populations of approxi-
mately 0.6–2.6 log Colony-Forming Units (CFU) g−1 following treatment with electrolyzed
neutral water, without significant effects on tissue pH, surface colour, or overall appear-
ance [211]. More recently, Li et al. investigated the sequential application of SAEW and
AlEW and found that the combined treatment better maintained colour, delayed the respi-
ratory peak, decreased weight loss by approximately 33%, improved firmness retention
by approximately 18%, reduced microbial counts by about 1 log CFU g−1, and improved
sensory quality during 21 days of refrigerated storage. These effects were attributed to the
complementary antimicrobial action of SAEW and the cleaning and antioxidant effects of
AlEW [212]. In addition, Liu et al. demonstrated that AEW was more effective than tap
water, sodium hypochlorite, or AlEW in removing pesticide residues from FCPs, while its
combination with US further enhanced pesticide degradation [213].

5.2.4. Firming Agents

Firming agents are widely used in fresh-cut fruits and vegetables to counteract tissue
softening caused by peeling, cutting, and storage. Their beneficial effect is mainly at-
tributed to calcium ions, which diffuse through the apoplast and interact with de-esterified
pectins in the middle lamella, forming calcium pectate crosslinks according to the “egg-
box” model. These crosslinks reinforce the cell wall, strengthen intercellular adhesion,
reduce cell separation, and consequently maintain tissue firmness. In addition, calcium
contributes to plasma membrane stabilization, reducing membrane degradation and pre-
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serving cell turgor during storage. These mechanisms also limit the accessibility of cell
wall-degrading enzymes and microbial hydrolases, thereby contributing to improved tissue
integrity [214,215]. Among calcium salts, calcium chloride (CaCl2) is the most widely used
firming agent because of its high effectiveness, low cost, and ease of application. In addition
to preserving texture, calcium chloride has been reported to reduce physiological disorders
and improve resistance to postharvest deterioration, making it a common component of
fresh-cut produce processing lines [10,215]. Zhao et al. demonstrated that CaCl2 enhances
pectin gelation within potato cell walls, reinforcing tissue structure and leading to im-
proved crispness and reduced oil uptake during frying. Nevertheless, these positive effects
were concentration-dependent, since excessive CaCl2 levels increased tissue permeabil-
ity and adversely affected texture and overall product quality [216]. However, excessive
concentrations may also impart undesirable bitter or salty off-flavours due to residual
calcium chloride remaining on the product surface, limiting consumer acceptance [214,217].
Calcium lactate has therefore been proposed as an alternative calcium source capable of
providing comparable tissue strengthening while minimizing the bitterness associated
with calcium chloride. Studies on fresh-cut cantaloupe and fresh-cut mango demonstrated
that both calcium chloride and calcium lactate effectively delayed tissue softening during
refrigerated storage, although calcium chloride generally provided slightly greater firmness
retention, whereas calcium lactate showed superior sensory acceptability because it did
not impart undesirable flavours [214,217,218]. Beyond texture preservation, calcium treat-
ments have also been shown to stabilize cell membranes, reduce oxidative damage, slow
respiration, preserve organic acids and soluble sugars, and limit microbial growth during
storage, thereby contributing to an overall improvement in postharvest quality [218]. In
FCPs, calcium salts are generally applied as part of combined preservation strategies rather
than as stand-alone treatments. CaCl2 is frequently combined with antibrowning agents
such as citric acid or AA to simultaneously maintain texture and limit enzymatic browning.
For example, Irfan et al. treated FCPs with 3% CaCl2, 2% citric acid, and 0.3% potassium
metabisulfite, reporting good firmness retention and acceptable physicochemical quality
throughout refrigerated storage [217]. Although calcium phosphate, calcium gluconate,
and other calcium salts have also been investigated as firming agents for fresh-cut produce,
their application in FCPs remains limited compared with calcium chloride and calcium
lactate, which continue to represent the reference firming agents for commercial potato
processing [10].

5.2.5. Antibrowning Agents

Chemical antibrowning agents represent one of the most widely adopted strategies
for controlling enzymatic browning in fresh-cut produce. As described in Section 4.2,
browning development depends on multiple factors, including PPO activity, substrate
availability, membrane integrity, oxygen accessibility, and the reactions occurring after
phenolic oxidation. Consequently, effective control can be achieved by targeting different
stages of the browning process rather than PPO activity alone [66,219,220]. According to
their predominant mechanism of action, chemical antibrowning agents can be broadly
classified as antioxidants/reducing agents, acidulants, copper-chelating agents, direct PPO
inhibitors, and compounds exhibiting multiple inhibitory mechanisms. These agents may
act through quinone reduction, oxygen scavenging, copper chelation, pH reduction, or
direct interference with PPO activity. Because individual compounds generally target only
specific steps of the browning cascade, combinations of antibrowning agents are frequently
employed to exploit complementary or synergistic mechanisms and achieve more effective
colour preservation than single treatments [69,219]. The principal mechanisms of action of
antibrowning agents are summarized in Figure 5.
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Figure 5. Main mechanisms involved in inhibition of enzymatic browning. ↑ and ↓ indicate an
increase and a decrease, respectively.

Reducing Agents and Antioxidants

Reducing agents and antioxidants are among the most extensively investigated an-
tibrowning compounds because they interfere with oxidative reactions occurring down-
stream of PPO catalysis. Depending on their chemical properties, they may reduce reactive
o-quinones back to their corresponding o-diphenols, scavenge oxygen and ROS, or trap
quinones through the formation of stable colourless adducts. Their effectiveness is often
transient because reducing compounds are progressively consumed during oxidation,
which frequently favours their combination with complementary antibrowning strate-
gies [39,221].

Sulphites, particularly sulphur dioxide (SO2) and sodium metabisulfite (SMBS), have
historically been among the most effective antibrowning agents used in fresh-cut produce.
Their activity relies on quinone reduction, formation of stable colourless sulfonate adducts,
and partial inhibition of PPO activity [20,222,223]. Despite their high efficacy, sulfite
use has markedly declined because of toxicological, sensory, and regulatory concerns.
Sulphites may trigger hypersensitivity reactions, particularly in asthmatic individuals [224].
Accordingly, sulphur dioxide and sulphites are included among the substances or products
causing allergies or intolerances under Regulation (EU) No 1169/2011 and must be declared
when present at concentrations above 10 mg kg−1 or 10 mg L−1, expressed as SO2 [225].
EFSA also concluded that the available toxicological database was insufficient to establish
an acceptable daily intake and identified potential concerns for high consumers [222]. At
high concentrations, sulphites may additionally cause sulphur-like odours and off-flavours
and promote thiamine degradation [93,223,226,227]. Ren et al. evaluated 0.1–0.5% SMBS
in FCPs and found that 0.3% effectively delayed browning, reduced PPO, POD, and PAL
activities, and preserved texture and sensory quality during refrigerated storage, whereas
increasing the concentration to 0.5% provided only marginal additional benefits [227].

AA is widely used as an antibrowning agent owing to its high reducing capacity,
low cost, and Generally Recognized as Safe (GRAS) status. It rapidly reduces reactive o-
quinones and contributes to maintaining a reducing cellular environment, but its protective
effect is temporary because it is progressively oxidized to dehydroascorbic acid during
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storage. Consequently, AA is frequently combined with acidulants, calcium salts, or other
antibrowning agents to prolong its activity [39,228]. Studies on potato cultivars further
indicate that higher endogenous AA concentrations and a greater AA/Dehydroascorbic
Acid (DHA) ratio are associated with lower browning susceptibility, while exogenous
AA treatments can delay colour deterioration in a concentration-dependent manner by
supporting cellular redox balance [228].

L-Cysteine acts predominantly through quinone trapping, reacting with o-quinones
to form stable, colourless cysteinyl-quinone adducts. Partial inhibition of PPO, and in
some plant tissues of POD, has also been reported, although excessive concentrations
may cause sulphur-like off-flavours [39,221,229–231]. In FCPs, Li et al. compared AA,
L-cysteine, H2S, and Nitric Oxide (NO) and found that only AA and L-cysteine effectively
reduced browning, with L-cysteine providing a more sustained protective effect during
storage without adversely affecting respiration rate, weight loss, or tissue decay [39]. Cerit
et al. similarly reported that 1.0–2.0% L-cysteine was the most effective among L-cysteine,
N-acetyl-L-cysteine (NAC), GSH, and SMBS, completely inhibiting PPO activity after 48 h
and significantly reducing surface browning [221]. A further study showed that combin-
ing L-cysteine with ultrasound produced stronger inhibition than either treatment alone,
highlighting its potential within hurdle approaches. GSH, a naturally occurring tripeptide,
also limits browning through its sulfhydryl group, which can react with o-quinones, while
contributing to cellular redox homeostasis through the ascorbate-glutathione cycle [69,232].
However, its effectiveness in FCPs appears lower than that of L-cysteine and NAC. Cerit
et al. attributed this lower efficacy to the rapid depletion of its reducing capacity, suggesting
limited potential for GSH as a stand-alone antibrowning treatment [221].

Acidulants

Acidulants are widely used antibrowning agents because they suppress enzymatic
browning primarily by lowering tissue pH below the optimum range for PPO activ-
ity [37,69]. PPO generally exhibits maximum catalytic activity at near-neutral pH (ap-
proximately 6–7), whereas activity progressively declines under acidic conditions, with
strong acidification potentially causing irreversible inactivation partly through dissociation
of copper ions from the enzyme active site [233]. For potato PPO, reported optimum
pH values are consistent across studies, ranging from approximately 6.5 to 7.5 [234–236].
Accordingly, immersion of FCPs in acidic solutions can effectively delay browning by
reducing PPO activity. Among the acidulants investigated for FCP, citric acid is the most
extensively studied, although malic, lactic, acetic, phosphoric, and tartaric acids have also
been evaluated, either alone or in combination with other antibrowning agents [69,200,237].
In addition to acidification, citric acid can chelate Cu2+ ions at the PPO active site, provid-
ing a complementary inhibitory mechanism [233,238–240]. This dual action may explain
its greater antibrowning efficacy compared with mineral acids adjusted to the same pH.
Nevertheless, acidulants alone generally provide limited long-term protection, supporting
their combination with reducing agents, calcium salts, or other complementary treat-
ments [44,69,241]. Studies on FCPs support both the effectiveness and the multiple effects
of citric acid. Rocculi et al. reported a concentration-dependent improvement in colour
retention following treatment with 0.5–2.0% citric acid but also observed increased tissue
metabolic activity and reduced concentrations of reducing sugars, indicating physiological
effects beyond PPO inhibition [237]. Similarly, Tsouvaltzis and Brecht showed that 1–2%
citric acid provided greater colour retention than sulfuric acid treatments adjusted to com-
parable pH values, confirming that its antibrowning activity cannot be attributed solely to
acidification [242]. Finally, Li et al. reported effective browning control during 15 days of
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refrigerated storage using citric acid combined with AA, L-cysteine, and ultrasonication,
supporting the potential of citric acid within multi-target antibrowning strategies [243].

Chelating Agents

Chelating agents inhibit enzymatic browning by binding the Cu2+ ions located at
the catalytic centre of PPO, a type-3 copper metalloenzyme, thereby interfering with
its catalytic activity and reducing quinone formation [66,69,233,244]. As discussed in
the previous section, citric acid combines tissue acidification with Cu2+ chelation, which
contributes to its greater antibrowning efficacy compared with mineral acids adjusted to
the same pH. Ethylenediaminetetraacetic acid (EDTA) is a highly effective synthetic metal
chelator with strong affinity for Cu2+ ions. However, its application in foods is restricted,
as calcium disodium EDTA (E385) is authorized only for specific food categories and at
defined maximum levels under European food additive legislation [245,246]. The mineral-
binding properties of EDTA have also raised concerns regarding potential interactions with
nutritionally relevant minerals [247]. Together with increasing consumer preference for
clean-label products, these limitations restrict its practical use in FCPs, where EDTA is
more commonly employed as a reference PPO inhibitor than as a stand-alone antibrowning
treatment [248]. Diethylenetriamine pentaacetic acid (DTPA) has also been evaluated as a
chelating antibrowning agent for FCP. Cacace et al. reported that a 1% DTPA treatment
delayed surface discolouration and reduced microbial growth in potato strips stored
under MAP; however, it was less effective than a combination of erythorbic and citric
acids in maintaining colour and sensory quality. These findings indicate that copper
chelation alone may provide only partial protection and support the greater effectiveness
of treatments combining complementary antibrowning mechanisms [95]. Moreover, the
practical application of DTPA in foods is limited because it is not authorized as a food
additive in the European Union [245].

Direct PPO Inhibitors

Direct PPO inhibitors suppress enzymatic browning through interaction with the
enzyme itself. Depending on their molecular structure, inhibition may involve competi-
tion with phenolic substrates, interaction with the catalytic copper centre, conformational
changes affecting enzyme activity, or, less commonly, irreversible inactivation [69,249,250].
Competitive inhibition occurs when an inhibitor competes with phenolic substrates for
access to the PPO active site, thereby limiting substrate oxidation [69,251,252]. Among
the compounds investigated for the control of enzymatic browning, 4-hexylresorcinol
(4-HR) is a potent direct PPO inhibitor. Mechanistic studies have shown that 4-HR acts
as a reversible mixed-type inhibitor of PPO, while its combination with AA provides an
additive antibrowning effect [253]. In potato cubes, Reyes-Moreno et al. demonstrated that
treatments combining 4-HR and AA effectively prevented enzymatic browning, supporting
the potential of combining direct PPO inhibition with antioxidant-based approaches [254].
Direct interaction with the catalytic copper centre represents another inhibitory mechanism.
Kojic acid is a representative example, as it coordinates the catalytic Cu2+ ions and thereby
interferes with PPO activity [249,255]. In FCP, Fang et al. showed that kojic acid treatment
reduced browning and PPO activity during 12 days of refrigerated storage, while also
affecting PAL activity and maintaining antioxidant capacity [255]. Chen et al. similarly
reported substantial browning inhibition together with preservation of lightness, texture,
and water retention. Moreover, combination with lauroyl arginine ethyl ester hydrochloride
enhanced microbial control, illustrating the potential of integrating direct PPO inhibition
with complementary antimicrobial strategies [249]. Some compounds may additionally
inhibit PPO by inducing conformational changes that alter active-site architecture or sub-
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strate accessibility [256,257]. However, evidence for this mechanism is largely derived from
purified PPO systems and therefore cannot necessarily be extrapolated to FCP. Hesperetin,
for example, has been shown to modify PPO conformation in purified enzyme models [257],
whereas chlorogenic acid was reported to act as a reversible mixed-type inhibitor associated
with conformational changes in PPO. Importantly, the latter effects were also accompanied
by reduced PPO activity and enzymatic browning in FCPs during refrigerated storage [258].
Further studies using potato-specific systems are therefore needed to establish the practical
relevance of conformational inhibition for FCP preservation.

A less common mechanism of direct PPO inhibition is mechanism-based, or suicide,
inhibition, which results in irreversible enzyme inactivation. In this process, the inhibitor
initially behaves as a substrate analogue and is recognized and processed by PPO. During
catalysis, however, it is converted into a reactive intermediate that subsequently interacts
with the enzyme active site, leading to its irreversible inactivation. Unlike reversible
inhibition, enzyme activity cannot be restored by dissociation of the inhibitor and therefore
requires de novo enzyme synthesis [259–261]. This mechanism should be distinguished from
other forms of irreversible PPO inhibition, such as those associated with sulphites, which
may chemically modify the enzyme or react with o-quinones but are not converted by PPO
into a reactive inhibitory intermediate. Although mechanism-based inhibition has been
described for tyrosinase in biochemical systems, it has not been convincingly demonstrated
for antibrowning agents currently applied to FCPs, where reversible inhibitory mechanisms
appear to predominate [262–264].

5.3. Plant-Derived Natural Preservatives

Growing consumer demand for clean-label foods, increasing concerns regarding
the safety and acceptability of synthetic preservatives, and the growing interest in sus-
tainable food systems have stimulated considerable research into natural preservation
strategies [265,266]. In recent years, particular attention has been devoted to extracts ob-
tained from fruits, vegetables, and herbs, particularly those recovered from agro-industrial
by-products. These residues represent abundant and inexpensive sources of bioactive com-
pounds, offering a sustainable approach to both waste valorization and the development
of natural preservatives. The recovery of high-value phytochemicals from agro-food pro-
cessing residues not only contributes to reducing the environmental impact of food waste
but also provides functional ingredients capable of extending the shelf life and preserv-
ing the quality of minimally processed products [267–270]. The preservative potential of
plant-derived extracts is primarily attributed to their complex phytochemical composition.
Unlike purified compounds, plant extracts contain a wide range of bioactive constituents,
including phenolic acids, flavonoids, tannins, anthocyanins, betalains, carotenoids, and
other secondary metabolites that may act individually or synergistically [271–276]. These
phytochemicals can delay quality deterioration through multiple complementary mecha-
nisms, such as direct or indirect inhibition of PPO, scavenging of ROS, protection of cell
membrane integrity, inhibition of microbial growth, and preservation of endogenous antiox-
idant systems. Consequently, plant-derived extracts frequently provide broader protection
than single-component preservatives, simultaneously contributing to colour retention, texture
preservation, and improved oxidative stability during storage [46,276–278]. Plant-derived
extracts and essential oils can be applied in different forms, including aqueous extracts or
plant juices, powders, dipping or spraying treatments, incorporation into edible coatings
or films, and active packaging systems [46].

The following sections present representative examples of plant-derived extracts and
essential oils investigated as natural preservation strategies for FCPs, as summarized in
Figure 6.
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Figure 6. The conceptual framework summarizing representative plant-derived extracts and essen-
tial oils, their potential application strategies, and their expected effects on FCPs. The graphical
elements were generated using AI-assisted tools and subsequently assembled into the final figure by
the authors.

Table 2 summarizes representative studies on the application of plant-derived ex-
tracts and essential oils as natural preservation strategies for FCPs, including their source,
preparation, application strategy, and main preservation outcomes.

Overall, the studies summarized in Table 2 indicate that plant-derived extracts and
essential oils represent promising natural alternatives for preserving the quality of FCPs
through multiple complementary mechanisms [279–281]. Most plant extracts primarily de-
layed enzymatic browning by inhibiting PPO activity, preserving colour, and enhancing the
antioxidant status of potato tissues, whereas essential oils generally provided the additional
benefit of antimicrobial activity, thereby targeting a broader range of deterioration pro-
cesses than plant extracts [146,281–283]. However, the efficacy of essential oils was highly
dependent on their concentration and formulation, as excessive doses could negatively
affect colour or sensory acceptability despite improving microbial control [145,284]. Conse-
quently, combining plant-derived preservatives with suitable application strategies, such
as edible coatings, vacuum impregnation, or packaging systems, appears to be the most
promising approach to simultaneously control enzymatic browning, microbial spoilage,
and quality deterioration in FCPs.

Table 2. Plant-derived extracts and essential oils investigated as natural preservation strategies
for FCPs.

Source Major Bioactive
Compounds

Preparation/Extraction
Method Application Strategy Main Preservation Outcomes Ref

Plant-derived extracts

Hawthorn leaves
Phenolic compounds,

flavonoids,
proanthocyanidins

Water extract Dipping
(5 min)

Delayed browning; maintained
higher L*; reduced PPO, POD and

PAL activities; enhanced
antioxidant defence during

refrigerated storage.

[279]

Purslane Polyphenols and
alkaloids Aqueous extract Dipping

(5 min)

Delayed browning; reduced PPO,
POD and PAL activities;

preserved membrane integrity
and colour during storage.

[280]
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Table 2. Cont.

Source Major Bioactive
Compounds

Preparation/Extraction
Method Application Strategy Main Preservation Outcomes Ref

Broccoli leaves
processing water

Glucosinolates, phenolic
compounds, organic
acids, anthocyanins,
sulphur compounds

Broccoli cooking
water (85 ◦C, 15 min),

filtered
Spraying

Reduced browning and PPO
activity; synergistic antibrowning

effect with AA.
[285]

Onion (bulbs and
Borettana
wastes)

Phenolic compounds and
organosulfur compounds

Onion juices and
distillates Spraying

Reduced browning and PPO
activity; onion juices more

effective in vivo, distillates more
effective in vitro.

[286]

Unripe grapes
Organic acids and

phenolic compounds
(particularly EGCG)

Juice obtained by
centrifugation Spraying

Reduced browning and PPO
activity; stronger PPO inhibition

than AA; effective in vivo
antibrowning activity.

[287]

Green tea
Catechins (EGCG, EGC,

ECG), gallic acid,
myricetin

Optimized aqueous
extract (55 ◦C, 7 min)

Dipping
(7 min)

Delayed browning; maintained
higher L*; stabilized pH and

soluble solids; extended shelf-life
to 14 d.

[283]

Seabuckthorn
leaves

Phenolic compounds,
flavonoids Water extract Dipping

(2 min)

Delayed browning; reduced PPO,
POD and PAL activities;

enhanced antioxidant capacity
and colour retention.

[188]

Essential oils

Cinnamon
essential oil

Cinnamaldehyde,
cinnamyl esters, eugenol,

vanillin

Chitosan coating +
cinnamon essential

oil (0.2–0.6%)

Edible coating
(2 min dipping)

The 0.2% coating inhibited
browning, maintained firmness

and reduced weight loss and
microbial growth during

refrigerated storage.

[146]

Thyme essential
oil Thymol Alginate coating +

TEO (0.05–0.65%)
Edible coating

(2 min dipping)

Best performance at 0.05% TEO:
preserved colour (↑L, ↓BI);

maintained firmness and sensory
quality; reduced microbial growth
and Listeria monocytogenes; higher
concentrations impaired quality

[145]

Rosemary
essential oil

1,8-Cineole, α-pinene,
borneol, verbenone,

camphor

Peanut oil + 0.5%
rosemary essential oil Dipping + VP

Improved texture retention,
reduced growth of mesophilic

bacteria and Enterobacteriaceae,
preserved AA, total polyphenols

and antioxidant activity, and
maintained acceptable sensory

quality during 11 d at 4 ◦C.

[288]

Zataria
multiflora and

tarragon

Thymol, carvacrol,
p-cymene (Zataria);

estragole (p-allylanisole)
(tarragon)

Zedo gum coating +
1% essential oil

Edible coating (5 min
dipping)

Reduced browning and weight
loss; maintained texture and

sensory quality; reduced
microbial growth and extended

refrigerated shelf life.

[282]

Onion Dipropyl disulphide,
dipropyl trisulphide

Onion essential oil
(0.5–5 mg mL−1) Dipping

Reduced browning and PPO
activity; inhibited microbial
growth; maintained sensory

acceptability during refrigerated
storage.

[281]

Abbreviations: AA, ascorbic acid; BI, browning index; ECG, epicatechin gallate; EGC, epigallocate-
chin; EGCG, epigallocatechin gallate; EO, essential oil; PAL, phenylalanine ammonia-lyase; POD,
peroxidase; PPO, polyphenol oxidase; VP, vacuum packaging.

5.4. Emerging Technologies and Future Trends

Future preservation strategies for FCPs are expected to increasingly rely on hurdle
technology, in which multiple preservation factors are combined to achieve synergistic
effects while minimizing the intensity of each individual treatment. Integrating natural
antibrowning agents, edible coatings, MAP, and complementary physical technologies, in-
cluding US, PEFs, CP, and the emerging application of ohmic heating, may simultaneously
improve microbial safety, delay enzymatic browning, and preserve sensory and nutritional
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quality [13,19,103,289,290]. Nanoencapsulation represents another promising strategy to
improve the performance of plant-derived preservatives. Encapsulating essential oils or
phenolic-rich extracts in nanoemulsions, nanoliposomes, or biopolymeric nanoparticles can
enhance their stability, protect bioactive compounds from degradation, enable controlled
release, and reduce undesirable sensory effects associated with high concentrations of
essential oils. These delivery systems may therefore increase the effectiveness of natural
preservatives while maintaining consumer acceptability [289,291,292]. The integration
of active preservation systems with smart packaging is also gaining increasing attention.
Intelligent packaging equipped with freshness indicators, gas sensors, or biosensors may
allow for real-time monitoring of product quality throughout storage and distribution.
When combined with active packaging systems capable of releasing antimicrobial or antiox-
idant compounds, these technologies could support more efficient shelf-life management
while reducing food waste across the supply chain [293–295]. AI and machine learning
are emerging as valuable tools for predicting the shelf life of perishable foods by inte-
grating physicochemical, microbiological, environmental, and imaging data. Although
their application to FCPs remains limited, AI-assisted predictive models could support dy-
namic shelf-life estimation, optimize storage conditions, and facilitate data-driven quality
management in industrial processing. Future research should focus on integrating these
digital tools with smart packaging and advanced preservation technologies to develop
more sustainable and efficient preservation systems [296–298].

6. Conclusions
FCPs represent one of the most commercially important minimally processed vegeta-

bles, but their shelf life remains severely limited by the physiological and biochemical re-
sponses triggered by peeling and cutting. Tissue injury induces a cascade of events, includ-
ing enhanced respiration, oxidative stress, enzymatic browning, moisture loss, metabolic
reprogramming, texture deterioration, and microbial proliferation, all of which progres-
sively reduce product quality and consumer acceptance. A thorough understanding of
these mechanisms is therefore essential for the development of effective preservation strate-
gies. Over the past few decades, considerable progress has been achieved in preserving
FCPs through optimization of conventional technologies, including refrigeration, MAP,
and edible coatings, together with the development of chemical and natural antibrowning
agents. More recently, emerging non-thermal technologies, such as UV irradiation, US,
CP, and PEF, have demonstrated promising potential for reducing quality deterioration
while preserving the fresh-like characteristics of the product. At the same time, increasing
consumer demand for clean-label foods has stimulated growing interest in plant-derived
extracts, essential oils, and other naturally occurring bioactive compounds as sustainable
alternatives to conventional chemical preservatives. Despite these advances, no single
preservation technology is capable of simultaneously controlling all the deterioration pro-
cesses affecting FCPs. Future research should therefore increasingly focus on integrated
preservation strategies based on hurdle technology, combining conventional preservation
methods with natural preservatives, innovative physical technologies, and advanced pack-
aging systems to maximize synergistic effects while minimizing quality losses. Further
efforts should also address process optimization, industrial scalability, economic feasibility,
regulatory aspects, and consumer acceptance to facilitate the commercial implementation
of these emerging approaches. Overall, the future of FCP preservation is expected to
move toward sustainable, clean-label, and data-driven preservation systems integrating
natural bioactive compounds, advanced processing technologies, intelligent packaging,
and real-time quality monitoring. Such multidisciplinary approaches will contribute not
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only to extending shelf life and ensuring product safety but also to reducing food losses
and supporting the development of more sustainable fresh-cut supply chains.
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4CL 4-Coumarate-CoA Ligase
4-HR 4-Hexylresorcinol
AA Ascorbic Acid
AEW Acidic Electrolyzed Water
AI Artificial Intelligence
AlEW Alkaline Electrolyzed Water
APX Ascorbate Peroxidase
BI Browning Index
C4H Cinnamate 4-Hydroxylase
CAD Cinnamyl Alcohol Dehydrogenase
CaMs Calmodulins
CAT Catalase
CBL Calcineurin B-Like Protein
CBLs Calcineurin B-Like Proteins
CDPKs Calcium-Dependent Protein Kinases
CFU Colony-Forming Units
CP Cold Plasma
DBPs Disinfection By-Products
DHA Dehydroascorbic Acid
DNA Deoxyribonucleic Acid
DTPA Diethylenetriamine Pentaacetic Acid
ECG Epicatechin Gallate
EDTA Ethylenediaminetetraacetic Acid
EFSA European Food Safety Authority
EGC Epigallocatechin
EGCG Epigallocatechin Gallate
EW Electrolyzed Water
FAOSTAT Food and Agriculture Organization Corporate Statistical Database
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FCP Fresh-Cut Potato
GRAS Generally Recognized as Safe
GSH Glutathione
HAAs Haloacetic Acids
HHP High Hydrostatic Pressure
HOCl Hypochlorous Acid
IARC International Agency for Research on Cancer
IFPA International Fresh-cut Produce Association
MAP Modified Atmosphere Packaging
MRLs Maximum Residue Levels
NAC N-Acetyl-L-Cysteine
NIR Near-Infrared Spectroscopy
NO Nitric Oxide
OD Osmotic Dehydration
ORP Oxidation–Reduction Potential
PAL Phenylalanine Ammonia-Lyase
PEF Pulsed Electric Fields
PL Pulsed Light
POD Peroxidase
PPO Polyphenol Oxidase
RFID Radio-Frequency Identification
RNS Reactive Nitrogen Species
ROS Reactive Oxygen Species
SAEW Slightly Acidic Electrolyzed Water
SAS Sodium Acid Sulphate
SMBS Sodium Metabisulfite
SOD Superoxide Dismutase
TEO Thyme essential oil
THMs Trihalomethanes
TTIs Time–Temperature Indicators
US Ultrasound
UV Ultraviolet
UV-C Ultraviolet-C
VP Vacuum Packaging
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