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Abstract
Food waste is a major sustainability challenge, particularly for highly perishable vegetables such as broccoli, where quality

deterioration contributes significantly to losses throughout the supply chain. This study evaluated the effectiveness of different

packagingmaterials andmicroperforation strategies for preserving the quality of fresh-cut broccoli during refrigerated storage.

Broccoli florets were packaged in conventional petroleum-based plastics [oriented polypropylene (OPP), polyethylene (PE), and

OPP+PE laminate] and in biodegradable polylactic acid (PLA), each tested with and without microperforations, and stored at 3 °C

for 20 days. Internal gas composition, fermentation risk, weight loss, odour, and overall appearance were monitored through-

out storage. Non-microperforated OPP and PLA generated highly restrictive atmospheres characterized by very low O₂ and

elevated CO₂ concentrations, increasing fermentation risk and accelerating sensory deterioration. In contrast, microperforated

treatments maintained more favourable gas compositions, reduced fermentation risk, and better preserved odour and visual

quality, although they resulted in greater weight loss. Principal component analysis confirmed that microperforation was the

main factor influencing package atmosphere and quality preservation, exceeding the effect of polymer type. Among the tested

systems, microperforated PLA provided the best balance between respiratory conditions and sensory quality. These findings

demonstrate that microperforated biodegradable PLA packaging represents a promising strategy to maintain fresh-cut broccoli

quality while supporting more sustainable packaging solutions and contributing to food waste reduction.
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Abstract

Food waste is a major sustainability challenge, particularly for highly perishable vegetables such as broccoli, where quality

deterioration contributes significantly to losses throughout the supply chain. This study evaluated the effectiveness of different

packaging materials and microperforation strategies for preserving the quality of fresh-cut broccoli during refrigerated storage.

Broccoli florets were packaged in conventional petroleum-based plastics [oriented polypropylene (OPP), polyethylene (PE), and

OPP+PE laminate] and in biodegradable polylactic acid (PLA), each tested with and without microperforations, and stored at 3 °C

for 20 days. Internal gas composition, fermentation risk, weight loss, odour, and overall appearance were monitored throughout

storage. Non-microperforated OPP and PLA generated highly restrictive atmospheres characterized by very low O₂ and elevated

CO₂ concentrations, increasing fermentation risk and accelerating sensory deterioration. In contrast, microperforated treatments

maintained more favourable gas compositions, reduced fermentation risk, and better preserved odour and visual quality,

although they resulted in greater weight loss. Principal component analysis confirmed that microperforation was the main factor

influencing package atmosphere and quality preservation, exceeding the effect of polymer type. Among the tested systems,

microperforated PLA provided the best balance between respiratory conditions and sensory quality. These findings demonstrate

that microperforated biodegradable PLA packaging represents a promising strategy to maintain fresh-cut broccoli quality while

supporting more sustainable packaging solutions and contributing to food waste reduction.
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1. Introduction

F ood waste remains a major global sustainability challenge, with
fruits and vegetables representing the most frequently discarded

food categories due to their high perishability. According to the FAO,
approximately one‑third of all food produced worldwide—around 1.3
billion tonnes annually—is lost or wasted, with fruits and vegetables
constituting a significant share of this total [1]. This loss not
only represents a substantial economic burden but also contributes
to avoidable environmental impacts, including greenhouse gas
emissions and inefficient use of water and soil resources.

Spain illustrates this problemwith particular clarity. Between 2018
and 2024, more than 480,000 tonnes of fruits and vegetables were
discarded before entering commercial distribution, as documented
by a CSIC-led study published in Water [2]. These discards required
nearly 36 hm³ of water—equivalent to 36 billion litres—and generated
approximately 37,000 tonnes of CO₂, a critical issue in a country
where over 60% of the territory is classified as arid or semiarid [3].
The study highlights structural inefficiencies in Spain’s agricultural
model, including overproduction, price volatility, and resource
overexploitation.
At the consumer level, Spain’s 2024 Annual Food Waste Report

shows that households remain the primary source of waste, account-
ing for 97.5% of total discarded food, with fruit (32.4%) and vegetables

(13.8%) being the most frequently wasted items [4]. Despite a 4.4%
reduction in overall waste compared to 2023, the persistence of
high fruit and vegetable losses underscores the need for integrated
interventions across production, distribution, and consumption.

According to an article published in the ‘Diario de Navarra’ (Spain)
in April 2024 [5], the agri-food industry faces the challenge of
reducing agricultural waste, a problem that accounts for 14% of total
production and may be significantly higher for certain products. In
the case of broccoli, between 30% and 35% of production is discarded,
mainly due to the stem not being used and consumers rejecting
yellowed florets. More critical situations arise with artichokes and
asparagus, where between 60% and 70% of their weight is discarded,
and with cardoons, which suffer even higher levels of waste.
In recent years, consumers have become increasingly aware

of the impact of food waste, driving the demand for portion-
controlled products that enable more efficient food use. In this
context, single-serving products, such as fresh-cut vegetables and
other ready-to-eat produce, have gained prominence by facilitating
consumption that is better aligned with actual consumer needs and
by reducing household food waste. Furthermore, these products
meet the demands of modern lifestyles, which are characterized by a
preference for convenience, time-saving solutions, and practicality,
without compromising on healthy and high-quality eating habits.
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In the case of fresh-cut produce, packaging takes on particular
importance both for extending the shelf life of these products
and for facilitating their transport and storage in supermarkets.
Such packaging is usually made of plastic, which may lead to
rejection by environmentally conscious consumers; however, there
are a multitude of solutions to this problem, such as the use of
microperforated films. These microperforations allow for better
breathability of the packaged produce, maintaining its freshness and
relative humidity, and striking a balance between the permeability of
the plastic and the external atmosphere [6]. Furthermore, research
continues into the use of films made from biodegradable and
compostable plastics as an alternative to conventional ones [7].
Thus, the objective of this study was to evaluate the postharvest

quality parameters of fresh-cut broccoli packaged using different
plastic materials commonly employed in the minimally processed
vegetable industry, including both conventional petroleum-based
plastics (oriented polypropylene (OPP), polyethylene (PE) and mixed
plastic OPP + PE) and biodegradable/compostable plastics, such
as polylactic acid (PLA), all plastics were tested with and without
microperforations. In addition to investigating whether micro-
perforations alter the properties of biodegradable PLA plastic and
whether it can be used for packaging and preserving fresh-cut
broccoli.

2. Materials and methods

2.1. Plant material and experimental design
Broccoli heads (Brassica oleracea var. italica), cultivar ‘Calabrese’,
were grown according to conventional agricultural practices and
harvested at commercial maturity. After harvest, the samples were
rapidly transported under refrigerated conditions and subsequently
selected. The stalks were then trimmed, leaving only the florets with
approximately 3 cm of stem and a floret diameter of 6 cm. Finally, the
florets were washed with hyperchlorinated water and centrifuged
to reduce surface water content.

Broccoli florets were packaged in bags made from different plastic
materials, including conventional petroleum-based plastics [oriented
polypropylene (OPP), polyethylene (PE), and a laminate of OPP
+ PE] and the biodegradable/compostable polymer polylactic scid
(PLA). Each plastic material was tested in both microperforated
and non-micro-perforated forms. All bags measured 20 × 22 cm
and contained approximately 125 g of broccoli florets. Packaged
broccoli samples were evaluated at 0, 5, 10, 15, and 20 days of
refrigerated storage (≈ 3 °C). All determinations were carried out
in triplicate. The microperforated packages contained ten laser-
generated microperforations with a mean diameter of 100 ± 5𝜇m,
uniformly distributed over the film surface. The total perforation
area per package was approximately 0.079mm2.
Commercial packaging films based on oriented polypropylene

(OPP), polyethylene (PE), OPP/PE laminate, and polylactic acid (PLA)
were provided by a confidential industrial partner involved in the
distribution of food-packaging materials. In accordance with the
confidentiality agreement established between the supplier and the
authors, the company name is not disclosed.

2.2. Gaseous composition
Before opening the packages, the oxygen and carbon dioxide
concentrations inside each bag were measured using a portable gas
analyzer (Dansensor CheckPoint, Ringsted, Denmark). A silicone
septum was provided on the bag surface for sampling gas inside
the package. Results were expressed as %O₂ and %CO₂, respectively.
Additionally, the risk of fermentation was estimated using a practical

1–5 scoring index developed specifically for this study to facilitate
comparison among packaging treatments. This is an original
classification proposed for this work and is not intended to represent
a previously validated postharvest system. The selected thresholds
were based on the physiological responses of fresh-cut broccoli
reported in the literature, where oxygen concentrations below
approximately 2% and carbon dioxide concentrations above 15% have
been associated with the onset of anaerobic respiration, fermentative
metabolite accumulation, and off-flavour development in Brassica
vegetables [13, 18, 19]. Specifically, fermentation risk was classified
as: high risk (score 5) when %O₂ < 2 or %CO₂ > 15; medium risk
(score 3) when %O₂ ranged between 2–5 or %CO₂ between 10–15; and
low risk (score 1) when %O₂ > 5 and %CO₂ < 10. This classification
allowed for a simplified assessment of anaerobic conditions and
potential microbial activity associated with fermentation processes
within the packaging system.

2.3. Weight loss
Each package content was weighed on the day of preparation (day 0)
and at each sampling date. The percentage of weight loss relative to
the initial weight was calculated according to the following equation
(1):

Weight loss (%) = [(Initial weight of the package content - Final
weight of the package content) / Initial weight of the package
content] × 100 (1)
This measurement quantifies the weight loss of the packaged

broccoli florets themselves, rather than the packaging material. Due
to refrigeration and the creation of the active modified atmosphere,
no water condensation was observed in the microperforated bags
during storage as a result of reduced respiration and transpiration
rates. However, at the end of storage, some condensation was
observed in certain non-microperforated plastic bags, which affected
the quality characteristics of the packaged broccoli.

2.4. Odour
Immediately after opening the packages, the odor of the broccoli
florets was evaluated according to the method described by Winkler
et al. (2007) [8]., using a subjective scale from 1 to 5, where: 1 =
typical odor; 2 = slight off-odor; 3 = moderate off-odor; 4 = strong
off-odor; and 5 = moldy odor [9]. This is repeated every sampling
day.

2.5. Overall appearance
For overall appearance, a pictorial scale (Figure 1) was used together
with a brief description of each score level, where: 1 = excellent, no
defects; 2 = very good, minor defects; 3 = fair, moderate defects; 4 =
poor, major defects; and 5 = inedible [9]. A score of 3 was considered
the limit of marketability, while a score of 4 was defined as the
threshold of edibility [10].
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Figure 1. Rating scale for yellowing of broccoli referenced to the hue color
value (greenness) and pigment concentrations. A score of 2 (any yellow
beads) indicates end of storage life. Broccoli with a score of 3 or higher is
unmarketable. Photo Credit: Agricultural Products Preservation Technology

and Equipment Innovation Team, JAAS [9].

2.6. Statistics
SPSS 15.0 (SPSS Inc., Chicago, IL, USA) was used for statistical
analyses. Data were expressed as mean ± standard deviation
(SD) from independent analyses and samples. Mean values were
compared using Student’s t-test with the significance level set
at α = 0.05. All analyses were performed in triplicate to ensure
reproducibility.
A principal component analysis (PCA) was carried out using

SPSS 15.0 to assess the relationships between the samples and the
variables. The sample scores and variable loadings were calculated,
and a two-dimensional biplot was generated based on the first two
principal components to visualise the distribution of the samples
and the contributions of the variables. The graph was produced
using Microsoft Excel (Microsoft Corp., Redmond, WA, USA).

3. Results and discussion

3.1. Gaseous composition
Broccoli is a vegetable with high metabolic activity and a high
postharvest respiration rate. During storage, it consumes oxygen
and releases carbon dioxide, progressively modifying the gas compo-
sition inside the packaging [11]. The rate of these changes depends
primarily on the product's respiration rate and the permeability of
the packaging material to gas exchange [12].
The Figure 2 shows that all treatments start from normal atmo-

spheric conditions (~21% O₂ and 0% CO₂) but subsequently evolve
toward modified atmospheres with varying intensity depending on
the material and the presence of microperforations.
Treatments with non-microperforated OPP and PLA showed a

very pronounced decrease in O₂, reaching values close to 0-1% at
the end of storage. Simultaneously, CO₂ increased to approximately
20-24%. This behavior indicates that the gas permeability of these
materials was insufficient to compensate for the high respiration
rate of broccoli.
O₂ concentrations below 1–2% in broccoli induce anaerobic

respiration and favor the accumulation of fermentative metabolites
such as ethanol and acetaldehyde, responsible for unpleasant odors
and flavors [13] in addition, excessively restrictive atmospheres can
cause physiological disorders, loss of sensory quality and tissue
deterioration in fresh vegetables [14].

The most extreme behavior is observed in PLA, where O₂ reaches
approximately 0.5% and CO₂ around 24%. This suggests a lower
effective permeability of PLA compared to PE and possibly also
compared to OPP. Several studies have indicated that many PLA-
based bioplastics exhibit low oxygen permeability and limited CO₂
diffusion capacity, which can generate anaerobic atmospheres when
used with high-respiration products [15, 16].

On the other hand, non-microperforated PE shows a more
moderate reduction in O₂ (~6%) and a CO₂ accumulation close to
10%. This suggests greater gas permeability of PE, allowing for a
more balanced atmosphere. These values are close to the ranges
considered optimal for storing fresh broccoli, where concentrations
of 2-10% O₂ and 5-10% CO₂ reduce respiration and delay senescence
without inducing anaerobiosis [11].

Figure 2. Evolution of O2 (A) and CO2 (B) in package treatment of broccoli
florets stored at 3 °C for 0, 5, 10, 15, and 20 days, using conventional

petroleum-based plastics [oriented polypropylene (OPP), polyethylene (PE),
and a laminate of OPP + PE] and the biodegradable/compostable polymer

polylactic acid (PLA), with and without microperforations.

Microperforations significantly altered the internal gas composi-
tion in all materials. In the microperforated treatments, O₂ remained
between 11-13%, while CO₂ remained at relatively low levels (5-7%).
This demonstrates that the perforations significantly increased gas
transfer between the inside and outside of the packaging. Mahajan
et al. (2007) [17] describe how gas diffusion through perforations
can be several orders of magnitude greater than diffusion through
the polymer matrix, meaning that small perforations have a decisive
effect on the internal atmosphere of the packaging. These types
of systems, known as Perforation-Mediated Modified Atmosphere
Packaging (PM-MAP), are particularly suitable for highly respiratory
fruits and vegetables.
Although differences between polymers decrease when microp-

erforations are incorporated, some variations are still observed.
Microperforated PE maintained slightly higher O₂ and lower CO₂
values, while microperforated OPP and microperforated PLA ex-
hibited somewhat more modified atmospheres. This indicates
that, although perforations dominate gas exchange, the polymer's
intrinsic permeability still influences the final system equilibrium.
Robertson (2013) [12] notes that the final atmospheric composition in
a microperforated package depends on the combination of material
permeability, perforation size and number, storage temperature, and
product respiration rate.

3.2. Risk of fermentation
Taking into account that fermentation risk was classified according
to %O₂ and %CO₂ levels, assigning a high risk (5) when %O₂ < 2 or
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%CO₂ > 15, a medium risk (3) when %O₂ ranged between 2–5 or
%CO₂ between 10–15, and a low risk (1) when %O₂ > 5 and %CO₂ <
10, the values obtained were presented in Figure 3.

Figure 3. Fermentation risk scores of broccoli florets packaged in
conventional petroleum-based plastics [oriented polypropylene (OPP),

polyethylene (PE), and a laminate of OPP + PE] and the
biodegradable/compostable polymer polylactic acid (PLA), with and without

microperforations, during storage at 3 °C for 0, 5, 10, 15, and 20 days.
Dashed lines indicate the thresholds corresponding to high (score 5),

medium (score 3), and low fermentation risk (score 1).

As shown in Figure 3, fermentation risk remained low (score 1)
thoughtout storage in most microperforated packages, irrespective
of the polymer used. This behaviour indicates that microperforations
enhanced gas exchange between the package headspace and the ex-
ternal environment, preventing excessive CO₂ accumulation and O₂
depletion. Similar effects have been reported inmodified atmosphere
packaging (MAP) of fresh-cut vegetables, where microperforations
help maintain atmospheric compositions within physiological lim-
its and reduce the risk of anaerobic respiration and fermentative
metabolism [17].
In contrast, non-perforated PLA packages showed a progressive

increase in fermentation risk, reaching the maximum score from day
10 onwards. This result suggests that the gas permeability of PLA
was insufficient to balance the respiratory activity of broccoli florets
stored at 3 °C, leading to atmospheres characterized by low O₂ and/or
elevated CO₂ concentrations. Fresh-cut broccoli exhibits a relatively
high respiration rate, and when O₂ levels fall below approximately 2%
or CO₂ levels exceed 10-15%, anaerobic metabolic pathways may be
activated, resulting in the production of ethanol, acetaldehyde, and
other off-flavour compounds associated with quality deterioration
[18, 19].

The conventional petroleum-based films (OPP, PE, and OPP+PE)
exhibited intermediate behaviour. Although fermentation risk in-
creased during storage in some treatments, the values generally
remained lower than those observed for non-perforated PLA. These
differences can be attributed to the specific gas transmission proper-
ties of each packaging material, which determine the equilibrium
atmosphere established inside the package. The balance between
product respiration and film permeability is a key factor in designing
successful MAP systems for fresh-cut produce [20].

Overall, the results demonstrate that microperforation was more
influential than the polymer type in controlling fermentation risk.
Maintaining adequate O₂ availability while avoiding excessive
CO₂ accumulation is essential for preserving the sensory and
nutritional quality of fresh-cut broccoli during refrigerated storage.
Therefore, the incorporation of microperforations appears to be an

effective strategy for both conventional and biodegradable packaging
materials.

3.3. Weight loss

The Figure 4 shows the percentage weight loss of broccoli florets
stored in different packaging materials (OPP, PE, PLA, and combina-
tions), with and without microperforations, over 20 days of storage.
In all treatments, a progressive increase in weight loss is observed
over time, although the magnitude of this loss clearly depends on
the type of material and the presence of microperforations. Weight
loss in fresh fruits and vegetables is primarily associated with
transpiration and respiration. Transpiration involves the loss of
water from the tissues to the environment due to vapor pressure
gradients, while respiration contributes partially through the release
of CO₂ and water vapor [18]. In fresh vegetables, even small weight
losses can lead to loss of firmness, wilting, and visual deterioration
[21].

Figure 4. Evolution of the percentage of weight loss in package treatment of
broccoli florets stored at 3 °C for 0, 5, 10, 15, and 20 days, using conventional
petroleum-based plastics [oriented polypropylene (OPP), polyethylene (PE),
and a laminate of OPP + PE] and the biodegradable/compostable polymer

polylactic acid (PLA), with and without microperforations.

Microperforated treatments showed the greatest weight loss in
virtually all materials. The most notable case was microperforated
PE, which reached approximately 4.8% weight loss by day 20,
followed by OPP+PE micro and PLA micro, with values close to
4.0% and 3.6%, respectively. This behavior can be attributed to the
fact that microperforations significantly increase the transfer of
water vapor between the inside of the package and the external
environment. According to Yuan et al. (2021) [22], perforations
simultaneously increase gas diffusion and water vapor permeability,
promoting product dehydration. Although microperforations help
prevent anaerobic conditions, they also reduce the package's ability
to maintain high internal relative humidity.

The significant weight loss observed inmicro-perforated polyethy-
lene (PE) packaging may also be related to the high intrinsic per-
meability of polyethylene to water vapor. Robertson (2013) [12],
indicates that PE has a relatively high permeability to moisture,
which favors higher transpiration rates compared to more barrier-
like materials. These results are consistent with studies conducted
on minimally processed fresh vegetables, where micro-perforated
packaging typically exhibits greater weight loss due to a lower barrier
effect against moisture migration [23].
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Treatments without microperforations showed lower weight loss
throughout storage. The lowest values were observed in OPP and
PLA, with losses of approximately 1.9–2.0% by day 20, followed by
OPP+PE (~2.4%) and PE (~3.0%). The lower weight loss in OPP and
PLA can be explained by their greater water vapor barrier capacity.
These materials limit moisture loss from inside the packaging and
help maintain high relative humidity around the product. Kader et al.
(1989) [11] indicate that high relative humidity inside the packaging
significantly reduces transpiration and helps preserve the turgor
of plant tissues. In the case of PLA, in addition to its previously
observed low gas permeability, it can also exhibit moderate water
vapor permeability depending on its formulation and thickness
[15]. This would explain the reduced weight loss recorded in this
treatment.
In the case of broccoli, weight loss is particularly important

because dehydration accelerates yellowing, loss of firmness, and
loss of commercial quality [9]. However, while lower weight
loss is generally desirable, in this study the most effective barrier
materials also generated atmospheres with extremely low O₂ levels
and excessive CO₂ accumulation. Therefore, less weight loss does
not necessarily imply better overall product preservation, as it can
coexist with anaerobic conditions detrimental to the physiological
quality of the broccoli.

3.4. Odour
Figure 5 illustrates the evolution of odour in broccoli florets stored
at 3 °C for 20 days under different packaging systems. Odour was
assessed using a subjective 5-point scale, where 1 = typical odour, 2
= slight off-odour, 3 = moderate off-odour, 4 = strong off-odour, and
5 = mouldy odour. Therefore, increasing scores indicate progressive
sensory deterioration and reduced consumer acceptability.
At the beginning of storage, all treatments exhibited odour

scores close to 1, indicating the absence of sensory defects and the
preservation of the characteristic aroma of fresh broccoli. After 5
days, only slight increases in odour scores were observed, suggesting
that the packaging systems were initially effective in maintaining
product quality. However, clear differences among packaging
treatments became evident as storage progressed.
Conventional films without microperforations, particularly PE,

OPP and OPP+PE, exhibited the most pronounced increase in
odour scores thoughtout storage. By day 20, PE and OPP reached
values approaching 4-5, corresponding to strong off-odours and, in
some cases, sensory characteristics associated with mouldy odours.
Such changes are consistent with the accumulation of undesirable
volatile compounds resulting from the high respiratory activity of
broccoli florets and the development of unfavourable in-package
atmospheres. When oxygen availability becomes limited and carbon
dioxide accumulates, anaerobic metabolism may be induced, leading
to the production of ethanol, acetaldehyde and sulphur-containing
volatiles that contribute to unpleasant odours and sensory rejection
[24, 25].

Figure 5. Evolution of odour in package treatment of broccoli florets stored
at 3 °C for 0, 5, 10, 15, and 20 days, using conventional petroleum-based

plastics [oriented polypropylene (OPP), polyethylene (PE), and a laminate of
OPP + PE] and the biodegradable/compostable polymer polylactic acid

(PLA), with and without microperforations.

In contrast, microperforated films consistently maintained lower
odour scores throughout storage. Among all treatments, PLA micro
showed the best sensory performance, with values remaining close
to 2 after 20 days, indicating only a slight off-odour. Similarly, OPP
micro and OPP+PE micro delayed the development of off-odours
compared with their non-perforated counterparts. These findings
suggest that microperforation enhanced gas exchange between
the package headspace and the external environment, preventing
excessive oxygen depletion and reducing the accumulation of
fermentation-related metabolites. Similar effects have been reported
for fresh-cut Brassica vegetables, where microperforated packaging
improved atmospheric equilibrium and reduced the development of
sensory defects during storage [26-28].

Particularly noteworthy is the behaviour of PLA-based packaging.
While non-perforated PLA reached the highest odour scores at
the end of storage, indicating severe sensory deterioration, the
incorporation of microperforations substantially mitigated this
effect. This result highlights the importance of tailoring the gas
transmission characteristics of biodegradable packaging materials
to the physiological requirements of highly respiring fresh produce.
Previous studies have demonstrated that although biodegradable
polymers may exhibit lower gas permeability than conventional
films, appropriate package design can significantly improve product
quality and shelf life [28,29]. From a commercial perspective, odour
scores above 3 indicate the presence of moderate to strong off-odours
that may negatively affect consumer acceptance. Consequently,
the microperforated treatments, especially PLA micro, were more
effective in preserving the sensory quality of broccoli florets during
refrigerated storage.

3.5. Overall appearance
Figure 6 presents the evolution of overall appearance scores of
broccoli florets stored at 3 °C under different packaging systems.
According to the sensory scale used, increasing scores indicate
progressive deterioration of visual quality, with a score of 3
representing the limit of marketability and a score of 4 corresponding
to the limit of edibility. Therefore, treatments that remain below
these thresholds for longer periods can be considered more effective
in preserving the commercial quality of the product.
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Figure 6. Overall appearance scores of broccoli florets packaged in
conventional petroleum-based plastics [oriented polypropylene (OPP),

polyethylene (PE), and a laminate of OPP + PE] and the
biodegradable/compostable polymer polylactic acid (PLA), with and without

microperforations, during storage at 3 °C for 0, 5, 10, 15, and 20 days.
Dashed lines indicate the thresholds corresponding to limit of marketability

(score 3) and limit of edibility (score 4).

At the beginning of storage, all treatments exhibited scores
close to 1, reflecting the excellent visual quality expected for
freshly processed broccoli. During storage, overall appearance
gradually deteriorated in all packaging systems; however, the rate
and magnitude of quality loss varied considerably depending on
the packaging material and the presence of microperforations. The
most pronounced deterioration was observed in non-perforated
PLA, OPP, and OPP+PE packages. These treatments reached
the marketability threshold (score 3) between 10 and 15 days of
storage and approached or exceeded the edibility limit by day
20. In particular, PLA showed the fastest decline in visual quality,
indicating that this packaging configuration was less effective in
maintaining acceptable appearance throughout storage. The rapid
deterioration may be associated with excessive accumulation of
CO₂ and depletion of O₂ within the package, conditions that can
accelerate physiological disorders, tissue senescence, chlorophyll
degradation, and the development of condensation-related defects
[11, 30].
In contrast, microperforated treatments consistently maintained

lower appearance scores throughout storage. OPP micro, PE
micro, OPP+PE micro, and especially PLA micro remained below
the marketability limit even after 20 days of refrigerated storage.
This finding suggests that microperforation improved the balance
between product respiration and gas exchange, preventing the
development of excessively restrictive atmospheres while reducing
moisture accumulation inside the package. Similar benefits of
microperforatedmodified-atmosphere packaging have been reported
for fresh-cut Brassica vegetables, where adequate gas permeability
contributed to the preservation of colour, texture, and overall visual
quality [19, 28].

Interestingly, although PLA without microperforations exhibited
one of the poorest performances, PLA micro showed visual quality
comparable to or better than most conventional plastic treatments.
This result highlights that the effectiveness of biodegradable packag-
ing depends not only on the intrinsic properties of the polymer but
also on package design. The incorporation of microperforations
appears to compensate for the relatively low gas transmission

characteristics of PLA, creating a more suitable atmosphere for
maintaining broccoli quality during storage [29].

3.6. Principal Component Analysis (PCA)
Principal component analysis (PCA) was applied to reduce the
dimensionality of the dataset comprising packaging quality and
product evolution variables (Figure 7). The first two principal
components accounted for 94.3% of the total variance (PC1 = 76.9%
and PC2 = 17.4%), indicating a highly robust representation of
the relationships among physicochemical, sensory, and internal
atmosphere variables storage [31].

Figure 7. Principal component analysis (PCA) biplot showing the
discrimination of broccoli florets packaged in conventional petroleum-based
plastics [oriented polypropylene (OPP), polyethylene (PE), and a laminate of
OPP + PE] and the biodegradable/compostable polymer polylactic acid

(PLA), with and without microperforations, during storage at 3 °C for 0, 5,
10, 15, and 20 days, based on gaseous composition (%O2 and %CO2), risk of

fermentation, weight loss, odour and overall appearance.

PC1 was primarily associated with variables related to product
deterioration, including CO₂ percentage, fermentation risk, odor,
and overall appearance. In contrast, it showed a negative correlation
with O₂ content. Accordingly, this axis can be interpreted as an
internal packaging atmosphere quality gradient, where positive
scores correspond to more anaerobic conditions and increased risk
of product degradation and sensory deterioration. PC2 was mainly
driven by weight loss (%), suggesting that this component reflects
mass transfer phenomena, particularly moisture loss or water vapor
migration, with a comparatively lower direct relationship to sensory
or microbiological quality parameters.
The results revealed a clear separation of samples according to

packaging material type and the presence of microperforation. In
general, non-microperforated systems (OPP, PE, and PLA) were
positioned toward the positive region of PC1 or in proximity to
variables associated with CO₂ accumulation. This indicates a
greater tendency to develop anaerobic conditions, thereby increasing
the risk of fermentation and sensory deterioration. In contrast,
microperforated systems (OPP micro, PE micro, and PLA micro)
were shifted toward regions associated with higher O₂ availability
and lower contributions from fermentation-related variables. This
behavior confirms that microperforation enhances gas exchange,
reduces CO₂ accumulation, and mitigates degradation processes
associated with sealed atmospheres.

Polylactic acid (PLA) exhibited a distinct behavior compared with
conventional polymers (OPP and PE). Under non-microperforated
conditions, PLA samples were associated with higher PC1 positive
scores, indicating greater susceptibility to CO₂ accumulation and the
development of fermentation-favorable conditions. However, the
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introduction of microperforation significantly shifted PLA samples
toward regions characterized by higher O₂ availability and reduced
fermentation risk, highlighting a strong dependence of this material
on system permeability. Additionally, PLA showed a stronger
association with weight loss compared to OPP and PE, suggesting
higher sensitivity to water vapor transfer processes.

Overall, OPP and PE exhibited more stable responses under pack-
aging conditions, although their performance remained dependent
on microperforation to optimize internal atmosphere quality. No-
tably, non-microperforated PE showed a stronger tendency toward
extreme positive PC1 values, indicating a higher propensity for the
development of unfavorable atmospheres in sealed systems.
Taken together, the results demonstrate that microperforation

is the most influential factor in modulating internal atmosphere
composition, surpassing the effect of polymer type. Nevertheless,
PLA, despite its biodegradable nature, exhibits greater sensitivity to
gas exchange conditions, requiring more specific packaging design
strategies to prevent product deterioration, such as microperfora-
tions.

4. Conclusion
The results highlight the importance of adapting the properties of
the packaging to the physiological characteristics of the product. In
vegetables with high respiration rates and a short shelf life, such
as broccoli, a material with too high a barrier can quickly lead
to anaerobic conditions, whilst excessive permeability reduces the
beneficial effect of the modified atmosphere.
In this study, although the microperforated treatments resulted

in greater weight loss, they probably provided better respiratory
conditions and sensory quality. It has been demonstrated that the use
of microperforated biodegradable packaging (PLA micro) can serve
as a sustainable alternative to conventional petroleum-based plastics
for maintaining the postharvest quality of minimally processed
broccoli.
In addition to its positive effects on product quality, microper-

forated PLA packaging may contribute to broader sustainability
goals. The replacement of conventional plastic materials with
biodegradable alternatives aligns with current efforts to reduce
plastic waste, while the preservation of broccoli quality and sensory
attributes may help mitigate food waste by increasing consumer
acceptance and extending the product's usable shelf life. These
combined benefits support the development of more sustainable
packaging solutions for fresh and minimally processed vegetables.
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# Introduction

Food waste remains a major global sustainability challenge, with fruits and vegetables representing the most frequently discarded food categories due to their high perishability. According to the FAO, approximately one‑third of all food produced worldwide—around 1.3 billion tonnes annually—is lost or wasted, with fruits and vegetables constituting a significant share of this total [1]. This loss not only represents a substantial economic burden but also contributes to avoidable environmental impacts, including greenhouse gas emissions and inefficient use of water and soil resources.

Spain illustrates this problem with particular clarity. Between 2018 and 2024, more than 480,000 tonnes of fruits and vegetables were discarded before entering commercial distribution, as documented by a CSIC-led study published in Water [2]. These discards required nearly 36 hm³ of water—equivalent to 36 billion litres—and generated approximately 37,000 tonnes of CO₂, a critical issue in a country where over 60% of the territory is classified as arid or semiarid [3]. The study highlights structural inefficiencies in Spain’s agricultural model, including overproduction, price volatility, and resource overexploitation.

At the consumer level, Spain’s 2024 Annual Food Waste Report shows that households remain the primary source of waste, accounting for 97.5% of total discarded food, with fruit (32.4%) and vegetables (13.8%) being the most frequently wasted items [4]. Despite a 4.4% reduction in overall waste compared to 2023, the persistence of high fruit and vegetable losses underscores the need for integrated interventions across production, distribution, and consumption.

According to an article published in the ‘Diario de Navarra’ (Spain) in April 2024 [5], the agri-food industry faces the challenge of reducing agricultural waste, a problem that accounts for 14% of total production and may be significantly higher for certain products. In the case of broccoli, between 30% and 35% of production is discarded, mainly due to the stem not being used and consumers rejecting yellowed florets. More critical situations arise with artichokes and asparagus, where between 60% and 70% of their weight is discarded, and with cardoons, which suffer even higher levels of waste.

In recent years, consumers have become increasingly aware of the impact of food waste, driving the demand for portion-controlled products that enable more efficient food use. In this context, single-serving products, such as fresh-cut vegetables and other ready-to-eat produce, have gained prominence by facilitating consumption that is better aligned with actual consumer needs and by reducing household food waste. Furthermore, these products meet the demands of modern lifestyles, which are characterized by a preference for convenience, time-saving solutions, and practicality, without compromising on healthy and high-quality eating habits.

In the case of fresh-cut produce, packaging takes on particular importance both for extending the shelf life of these products and for facilitating their transport and storage in supermarkets. Such packaging is usually made of plastic, which may lead to rejection by environmentally conscious consumers; however, there are a multitude of solutions to this problem, such as the use of microperforated films. These microperforations allow for better breathability of the packaged produce, maintaining its freshness and relative humidity, and striking a balance between the permeability of the plastic and the external atmosphere [6]. Furthermore, research continues into the use of films made from biodegradable and compostable plastics as an alternative to conventional ones [7].

Thus, the objective of this study was to evaluate the postharvest quality parameters of fresh-cut broccoli packaged using different plastic materials commonly employed in the minimally processed vegetable industry, including both conventional petroleum-based plastics (oriented polypropylene (OPP), polyethylene (PE) and mixed plastic OPP + PE) and biodegradable/compostable plastics, such as polylactic acid (PLA), all plastics were tested with and without microperforations. In addition to investigating whether micro-perforations alter the properties of biodegradable PLA plastic and whether it can be used for packaging and preserving fresh-cut broccoli.

# Materials and Methods

## Plant material and experimental design

Broccoli heads (*Brassica oleracea* var. *italica*), cultivar ‘Calabrese’, were grown according to conventional agricultural practices and harvested at commercial maturity. After harvest, the samples were rapidly transported under refrigerated conditions and subsequently selected. The stalks were then trimmed, leaving only the florets with approximately 3 cm of stem and a floret diameter of 6 cm. Finally, the florets were washed with hyperchlorinated water and centrifuged to reduce surface water content.

Broccoli florets were packaged in bags made from different plastic materials, including conventional petroleum-based plastics [oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE] and the biodegradable/compostable polymer polylactic scid (PLA). Each plastic material was tested in both microperforated and non-micro-perforated forms. All bags measured 20 × 22 cm and contained approximately 125 g of broccoli florets. Packaged broccoli samples were evaluated at 0, 5, 10, 15, and 20 days of refrigerated storage (≈ 3 °C). All determinations were carried out in triplicate.

Commercial packaging films based on oriented polypropylene (OPP), polyethylene (PE), OPP/PE laminate, and polylactic acid (PLA) were provided by a confidential industrial partner involved in the distribution of food-packaging materials. In accordance with the confidentiality agreement established between the supplier and the authors, the company name is not disclosed.

## Gaseous composition

Before opening the packages, the oxygen and carbon dioxide concentrations inside each bag were measured using a portable gas analyzer (Dansensor CheckPoint, Ringsted, Denmark). A silicone septum was provided on the bag surface for sampling gas inside the package. Results were expressed as %O₂ and %CO₂, respectively. Additionally, the risk of fermentation was estimated based on the aforementioned thresholds of internal gas composition. Specifically, fermentation risk was classified according to %O₂ and %CO₂ levels, assigning a high risk (5) when %O₂ \< 2 or %CO₂ \> 15, a medium risk (3) when %O₂ ranged between 2–5 or %CO₂ between 10–15, and a low risk (1) when %O₂ \> 5 and %CO₂ \< 10. This classification allowed for a simplified assessment of anaerobic conditions and potential microbial activity associated with fermentation processes within the packaging system.

## Weight loss

Each package was weighed on the day of preparation (day 0) and at each sampling date. The percentage of weight loss relative to the initial weight was calculated according to the following equation (1):

Weight loss (%) = [(Initial package weight − Final package weight) / Initial package weight] × 100 (1)

## Odour

Immediately after opening the packages, the odor of the broccoli florets was evaluated according to the method described by Winkler et al. (2007) [8]., using a subjective scale from 1 to 5, where: 1 = typical odor; 2 = slight off-odor; 3 = moderate off-odor; 4 = strong off-odor; and 5 = moldy odor [9]. This is repeated every sampling day.

2.5. Overall appearance

For overall appearance, a pictorial scale (Figure 1) was used together with a brief description of each score level, where: 1 = excellent, no defects; 2 = very good, minor defects; 3 = fair, moderate defects; 4 = poor, major defects; and 5 = inedible [9]. A score of 3 was considered the limit of marketability, while a score of 4 was defined as the threshold of edibility [10].
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**Figure 1.** Rating scale for yellowing of broccoli referenced to the hue color value (greenness) and pigment concentrations. A score of 2 (any yellow beads) indicates end of storage life. Broccoli with a score of 3 or higher is unmarketable. Photo Credit: Agricultural Products Preservation Technology and Equipment Innovation Team, JAAS [9].

## Statistics

SPSS 15.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. Data were expressed as mean ± standard deviation (SD) from independent analyses and samples. Mean values were compared using Student’s t-test with the significance level set at α = 0.05. All analyses were performed in triplicate to ensure reproducibility.

Principal component analysis (PCA) was performed using Microsoft Excel v. 2603 to evaluate relationships among samples and variables. Sample scores and variable loadings were calculated, and a two-dimensional biplot based on the first two principal components was generated to visualise sample distribution and variable contributions. All analyses were carried out using Microsoft Excel (Microsoft Corp., Redmond, WA, USA).

# Results and discussion

## Gaseous composition

Broccoli is a vegetable with high metabolic activity and a high postharvest respiration rate. During storage, it consumes oxygen and releases carbon dioxide, progressively modifying the gas composition inside the packaging [11]. The rate of these changes depends primarily on the product's respiration rate and the permeability of the packaging material to gas exchange [12].

The Figure 2 shows that all treatments start from normal atmospheric conditions (~21% O₂ and 0% CO₂) but subsequently evolve toward modified atmospheres with varying intensity depending on the material and the presence of microperforations.

Treatments with non-microperforated OPP and PLA showed a very pronounced decrease in O₂, reaching values close to 0-1% at the end of storage. Simultaneously, CO₂ increased to approximately 20-24%. This behavior indicates that the gas permeability of these materials was insufficient to compensate for the high respiration rate of broccoli.

O₂ concentrations below 1–2% in broccoli induce anaerobic respiration and favor the accumulation of fermentative metabolites such as ethanol and acetaldehyde, responsible for unpleasant odors and flavors [13] in addition, excessively restrictive atmospheres can cause physiological disorders, loss of sensory quality and tissue deterioration in fresh vegetables [14].

The most extreme behavior is observed in PLA, where O₂ reaches approximately 0.5% and CO₂ around 24%. This suggests a lower effective permeability of PLA compared to PE and possibly also compared to OPP. Several studies have indicated that many PLA-based bioplastics exhibit low oxygen permeability and limited CO₂ diffusion capacity, which can generate anaerobic atmospheres when used with high-respiration products [15, 16].

On the other hand, non-microperforated PE shows a more moderate reduction in O₂ (~6%) and a CO₂ accumulation close to 10%. This suggests greater gas permeability of PE, allowing for a more balanced atmosphere. These values are close to the ranges considered optimal for storing fresh broccoli, where concentrations of 2-10% O₂ and 5-10% CO₂ reduce respiration and delay senescence without inducing anaerobiosis [11].
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**Figure 2.** Evolution of O<sub>2</sub> (A)and CO<sub>2</sub> (B) in package treatment of broccoli florets stored at 3 °C for 0, 5, 10, 15, and 20 days, using conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations.

Microperforations significantly altered the internal gas composition in all materials. In the microperforated treatments, O₂ remained between 11-13%, while CO₂ remained at relatively low levels (5-7%). This demonstrates that the perforations significantly increased gas transfer between the inside and outside of the packaging. Mahajan et al. (2007) \[17\] describe how gas diffusion through perforations can be several orders of magnitude greater than diffusion through the polymer matrix, meaning that small perforations have a decisive effect on the internal atmosphere of the packaging. These types of systems, known as Perforation-Mediated Modified Atmosphere Packaging (PM-MAP), are particularly suitable for highly respiratory fruits and vegetables.

Although differences between polymers decrease when microperforations are incorporated, some variations are still observed. Microperforated PE maintained slightly higher O₂ and lower CO₂ values, while microperforated OPP and microperforated PLA exhibited somewhat more modified atmospheres. This indicates that, although perforations dominate gas exchange, the polymer's intrinsic permeability still influences the final system equilibrium. Robertson (2013) \[12\] notes that the final atmospheric composition in a microperforated package depends on the combination of material permeability, perforation size and number, storage temperature, and product respiration rate.

3.2. Risk of fermentation

Taking into account that fermentation risk was classified according to %O₂ and %CO₂ levels, assigning a high risk (5) when %O₂ \< 2 or %CO₂ \> 15, a medium risk (3) when %O₂ ranged between 2–5 or %CO₂ between 10–15, and a low risk (1) when %O₂ \> 5 and %CO₂ \< 10, the values obtained were presented in Figure 3.
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**Figure 3.** Fermentation risk scores of broccoli florets packaged in conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations, during storage at 3 °C for 0, 5, 10, 15, and 20 days. Dashed lines indicate the thresholds corresponding to high (score 5), medium (score 3), and low fermentation risk (score 1).

As shown in Figure 3, fermentation risk remained low (score 1) throughout storage in most microperforated packages, irrespective of the polymer used. This behaviour indicates that microperforations enhanced gas exchange between the package headspace and the external environment, preventing excessive CO₂ accumulation and O₂ depletion. Similar effects have been reported in modified atmosphere packaging (MAP) of fresh-cut vegetables, where microperforations help maintain atmospheric compositions within physiological limits and reduce the risk of anaerobic respiration and fermentative metabolism \[17\].

In contrast, non-perforated PLA packages showed a progressive increase in fermentation risk, reaching the maximum score from day 10 onwards. This result suggests that the gas permeability of PLA was insufficient to balance the respiratory activity of broccoli florets stored at 3 °C, leading to atmospheres characterized by low O₂ and/or elevated CO₂ concentrations. Fresh-cut broccoli exhibits a relatively high respiration rate, and when O₂ levels fall below approximately 2% or CO₂ levels exceed 10-15%, anaerobic metabolic pathways may be activated, resulting in the production of ethanol, acetaldehyde, and other off-flavour compounds associated with quality deterioration \[18, 19\].

The conventional petroleum-based films (OPP, PE, and OPP+PE) exhibited intermediate behaviour. Although fermentation risk increased during storage in some treatments, the values generally remained lower than those observed for non-perforated PLA. These differences can be attributed to the specific gas transmission properties of each packaging material, which determine the equilibrium atmosphere established inside the package. The balance between product respiration and film permeability is a key factor in designing successful MAP systems for fresh-cut produce \[20\].

Overall, the results demonstrate that microperforation was more influential than the polymer type in controlling fermentation risk. Maintaining adequate O₂ availability while avoiding excessive CO₂ accumulation is essential for preserving the sensory and nutritional quality of fresh-cut broccoli during refrigerated storage. Therefore, the incorporation of microperforations appears to be an effective strategy for both conventional and biodegradable packaging materials.

3.3. Weight loss

The Figure 4 shows the percentage weight loss of broccoli florets stored in different packaging materials (OPP, PE, PLA, and combinations), with and without microperforations, over 20 days of storage. In all treatments, a progressive increase in weight loss is observed over time, although the magnitude of this loss clearly depends on the type of material and the presence of microperforations. Weight loss in fresh fruits and vegetables is primarily associated with transpiration and respiration. Transpiration involves the loss of water from the tissues to the environment due to vapor pressure gradients, while respiration contributes partially through the release of CO₂ and water vapor \[18\]. In fresh vegetables, even small weight losses can lead to loss of firmness, wilting, and visual deterioration \[21\].
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**Figure 4.** Evolution of the percentage of weight loss in package treatment of broccoli florets stored at 3 °C for 0, 5, 10, 15, and 20 days, using conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations.

Microperforated treatments showed the greatest weight loss in virtually all materials. The most notable case was microperforated PE, which reached approximately 4.8% weight loss by day 20, followed by OPP+PE micro and PLA micro, with values close to 4.0% and 3.6%, respectively. This behavior can be attributed to the fact that microperforations significantly increase the transfer of water vapor between the inside of the package and the external environment. According to Yuan et al. (2021) \[22\], perforations simultaneously increase gas diffusion and water vapor permeability, promoting product dehydration. Although microperforations help prevent anaerobic conditions, they also reduce the package's ability to maintain high internal relative humidity.

The significant weight loss observed in micro-perforated polyethylene (PE) packaging may also be related to the high intrinsic permeability of polyethylene to water vapor. Robertson (2013) \[12\], indicates that PE has a relatively high permeability to moisture, which favors higher transpiration rates compared to more barrier-like materials. These results are consistent with studies conducted on minimally processed fresh vegetables, where micro-perforated packaging typically exhibits greater weight loss due to a lower barrier effect against moisture migration \[23\].

Treatments without microperforations showed lower weight loss throughout storage. The lowest values were observed in OPP and PLA, with losses of approximately 1.9–2.0% by day 20, followed by OPP+PE (~2.4%) and PE (~3.0%). The lower weight loss in OPP and PLA can be explained by their greater water vapor barrier capacity. These materials limit moisture loss from inside the packaging and help maintain high relative humidity around the product. Kader et al. (1989) \[11\] indicate that high relative humidity inside the packaging significantly reduces transpiration and helps preserve the turgor of plant tissues. In the case of PLA, in addition to its previously observed low gas permeability, it can also exhibit moderate water vapor permeability depending on its formulation and thickness \[15\]. This would explain the reduced weight loss recorded in this treatment.

In the case of broccoli, weight loss is particularly important because dehydration accelerates yellowing, loss of firmness, and loss of commercial quality \[9\]. However, while lower weight loss is generally desirable, in this study the most effective barrier materials also generated atmospheres with extremely low O₂ levels and excessive CO₂ accumulation. Therefore, less weight loss does not necessarily imply better overall product preservation, as it can coexist with anaerobic conditions detrimental to the physiological quality of the broccoli.

3.4. Odour

Figure 5 illustrates the evolution of odour in broccoli florets stored at 3 °C for 20 days under different packaging systems. Odour was assessed using a subjective 5-point scale, where 1 = typical odour, 2 = slight off-odour, 3 = moderate off-odour, 4 = strong off-odour, and 5 = mouldy odour. Therefore, increasing scores indicate progressive sensory deterioration and reduced consumer acceptability.

At the beginning of storage, all treatments exhibited odour scores close to 1, indicating the absence of sensory defects and the preservation of the characteristic aroma of fresh broccoli. After 5 days, only slight increases in odour scores were observed, suggesting that the packaging systems were initially effective in maintaining product quality. However, clear differences among packaging treatments became evident as storage progressed.

Conventional films without microperforations, particularly PE, OPP and OPP+PE, exhibited the most pronounced increase in odour scores throughout storage. By day 20, PE and OPP reached values approaching 4-5, corresponding to strong off-odours and, in some cases, sensory characteristics associated with mouldy odours. Such changes are consistent with the accumulation of undesirable volatile compounds resulting from the high respiratory activity of broccoli florets and the development of unfavourable in-package atmospheres. When oxygen availability becomes limited and carbon dioxide accumulates, anaerobic metabolism may be induced, leading to the production of ethanol, acetaldehyde and sulphur-containing volatiles that contribute to unpleasant odours and sensory rejection \[24, 25\].
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**Figure 5.** Evolution of odour in package treatment of broccoli florets stored at 3 °C for 0, 5, 10, 15, and 20 days, using conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations.

In contrast, microperforated films consistently maintained lower odour scores throughout storage. Among all treatments, PLA micro showed the best sensory performance, with values remaining close to 2 after 20 days, indicating only a slight off-odour. Similarly, OPP micro and OPP+PE micro delayed the development of off-odours compared with their non-perforated counterparts. These findings suggest that microperforation enhanced gas exchange between the package headspace and the external environment, preventing excessive oxygen depletion and reducing the accumulation of fermentation-related metabolites. Similar effects have been reported for fresh-cut Brassica vegetables, where microperforated packaging improved atmospheric equilibrium and reduced the development of sensory defects during storage \[26-28\].

Particularly noteworthy is the behaviour of PLA-based packaging. While non-perforated PLA reached the highest odour scores at the end of storage, indicating severe sensory deterioration, the incorporation of microperforations substantially mitigated this effect. This result highlights the importance of tailoring the gas transmission characteristics of biodegradable packaging materials to the physiological requirements of highly respiring fresh produce. Previous studies have demonstrated that although biodegradable polymers may exhibit lower gas permeability than conventional films, appropriate package design can significantly improve product quality and shelf life \[28,29\]. From a commercial perspective, odour scores above 3 indicate the presence of moderate to strong off-odours that may negatively affect consumer acceptance. Consequently, the microperforated treatments, especially PLA micro, were more effective in preserving the sensory quality of broccoli florets during refrigerated storage.

3.5. Overall appearance

Figure 6 presents the evolution of overall appearance scores of broccoli florets stored at 3 °C under different packaging systems. According to the sensory scale used, increasing scores indicate progressive deterioration of visual quality, with a score of 3 representing the limit of marketability and a score of 4 corresponding to the limit of edibility. Therefore, treatments that remain below these thresholds for longer periods can be considered more effective in preserving the commercial quality of the product.
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**Figure 6.** Overall appearance scores of broccoli florets packaged in conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations, during storage at 3 °C for 0, 5, 10, 15, and 20 days. Dashed lines indicate the thresholds corresponding to limit of marketability (score 3) and limit of edibility (score 4).

At the beginning of storage, all treatments exhibited scores close to 1, reflecting the excellent visual quality expected for freshly processed broccoli. During storage, overall appearance gradually deteriorated in all packaging systems; however, the rate and magnitude of quality loss varied considerably depending on the packaging material and the presence of microperforations. The most pronounced deterioration was observed in non-perforated PLA, OPP, and OPP+PE packages. These treatments reached the marketability threshold (score 3) between 10 and 15 days of storage and approached or exceeded the edibility limit by day 20. In particular, PLA showed the fastest decline in visual quality, indicating that this packaging configuration was less effective in maintaining acceptable appearance throughout storage. The rapid deterioration may be associated with excessive accumulation of CO₂ and depletion of O₂ within the package, conditions that can accelerate physiological disorders, tissue senescence, chlorophyll degradation, and the development of condensation-related defects \[11, 30\].

In contrast, microperforated treatments consistently maintained lower appearance scores throughout storage. OPP micro, PE micro, OPP+PE micro, and especially PLA micro remained below the marketability limit even after 20 days of refrigerated storage. This finding suggests that microperforation improved the balance between product respiration and gas exchange, preventing the development of excessively restrictive atmospheres while reducing moisture accumulation inside the package. Similar benefits of microperforated modified-atmosphere packaging have been reported for fresh-cut Brassica vegetables, where adequate gas permeability contributed to the preservation of colour, texture, and overall visual quality \[19, 28\].

Interestingly, although PLA without microperforations exhibited one of the poorest performances, PLA micro showed visual quality comparable to or better than most conventional plastic treatments. This result highlights that the effectiveness of biodegradable packaging depends not only on the intrinsic properties of the polymer but also on package design. The incorporation of microperforations appears to compensate for the relatively low gas transmission characteristics of PLA, creating a more suitable atmosphere for maintaining broccoli quality during storage \[29\].

3.6. Principal Component Analysis (PCA)

Principal component analysis (PCA) was applied to reduce the dimensionality of the dataset comprising packaging quality and product evolution variables (Figure 7). The first two principal components accounted for 94.3% of the total variance (PC1 = 76.9% and PC2 = 17.4%), indicating a highly robust representation of the relationships among physicochemical, sensory, and internal atmosphere variables storage \[31\].
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**Figure 7.** Principal component analysis (PCA) biplot showing the discrimination of broccoli florets packaged in conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations, during storage at 3 °C for 0, 5, 10, 15, and 20 days, based on gaseous composition (%O<sub>2</sub> and %CO<sub>2</sub>), risk of fermentation, weight loss, odour and overall appearance.

PC1 was primarily associated with variables related to product deterioration, including CO₂ percentage, fermentation risk, odor, and overall appearance. In contrast, it showed a negative correlation with O₂ content. Accordingly, this axis can be interpreted as an internal packaging atmosphere quality gradient, where positive scores correspond to more anaerobic conditions and increased risk of product degradation and sensory deterioration. PC2 was mainly driven by weight loss (%), suggesting that this component reflects mass transfer phenomena, particularly moisture loss or water vapor migration, with a comparatively lower direct relationship to sensory or microbiological quality parameters.

The results revealed a clear separation of samples according to packaging material type and the presence of microperforation. In general, non-microperforated systems (OPP, PE, and PLA) were positioned toward the positive region of PC1 or in proximity to variables associated with CO₂ accumulation. This indicates a greater tendency to develop anaerobic conditions, thereby increasing the risk of fermentation and sensory deterioration. In contrast, microperforated systems (OPP micro, PE micro, and PLA micro) were shifted toward regions associated with higher O₂ availability and lower contributions from fermentation-related variables. This behavior confirms that microperforation enhances gas exchange, reduces CO₂ accumulation, and mitigates degradation processes associated with sealed atmospheres.

Polylactic acid (PLA) exhibited a distinct behavior compared with conventional polymers (OPP and PE). Under non-microperforated conditions, PLA samples were associated with higher PC1 positive scores, indicating greater susceptibility to CO₂ accumulation and the development of fermentation-favorable conditions. However, the introduction of microperforation significantly shifted PLA samples toward regions characterized by higher O₂ availability and reduced fermentation risk, highlighting a strong dependence of this material on system permeability. Additionally, PLA showed a stronger association with weight loss compared to OPP and PE, suggesting higher sensitivity to water vapor transfer processes.

Overall, OPP and PE exhibited more stable responses under packaging conditions, although their performance remained dependent on microperforation to optimize internal atmosphere quality. Notably, non-microperforated PE showed a stronger tendency toward extreme positive PC1 values, indicating a higher propensity for the development of unfavorable atmospheres in sealed systems.

Taken together, the results demonstrate that microperforation is the most influential factor in modulating internal atmosphere composition, surpassing the effect of polymer type. Nevertheless, PLA, despite its biodegradable nature, exhibits greater sensitivity to gas exchange conditions, requiring more specific packaging design strategies to prevent product deterioration, such as microperforations.

4\. Conclusions

The results highlight the importance of adapting the properties of the packaging to the physiological characteristics of the product. In vegetables with high respiration rates and a short shelf life, such as broccoli, a material with too high a barrier can quickly lead to anaerobic conditions, whilst excessive permeability reduces the beneficial effect of the modified atmosphere.

In this study, although the microperforated treatments resulted in greater weight loss, they probably provided better respiratory conditions and sensory quality. It has been demonstrated that the use of microperforated biodegradable packaging (PLA micro) as a sustainable alternative to conventional petroleum-based plastics for maintaining the postharvest quality of minimally processed broccoli.

In addition to its positive effects on product quality, microperforated PLA packaging may contribute to broader sustainability goals. The replacement of conventional plastic materials with biodegradable alternatives aligns with current efforts to reduce plastic waste, while the preservation of broccoli quality and sensory attributes may help mitigate food waste by increasing consumer acceptance and extending the product's usable shelf life. These combined benefits support the development of more sustainable packaging solutions for fresh and minimally processed vegetables.
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     Global Journal of Science Frontier Research  10.34257/GJSFRI259157 259157  Fresh-Cut Broccoli Packaging Strategies to Reduce Food Waste: The Role of Plastics and Microperforation   María Fernanda Fernández-León mariafef@ucm.es  Ana María Fernández-León  29 07 2026  Food waste is a major sustainability challenge, particularly for highly perishable vegetables such as broccoli, where quality deterioration contributes significantly to losses throughout the supply chain. This study evaluated the effectiveness of different packaging materials and microperforation strategies for preserving the quality of fresh-cut broccoli during refrigerated storage. Broccoli florets were packaged in conventional petroleum-based plastics [oriented polypropylene (OPP), polyethylene (PE), and OPP+PE laminate] and in biodegradable polylactic acid (PLA), each tested with and without microperforations, and stored at 3 °C for 20 days. Internal gas composition, fermentation risk, weight loss, odour, and overall appearance were monitored throughout storage. Non-microperforated OPP and PLA generated highly restrictive atmospheres characterized by very low O₂ and elevated CO₂ concentrations, increasing fermentation risk and accelerating sensory deterioration. In contrast, microperforated treatments maintained more favourable gas compositions, reduced fermentation risk, and better preserved odour and visual quality, although they resulted in greater weight loss. Principal component analysis confirmed that microperforation was the main factor influencing package atmosphere and quality preservation, exceeding the effect of polymer type. Among the tested systems, microperforated PLA provided the best balance between respiratory conditions and sensory quality. These findings demonstrate that microperforated biodegradable PLA packaging represents a promising strategy to maintain fresh-cut broccoli quality while supporting more sustainable packaging solutions and contributing to food waste reduction.  biodegradable packaging postharvest quality shelf life   Introduction Food waste remains a major global sustainability challenge, with fruits and vegetables representing the most frequently discarded food categories due to their high perishability. According to the FAO, approximately one‑third of all food produced worldwide—around 1.3 billion tonnes annually—is lost or wasted, with fruits and vegetables constituting a significant share of this total [1]. This loss not only represents a substantial economic burden but also contributes to avoidable environmental impacts, including greenhouse gas emissions and inefficient use of water and soil resources. Spain illustrates this problem with particular clarity. Between 2018 and 2024, more than 480,000 tonnes of fruits and vegetables were discarded before entering commercial distribution, as documented by a CSIC-led study published in Water [2]. These discards required nearly 36 hm³ of water—equivalent to 36 billion litres—and generated approximately 37,000 tonnes of CO₂, a critical issue in a country where over 60% of the territory is classified as arid or semiarid [3]. The study highlights structural inefficiencies in Spain’s agricultural model, including overproduction, price volatility, and resource overexploitation. At the consumer level, Spain’s 2024 Annual Food Waste Report shows that households remain the primary source of waste, accounting for 97.5% of total discarded food, with fruit (32.4%) and vegetables (13.8%) being the most frequently wasted items [4]. Despite a 4.4% reduction in overall waste compared to 2023, the persistence of high fruit and vegetable losses underscores the need for integrated interventions across production, distribution, and consumption. According to an article published in the ‘Diario de Navarra’ (Spain) in April 2024 [5], the agri-food industry faces the challenge of reducing agricultural waste, a problem that accounts for 14% of total production and may be significantly higher for certain products. In the case of broccoli, between 30% and 35% of production is discarded, mainly due to the stem not being used and consumers rejecting yellowed florets. More critical situations arise with artichokes and asparagus, where between 60% and 70% of their weight is discarded, and with cardoons, which suffer even higher levels of waste. In recent years, consumers have become increasingly aware of the impact of food waste, driving the demand for portion-controlled products that enable more efficient food use. In this context, single-serving products, such as fresh-cut vegetables and other ready-to-eat produce, have gained prominence by facilitating consumption that is better aligned with actual consumer needs and by reducing household food waste. Furthermore, these products meet the demands of modern lifestyles, which are characterized by a preference for convenience, time-saving solutions, and practicality, without compromising on healthy and high-quality eating habits. In the case of fresh-cut produce, packaging takes on particular importance both for extending the shelf life of these products and for facilitating their transport and storage in supermarkets. Such packaging is usually made of plastic, which may lead to rejection by environmentally conscious consumers; however, there are a multitude of solutions to this problem, such as the use of microperforated films. These microperforations allow for better breathability of the packaged produce, maintaining its freshness and relative humidity, and striking a balance between the permeability of the plastic and the external atmosphere [6]. Furthermore, research continues into the use of films made from biodegradable and compostable plastics as an alternative to conventional ones [7]. Thus, the objective of this study was to evaluate the postharvest quality parameters of fresh-cut broccoli packaged using different plastic materials commonly employed in the minimally processed vegetable industry, including both conventional petroleum-based plastics (oriented polypropylene (OPP), polyethylene (PE) and mixed plastic OPP + PE) and biodegradable/compostable plastics, such as polylactic acid (PLA), all plastics were tested with and without microperforations. In addition to investigating whether micro-perforations alter the properties of biodegradable PLA plastic and whether it can be used for packaging and preserving fresh-cut broccoli.  Materials and Methods  Plant material and experimental design Broccoli heads (*Brassica oleracea* var. *italica*), cultivar ‘Calabrese’, were grown according to conventional agricultural practices and harvested at commercial maturity. After harvest, the samples were rapidly transported under refrigerated conditions and subsequently selected. The stalks were then trimmed, leaving only the florets with approximately 3 cm of stem and a floret diameter of 6 cm. Finally, the florets were washed with hyperchlorinated water and centrifuged to reduce surface water content. Broccoli florets were packaged in bags made from different plastic materials, including conventional petroleum-based plastics [oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE] and the biodegradable/compostable polymer polylactic scid (PLA). Each plastic material was tested in both microperforated and non-micro-perforated forms. All bags measured 20 × 22 cm and contained approximately 125 g of broccoli florets. Packaged broccoli samples were evaluated at 0, 5, 10, 15, and 20 days of refrigerated storage (≈ 3 °C). All determinations were carried out in triplicate. Commercial packaging films based on oriented polypropylene (OPP), polyethylene (PE), OPP/PE laminate, and polylactic acid (PLA) were provided by a confidential industrial partner involved in the distribution of food-packaging materials. In accordance with the confidentiality agreement established between the supplier and the authors, the company name is not disclosed.  Gaseous composition Before opening the packages, the oxygen and carbon dioxide concentrations inside each bag were measured using a portable gas analyzer (Dansensor CheckPoint, Ringsted, Denmark). A silicone septum was provided on the bag surface for sampling gas inside the package. Results were expressed as %O₂ and %CO₂, respectively. Additionally, the risk of fermentation was estimated based on the aforementioned thresholds of internal gas composition. Specifically, fermentation risk was classified according to %O₂ and %CO₂ levels, assigning a high risk (5) when %O₂ \< 2 or %CO₂ \> 15, a medium risk (3) when %O₂ ranged between 2–5 or %CO₂ between 10–15, and a low risk (1) when %O₂ \> 5 and %CO₂ \< 10. This classification allowed for a simplified assessment of anaerobic conditions and potential microbial activity associated with fermentation processes within the packaging system.  Weight loss Each package was weighed on the day of preparation (day 0) and at each sampling date. The percentage of weight loss relative to the initial weight was calculated according to the following equation (1): Weight loss (%) = [(Initial package weight − Final package weight) / Initial package weight] × 100 (1)  Odour Immediately after opening the packages, the odor of the broccoli florets was evaluated according to the method described by Winkler et al. (2007) [8]., using a subjective scale from 1 to 5, where: 1 = typical odor; 2 = slight off-odor; 3 = moderate off-odor; 4 = strong off-odor; and 5 = moldy odor [9]. This is repeated every sampling day. 2.5. Overall appearance For overall appearance, a pictorial scale (Figure 1) was used together with a brief description of each score level, where: 1 = excellent, no defects; 2 = very good, minor defects; 3 = fair, moderate defects; 4 = poor, major defects; and 5 = inedible [9]. A score of 3 was considered the limit of marketability, while a score of 4 was defined as the threshold of edibility [10]. <figure data-latex-placement="tbp">
<img src="media/image1.png" alt="Figure 1" />
</figure> **Figure 1.** Rating scale for yellowing of broccoli referenced to the hue color value (greenness) and pigment concentrations. A score of 2 (any yellow beads) indicates end of storage life. Broccoli with a score of 3 or higher is unmarketable. Photo Credit: Agricultural Products Preservation Technology and Equipment Innovation Team, JAAS [9].  Statistics SPSS 15.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. Data were expressed as mean ± standard deviation (SD) from independent analyses and samples. Mean values were compared using Student’s t-test with the significance level set at α = 0.05. All analyses were performed in triplicate to ensure reproducibility. Principal component analysis (PCA) was performed using Microsoft Excel v. 2603 to evaluate relationships among samples and variables. Sample scores and variable loadings were calculated, and a two-dimensional biplot based on the first two principal components was generated to visualise sample distribution and variable contributions. All analyses were carried out using Microsoft Excel (Microsoft Corp., Redmond, WA, USA).  Results and discussion  Gaseous composition Broccoli is a vegetable with high metabolic activity and a high postharvest respiration rate. During storage, it consumes oxygen and releases carbon dioxide, progressively modifying the gas composition inside the packaging [11]. The rate of these changes depends primarily on the product's respiration rate and the permeability of the packaging material to gas exchange [12]. The Figure 2 shows that all treatments start from normal atmospheric conditions (~21% O₂ and 0% CO₂) but subsequently evolve toward modified atmospheres with varying intensity depending on the material and the presence of microperforations. Treatments with non-microperforated OPP and PLA showed a very pronounced decrease in O₂, reaching values close to 0-1% at the end of storage. Simultaneously, CO₂ increased to approximately 20-24%. This behavior indicates that the gas permeability of these materials was insufficient to compensate for the high respiration rate of broccoli. O₂ concentrations below 1–2% in broccoli induce anaerobic respiration and favor the accumulation of fermentative metabolites such as ethanol and acetaldehyde, responsible for unpleasant odors and flavors [13] in addition, excessively restrictive atmospheres can cause physiological disorders, loss of sensory quality and tissue deterioration in fresh vegetables [14]. The most extreme behavior is observed in PLA, where O₂ reaches approximately 0.5% and CO₂ around 24%. This suggests a lower effective permeability of PLA compared to PE and possibly also compared to OPP. Several studies have indicated that many PLA-based bioplastics exhibit low oxygen permeability and limited CO₂ diffusion capacity, which can generate anaerobic atmospheres when used with high-respiration products [15, 16]. On the other hand, non-microperforated PE shows a more moderate reduction in O₂ (~6%) and a CO₂ accumulation close to 10%. This suggests greater gas permeability of PE, allowing for a more balanced atmosphere. These values are close to the ranges considered optimal for storing fresh broccoli, where concentrations of 2-10% O₂ and 5-10% CO₂ reduce respiration and delay senescence without inducing anaerobiosis [11]. <figure data-latex-placement="tbp">
<img src="media/image3.png" alt="Figure 2" />
</figure> **Figure 2.** Evolution of O<sub>2</sub> (A)and CO<sub>2</sub> (B) in package treatment of broccoli florets stored at 3 °C for 0, 5, 10, 15, and 20 days, using conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations. Microperforations significantly altered the internal gas composition in all materials. In the microperforated treatments, O₂ remained between 11-13%, while CO₂ remained at relatively low levels (5-7%). This demonstrates that the perforations significantly increased gas transfer between the inside and outside of the packaging. Mahajan et al. (2007) \[17\] describe how gas diffusion through perforations can be several orders of magnitude greater than diffusion through the polymer matrix, meaning that small perforations have a decisive effect on the internal atmosphere of the packaging. These types of systems, known as Perforation-Mediated Modified Atmosphere Packaging (PM-MAP), are particularly suitable for highly respiratory fruits and vegetables. Although differences between polymers decrease when microperforations are incorporated, some variations are still observed. Microperforated PE maintained slightly higher O₂ and lower CO₂ values, while microperforated OPP and microperforated PLA exhibited somewhat more modified atmospheres. This indicates that, although perforations dominate gas exchange, the polymer's intrinsic permeability still influences the final system equilibrium. Robertson (2013) \[12\] notes that the final atmospheric composition in a microperforated package depends on the combination of material permeability, perforation size and number, storage temperature, and product respiration rate. 3.2. Risk of fermentation Taking into account that fermentation risk was classified according to %O₂ and %CO₂ levels, assigning a high risk (5) when %O₂ \< 2 or %CO₂ \> 15, a medium risk (3) when %O₂ ranged between 2–5 or %CO₂ between 10–15, and a low risk (1) when %O₂ \> 5 and %CO₂ \< 10, the values obtained were presented in Figure 3. <figure data-latex-placement="tbp">
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</figure> **Figure 3.** Fermentation risk scores of broccoli florets packaged in conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations, during storage at 3 °C for 0, 5, 10, 15, and 20 days. Dashed lines indicate the thresholds corresponding to high (score 5), medium (score 3), and low fermentation risk (score 1). As shown in Figure 3, fermentation risk remained low (score 1) throughout storage in most microperforated packages, irrespective of the polymer used. This behaviour indicates that microperforations enhanced gas exchange between the package headspace and the external environment, preventing excessive CO₂ accumulation and O₂ depletion. Similar effects have been reported in modified atmosphere packaging (MAP) of fresh-cut vegetables, where microperforations help maintain atmospheric compositions within physiological limits and reduce the risk of anaerobic respiration and fermentative metabolism \[17\]. In contrast, non-perforated PLA packages showed a progressive increase in fermentation risk, reaching the maximum score from day 10 onwards. This result suggests that the gas permeability of PLA was insufficient to balance the respiratory activity of broccoli florets stored at 3 °C, leading to atmospheres characterized by low O₂ and/or elevated CO₂ concentrations. Fresh-cut broccoli exhibits a relatively high respiration rate, and when O₂ levels fall below approximately 2% or CO₂ levels exceed 10-15%, anaerobic metabolic pathways may be activated, resulting in the production of ethanol, acetaldehyde, and other off-flavour compounds associated with quality deterioration \[18, 19\]. The conventional petroleum-based films (OPP, PE, and OPP+PE) exhibited intermediate behaviour. Although fermentation risk increased during storage in some treatments, the values generally remained lower than those observed for non-perforated PLA. These differences can be attributed to the specific gas transmission properties of each packaging material, which determine the equilibrium atmosphere established inside the package. The balance between product respiration and film permeability is a key factor in designing successful MAP systems for fresh-cut produce \[20\]. Overall, the results demonstrate that microperforation was more influential than the polymer type in controlling fermentation risk. Maintaining adequate O₂ availability while avoiding excessive CO₂ accumulation is essential for preserving the sensory and nutritional quality of fresh-cut broccoli during refrigerated storage. Therefore, the incorporation of microperforations appears to be an effective strategy for both conventional and biodegradable packaging materials. 3.3. Weight loss The Figure 4 shows the percentage weight loss of broccoli florets stored in different packaging materials (OPP, PE, PLA, and combinations), with and without microperforations, over 20 days of storage. In all treatments, a progressive increase in weight loss is observed over time, although the magnitude of this loss clearly depends on the type of material and the presence of microperforations. Weight loss in fresh fruits and vegetables is primarily associated with transpiration and respiration. Transpiration involves the loss of water from the tissues to the environment due to vapor pressure gradients, while respiration contributes partially through the release of CO₂ and water vapor \[18\]. In fresh vegetables, even small weight losses can lead to loss of firmness, wilting, and visual deterioration \[21\]. <figure data-latex-placement="tbp">
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</figure> **Figure 4.** Evolution of the percentage of weight loss in package treatment of broccoli florets stored at 3 °C for 0, 5, 10, 15, and 20 days, using conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations. Microperforated treatments showed the greatest weight loss in virtually all materials. The most notable case was microperforated PE, which reached approximately 4.8% weight loss by day 20, followed by OPP+PE micro and PLA micro, with values close to 4.0% and 3.6%, respectively. This behavior can be attributed to the fact that microperforations significantly increase the transfer of water vapor between the inside of the package and the external environment. According to Yuan et al. (2021) \[22\], perforations simultaneously increase gas diffusion and water vapor permeability, promoting product dehydration. Although microperforations help prevent anaerobic conditions, they also reduce the package's ability to maintain high internal relative humidity. The significant weight loss observed in micro-perforated polyethylene (PE) packaging may also be related to the high intrinsic permeability of polyethylene to water vapor. Robertson (2013) \[12\], indicates that PE has a relatively high permeability to moisture, which favors higher transpiration rates compared to more barrier-like materials. These results are consistent with studies conducted on minimally processed fresh vegetables, where micro-perforated packaging typically exhibits greater weight loss due to a lower barrier effect against moisture migration \[23\]. Treatments without microperforations showed lower weight loss throughout storage. The lowest values were observed in OPP and PLA, with losses of approximately 1.9–2.0% by day 20, followed by OPP+PE (~2.4%) and PE (~3.0%). The lower weight loss in OPP and PLA can be explained by their greater water vapor barrier capacity. These materials limit moisture loss from inside the packaging and help maintain high relative humidity around the product. Kader et al. (1989) \[11\] indicate that high relative humidity inside the packaging significantly reduces transpiration and helps preserve the turgor of plant tissues. In the case of PLA, in addition to its previously observed low gas permeability, it can also exhibit moderate water vapor permeability depending on its formulation and thickness \[15\]. This would explain the reduced weight loss recorded in this treatment. In the case of broccoli, weight loss is particularly important because dehydration accelerates yellowing, loss of firmness, and loss of commercial quality \[9\]. However, while lower weight loss is generally desirable, in this study the most effective barrier materials also generated atmospheres with extremely low O₂ levels and excessive CO₂ accumulation. Therefore, less weight loss does not necessarily imply better overall product preservation, as it can coexist with anaerobic conditions detrimental to the physiological quality of the broccoli. 3.4. Odour Figure 5 illustrates the evolution of odour in broccoli florets stored at 3 °C for 20 days under different packaging systems. Odour was assessed using a subjective 5-point scale, where 1 = typical odour, 2 = slight off-odour, 3 = moderate off-odour, 4 = strong off-odour, and 5 = mouldy odour. Therefore, increasing scores indicate progressive sensory deterioration and reduced consumer acceptability. At the beginning of storage, all treatments exhibited odour scores close to 1, indicating the absence of sensory defects and the preservation of the characteristic aroma of fresh broccoli. After 5 days, only slight increases in odour scores were observed, suggesting that the packaging systems were initially effective in maintaining product quality. However, clear differences among packaging treatments became evident as storage progressed. Conventional films without microperforations, particularly PE, OPP and OPP+PE, exhibited the most pronounced increase in odour scores throughout storage. By day 20, PE and OPP reached values approaching 4-5, corresponding to strong off-odours and, in some cases, sensory characteristics associated with mouldy odours. Such changes are consistent with the accumulation of undesirable volatile compounds resulting from the high respiratory activity of broccoli florets and the development of unfavourable in-package atmospheres. When oxygen availability becomes limited and carbon dioxide accumulates, anaerobic metabolism may be induced, leading to the production of ethanol, acetaldehyde and sulphur-containing volatiles that contribute to unpleasant odours and sensory rejection \[24, 25\]. <figure data-latex-placement="tbp">
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</figure> **Figure 5.** Evolution of odour in package treatment of broccoli florets stored at 3 °C for 0, 5, 10, 15, and 20 days, using conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations. In contrast, microperforated films consistently maintained lower odour scores throughout storage. Among all treatments, PLA micro showed the best sensory performance, with values remaining close to 2 after 20 days, indicating only a slight off-odour. Similarly, OPP micro and OPP+PE micro delayed the development of off-odours compared with their non-perforated counterparts. These findings suggest that microperforation enhanced gas exchange between the package headspace and the external environment, preventing excessive oxygen depletion and reducing the accumulation of fermentation-related metabolites. Similar effects have been reported for fresh-cut Brassica vegetables, where microperforated packaging improved atmospheric equilibrium and reduced the development of sensory defects during storage \[26-28\]. Particularly noteworthy is the behaviour of PLA-based packaging. While non-perforated PLA reached the highest odour scores at the end of storage, indicating severe sensory deterioration, the incorporation of microperforations substantially mitigated this effect. This result highlights the importance of tailoring the gas transmission characteristics of biodegradable packaging materials to the physiological requirements of highly respiring fresh produce. Previous studies have demonstrated that although biodegradable polymers may exhibit lower gas permeability than conventional films, appropriate package design can significantly improve product quality and shelf life \[28,29\]. From a commercial perspective, odour scores above 3 indicate the presence of moderate to strong off-odours that may negatively affect consumer acceptance. Consequently, the microperforated treatments, especially PLA micro, were more effective in preserving the sensory quality of broccoli florets during refrigerated storage. 3.5. Overall appearance Figure 6 presents the evolution of overall appearance scores of broccoli florets stored at 3 °C under different packaging systems. According to the sensory scale used, increasing scores indicate progressive deterioration of visual quality, with a score of 3 representing the limit of marketability and a score of 4 corresponding to the limit of edibility. Therefore, treatments that remain below these thresholds for longer periods can be considered more effective in preserving the commercial quality of the product. <figure data-latex-placement="tbp">
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</figure> **Figure 6.** Overall appearance scores of broccoli florets packaged in conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations, during storage at 3 °C for 0, 5, 10, 15, and 20 days. Dashed lines indicate the thresholds corresponding to limit of marketability (score 3) and limit of edibility (score 4). At the beginning of storage, all treatments exhibited scores close to 1, reflecting the excellent visual quality expected for freshly processed broccoli. During storage, overall appearance gradually deteriorated in all packaging systems; however, the rate and magnitude of quality loss varied considerably depending on the packaging material and the presence of microperforations. The most pronounced deterioration was observed in non-perforated PLA, OPP, and OPP+PE packages. These treatments reached the marketability threshold (score 3) between 10 and 15 days of storage and approached or exceeded the edibility limit by day 20. In particular, PLA showed the fastest decline in visual quality, indicating that this packaging configuration was less effective in maintaining acceptable appearance throughout storage. The rapid deterioration may be associated with excessive accumulation of CO₂ and depletion of O₂ within the package, conditions that can accelerate physiological disorders, tissue senescence, chlorophyll degradation, and the development of condensation-related defects \[11, 30\]. In contrast, microperforated treatments consistently maintained lower appearance scores throughout storage. OPP micro, PE micro, OPP+PE micro, and especially PLA micro remained below the marketability limit even after 20 days of refrigerated storage. This finding suggests that microperforation improved the balance between product respiration and gas exchange, preventing the development of excessively restrictive atmospheres while reducing moisture accumulation inside the package. Similar benefits of microperforated modified-atmosphere packaging have been reported for fresh-cut Brassica vegetables, where adequate gas permeability contributed to the preservation of colour, texture, and overall visual quality \[19, 28\]. Interestingly, although PLA without microperforations exhibited one of the poorest performances, PLA micro showed visual quality comparable to or better than most conventional plastic treatments. This result highlights that the effectiveness of biodegradable packaging depends not only on the intrinsic properties of the polymer but also on package design. The incorporation of microperforations appears to compensate for the relatively low gas transmission characteristics of PLA, creating a more suitable atmosphere for maintaining broccoli quality during storage \[29\]. 3.6. Principal Component Analysis (PCA) Principal component analysis (PCA) was applied to reduce the dimensionality of the dataset comprising packaging quality and product evolution variables (Figure 7). The first two principal components accounted for 94.3% of the total variance (PC1 = 76.9% and PC2 = 17.4%), indicating a highly robust representation of the relationships among physicochemical, sensory, and internal atmosphere variables storage \[31\]. <figure data-latex-placement="tbp">
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</figure> **Figure 7.** Principal component analysis (PCA) biplot showing the discrimination of broccoli florets packaged in conventional petroleum-based plastics \[oriented polypropylene (OPP), polyethylene (PE), and a laminate of OPP + PE\] and the biodegradable/compostable polymer polylactic acid (PLA), with and without microperforations, during storage at 3 °C for 0, 5, 10, 15, and 20 days, based on gaseous composition (%O<sub>2</sub> and %CO<sub>2</sub>), risk of fermentation, weight loss, odour and overall appearance. PC1 was primarily associated with variables related to product deterioration, including CO₂ percentage, fermentation risk, odor, and overall appearance. In contrast, it showed a negative correlation with O₂ content. Accordingly, this axis can be interpreted as an internal packaging atmosphere quality gradient, where positive scores correspond to more anaerobic conditions and increased risk of product degradation and sensory deterioration. PC2 was mainly driven by weight loss (%), suggesting that this component reflects mass transfer phenomena, particularly moisture loss or water vapor migration, with a comparatively lower direct relationship to sensory or microbiological quality parameters. The results revealed a clear separation of samples according to packaging material type and the presence of microperforation. In general, non-microperforated systems (OPP, PE, and PLA) were positioned toward the positive region of PC1 or in proximity to variables associated with CO₂ accumulation. This indicates a greater tendency to develop anaerobic conditions, thereby increasing the risk of fermentation and sensory deterioration. In contrast, microperforated systems (OPP micro, PE micro, and PLA micro) were shifted toward regions associated with higher O₂ availability and lower contributions from fermentation-related variables. This behavior confirms that microperforation enhances gas exchange, reduces CO₂ accumulation, and mitigates degradation processes associated with sealed atmospheres. Polylactic acid (PLA) exhibited a distinct behavior compared with conventional polymers (OPP and PE). Under non-microperforated conditions, PLA samples were associated with higher PC1 positive scores, indicating greater susceptibility to CO₂ accumulation and the development of fermentation-favorable conditions. However, the introduction of microperforation significantly shifted PLA samples toward regions characterized by higher O₂ availability and reduced fermentation risk, highlighting a strong dependence of this material on system permeability. Additionally, PLA showed a stronger association with weight loss compared to OPP and PE, suggesting higher sensitivity to water vapor transfer processes. Overall, OPP and PE exhibited more stable responses under packaging conditions, although their performance remained dependent on microperforation to optimize internal atmosphere quality. Notably, non-microperforated PE showed a stronger tendency toward extreme positive PC1 values, indicating a higher propensity for the development of unfavorable atmospheres in sealed systems. Taken together, the results demonstrate that microperforation is the most influential factor in modulating internal atmosphere composition, surpassing the effect of polymer type. Nevertheless, PLA, despite its biodegradable nature, exhibits greater sensitivity to gas exchange conditions, requiring more specific packaging design strategies to prevent product deterioration, such as microperforations. 4\. Conclusions The results highlight the importance of adapting the properties of the packaging to the physiological characteristics of the product. In vegetables with high respiration rates and a short shelf life, such as broccoli, a material with too high a barrier can quickly lead to anaerobic conditions, whilst excessive permeability reduces the beneficial effect of the modified atmosphere. In this study, although the microperforated treatments resulted in greater weight loss, they probably provided better respiratory conditions and sensory quality. It has been demonstrated that the use of microperforated biodegradable packaging (PLA micro) as a sustainable alternative to conventional petroleum-based plastics for maintaining the postharvest quality of minimally processed broccoli. In addition to its positive effects on product quality, microperforated PLA packaging may contribute to broader sustainability goals. The replacement of conventional plastic materials with biodegradable alternatives aligns with current efforts to reduce plastic waste, while the preservation of broccoli quality and sensory attributes may help mitigate food waste by increasing consumer acceptance and extending the product's usable shelf life. These combined benefits support the development of more sustainable packaging solutions for fresh and minimally processed vegetables. **Author Contribution**s: M.F.F.-L. conceptualization, formal analysis, investigation, methodology, supervision, writing—original draft and writing—review and editing. A.M.F.-L. conceptualization, formal analysis, investigation, methodology, funding acquisition and writing—review and editing. All authors have read and agreed to the published version of the manuscript. **Funding**: This research received no external funding. **Institutional Review Board Statement**: Not applicable. **Informed Consent Statement**: Not applicable. **Data Availability Statement**: The original contributions presented in this study are included in the article. Further inquiries can be directed to the corresponding author. **Conflicts of Interest**: The authors declare no conflicts of interest. References 1.  Food and agriculture organization of the united nations (FAO). *Global Food Waste Overview* **2025** <https://openknowledge.fao.org/items/1b4e45cb-5e58-4fc7-a91b-7ef1e946efe6> (Last accessed June 2026). 2.  Martínez-Valderrama, J.; Martí-Talavera, J.; Olcina, J.; Guirado, E.; Cintas, J.; Maestre, F.T. Wasting Water, Wasting Food: Structural Inefficiencies in Spain’s Irrigated Agribusiness Model. *Water* **2025**, 17, 3159. <https://doi.org/10.3390/w17213159> 3.  Spanish National Research Council (CSIC) **2025**. <https://delegacion.andalucia.csic.es/un-estudio-del-csic-revela-el-elevado-precio-medioambiental-del-descarte-de-frutas-y-hortalizas-en-espana/> (Last accessed June 2026). 4.  Ministry of Agriculture, Fisheries and Food (MAPA) **2025**. Report on food waste in Spain 2024. <https://transparencia.gob.es/en/masinformacion/informes-de-interes/salud/informedesperdicioalimentarioespana2024> (Last accessed June 2026). 5.  Diario de Navarra **2024**. <https://www.diariodenavarra.es/noticias/negocios/dn-management/empresas-navarras/2024/04/05/empresa-navarra-quiere-convertir-40-000-toneladas-brocoli-desechado-superalimento-604305-3380.html%20(Last%20access%20May%202026>). 6.  Wilson, P.D.,.C.L. (Ed.). Intelligent and Active Packaging for Fruits and Vegetables (1st ed.). CRC Press. **2007**. <https://doi.org/10.1201/9781420008678> 7.  Cheng, J.; Gao, R.; Zhu, Y.; Lin, Q. Applications of biodegradable materials in food packaging: A review. Alexandria Engineering Journal, Volume 91, **2024**, Pages 70-83, ISSN 1110-0168, <https://doi.org/10.1016/j.aej.2024.01.080>. 8.  Winkler, S.; Faragher, J.; Franz, P.; Imsic, M.; Jones, R. Glucoraphanin and flavonoid levels remain stable during simulated transport and marketing of broccoli (*Brassica oleracea* var. *italica*) heads. *Postharvest Biol. Technol*. **2007**, 43: 89-94. <https://doi.org/10.1016/j.postharvbio.2006.08.001> 9.  Cantwell, M.; Suslow, T. Broccoli: recommendations for maintaining the post-harvest quality of broccoli **2002**. Last updated on September 2025. <https://postharvest.ucdavis.edu/produce-facts-sheets/broccoli> 10. Amodio, M.L.; Cabezas-Serrano, A.B.; Rinaldi, R.; Colelli, G. Implementation of rating scales for visual quality evaluation of various vegetable crops. In Kader, A.A. and Cantwell, M. (Eds) **2007**. Produce Quality Rating Scales and Color Charts, University of California Postharvest Horticultural. Series No. 23. Davis, CA, appendix 1. 11. Kader, A.A.; Zagory, D.; Kerbel, E.L. Modified atmosphere packaging of fruits and vegetables. *Crit. Rev. Food Sci. Nutr*. **1989**, 28, 1-30. <https://doi.org/10.1080/10408398909527490> 12. Robertson, G. L. Food Packaging: Principles and Practice. CRC Press **2013**. <https://doi.org/10.1201/b21347> 13. Ballantyne, A.; Stark, R.; Selman, J.D. Modified atmosphere packaging of shredded lettuce and other vegetables. International J. Food Sci. Technol. 1988, 23, 267–274. <https://doi.org/10.1111/j.1365-2621.1988.tb00578.x> 14. Kays, S.J.; Paull, R.E. Postharvest Biology. Exon Press **2004**. 15. Auras, R.; Harte, B.; Selke, S. An overview of polylactides as packaging materials. *Macromol. Biosci*. **2004**, 4, 835–864. <https://doi.org/10.1002/mabi.200400043Digital%20Object%20Identifier%20(DOI)> 16. Jamshidian, M.; Tehrany, E.A.; Imran, M.; Jacquot, M.; Desobry, S. Poly-Lactic Acid: Production, applications, nanocomposites, and release studies. *Compr.* *Rev. Food Sci. Food Saf*. **2010**, 9, 552–571. <https://doi.org/10.1111/j.1541-4337.2010.00126.x> 17. Caleb O.J.; Mahajan, P.V.; Al-Said, F.A. J.; Opara, U.L. Modified atmosphere packaging technology of fresh and fresh-cut produce and the microbial consequences—A review. *Food Bioprocess Technol*. **2013**, 6, 303–329. <https://doi.org/10.1007/s11947-012-0932-4> 18. Kader, A.A. Postharvest Technology of Horticultural Crops. 3rd Edition, University of California, Agriculture and Natural Resources, Oakland, Publication 3311, **2002**, 535 p., Kader, AA. 19. Jacxsens L.; L., Devlieghere, F.; Van der Steen, C.; Debevere, J. Effect of high oxygen modified atmosphere packaging on microbial growth and sensorial qualities of fresh-cut produce. *Int. J. Food Microbiol*. **2002**, 71, 197–210. <https://doi.org/10.1016/s0168-1605(01)00616-x> 20. Fonseca S.C.; Oliveira, F.A.R.; Brecht, J.K. Modelling respiration rate of fresh fruits and vegetables for modified atmosphere packages: A review. *J. Food Eng*. **2002**, 52, 99–119. <https://doi.org/10.1016/S0260-8774(01)00106-6> 21. Wills, R.B.H; Golding, J.B. Postharvest: an introduction to the physiology and handling of fruit and vegetables 6th Edition Digital Library. **2016** 22. YuanmS.; Zuo, J.; Li, X.; Fan, X.; Li, X.; Wang, Q.; Zheng, S. Micro-perforated packaging delays leaf yellowing and maintains flavor of postharvest pak choi (*Brassica rapa* subsp*. chinensis*) following low-temperature storage. *Food Packag. Shelf Life* **2021**, 29, 2214-2894, <https://doi.org/10.1016/j.fpsl.2021.100681> 23. Brecht, J. K., Saltveit, M. E., Talcott, S. T., Schneider, K. R., Felkey, K., & Bartz, J. A. Fresh-cut vegetables and fruits*. Horticult. Rev*. **2003**, 30, 185–243. <https://doi.org/10.1002/9780470650837.ch6> 24. Forney, C.F.; Mattheis, J.P.; Austin, R.K. Volatile compounds produced by broccoli under anaerobic conditions. *J. Agric. Food Chem*. **1991**, 39, 2257–2259. <https://doi.org/10.1021/jf00012a032> 25. Jacobsson, A.; Nielsen, T.; Sjöholm, I. Influence of temperature, modified atmosphere packaging and heat treatment on aroma compounds in broccoli. *J. Agric. Food Chem*. **2004**, 52, 1607–1614. <https://doi.org/10.1021/jf030631n> 26. Jia, C.G.; Xu, C.J.; Wei, J.; Yuan, J.; Yuan, G.F.; Wang, B.L.; Wang, Q.M.; Chen, X.P. Effect of modified atmosphere packaging on visual quality and glucosinolate content of broccoli florets. *Food Chem*. **2009**, 114, 28–37. <https://doi.org/10.1016/j.foodchem.2008.09.009> 27. Fernández-León, M.F.; Fernández-León, A.M.; Lozano, M.; Ayuso, M.C.; González-Gómez, D. Altered commercial controlled atmosphere storage conditions for ‘Parhenon’ broccoli. *LWT - Food Sci. Technol*. **2013**, 50, 664–672. <https://doi.org/10.1016/j.lwt.2012.07.028> 28. Paulsen, E.; Moreno, D.A.; Martínez-Romero, D.; García-Viguera, C. Bioactive Compounds of Broccoli Florets as Affected by Packing Micro-Perforations and Storage Temperature. *Coatings* **2023**, 13, 568. <https://doi.org/10.3390/coatings13030568> 29. Siracusa, V.; Rocculi, P.; Romani, S.; Dalla Rosa, M. Biodegradable polymers for food packaging: A review. *Trends Food Sci. Technol*. **2008**, 19, 634–643. <https://doi.org/10.1016/j.tifs.2008.07.003> 30. Barth, M.M.; Kerbel, E.L.; Perry, A.K.; Schmidt, S.J. Modified atmosphere packaging affects ascorbic acid, enzyme activity and market quality of broccoli. *J. Food Sci*. **1993**, 58, 140–143. <https://doi.org/10.1111/j.1365-2621.1993.tb03230.x> 31. Jolliffe, I.T.; Cadima, J. Principal component analysis: A review and recent developments. *Philos. Trans. R. Soc. A Math. Phys. Eng. Sci.* **2016**, 374, 20150202. <https://doi.org/10.1098/rsta.2015.0202>

