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Abstract: Fresh-cut broccoli is a highly demanded product due to its convenience and high content
of bioactive compounds. Unfortunately, this product shows rapid senescence and anoxia generation
problems, especially when storage temperature varies. Therefore, perforation-mediated modified
atmosphere packaging (PM-MAP) of broccoli florets, in different temperature scenarios, was studied.
Polypropylene films with different levels of laser perforation were evaluated. After packaging, florets
were stored at two temperatures: 2 ◦C, and 2 ◦C + 7 ◦C (during 2 d before sampling). PM-MAP
slightly modified the internal composition of O2 (14–20 kPa) and CO2 (0.9–5 kPa) and allowed us to
preserve the external quality and bioactive compounds of broccoli florets throughout 21 d, even at
7 ◦C. The generation of anoxia was avoided at both temperatures. PM-MAP kept broccoli mass loss
below 0.5% and preserved its sensory quality. The perforation level affected evolution of firmness
and glucosinolate content, especially with increasing temperature. Broccolis packaged in the film
with fewer perforations showed higher firmness (0.73 ± 0.09 N/mm) and total glucosinolate content
(10 ± 0.3 mg/g) compared to broccolis packaged in films with higher perforations (0.59 ± 0.05 N/mm
and 8.60 ± 0.2 mg/g). Therefore, the perforation level should be taken into account in the design of
packaging for fresh-cut products.

Keywords: perforation-mediated modified atmosphere packaging; minimally processed; storage;
glucosinolates; hydroxycinnamic acids; Brassica oleracea var. Italica

1. Introduction

In the last years, the lifestyle of modern consumers and their desire for natural products
have increased the demand for fresh-cut products, and this trend is expected to continue
for the next years [1]. Fresh-cut products are fruit and vegetables that undergo operations
such as washing, peeling, and cutting, to make them more convenient or ready-to-eat
products, without changing their fresh-like properties [2]. As a disadvantage, the minimal
processing accelerates metabolic processes and reduces the shelf life of these products
compared to intact fruit and vegetable. Therefore, applying preservation technologies,
such as refrigeration and modified atmosphere packaging (MAP), is crucial to ensure the
quality and extend the shelf life of these commodities [3,4]. For this type of product, storage
temperatures throughout the supply chain and until consumption should be below 4 ◦C to
avoid the proliferation of microorganisms and to maintain their quality [5]. In addition, the
breakage of the cold chain implies an imbalance in the internal atmosphere of the package,
accelerating quality changes and the appearance of strange flavors and odors [6]. Currently,
temperature maintenance can be assured at the industrial level. However, at certain points
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in the cold chain, temperature increases can occur, as in the case of domestic refrigerators
where temperatures are not uniform and can reach 10 ◦C [7].

In addition to the storage temperature, packaging technologies are of high importance
to reduce the loss of fruit and vegetables. MAP has been widely used to extend the shelf life
of horticultural products by controlling the surrounding gas composition of products [8].
For example, broccoli florets under MAP conditions showed a shelf life of 21 days, while
florets exposed to air had a shelf life of fewer than 7 days. Moreover, it has been shown
that broccoli with MAP preserves the content of bioactive compounds to a greater extent
than broccoli without MAP [9]. However, MAP application is limited by the gas and water
vapor permeability of commercial polymeric films, which is often low for products with
high respiration rates. Therefore, approaches such as perforation-mediated MAP (PM-
MAP) have been used to optimize packaging systems [10,11]. PM-MAP has proven to be a
successful technology for products with high respiration rates, preventing condensation and
reducing the risk of anaerobiosis [12]. Anaerobiosis generation is one of the main problems
of fresh-cut products in MAP. In the case of broccoli, anaerobiosis conditions rapidly induce
the production of sulfur volatile compounds which generate off-odors and reduce their shelf
life [13,14]. Furthermore, anaerobic metabolism degrades dramatically the glucosinolate
content of broccoli [15]. The literature reports show that PM-MAP has been applied more
extensively on whole fresh fruit and vegetables than on fresh-cut products [16]. However,
PM-MAP is a technique that fits better to these products, which present higher respiration
rates than intact fruit and vegetables. Consequently, more studies and validations of PM-
MAP are needed to develop commercially applicable solutions for minimally processed
industries [16]. Responding to this need, several studies have successfully applied PM-
MAP to extend the shelf life of minimally processed products [10,16–18]. For instance,
Fernandez-Leon et al. (2013) [18] reported that MAP using micro-perforated polypropylene
bags for fresh-cut broccoli stored at 5 ◦C maintained freshness during 12 d. MAP with
the appropriate number of micro-perforations showed the potential to avoid excessive
CO2 accumulation and to prevent microbial growth in pomegranate arils during 15 d of
refrigerated storage [12]. Packaging in polypropylene bags with micro-perforation extended
the shelf life of broccoli florets stored at 4 ◦C compared to those packaged in macro-perforated
films [17]. However, most of these studies are performed at storage temperatures less than
5 ◦C and under isothermal conditions. Nevertheless, reviewed studies show that temperature
abuses often occur at all stages in the cold chain: transportation, retailed storage, retailed
display of food products, or later due to mishandling of the consumer [19,20]. For fresh-cut
products, temperature fluctuations between 0 ◦C and 10 ◦C in the United States and Europe,
between 2 ◦C and 16 ◦C in Canada, and between 3 ◦C and 15 ◦C in Japan, have been
recorded [20]. Since temperature is a crucial factor to preserve the quality of fresh fruit and
vegetables, temperature fluctuations during the supply chain must be considered for the
design of packaging systems for fresh-cut products [21].

The aim of this work was to evaluate the effect of three micro-perforated packaging
films with different levels of micro-perforations on the quality and shelf-life of fresh-cut
broccoli florets at two different temperature scenarios: 2 ◦C (recommended temperature);
and 2 ◦C and subsequently transferred to 7 ◦C for 2 d (simulating temperature abuse or
the most common domestic refrigerator temperature). The work focused on evaluating
the effect of PM-MAP on the main external quality parameters (mass loss, texture, color,
and overall appearance) and the main bioactive compounds of broccoli (glucosinolates and
hydroxycinnamic acids).

2. Materials and Methods
2.1. Plant Material and Experimental Design

Broccoli heads (Brassica oleracea var. Italica, cv. Marathon), grown according to standard
cultural practices and harvested at commercial index, were obtained from growers of
Murcia, Spain (Grupo Lucas SL). Within 3 h after harvest, broccoli heads were transported
to Universidad Miguel Hernández (Orihuela, Spain) (transport temperature 4 ◦C) and were
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processed immediately. Broccoli heads, free of defects, were cut into florets with stems
(3–4 cm diameter each floret). Florets were washed, sanitized in 100 mg L−1 NaClO solution
for 2 min, rinsed, centrifuged, and packaged. Florets were separated into 3 batches, 1 per
each film studied. Three bioriented polypropylene (BOPP) films (30 µm thickness) with
three different levels of laser perforation were evaluated. Laser perforations (100 µm)
were performed in two lines along the BOPP film with separations of 15 mm (CAD15),
30 mm (CAD30), and 45 mm (CAD45). Perforated films were supplied by PDS Group SL
(Murcia, Spain).

Approximately 150 ± 9 g of broccoli florets (4–5 units) were packaged in bags
(26 × 20 cm). For each batch (CAD15, CAD30 and CAD45) 40 bags were confectioned.
After packaging, each batch was separated into 2 groups:

• Storage at 2 ◦C (recommended storage).
• Storage at 2 ◦C and subsequently transferred to 7 ◦C two days before sampling (simu-

lating temperature abuse or the most common domestic refrigerator temperature).

All samples were stored for 21 d. Figure 1 summarizes treatments performed and
codes used to refer to each one.
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Figure 1. Diagram of experimental design. Packaging film: CAD15, CAD30, and CAD45 refer to
the packaging films with different levels of micro-perforation (15 mm, 30 mm, and 45 mm distance
between perforations, respectively). Storage temperature: 2 ◦C) broccoli florets were kept at 2 ◦C
throughout all storage. The 2 ◦C/7 ◦C) broccoli florets were kept at 2 ◦C and transferred to 7 ◦C two
days before sampling.

For each sampling point (0, 7, 14, and 21 d), five packages (each package constituted
an experimental unit) for each condition were sampled. O2 and CO2 concentration in-
side the package, mass loss, color, texture, sensory evaluation, total glucosinolates, and
hydroxycinnamic acids content were evaluated during storage.

2.2. Internal Atmosphere Composition

O2 and CO2 head space concentration were measured using a gas chromatograph
(Shimadzu 14B-GC) coupled to a thermal conductivity detector, extracting a 1 mL sample
directly from the package. Two measurements were made per experimental unit. Results
were expressed as partial pressure (kPa) of O2 and CO2 in head space of packages.

2.3. Mass Loss

Broccoli florets were weighed prior to packaging (original mass, m0) and at each
sampling time (mt) to determine mass loss. Mass loss (ML) was expressed as a percentage
of the original mass according to the following Equation (1):

ML (%) = (m0 − mt)/mt × 100, (1)
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2.4. Color

CIELAB color space parameters (L*, a*, b*, C*ab, and hab) were determined using a
colorimeter CR200 (Konica Minolta, Japan). Following recommendations of Commission
Internationale de L’Eclariage, 10◦ standard observer angles, and Standard Illuminant D65
were used. For each experimental unit, three florets were measured and within each floret
three measurements were taken at different positions.

2.5. Texture

A compression test using a TA.XT plus Texture Analyzer (Stable Micro Systems Ltd.,
Godalming, UK) was used for broccoli florets’ firmness quantification. Texture analyzer
was equipped with a compression plate (P/100, 100 mm diameter) which applied a force
that caused a deformation of 5% of broccoli floret diameter. Compression was made twice,
rotating the floret 90◦ between measurements to obtain firmness data on two axes. Firmness
values were measured as maximum force recorded divided by the displacement (N/mm).

2.6. Sensory Evaluation

To evaluate sensory quality of broccoli florets, overall appearance was scored using
a subjective scale from 1 to 5, according to Paulsen et al. (2018) [9]. Evaluations were
performed immediately after broccoli florets’ removal from storage conditions. Panel
members made independent evaluations per sample. Rating scale for overall appearance
was: 1 = dark green, turgid, closed buds; 2 = green with yellow traces, near turgid, minor
defects; 3 = light green, trace limp, moderate defects; 4 = yellow, limp, major defects; and
5 = very yellow, very limp, open buds. A score of 3 was considered as the limit of mar-
ketability and a score of 4 was the limit of edibility [9].

2.7. Glucosinolate (GSL) and Hydroxycinnamic Acids (HCAs) Content
2.7.1. Sample Extraction

Sample extraction was carried out according to Baenas et al. (2016) [22] with mod-
ifications according to Paulsen et al. (2021) [23]. Freeze-dried samples were extracted
with methanol (70% v/v), heated at 70 ◦C for 30 min and centrifuged (15,000× g, 15 min).
Supernatants were collected and filtered through a 0.22 µm Millex-HV13 filter (Millipore,
Billerica, MA, USA).

2.7.2. HPLC-DAD Analysis of GSL and HCAs

The extracts were analyzed and quantified in Waters HPLC-DAD system (Waters
Chromatography SA, Barcelona, Spain). Intact GSL and HCAs were identified following
UV spectra and order of elution according to Paulsen et al. (2021) [23]. For quantitation of
GSL and HCAs, chromatograms were registered at 227 and 330 nm, respectively. GSL were
quantified using sinigrin and glucobrassicin (Phytoplan, Germany) as external standards of
aliphatic and indole glucosinolates, respectively. HCAs were quantified using chlorogenic
and sinapinic acid as external standards. Results were expressed as mg per gram of
dry weight (mg/g) for GSL and as µg per gram of dry weight (µg/g) for HCAs. These
measurements were performed in triplicate for each condition.

2.8. Data Analysis

An analysis of variance (ANOVA) was performed for all quality parameters evaluated
considering the level of perforation of film, storage temperature, storage time, and their
interaction as variation factors. When effects were significant, honestly significant differ-
ences were calculated using Tukey’s test. Differences were considered significant when
p < 0.05. Statistical analysis was performed using R version 4.1.0 (R Core Team, Vienna,
Austria, 2021).
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3. Results and Discussion
3.1. Internal Atmosphere Composition

Adjustment of gaseous composition surrounding fresh-cut fruit and vegetables is one
of the main factors to preserve their quality and extend their shelf life. The O2 reduction
and CO2 increase in MAP and PM-MAP are derived from the respiration rate of the product
and the gas transmission rate of the packaging film [10]. In the case of PM-MAP, the O2
and CO2 transmission rate depends mainly on the perforated area of the film [24]. In the
present study, all micro-perforated packages showed a significant change in internal O2
and CO2 composition (with respect to air composition) during storage (Figure 2). The level
of perforation and storage temperature had a significant impact on these variables (p < 0.001).
For broccoli florets kept at 2 ◦C, the CO2 concentration showed significant differences between
films. CO2 levels were 1.01 ± 0.04, 1.83 ± 0.03, and 2.69 ± 0.08 kPa (at day 7 of storage) for
CAD15, CAD30, and CAD45, respectively. The difference in CO2 composition between films
was maintained throughout storage (0.78 ± 0.03, 1.55 ± 0.06, and 2.30 ± 0.13 kPa for CAD15,
CAD30, and CAD45, respectively, at day 21). Regarding O2 concentration, CAD15 and CAD30
did not show significant differences (19.3 ± 0.32 kPa on average) at day 7 of storage, and
CAD45 presented a significantly lower O2 concentration (17.9 ± 0.39 kPa). At day 21, CAD30
and CAD45 did not present significant differences (19.1 ± 0.33 kPa on average), while CAD15
showed the highest O2 concentration (20.4 ± 0.49 kPa).
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The increase in storage temperature significantly decreased O2 and increased CO2 con-
centration inside packages compared to those that were kept at 2 ◦C (p < 0.01). This behavior
is mainly due to the effect of temperature on the respiration rate of the vegetable [25]. The dif-
ference in gas composition between films was more marked in this storage condition (2/7 ◦C),
where O2 and CO2 composition between films were significantly different throughout all
the storage period (p < 0.001) (Figure 2). At this condition, CAD15 samples showed higher
levels of O2 and lower of CO2 (18.3 ± 0.40 kPa and 1.9 ± 0.04 kPa, respectively, at day 7),
and CAD45 samples showed lower O2 and higher CO2 concentration (14.3 ± 0.45 kPa and
4.5 ± 0.26 kPa, respectively, at day 7). Florets packaged in CAD30 presented intermediate
levels of O2 and CO2 (16.1 ± 0.33 kPa and 3.3 ± 0.13 kPa, respectively, at day 7). Similar
gas composition evolutions were reported by Lucera et al. (2011) [26] for broccoli florets
packaged in polypropylene micro-perforated films, who observed a slow decrease in O2 at
the beginning of the storage (5 ◦C) and an equilibrium value of about 16 kPa.

The risk of anaerobiosis is one of the main problems presented by MAP technology in
products with high respiration rates, especially during temperature fluctuations. Anaer-
obiosis generation induces anaerobic metabolism, which is undesirable due to off-odor
generation and the risk of anaerobic pathogenic microorganism proliferation [9]. The results
showed that PM-MAP technology was useful in avoiding the risk of anaerobiosis against
small temperature variations (from 2 ◦C to 7 ◦C) (in no case was the concentration of O2 less
than 14 kPa and the CO2 higher than 5 kPa). Therefore, these conditions could be directly
applied to fresh-cut broccoli marketing. However, for its application in supply chains with
poor temperature control (temperatures above 7–8 ◦C), more studies are needed to ensure
that micro-perforated films prevent the generation of anoxia and generate adequate levels
of O2 and CO2.

3.2. Mass Loss

It is well known that the dehydration of broccoli florets is one of the leading causes
that shorten their shelf life [9]. As expected, mass loss increased during storage (p < 0.05).
However, the mass loss of florets was below 0.5 % of initial mass during the entire storage
period, regardless of film and storage temperature (Table 1). This is in agreement with
Fernández-León et al. (2013) and Caleb et al. (2016), who reported weight losses of less
than 1% for broccoli florets packaged in a modified atmosphere [18,27]. The increase in
storage temperature (from 2 ◦C to 7 ◦C) did not have a significant impact on mass loss.
However, broccolis transferred to 7 ◦C tended to have greater mass loss compared to those
held at 2 ◦C. Films with different levels of perforation also had no significant effect on the
mass loss of broccoli florets, although CAD45 and CAD15 tended to have the lowest and
highest mass loss throughout storage, respectively. Our results agree with Lucera et al.
(2011) [26], who reported a weight loss of less than 3% for broccoli florets stored for 24 d at
5 ◦C, regardless of the number of film micro-holes. In all conditions of this study, mass loss
was less than the maximum limit of marketability (6%) and was not a factor limiting the
shelf-life of broccoli florets [21]. Therefore, PM-MAP technology was a solution to preserve
this important quality attribute, avoiding senescence symptoms of broccoli florets at least
for 21 d.

3.3. Color

Color is one of the main outer quality parameters of broccoli florets which limited
their shelf life. If the appropriate conditions are not selected for its storage and distribution,
broccoli flower buds undergo rapid yellowing and loss of green color [26]. In this study,
neither the storage temperature nor the level of perforation of films had a significant effect
on the colorimetric parameters of broccoli florets (p > 0.05). For all samples, L*, Cab, and hab
remained unchanged during storage (Table 2). Figure 3 shows that there was no appreciable
color change under any of the conditions assayed. Changes in broccoli color parameters
under MAP depend on the gas composition inside the package [28]. However, when
the storage temperature is kept within the recommended values (<4 ◦C), the effect of the



Coatings 2023, 13, 568 7 of 15

atmosphere is usually not significant [9]. This could explain why no impact of O2 and CO2
levels on broccoli color were detected. The increase at 7 ◦C for 2 days had no significant
effect on color parameters. Several authors have reported that broccoli retains its color at
concentrations of 1–10 kPa for O2 and 5–10 kPa for CO2 [17,29]. The application of MAP
(using conventional continuous films) reaches these gaseous compositions and inhibits
surface color loss [9,18]. Generally, in PM-MAP these strict gaseous conditions are not
achieved due to the greater permeability of micro-perforated films. This study proves that
is not necessary for such low levels of O2 and such high levels of CO2 to maintain the color
of broccoli florets during refrigerated storage (2 ◦C). Therefore, PM-MAP demonstrates to
be an effective technology to preserve fresh broccoli color.

Table 1. Mass loss, external appearance, and hydroxycinnamic acids content (HCAs) evolution of
broccoli florets packaged in films with different levels of micro-perforation (CAD15, CAD30 and
CAD45) throughout storage at 2 ◦C and 2 ◦C/7 ◦C. Data are expressed as means ± standard error.
Same letter in the same column means no significant differences according to Tukey’s test (p < 0.05).

Storage
Temperature

Packaging
Condition Day Mass Loss (%) (†) External Appearance (1–5) (†) HCAs (µg/g) (‡)

2 ◦C

CAD15

0 0.0 ± 0.0 a 1.0 ± 0.0 a 316 ± 26 efg
7 0.15 ± 0.04 abc 1.3 ± 0.3 ab 405 ± 42 bcdefg
14 0.30 ± 0.03 bcdef 1.7 ± 0.3 efg 422 ± 19 abcde
21 0.36 ± 0.02 efg 1.7 ± 0.3 efg 525 ± 15 ab

CAD30

0 0.0 ± 0.0 a 1.0 ± 0.0 a 316 ± 26 efg
7 0.08 ± 0.02 ab 1.6 ± 0.3 abc 508 ± 16 ab
14 0.18 ± 0.04 bcdef 1.5 ± 0.2 bcde 308 ± 28 efg
21 0.28 ± 0.04 efg 2.0 ± 0.4 gh 465 ± 14 abcd

CAD45

0 0.0 ± 0.0 a 1.0 ± 0.0 a 316 ± 26 efg
7 0.08 ± 0.01 ab 1.3 ± 0.3 abc 419 ± 28 abcdef
14 0.16 ± 0.06 bcde 1.4 ± 0.2 bcd 279 ± 26 g
21 0.26 ± 0.01 defg 1.9 ± 0.2 fgh 522 ± 35 ab

2 ◦C/7 ◦C

CAD15

0 0.0 ± 0.0 a 1.0 ± 0.0 a 316 ± 26 efg
7 0.18 ± 0.06 bcdef 1.6 ± 0.3 bcdef 356 ± 15 cdefg
14 0.26 ± 0.03 defg 1.7 ± 0.2 defg 351 ± 25 defg
21 0.44 ± 0.09 h 2.4 ± 0.5 h 380 ± 14 abcd

CAD30

0 0.0 ± 0.0 a 1.0 ± 0.0 a 316 ± 26 efg
7 0.12 ± 0.02 abcd 1.5 ± 0.3 bcde 437 ± 17 abcde
14 0.23 ± 0.02 cdefg 1.7 ± 0.2 defg 372 ± 24 cdefg
21 0.33 ± 0.04 gh 2.2 ± 0.4 hi 540 ± 32 a

CAD45

0 0.0 ± 0.0 a 1.0 ± 0.0 a 316 ± 26 efg
7 0.09 ± 0.01 abc 1.7 ± 0.3 defg 483 ± 15 abc
14 0.18 ± 0.01 bcdefg 1.6 ± 0.2 cdefg 289 ± 10 fg
21 0.31± 0.03 fgh 2.1 ± 0.4 hi 422 ± 15 abcde

(†) n = 5, (‡) n = 3.

Table 2. Colorimetric parameters (L*, Cab and hab) of broccoli florets packaged in films with different
levels of micro-perforation (CAD15, CAD30 and CAD45) and storage for 21 days at 2 ◦C and 2 ◦C/7 ◦C,
and comparison with florets freshly harvest (day 0). Data are expressed as means ± standard error.
Same letter in the same column means no significant differences according to Tukey’s test (p < 0.05).

Day Storage
Temperature

Packaging
Condition L* Cab hab

0 37.87 ± 0.45 a 12.23 ± 0.44 a 133.1 ± 0.4 a

21

2 ◦C
CAD15 38.58 ± 0.43 a 12.69 ± 0.51 a 132.0 ± 0.6 a
CAD30 39.73 ± 0.30 a 12.23 ± 0.47 a 132.5 ± 0.8 a
CAD45 39.02 ± 0.36 a 13.98 ± 0.68 a 131.3 ± 0.6 a

2 ◦C/7 ◦C
CAD15 39.75 ± 0.22 a 13.9 ± 0.60 a 131.0 ± 0.6 a
CAD30 39.31 ± 0.41 a 12.51 ± 0.50 a 133.8 ± 0.6 a
CAD45 39.57 ± 0.27 a 14.49 ± 0.66 a 132.3 ± 0.8 a
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3.4. Texture

The texture test carried out aims to assess the compactness (firmness to pressure) of
broccoli florets. This is an aspect to highlight since in most studies a hedonic evaluation is
performed to assess this texture parameter [30].

Regardless of packaging film and storage temperature, broccoli florets showed a
decrease in firmness values throughout storage (p < 0.0001) (Figure 4). No significant
differences were observed in firmness evolution between storage temperature conditions.
Therefore, for broccoli florets under PM-MAP, 2 days at 7 ◦C did not have an impact on
firmness compared to holding the product at 2 ◦C (p = 0.7236). Significant differences in
firmness were found depending on the level of perforation of the film (p = 0.0004). Broccolis
packaged in CAD15 showed a rapid decline of firmness in the first week of storage, and
then remained without significant changes until the end of storage. At day 7, CAD30 and
CAD45 samples showed significantly higher firmness compared to CAD15. On days 14 and
21 of storage, CAD45 samples showed the highest firmness values, and florets packaged
in CAD15 and CAD30 did not show significant differences in firmness between them (for
both storage temperatures). The effect of MAP in maintaining vegetable firmness is usually
related to the control of mass loss, and several works have found a high correlation between
mass loss and firmness loss of plant tissues [31–33]. Although no significant differences
were found in mass loss between films, broccoli packed in CAD15 tended to present the
highest mass losses and CAD45 the lowest, both at 2 ◦C and 2/7 ◦C. Therefore, this could
explain firmness evolution. Furthermore, the differences in firmness could be attributed to
the in-package gas composition. Broccoli that retained the most firmness (CAD45) were
those exposed to lower O2 and higher CO2 concentrations (see Section 3.1). This agrees
with reports showing that the activity of enzymes involved in the biochemical processes
leading to deterioration in the cell structure is reduced when levels of O2 are reduced
and CO2 levels rise [33]. It is important to note that the difference in firmness between
florets packaged in different films did not have an impact on their external quality, since no
significant differences were found in overall appearance (see Section 3.5). These results can
be corroborated by Figure 3, where all samples show closed and tightly crowded together
individual buds, with a firm appearance. Results indicate that the atmosphere modification
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and mass retention generated by the PM-MAP application allowed the preservation of
broccoli florets’ firmness during refrigerated storage. The film with the lowest level of
perforation (CAD45) was the one that best preserved the firmness of the product.
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3.5. External Appearance

In all conditions, broccoli florets showed an increase in their overall appearance
score during storage, indicating a decline in their sensory quality (Table 1) (p < 0.001).
However, all samples maintained their values of overall appearance under the threshold
score throughout all storage periods. Films with different levels of perforation did not
have a significant impact on overall appearance evolution (p = 0.3087). For broccoli florets
packaged in CAD30 and CAD45, no significant differences were found between storage
temperatures. A significant effect of temperature on overall appearance was found in
broccoli florets packaged in CAD15, 1.7 ± 0.3 and 2.4 ± 0.5 for broccolis storage at 2 ◦C
and 2 ◦C/7 ◦C, respectively. Thus, films with lower perforation levels (CAD30 and CAD45)
helped to mitigate the negative effect of increased temperature on the organoleptic quality
of broccoli florets. Figure 3 shows photos of the external appearance of broccoli florets
where it can be seen that it did not change significantly throughout storage. Florets stored
for 21 days look like freshly harvested florets, regardless of film and temperature conditions.
Therefore, PM-MAP technology successfully contributed to preserving the sensory quality
of broccoli florets.

3.6. Total Glucosinolate Content

Two chemical classes of glucosinolates were detected, one aliphatic: glucoraphanin
(GRA) and three indolic: glucobrassicin (GB), neoglucobrassicin (NGB), and 4-methoxygluc-
obrassicin (MGB). The four compounds were identified in all samples analyzed, regardless
of days of storage, storage temperature, and packaging film applied. Similar results were
reported by Vallejo et al. (2003) [34], who studied the effect of refrigerated transport on
glucosinolate content in broccoli heads of Marathon cv. and found GRA, GB, NGB, and
MGB in all samples during every time period evaluated.

Regarding the glucosinolate profile of the broccoli cultivar used in this experiment
(Marathon), the predominant glucosinolate was GRA accounting for 41.6% of total glu-
cosinolates, followed by NGB, GB, and MGB with 32.7%, 19.5%, and 6.2%, respectively.
Although the predominant compound was from the chemical group of aliphatic glucosi-
nolates, the predominant group was the indolic one with 58% of total glucosinolates. The
glucosinolate profile coincides with several studies that report GRA as the predominant
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glucosinolate, and NGB and GB as the predominant glucosinolates within the group of
indolics [17,35,36]. No significant changes were observed in the glucosinolate profile during
refrigerated storage in any of the packaging conditions studied.

In all samples, an increase in total glucosinolate content was observed in the first
week of storage (Figure 5A,B). This can be explained by the fact that minimal processing
leads to tissue mechanical damage, which could activate the defense mechanisms of the
vegetable increasing the synthesis of glucosinolates during the first days of storage [18].
No significant differences were found between broccolis packaged in different films during
storage at 2 ◦C, where glucosinolate content was maintained until the end of storage
(Figure 5A). However, a significant effect of packaging film was observed in broccoli florets
transferred to 7 ◦C for 2 d (p = 0.0012) (Figure 5B). Broccolis packaged in CAD45 showed
higher total glucosinolate content during the entire storage period compared to broccolis
packaged in CAD15 and CAD30, which did not show differences between them. At the end
of storage, CAD15 and CAD30 samples showed the same glucosinolate content as fresh
broccoli, and CAD45 samples had a significantly higher content. Therefore, there was no
effect of packaging film on glucosinolate content while the storage temperature was kept
low (2 ◦C). However, packaging film had a significant effect on these compounds during
temperature abuse (when storage temperature increased from 2 ◦C to 7 ◦C). Several studies
have reported the impact of storage temperature in the glucosinolate content of broccoli
heads and broccoli florets [9,17]. High temperatures cause higher losses during postharvest
storage. The effect of packaging film on glucosinolates with increasing storage temperature
is in line with that reported by Paulsen et al. (2018) [9], who conclude that modification of
the atmosphere helps to mitigate the effects of high storage temperatures on glucosinolate
content. In addition, PM-MAP also had an impact on firmness, and glucosinolate content
could be correlated with this quality parameter. When tissue integrity is lost, myrosinase
enters into contact with glucosinolates and the rate of degradation of these compounds
is increased [37]. Thus, the lower firmness loss of CAD45 samples implies a lower loss of
compartmentalization and this could result in less degradation of glucosinolates.

In conclusion, PM-MAP combined with refrigeration showed to preserve the total
glucosinolate content of broccoli florets during 21 d of storage. This is a finding to be
highlighted because until now conservation of glucosinolates has been reported for broccoli
florets under MAP, where the modification of in-packaged atmosphere is stronger (about
1–5 kPa for O2 and 10–13 kPa for CO2) than PM-MAP [9,17,37]. The low concentrations
of O2 and high concentrations of CO2 reported as beneficial to preserve glucosinolates of
broccoli florets are risky. Temperature fluctuations during the supply chain and the high
respiration rate of broccoli florets tend to generate anoxia conditions, which leads to the
detriment of the product [9]. This study identified conditions of refrigerated storage (2 ◦C
and 2 ◦C/7 ◦C) and moderated concentrations of O2 and CO2 (14–20 kPa and 1–5 kPa,
respectively), that conserve the content of the main bioactive compounds of broccoli florets
and that could avoid the risk of anoxia.
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3.7. Individual Glucosinolate Content

All the conditions preserved the GRA content of broccoli florets (Figure 5C,D). In the
case of samples kept at 2 ◦C, GRA showed a tendency to increase during storage, regardless
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of packaging film (Figure 5C). This is in accordance with Winkler et al. (2007) [24], who
found stable levels of GRA in broccoli heads (Marathon cv.) wrapped in polyethylene
after storage for 3 days at 8 ◦C with pre-storage at 1–4 ◦C. In addition, similar results were
found by Rybarczyk-Plonska et al. (2016) [35], who reported that broccoli heads (Marathon
cv.) pre-stored for 7 days at 0 ◦C and then stored for 3 days at 10 ◦C had higher GRA
content than at harvest. In these studies, the atmospheric composition is not reported.
However, studies on broccoli florets under MAP (1–10 kPa O2 and 10–20 kPa CO2) found
that at the beginning of storage, GRA remains constant, but a significant loss is observed
at the end of storage (at 4–8 ◦C for 12–23 days) [9,17,28]. Consequently, maintaining GRA
content requires careful consideration of packing film and storage temperature (among
other considerations such as cultivar selection, agronomic conditions, etc.). Packaging
films and storage temperatures applied in this study allowed for preserving GRA, the
compound precursor of sulforaphane, which is highly recognized for its beneficial effects
in neurodegenerative and cardiovascular diseases.

GB showed a similar evolution of total glucosinolate content (increased in the first
week and then remained constant or decreased to initial values) (Figure 5E,F). The effect of
packaging film was observed in broccolis transferred to 7 ◦C. In this condition, GB content
was 2.13 ± 0.01, 2.50 ± 0.16, and 2.73 ± 0.13 mg/g for broccolis packaged in CAD15, CAD30,
and CAD45, respectively (day 7). CAD45 showed higher content of GB compared to CAD15
during all storage periods (at 2 ◦C/7 ◦C). MGB content increased in all conditions, regardless
of film packaging (Figure 5G,H). At the end of storage, the MGB content of broccoli packaged
in CAD45 was significantly higher (0.87 ± 0.03 mg/g and 0.90 ± 0.04 mg/g for 2 ◦C and
2 ◦C/7 ◦C, respectively), with respect to florets packaged in CAD15 (0.81 ± 0.02 mg/g and
0.73 ± 0.03 mg/g) and CAD30 (0.81 ± 0.01 and 0.78 ± 0.02 mg/g). For all conditions, NGB
content remained constant throughout storage. Despite no significant impact found between
broccolis packaged in different films, samples CAD45 and CAD15 tended to have the highest
and lowest NGB content, respectively (Figure 5I,J). Several authors have reported an increase
in indole glucosinolate content [7]. Recently, it has been reported that the expression of
genes associated with the biosynthesis of indolic glucosinolates increased during postharvest
storage [38]. Moreover, protein degradation increases during senescence and free amino
acids are accumulated, which are precursors of the biosynthesis of glucosinolates. These
phenomena could be the cause of the increase in indolic glucosinolate. These processes are
enzyme mediated and depend on vegetal metabolism; consequently, storage temperature
and O2 and CO2 concentration would have an impact on indolic glucosinolate content, as
observed in our results.

In conclusion, the results indicate that refrigerated storage combined with slight mod-
ification of the atmosphere (PM-MAP) was effective in preserving individual and total
glucosinolate content. In addition, packaging film had an effect on these compounds
(CAD45 showed higher glucosinolate content), especially when storage temperature in-
creased (7 ◦C).

3.8. Hydroxycinnamic Acids (HCAs)

The study of HCAs in foods has gained importance in recent years due to their
potential health benefits. In addition to its antioxidant capacities, some reports attribute
antidiabetic effects and inhibitory efficacy against breast and hematologic malignancies [38].

Sinapic acids and their derivatives were the predominant group of HCAs identified
in broccoli florets. The evolution of these compounds over time was the same for all the
conditions assayed (Table 1), observing an increase during storage. Our results coincide
with the evolution of HCAs reported by Paulsen et al. (2022) [36] in broccoli heads stored
at 2 ◦C in different packaging films. There are few studies that report the evolution of
HCAs content during postharvest storage. However, several studies reported an increase
in the antioxidant capacity of broccoli, which could be correlated with HCAs’ activity and
in agreement with the HACs increase observed in this experiment [39,40]. The synthesis of
HCAs can be induced by the generation of reactive oxygen species during the senescence
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process, which could explain its increase during storage [41]. Statistical analysis did not
show differences in HCAs content between broccoli florets in different packaging films or
storage temperatures (p > 0.05). In conclusion, regardless of the level of film perforation, PM-
MAP preserved and even increased, the HCA content of broccoli florets during refrigerated
storage (2 ◦C) and during temperature abuse (2 ◦C/7 ◦C).

4. Conclusions

Results show the suitability of PM-MAP as a feasible low-cost technology to extend
the shelf-life of fresh-cut broccoli florets.

This study identified moderate concentrations of O2 (14–20 kPa) and CO2 (0.9–5 kPa),
that combined with refrigerated storage (2 ◦C) conserved bioactive compounds and outer
quality of broccoli florets throughout 21 days, even during 2 days at 7 ◦C. In addition, PM-
MAP prevented the generation of anoxia, the main problem during the commercialization
of this product. The film perforation level affected the firmness and glucosinolate content of
florets, especially in the face of increases in storage temperature. Broccoli florets packaged in
the film with fewer perforations (CAD45) showed higher firmness value and glucosinolate
content. Therefore, the selection of the perforation numbers is a relevant aspect to be taken
into account in the packaging design for fresh-cut products.

The information generated in this study is easily transferable to minimally processed
industries and could be used as input for the design of new packaging for fresh vegetables.
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11. Czerwiński, K.; Rydzkowski, T.; Wróblewska-Krepsztul, J.; Thakur, V.K. Towards impact of modified atmosphere packaging
(MAP) on shelf-life of polymer-film-packed food products: Challenges and Sustainable Developments. Coatings 2021, 11, 1504.
[CrossRef]

12. Mashabela, M.; Mahajan, P.V.; Sivakumar, D. Influence of different types of modified atmosphere packaging films and storage
time on quality and bioactive compounds in fresh-cut cauliflower. Food Packag. Shelf Life 2019, 22, 100374. [CrossRef]

13. Makino, Y.; Nishimura, Y.; Oshita, S.; Mizosoe, T.; Akihiro, T. Storage in high-barrier pouches increases the sulforaphane
concentration in broccoli florets. PLoS ONE 2018, 13, e0192342. [CrossRef] [PubMed]

14. Mastrandrea, L.; Amodio, M.L.; de Chiara, M.L.V.; Pati, S.; Colelli, G. Effect of temperature abuse and improper atmosphere
packaging on volatile profile and quality of rocket leaves. Food Packag. Shelf Life 2017, 14, 59–65. [CrossRef]

15. Palani, K.; Harbaum-Piayda, B.; Meske, D.; Keppler, J.K.; Bockelmann, W.; Heller, K.J.; Schwarz, K. Influence of fermentation on
glucosinolates and glucobrassicin degradation products in sauerkraut. Food Chem. 2015, 190, 755–762. [CrossRef]

16. Hussein, Z.; Caleb, O.J.; Opara, U.L. Perforation-mediated modified atmosphere packaging of fresh and minimally pro-cessed
produce—A review. Food Packag Shelf Life 2015, 6, 7–20. [CrossRef]

17. Jia, C.-G.; Xu, C.-J.; Wei, J.; Yuan, J.; Yuan, G.-F.; Wang, B.-L.; Wang, Q.-M. Effect of modified atmosphere packaging on visual
quality and glucosinolates of broccoli florets. Food Chem. 2009, 114, 28–37. [CrossRef]

18. Fernández-León, M.; Fernández-León, A.; Lozano, M.; Ayuso, M.; Amodio, M.; Colelli, G.; González-Gómez, D. Retention of
quality and functional values of broccoli ‘Parthenon’ stored in modified atmosphere packaging. Food Control. 2012, 31, 302–313.
[CrossRef]

19. Gao, J.; Si, Y.; Zhu, Y.; Luo, F.; Yan, S. Temperature abuse timing affects the rate of quality deterioration of postharvest broccoli
during different pre-storage stages. Sci. Hortic. 2018, 227, 207–212. [CrossRef]

20. Ndraha, N.; Hsiao, H.-I.; Vlajic, J.; Yang, M.-F.; Lin, H.-T.V. Time-temperature abuse in the food cold chain: Review of issues,
challenges, and recommendations. Food Control. 2018, 89, 12–21. [CrossRef]

21. Bovi, G.G.; Caleb, O.J.; Ilte, K.; Rauh, C.; Mahajan, P.V. Impact of modified atmosphere and humidity packaging on the quality,
off-odour development and volatiles of ‘Elsanta’ strawberries. Food Packag. Shelf Life 2018, 16, 204–210. [CrossRef]

22. Baenas, N.; Villaño, D.; Garcia-Viguera, C.; Moreno, D.A. Optimizing elicitation and seed priming to enrich broccoli and radish
sprouts in glucosinolates. Food Chem. 2016, 204, 314–319. [CrossRef] [PubMed]

23. Paulsen, E.; Moreno, D.A.; Periago, P.M.; Lema, P. Influence of microwave bag vs. conventional microwave cooking on
phytochemicals of industrially and domestically processed broccoli. Food Res. Int. 2021, 140, 110077. [CrossRef] [PubMed]

24. González-Buesa, J.; Ferrer-Mairal, A.; Oria, R.; Salvador, M.L. Alternative method for determining O2 and CO2 transmission rates
through microperforated films for modified atmosphere packs. Packag. Technol. Sci. 2013, 26, 413–421. [CrossRef]

25. 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. [CrossRef]

26. Lucera, A.; Costa, C.; Mastromatteo, M.; Conte, A.; Del Nobile, M. Fresh-cut broccoli florets shelf-life as affected by packaging
film mass transport properties. J. Food Eng. 2011, 102, 122–129. [CrossRef]

27. Caleb, O.J.; Ilte, K.; Fröhling, A.; Geyer, M.; Mahajan, P.V. Integrated modified atmosphere and humidity package design for
minimally processed Broccoli (Brassica oleracea L. var. italica). Postharvest Biol. Technol. 2016, 121, 87–100. [CrossRef]

28. Schouten, R.E.; Zhang, X.; Verschoor, J.A.; Otma, E.C.; Tijskens, L.; van Kooten, O. Development of colour of broccoli heads as
affected by controlled atmosphere storage and temperature. Postharvest Biol. Technol. 2009, 51, 27–35. [CrossRef]

29. Serna-Escolano, V.; Martínez-Romero, D.; Giménez, M.J.; Serrano, M.; García-Martínez, S.; Valero, D.; Valverde, J.M.; Zapata,
P.J. Enhancing antioxidant systems by preharvest treatments with methyl jasmonate and salicylic acid leads to maintain lemon
quality during cold storage. Food Chem. 2020, 338, 128044. [CrossRef]

30. Hussain, M.J.; Karim, A.J.M.S.; Solaiman, A.R.M.; Islam, M.S.; Rahman, M. Integrated effect of inorganic and organic nitrogen
sources on nutrient uptake and crop quality of broccoli. Agric. Nat. Resour. 2021, 55, 71–80.

31. Paulsen, E.; Barrios, S.; Lema, P. Ready-to-eat cherry tomatoes: Passive modified atmosphere packaging conditions for shelf life
extension. Food Packag. Shelf Life 2019, 22, 100407. [CrossRef]

32. Belay, Z.A.; Caleb, O.J.; Opara, U.L. Impacts of low and super-atmospheric oxygen concentrations on quality attributes, phytonu-
trient content and volatile compounds of minimally processed pomegranate arils (cv. Wonderful). Postharvest Biol. Technol. 2017,
124, 119–127. [CrossRef]

http://doi.org/10.1016/j.foodcont.2015.09.014
http://doi.org/10.3390/coatings13020349
http://doi.org/10.1016/j.postharvbio.2018.01.006
http://doi.org/10.1016/j.fpsl.2019.100427
http://doi.org/10.3390/coatings11121504
http://doi.org/10.1016/j.fpsl.2019.100374
http://doi.org/10.1371/journal.pone.0192342
http://www.ncbi.nlm.nih.gov/pubmed/29466374
http://doi.org/10.1016/j.fpsl.2017.08.004
http://doi.org/10.1016/j.foodchem.2015.06.012
http://doi.org/10.1016/j.fpsl.2015.08.003
http://doi.org/10.1016/j.foodchem.2008.09.009
http://doi.org/10.1016/j.foodcont.2012.10.012
http://doi.org/10.1016/j.scienta.2017.09.034
http://doi.org/10.1016/j.foodcont.2018.01.027
http://doi.org/10.1016/j.fpsl.2018.04.002
http://doi.org/10.1016/j.foodchem.2016.02.144
http://www.ncbi.nlm.nih.gov/pubmed/26988507
http://doi.org/10.1016/j.foodres.2020.110077
http://www.ncbi.nlm.nih.gov/pubmed/33648297
http://doi.org/10.1002/pts.1988
http://doi.org/10.1016/S0260-8774(01)00106-6
http://doi.org/10.1016/j.jfoodeng.2010.08.004
http://doi.org/10.1016/j.postharvbio.2016.07.016
http://doi.org/10.1016/j.postharvbio.2008.06.005
http://doi.org/10.1016/j.foodchem.2020.128044
http://doi.org/10.1016/j.fpsl.2019.100407
http://doi.org/10.1016/j.postharvbio.2016.10.007


Coatings 2023, 13, 568 15 of 15

33. Nimitkeatkai, H.; Techavuthiporn, C.; Boonyaritthongchai, P.; Supapvanich, S. Commercial active packaging maintaining
physicochemical qualities of carambola fruit during cold storage. Food Packag. Shelf Life 2022, 32, 100834. [CrossRef]

34. Vallejo, F.; Tomás-Barberán, F.; García-Viguera, C. Health-promoting compounds in broccoli as influenced by refriger-ated
transport and retail sale period. J. Agric. Food Chem. 2003, 51, 3029–3034. [CrossRef]

35. Rybarczyk-Plonska, A.; Hagen, S.F.; Borge, G.I.A.; Bengtsson, G.B.; Hansen, M.K.; Wold, A.-B. Glucosinolates in broccoli (Brassica
oleracea L. var. italica ) as affected by postharvest temperature and radiation treatments. Postharvest Biol. Technol. 2016, 116, 16–25.
[CrossRef]

36. Paulsen, E.; Lema, P.; Martínez-Romero, D.; García-Viguera, C. Use of PLA/PBAT stretch-cling film as an ecofriendly alternative
for individual wrapping of broccoli heads. Sci. Hortic. 2022, 304, 111260. [CrossRef]

37. Casajús, V.; Demkura, P.; Civello, P.; Lobato, M.G.; Martínez, G. Harvesting at different time-points of day affects glucosinolate
metabolism during postharvest storage of broccoli. Food Res. Int. 2020, 136, 109529. [CrossRef]

38. Ruiz, A.; Aguilera, A.; Ercoli, S.; Parada, J.; Winterhalter, P.; Contreras, B.; Cornejo, P. Effect of the frying process on the
composition of hydroxycinnamic acid derivatives and antioxidant activity in flesh colored potatoes. Food Chem. 2018, 268, 577–584.
[CrossRef]

39. Torres-Contreras, A.M.; Nair, V.; Cisneros-Zevallos, L.; Jacobo-Velázquez, D.A. Stability of bioactive compounds in broccoli as
affected by cutting styles and storage time. Molecules 2017, 22, 636. [CrossRef]

40. Villarreal-García, D.; Nair, V.; Cisneros-Zevallos, L.; Jacobo-Velázquez, D.A. Plants as biofactories: Postharvest stress-induced
accumulation of phenolic compounds and glucosinolates in broccoli subjected to wounding stress and ex-ogenous phytohormones.
Front Plant Sci. 2016, 7, 1–11. [CrossRef]

41. Hasperué, J.H.; Lemoine, L.; Vicente, A.R.; Chaves, A.R.; Martínez, G.A. Postharvest senescence of florets from primary and
secondary broccoli inflorescences. Postharvest Biol. Technol. 2015, 104, 42–47. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.fpsl.2022.100834
http://doi.org/10.1021/jf021065j
http://doi.org/10.1016/j.postharvbio.2015.12.010
http://doi.org/10.1016/j.scienta.2022.111260
http://doi.org/10.1016/j.foodres.2020.109529
http://doi.org/10.1016/j.foodchem.2018.06.116
http://doi.org/10.3390/molecules22040636
http://doi.org/10.3389/fpls.2016.00045
http://doi.org/10.1016/j.postharvbio.2015.02.015

	Introduction 
	Materials and Methods 
	Plant Material and Experimental Design 
	Internal Atmosphere Composition 
	Mass Loss 
	Color 
	Texture 
	Sensory Evaluation 
	Glucosinolate (GSL) and Hydroxycinnamic Acids (HCAs) Content 
	Sample Extraction 
	HPLC-DAD Analysis of GSL and HCAs 

	Data Analysis 

	Results and Discussion 
	Internal Atmosphere Composition 
	Mass Loss 
	Color 
	Texture 
	External Appearance 
	Total Glucosinolate Content 
	Individual Glucosinolate Content 
	Hydroxycinnamic Acids (HCAs) 

	Conclusions 
	References

