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Sunflower microgreens, known for their high nutritional value, attractive colors, and flavors, have a short
shelf life at ambient temperatures. In this study, sunflower microgreens were packaged using two types
of polymer films—low-density polyethylene (LDPE) and polypropylene (PP)—each tested under two
modified atmosphere packaging (MAP) conditions: active and passive. The four packaging treatments
were as follows: PE-MP1 (LDPE film with active MAP), PE-MP2 (LDPE film with passive MAP), PP-MP1 (PP
film with active MAP), and PP-MP2 (PP film with passive MAP). Control samples were packaged in
perforated LDPE bags under ambient air. All samples were stored at 4 °C and 12 °C and evaluated on
days 3, 5, and 15 for physical, chemical, and microbial quality. The results showed that sunflower
microgreens packaged with PP-MP1 and stored at 4 °C exhibited significantly lower weight loss and
higher retention of moisture, chlorophyll, ascorbic acid, phenolic compounds, and antioxidant capacity
compared with other treatments (p < 0.05). Moreover, PP-MP1 showed a lower total microbial count and

yeast and mold, indicating better preservation of nutritional and microbiological quality. In contrast, PE-
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Accepted 14th November 2025 MP1 maintained superior visual appearance and reduced odor intensity, suggesting that this packaging

provided more favorable sensory characteristics. Taken together, the findings indicate that PP-MP1
DO 10.1035/d5f00575b provided the best overall physicochemical and microbial stability, whereas PE-MP1 was preferable for

rsc.li/susfoodtech maintaining sensory quality during 15 days of refrigerated storage.

Sustainability spotlight

The short shelf-life of microgreens presents challenges for reducing food waste and ensuring consistent access to nutrient-rich produce. This study highlights
how modified atmosphere packaging (MAP) using polypropylene films can effectively extend the storage life of sunflower microgreens while preserving their
nutritional quality and visual appeal. By reducing microbial spoilage and minimizing nutrient loss, this approach supports more sustainable supply chains and
lowers post-harvest losses. These findings contribute to the advancement of eco-friendly packaging and storage practices, aligning with the UN Sustainable
Development Goals, particularly Goal 2 (Zero Hunger), Goal 3 (Good Health and Well-Being), and Goal 12 (Responsible Consumption and Production).

cotyledons and the first true leaves. They are known for their
high nutritional density, containing significantly greater
amounts of vitamins, minerals, and antioxidants compared to
their mature counterparts."” Studies have reported elevated
levels of essential nutrients such as carotenoids (vitamin A
precursors), ascorbic acid (vitamin C), tocopherols (vitamin E),
phylloquinone (vitamin K), folate (vitamin B9), chlorophyll,
anthocyanins, and glucosinolates
species.*”

Microgreens, such as sunflower, peas, beets, spinach, kale,

1. Introduction

Microgreens are small, edible greens distinguished from
sprouts by their developmental stage having fully expanded
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and cilantro, have gained widespread consumer attention due
to their high nutritional content. However, microgreens have
a short shelf-life.® The longevity of microgreens depends on
various factors such as storage temperature, relative humidity,
packaging film type, initial microbial load, package weight,
volume, and/or headspace. Improper or inefficient packaging
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can lead to unpleasant odors, decay, color changes, and soft-
ening of the greens.” Storage temperature and atmospheric
composition are crucial factors in extending the post-harvest
shelf-life of fresh greens.® Pengphol and Yenjit® demonstrated
that washing treatments using ozonated water combined with
ice precooling at 5 °C significantly reduced microbial contam-
ination, weight loss, and browning after 8 days of storage at 8 °
C. These findings confirmed that sunflower microgreens
respond favorably to gentle cooling conditions but can experi-
ence quality decline if subjected to unsuitable cold storage
environments. Additionally, previous studies have also explored
approaches such as active modified atmosphere packaging
(MAP), ozone washing, or organic acid treatments, to maintain
quality, augment nutritional value, and extend shelf life of
sunflower microgreens.'™* For instance, sunflower micro-
greens were treated with ascorbic acid, citric acid, and their
combination and stored at 10 & 1 °C; the treatments signifi-
cantly extended shelf-life up to 16 days, reduced microbial load,
and maintained chlorophyll, carotenoid, and phenolic contents
compared with control samples or ethanol-based treatments.*

One of the globally used solutions to enhance the shelf-life of
fresh fruits and vegetables is the use of MAP.""* Numerous
reports indicated that by using MAP, by increasing carbon
dioxide concentration, and decreasing oxygen concentration
inside the package, respiration rates of fresh produce can be
slowed down, enabling longer term storage.'* Modified atmo-
sphere packaging results in reduced produce respiration rate,
decreased ethylene production, slower ripening, reduced
microbial decay, decreased nutrient degradation, and preserved
cell wall integrity and product appearance and therefore leads
to increased product shelf-life.***® Active MAP involves direct
gas flushing to achieve the desired conditions, while passive
MAP relies on the product's respiration to modify the internal
atmosphere over time."”

The composition of the modified atmosphere is a crucial
factor affecting the post-harvest characteristics of micro-
greens."" The recommended concentration of oxygen and
carbon dioxide varies with the product. In general, a modified
atmosphere containing approximately 2.5% oxygen and 5%
carbon dioxide is commonly used, although specific produce
may tolerate different gas levels."”” Some exceptions were made
for certain produce like strawberry and cucumber. For example,
Cunha, et al,”® recommended 10-12% carbon dioxide for
strawberries. Wei, et al.,* reported that 3% oxygen and 7%
carbon dioxide were effective in inhibiting microorganisms and
maintaining the quality of stored fresh-cut cucumbers.
Cucumber packaging under a modified atmosphere (5% oxygen
and 10% carbon dioxide) was reported to increase resistance to
chilling injury. Additionally, the levels of fructose, glucose, and
organic acids, particularly malic acid, are preserved more
compared to the control sample.**** Although Dalal and Siddi-
qui* investigated the effects of individual GRAS chemicals,
their combinations, and packaging methods, including MAP,
on the shelf life of sunflower microgreens, they did not report
the specific gas compositions used in their study.

Moreover, the choice of an appropriate packaging film also
significantly impacts the preservation of quality and extends the
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shelf-life of products.*>** Ranjitha, et al.,* explored the nutri-
tional quality and optimization of passive MAP to extend the
shelf life of minimally processed fenugreek microgreens stored
at 8 °C. They examined the use of semipermeable plastic films,
specifically low-density polyethylene (LDPE) and polypropylene
(PP). Among the tested materials, a 40 pm thick polypropylene
film proved most effective, creating an in-pack equilibrium
atmosphere containing 10-14% oxygen and 5-8% carbon
dioxide during storage. Dalal and Siddiqui* examined the
effects of packaging materials—specifically polystyrene and
LDPE—on the postharvest quality of sunflower microgreens
stored at 10 + 1 °C over a 16-day period and they showed that
microgreen packed in LDPE bags showed a slightly higher TSS
than the ones packed in polystyrene trays. Despite growing
interest in MAP technologies, research on the use of appropriate
packaging films specifically for microgreens
remained scarce.

Despite the growing body of research on MAP and post-
harvest preservation techniques, limited attention has been
given to optimizing packaging film type and gas composition
specifically for sunflower microgreens. Existing studies have
primarily examined the effects of general MAP conditions or
chemical treatments without clearly defining the interplay
between packaging material, temperature, and storage duration
on the preservation of quality attributes. To bridge this knowl-
edge gap, the present study was designed to systematically
investigate the influence of both active and passive MAP
systems, employing LDPE and PP films, on the physicochemical
and antioxidant properties of sunflower microgreens at
different storage temperatures and time intervals. This research
not only aimed to identify the most effective packaging strategy
for maintaining the postharvest quality of sunflower micro-
greens but also contributed new insights into the optimization
of MAP conditions for highly perishable microgreen crops.

sunflower

2. Materials and methods

2.1. Materials

The sunflower microgreens (Helianthus annuus L.) used in this
study were hydroponically grown by Young Sprout Technology
Company, located in the Technology Village at the Research and
Education Center for Agriculture and Natural Resources,
Khorasan Razavi. The microgreens were harvested eight days
after sowing to ensure uniform physiological maturity and
optimal nutrient composition. Packaging materials consisted of
LDPE and PP films, each with a total thickness of 45 um,
supplied by Apadan Plast Company, Mashhad. All reagents,
including Folin-Ciocalteu, ortho-chloroindophenol, DPPH,
TPTZ, ascorbic acid, and other analytical-grade chemicals, were
sourced from Sigma-Aldrich (St. Louis, MO, USA) and Merck
(Darmstadt, Germany).

2.2. Methods

2.2.1. Microgreen packaging. After harvesting, sunflower
microgreens were surface sanitized in a sodium hypochlorite
solution (100 mg L") at 10 °C for 1 min, rinsed with clean

© 2026 The Author(s). Published by the Royal Society of Chemistry
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deionized water at 20 °C for 1 min, and centrifugally dried for
3 min. A sample of 100 + 5 g was placed into polyethylene
containers and then sealed with either LDPE or PP films (20 x
20 cm).

Packaging was done using MAP equipment (Henkelman
A200Gerhardt, Netherlands) under an active modified atmo-
sphere (5% O,, 5% CO,, and 90% N,) (Fig. 1). Control samples
were packaged using vented LDPE films (12 perforations of
6 mm diameter) to allow free gas exchange with ambient air
(21% 0O,, <1% CO,). All samples were coded based on treatment
conditions (Table 1), and MAP machine settings were set to
deliver the desired concentrations of gasses (Table 2). Packaged
microgreens were stored at 4 + 0.5 °C and 12 & 0.5 °C under 85—
90% relative humidity for 15 days. Physicochemical parameters
were assessed at days 3, 5, and 15 days, in triplicate, following
recognized national and international analytical standards.

2.3. Physical and chemical analysis

2.3.1. Weight loss. The initial weight of each package was
measured using a digital scale (PCE-BSH-6000, PCE Instru-
ments, Ensign Way, UK) with an accuracy of 0.1 g. Throughout
the storage period, at each sampling stage before opening the
package, the packages were weighed and the weight loss was
calculated according to eqn (1).

WL (%) = (W — W)/ W; x 100 )]
where WL is the weight loss percentage, W; is the initial weight
(2), and Wy is the final weight (g).*

2.3.2. Moisture content. The moisture content of the test
samples was determined by the AOAC (2005) standard method.
The samples were dried in an oven (Memmert, UFB500, Ger-
many) at a temperature of 105 °C until a constant weight was
achieved. After drying, the samples were transferred to a desic-
cator and allowed to cool to room temperature before weighing,
and the moisture content was calculated based on the weight
loss and reported as a wet basis percentage.

2.3.3. Measurement of chlorophyll content. The chloro-
phyll content was measured using the method of Lich-
tenthaler.> For this purpose, 0.2 g of the dried sample was
extracted in 1 mL of 80% acetone and stored at 4 °C in the dark
for 24 h. The mixture was centrifuged, and 50 pL of the super-
natant was diluted to 1 mL with 80% acetone. Absorbance was

Fig. 1 Packaged sunflower microgreen samples using the MAP device
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measured at 653 nm and 666 nm using a UV-visible spectro-
photometer (Shimadzu UV-VIS 1601, Japan). Eqn (2)-(4) were
utilized for the calculation of chlorophyll content. Here, 4 is the
optical density.

Chlorophyll a = 15.654666 nm — 7.340A4653 num (2)
Chlorophyll b= 27~05A653 nm — 11'21A666 nm (3)
Total chlorophyll = chlorophyll a + chlorophyll b (4)

2.3.4. Ascorbic acid (vitamin C). Ascorbic acid was
measured using the colorimetric method with 2,6-di-
chloroindophenol solution according to the AOAC method
(976.21- AOAC, 2000) with slight modifications. For this
purpose, one mL of the vegetable extract, previously obtained by
extracting the sample with 100 mL of 70% (v/v) ethanol in
distilled water at a solid-to-solvent ratio of 1 : 10 (w/v), was used.
After extraction, the suspension was filtered through Whatman
No. 1 filter paper to remove insoluble materials. The resulting
filtrate was then mixed with 10 mL of 1% metaphosphoric acid
solution and centrifuged at 4000g for 15 min to obtain a clear
supernatant for analysis. Then, 1 mL of the supernatant was
taken, and 10 mL of 0.0025% indophenol color solution was
added. The samples were kept in darkness for 10 min, and their
absorption at 515 nm was read. Subsequently, by comparing the
absorption with the standard curve, the amount of ascorbic acid
in the samples was calculated. To prepare the standard curve,
concentrations of 0, 25, 50, 75, and 100 mg of ascorbic acid per
liter of 1% metaphosphoric acid solution were prepared, and
1 mL of these solutions was added to 10 mL of indophenol color
solution, similar to the samples, and the test was performed.

2.3.5. Phenolic compounds. The total phenolic contents of
the extract were measured using the Folin-Ciocalteu method. A
100 pL aliquot of the methanol-diluted extract (1:10 v/v) was
mixed with 6 mL of distilled water, followed by the addition of
500 pL of Folin-Ciocalteu reagent. After 8 min, 5.1 mL of
sodium carbonate solution (20% w/v) were added, and the
mixture was kept at room temperature for 30 min to complete
the reaction. Then, its absorption at 765 nm was read using
a spectrophotometer (Shimadzu UV-VIS 1601, Japan). The
amount of total phenolic compounds present in the sample was

determined from the standard curve (gallic acid in
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Table 1 Codes and descriptions of microgreen packaging treatment
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Code Treatment

PE-MP1 LDPE film + active MAP (5% O,, 5% CO,, balance N,)

PE-MP2 LDPE film + passive MAP (21% O,, 1.0% CO,, balance N,)

PP-MP1 PP film + active MAP (5% O,, 5% CO,, balance N,)

PP-MP2 PP film + passive MAP (21% O, 1.0% CO,, balance N,)

Control LDPE film with 12 perforations (6 mm) under ambient air (21% O,, <1.0% CO,)

Table 2 MAP machine settings for polyethylene and polypropylene
films

Vacuum time Gas flushing time Sealing time

Film type (s) (s) (s)
Polyethylene 5 10 0.5
Polypropylene 8 14 0.6

concentrations ranging from 100 mg L™" to 950 mg L") and
reported as milligrams of gallic acid per mL of the sample.*

2.3.6. Measurement of free radical scavenging activity
(DPPH). A 0.06% solution of the free radical DPPH in methanol
was prepared. Then, one milliliter of the sample methanol
solution at various concentrations (depending on the free
radical scavenging activity) was added to the test tubes, followed
by the addition of one mL of the prepared DPPH solution. The
test tubes were kept in the dark for one hour after vortexing, and
then their absorption at 512 nm was measured against the
control. The percentage of free radical scavenging activity was
calculated according to eqn (5).

AcfAs

C

A (%) = x 100 (5)
where A represents the percentage of DPPH free radical scav-
enging activity, A. is the absorption of the control, and 4 is the
absorption of the sample.*

2.3.7. Microbial enumeration. Microbiological tests were
performed on all samples, which included a total count (using
Merck Co., Germany's plate count agar, PCA) and counts of
yeast and mold (using Merck Co., Germany's YGC (yeast extract
glucose chloramphenicol)). Under sterile conditions, 10 g of the
sample was mixed with 90 mL of 0.1% sterile peptone water. For
two minutes, the mixture was homogenized in a stomacher at
room temperature. To remove large plant debris, the homoge-
nate was allowed to settle for approximately 1 min, and the clear
supernatant was used for serial dilutions. Serial dilutions were
prepared up to five steps by transferring 1 mL of the previous
dilution into 9 mL of sterile Ringer's solution. Each sterile Petri
dish was first filled with 15 mL of molten PCA and then 1 mL of
the first dilution was added and mixed. On solid PCA, 0.1 mL of
each dilution was applied. Every test was run in triplicate. For
the total count, plates were incubated at 37 °C for 48 h, and for
the yeast and mold, at 25 °C for 3-5 days. After incubation,
colonies were counted, and results were expressed as colony-
forming units per gram of sample (CFU g~ ').*?

2.3.8. Evaluation of overall sensory quality and off-odor.
Overall visual quality and off-odor were assessed using the

1048 | Sustainable Food Technol, 2026, 4, 1045-1056

methods outlined by Meilgaard, et al.*” A trained panel of 10
participants (5 males and 5 females, aged 22-45 years) evaluated
the samples under controlled sensory conditions. In summary,
the panelists received training on how to identify and rate the
overall quality and off-odor of microgreens, before the test. To
eliminate bias, all samples were coded with random three-digit
numbers and presented in randomized order. Panelists were
blinded to the type of packaging and storage duration. Each
session included freshly opened samples to prevent odor
dissipation.

The overall visual quality was defined as a composite
measure of color intensity, leaf turgidity, uniformity, wilting,
and yellowing, which together reflect the freshness and
marketability of sunflower microgreens. Panelists rated overall
visual quality on a five-point scale, where 5 indicated excellent
(fresh, bright green, and firm leaves), 4 very good, and 3 good
and at the usability limit, 2 indicated poor, and 1 indicated
extremely poor.

The degree of off-odor was assessed as soon as the packages
were opened, and according to Lopez-Galvez et al. (1997),?® there
was a five-point scale with 0 denoting no odor, 1 mild odor, 2
moderate odor, 3 strong odor, and 4 extremely strong odor. A
score of 3 was deemed unacceptable. These perceptual attri-
butes were assessed on the day of processing and after 3, 5, and
15 days of storage at 4 °C.

2.4. Statistical analysis

The results of measuring physical and chemical characteristics
were analyzed using a factorial design with 3 factors, including
the treatments in Table 2 at two storage temperatures (4 and 12
°C) and 3 storage times (3, 5, and 15 days) using SPSS software
(version 20.0; IBM Corp, Armonk, NY, USA). All tests were con-
ducted in three replicates. The differences between the means
were compared using the Duncan test at a significance level of
0.05. The Duncan test was chosen because it provides greater
sensitivity for detecting significant differences among means in
balanced factorial experiments and is widely used in post-
harvest and food-quality research.”® All data were reported as
mean =+ standard deviation (SD). Graphical representations
were prepared using Microsoft Excel 2013.

3. Results and discussion
3.1. Moisture content

The results of the three-way ANOVA revealed statistically
significant main effects, interaction effects between packaging
treatment, storage temperature, and storage duration on the

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00575b

Open Access Article. Published on 09 prosince 2025. Downloaded on 14.03.2026 6:46:01.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

moisture content of sunflower microgreens (p < 0.05). As shown
in Fig. 2, moisture content decreased gradually with storage
time and elevated temperatures across all packaging condi-
tions; however, the magnitude of this decline differed depend-
ing on the packaging type.

Among all treatments, the PP-MP1 group significantly
demonstrated the most effective moisture preservation, main-
taining the (93.1%),
throughout storage, particularly at 4 °C with minimal variation
over time (p < 0.05). In comparison, PP-MP2, PE-MP2, and PE-
MP1 treatments exhibited similar results (91.4-91.6%), while
the control group showed the lowest moisture retention
(90.2%), especially at 12 °C after 15 days (87.1%) (p < 0.05).
Although these differences were statistically meaningful, the
absolute variation in moisture content (less than 3%) suggested
that the biological relevance remains relatively modest.

The relative effect was more pronounced for storage time
than for temperature; the temperature effect resulted in less

highest average moisture content

than a percentage difference, while the storage time effect
involved almost a 7% decrease in the moisture content. Mois-
ture content decreased significantly from 95.3% at 3 days to
92.7% at 5 days, and further down to 86.7% at 15 days—a total
loss of nearly 8.6%—demonstrating how prolonged storage
drastically reduced moisture. Storage temperature also had
a significant effect: samples stored at 4 °C retained more
moisture (91.9%), whereas samples at 12 °C retained less
moisture (91.3%). Although the absolute difference was small

(~0.65%), it was statistically significant, emphasizing the
importance of lower temperatures in moisture retention (p <
0.05).

These results demonstrated that both the packaging type
and internal atmosphere played vital roles in moisture preser-
vation. Active modified atmosphere packaging (PP-MP1) likely
minimized transpiration and respiration rates while reducing
moisture transfer through its superior barrier properties. In
modified atmosphere systems, equilibrium is reached when gas
exchange between the produce and the packaging stabilizes
a process that can take days or weeks. By introducing pre-
adjusted gas concentrations, active MAP accelerates this

160
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equilibrium, establishing optimal internal conditions that delay
physiological deterioration and moisture loss.

Consistent with findings by Lin, et al,** the enhanced
performance of active MAP at low temperature underscores the
synergistic effect of the controlled atmosphere and refrigeration
in extending the postharvest shelf life of microgreens by effec-
tively minimizing water loss.

3.2. Weight loss

Maintaining the net weight of microgreens during storage and
transport is essential for preserving marketability and
consumer acceptance. Excessive weight loss not only reduces
the commercial quantity but also affects the visual quality,
texture, and nutritional value. It has been reported that weight
loss exceeding 5% can lead to visible wilting and critical dete-
rioration in taste, which compromises market standards.*

As shown in Fig. 3, although the interaction among pack-
aging type, storage temperature, and storage duration had no
statistically significant effect on weight loss in sunflower
microgreens (p > 0.05), notable differences were evident in the
main effects and pairwise comparisons. Across all storage
durations, PP-MP1 significantly outperformed other treatments
(p < 0.05), particularly at 4 °C, where weight loss remained
around 2.95%. In contrast, the control group stored at 12 °C for
15 days experienced the greatest loss (6.31%), more than double
that of PP-MP1 at 4 °C for 3 days (2.48%). While PE-MP1, PE-
MP2, and PP-MP2 also reduced weight loss moderately
(approximately 0.8 times lower than the control), their effects
were not statistically significant (p > 0.05). Overall, these find-
ings indicated that combining low-temperature storage with
active modified atmosphere packaging using polypropylene (PP-
MP1) offered the most effective approach to minimizing weight
loss and preserving the quality of sunflower microgreens during
storage.

At 12 °C, average weight loss was 4.38%, while at 4 °C, it
decreased to 4.13%. Although the 0.25% difference was not
statistically significant, it represented a 6% increase in weight
loss at the higher temperature (p > 0.05). This trend was likely
due to reduced transpiration and respiration rates at lower
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Fig. 2 Effect of packaging type, storage temperature (4

°C and 12 °C), and storage duration (3, 5, and 15 days) on the moisture content (%) of

sunflower microgreens. Data represent mean + SD of three replicates. Different letters above bars indicate statistically significant differences

(p < 0.05) based on Duncan's multiple range test.
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Fig. 3 Changes in weight loss (%) of sunflower microgreens under
different packaging conditions during the storage period: (a) at
a temperature of 4 °C and (b) at a temperature of 12 °C. Different
lowercase letters within storage days (3, 5, and 15 days) and different
uppercase letters within each packaging film (control, PE-MP1, PE-
MP2, PP-MP1 and PP-MP2) indicate significant differences at the 5%
level (Duncan'’s test, p < 0.05).

temperatures, as also supported by Derossi, et al.*> Moreover,
there was a statistically significant increase in weight loss over
time (p < 0.05), with values increasing from 3.65% at day 3 to
5.06% at day 15—an increase of nearly 39%.

These findings were aligned with the moisture content data
discussed in Section 3.1, further supporting the conclusion that
PP-MP1 is the optimal packaging solution for extending shelf
life and preserving postharvest quality.

3.3. Chlorophyll level

Chlorophyll retention is a key indicator of freshness, visual
quality, and nutritional value in leafy vegetables like sunflower
microgreens. According to Fig. 4, all main factors—packaging
film, packaging method, storage temperature, and time—had
a statistically significant effect on chlorophyll levels (p < 0.05).
The interaction between these four variables was also signifi-
cant, indicating that chlorophyll degradation depends not only
on each factor individually but also on how they interact over
time.

In terms of packaging, PP-MP1 preserved the highest chlo-
rophyll levels, averaging 0.94 units, significantly outperforming
other treatments. Compared to the control group, which had
the lowest mean value (0.43 units), PP-MP1 retained more than
2.2 times the chlorophyll content. Treatments like PE-MP1 (0.71
units) and PP-MP2 (0.54 units) maintained intermediate levels,
while PE-MP2 (0.46 units) and the control had the weakest
chlorophyll preservation.

Temperature had a noticeable but less pronounced effect.
The average chlorophyll level at 4 °C was 0.63 units, compared
to 0.60 units at 12 °C. The PP-MP1 at 4 °C for 3 days maintained
the highest overall chlorophyll level (1.198 units), whereas
control samples at 4 °C and 12 °C after 15 days fell to 0.16 and
0.24 units, respectively. Notably, even within the same pack-
aging material, the rate of chlorophyll loss was significantly
lower at 4 °C than at 12 °C, confirming that lower temperature
slowed down degradation mechanisms like chlorophyll
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oxidation and senescence. Another comparison shows that PE-
MP1 at 3 days (1.015 units) retained 2.4 times the chlorophyll
compared to PE-MP2 at 15 days (0.28 units), illustrating how not
just the material type but also the active vs. passive packaging
strategy plays a role in preserving pigments.

The superior performance of PP-MP1 can be attributed to the
favorable gas permeability of polypropylene and the presence of
an active modified atmosphere that rapidly achieves internal
gas equilibrium, suppressing respiration and enzymatic
degradation of chlorophyll. Similar effects were reported in
litchi fruits packaged under active MAP conditions, where
controlled oxygen and carbon dioxide levels significantly
reduced oxidation enzyme activity and maintained pericarp
color stability.*® Moreover, studies on endives demonstrated
that incorporating an oxygen scavenger in active MAP reduced
the transient period by 50%, effectively delaying greening and
browning compared to passive MAP, even without altering
steady-state gas composition.** These mechanisms aligned with
the current results, suggesting that active MAP accelerates
equilibrium establishment and provides a more stable internal
atmosphere that protects chlorophyll integrity.

Furthermore, pigment degradation processes in micro-
greens were closely related to oxidative enzyme activity, partic-
ularly polyphenol oxidase (PPO), as reported by Sheikhi, et al.*®
Reduced PPO activity under active MAP conditions may thus
explain the enhanced pigment retention observed in PP-MP1
treatments.

These findings aligned closely with the moisture and weight
loss results, reinforcing that active MAP using the PP film was
the optimal approach for extending shelf life and preserving the
nutritional and visual quality of microgreens during storage.

3.4. Antioxidant properties

3.4.1. Phenolic compounds. Phenolic compounds are
essential secondary metabolites in microgreens, known for
their antioxidant activity and contribution to nutritional
quality. According to ANOVA results, only storage time had
a statistically significant effect on phenolic content in sunflower
microgreens (p < 0.05). According to Table 3, all main factors
packaging type, temperature, and their interactions had
a statistically not significant effect on phenolic content in
sunflower microgreens (p > 0.05). Among packaging treatments,
PP-MP1 preserved the highest level of phenolic compounds
(51.4 mg/100 g), while PE-MP2 had the lowest level of phenolic
compounds (46.4 mg/100 g). Although these differences were
not statistically significant at all-time points, the PP-MP1 group
retained about 5 mg more phenolics than PE-MP2, suggesting
its superiority in phenolic preservation.

Storage time was the significant influential factor. Phenolic
content declined sharply from 58.0 mg at day 3 to 39.8 mg at day
15. Notably, PP-MP1 at day 3 recorded the highest individual
value (61.3 mg), while PP-MP2 at day 15 dropped to 38.2 mg,
representing a 38% reduction. This trend highlights the time-
sensitive nature of phenolic stability.

Temperature alone had a limited and insignificance effect,
with averages of 48.7 mg at 12 °C and 48.6 mg at 4 °C. However,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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over time, the retention advantage of 4 °C became more evident.
For example, at day 15, samples at 4 °C had slightly more
phenolics (~0.2 mg) than those at 12 °C, indicating better
preservation at lower temperatures as storage progressed.

These findings suggested that active MAP using poly-
propylene (PP-MP1) helped delay oxidative degradation, likely
due to lower oxygen permeability, better moisture retention,
and a stable internal gas composition that limited enzymatic
activity and oxidative stress. This agreed with previous studies,*®
which attributed phenolic loss to enzyme-mediated oxidation,
acidity changes, and water loss—factors minimized by optimal
packaging and temperature control.

In summary, PP-MP1 packaging combined with 4 °C storage
preserved the highest levels of phenolic compounds in
sunflower microgreens. The treatment resulted in up to 38%
higher phenolic retention over 15 days compared to other
packaging types and proved consistently superior across all
time points. These results, aligned with the patterns observed in
chlorophyll, moisture, and weight loss, confirm that PP-MP1
was the most effective solution for maintaining antioxidant
quality and extending shelf life during storage.

3.4.2. DPPH radical-scavenging assay. The antioxidant
capacity of sunflower microgreens, measured via DPPH radical-
scavenging activity, was not significantly influenced by the
packaging type, temperature, and storage duration (p > 0.05).
The analysis revealed a consistent decline in antioxidant activity
as temperature and storage time increased, supporting earlier
observations by Lin, et al.,*® who reported a similar reduction in
the antioxidant capacity of baby mustard stored under modified
atmosphere packaging (polyethylene pouches with varying
perforation sizes). Such behavior highlighted the inherent
sensitivity of phenolic compounds and enzymatic antioxidants
to oxidative stress and senescence processes.

As seen in Table 3, PP-MP1 demonstrated the highest overall
antioxidant activity, averaging 61.9%. This value was 7.5%
higher than that of the control group (57.6%) and 4.3% higher
than that of PE-MP2 (57.8%), confirming the superior perfor-
mance of active MAP in preserving antioxidant compounds.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Antioxidant activity decreased from 61.1% at day 3 to 56.8%
at day 15, marking a 7% decline. Within this timeframe, PP-
MP1 dropped from 63.4% at day 3 to 59.7% at day 15, while
the control dropped more steeply, from 58.6% to 53.7%,
showing a larger loss of over 8%. Thus, PP-MP1 preserved
antioxidant activity more effectively over time.

Temperature comparisons showed that antioxidant activity
was 60.0% at 4 °C and 58.4% at 12 °C, reflecting a 2.7%
reduction at higher temperature. The highest activity (68.1%)
was recorded for PP-MP1 at 4 °C after 3 days, while the lowest
(53.7%) was observed in the control group at 15 days, a 27%
reduction. Notably, even after 15 days, PP-MP1 retained 63.5%
activity at 4 °C, while all other treatments dropped below 59%,
reinforcing its protective effect. Similar trends were reported by
Lin, et al,** who found improved antioxidant stability in
mustard microgreens under modified atmosphere packaging
and by Xiao, et al.,*” in stored purslane microgreens.

These results suggested that antioxidant capacity in micro-
greens was highly sensitive to both environmental stress (e.g.,
temperature and oxygen exposure) and storage duration. The
protective function of polypropylene-based MAP likely stemmed
from its superior gas barrier properties, which reduced oxida-
tive reactions and moisture loss that typically degrade
antioxidants.

These findings aligned with previous results for moisture,
chlorophyll, and phenolic content, further establishing PP-MP1
as the most effective packaging strategy for maintaining the
nutritional and functional quality of sunflower microgreens
during storage.

3.5. Ascorbic acid (vitamin C)

Vitamin C, a crucial antioxidant and enzymatic cofactor, plays
a key role in maintaining the nutritional quality of sunflower
microgreens. Fig. 5 reveals that all main factors—packaging
treatment, and storage time except storage temperature—had
a statistically significant effect on the retention of ascorbic acid
(p < 0.05), with interaction effects also being significant.
Among the packaging treatments, PP-MP1 preserved the
highest vitamin C content, averaging 69.76 mg 100 g~ ', which
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Table 3 Total phenolic compounds (TPC) and DPPH antioxidant activity in sunflower microgreens as affected by packaging treatments stored at
4 °Cand 12 °Cfor 3, 5, and 15 days. Different letters indicate no significant difference between time points or treatments within each group (p >

0.05, Duncan'’s test)

4°C 12 °C
Treatment 3d 5d 15d 3d 5d 15d
TPC (mg gallic acid/100 g FW)
Control 57.95 + 1.12° 48.12 + 0.94% 40.32 + 1.03% 56.81 + 1.05% 47.66 £ 0.97% 39.88 + 0.88%
PE-MP1 58.22 + 0.88* 48.33 + 0.97% 39.50 + 1.07* 57.33 4+ 1.03* 47.94 + 0.91* 39.27 + 1.02%
PE-MP2 54.13 + 1.03% 45.67 £ 1.10% 38.83 £ 0.96% 53.78 + 1.05° 45.21 £ 0.99% 38.59 + 0.91%
PP-MP1 61.26 + 0.85% 51.11 + 0.94* 41.83 + 0.91* 60.89 + 1.08* 50.64 + 1.02* 41.35 + 0.98*
PP-MP2 58.53 &+ 1.11% 47.67 + 0.98° 38.17 + 0.92° 57.84 4+ 1.09% 4711 + 1.01° 37.85 + 0.96"
DPPH (%)
Control 58.63 + 1.25% 60.38 &+ 1.03* 53.68 + 1.18* 57.72 + 0.96* 59.81 + 1.11* 52.94 + 1.02*
PE-MP1 39.27 4+ 1.022 64.20 + 1.12°7 58.64 + 0.95% 55.90 4 1.24% 63.11 + 1.07° 58.03 4 0.92%
PE-MP2 58.71 + 1.15% 58.59 + 1.07* 56.02 + 1.09% 58.03 &+ 0.93% 58.21 4 0.98* 55.83 4 1.05%
PP-MP1 60.35 + 1.04* 58.48 + 0.99% 58.69 + 1.02° 59.74 + 0.95% 58.07 &+ 0.93% 58.13 &+ 0.97°
PP-MP2 60.35 + 1.04* 58.48 + 0.99% 58.69 + 1.02% 59.74 4+ 0.95% 58.07 4+ 0.93% 58.13 4+ 0.97*

was 23% higher than that of the control treatment (56.66 mg
100 g~ '). Other treatments such as PE-MP1, PE-MP2, and PP-
MP2 showed intermediate values (63.07-63.40 mg 100 g ),
with PP-MP1 retaining 10% more vitamin C compared to these
alternatives.

Vitamin C decreased from 66.35 mg 100 g ' at day 3 to
59.81 mg 100 g~ " at day 15, a reduction of approximately 9.8%.
Notably, PP-MP1 at day 3 reached the highest recorded value
(73.17 mg 100 g~ 1), while the control at day 15 dropped to just
53.44 mg 100 g~ ', marking a 27% decline. Even after 15 days,
PP-MP1 maintained 66.05 mg 100 g, about 24% higher than
the control at the same time.

Temperature effects, though not statistically distinct in means
across 4 °C and 12 °C, revealed important interaction outcomes.
At 3 days, PP-MP1 stored at 4 °C recorded 73.45 mg 100 g~ ', while
the control at 12 °C and day 15 dropped to 53.25 mg 100 g~ ',
a 27.5% decrease. Even comparing treatments under identical
conditions, PP-MP1 at 15 days and 12 °C (66.34 mg 100 g~ ')
retained 1.24 times the vitamin C compared to PP-MP2 at the
same time and temperature (59.99 mg 100 g ).

The modified atmosphere provided by PP-MP1 likely
contributed to the preservation by minimizing oxidative stress
and delaying the enzymatic degradation of ascorbic acid. This
was consistent with findings by Mditshwa, et al.,*® who reported
that reduced oxygen and increased CO, environments delay
ascorbic acid degradation. Similarly, Chitravathi, et al.,>® noted
that MAP systems can maintain higher vitamin C content due to
lower metabolic rates under optimal postharvest conditions.

Overall, these results reinforced that the combination of
active modified atmosphere packaging (PP-MP1) and low-
temperature storage (4 °C) was the most effective strategy for
preserving vitamin C in sunflower microgreens over a 15 day
shelf life.

3.6. Microbial analysis

3.6.1. Total microbial count (TC), yeast and mold. Main-
taining microbial safety is essential for extending the shelf life

1052 | Sustainable Food Technol., 2026, 4, 1045-1056

and preserving the quality of sunflower microgreens. According
to Table 4 results, total microbial count, yeast, and mold levels
were significantly influenced by storage duration, packaging
treatment, and temperature (p < 0.05), with significant inter-
action effects observed among all three factors.

The TC increased in all treatments over the 15 day storage
period, but the rate of increase varied notably. The control
group recorded the highest microbial proliferation, reaching
4.73 log CFU g~ * at day 15, while PP-MP1 exhibited the lowest
growth, with microbial levels reaching only 3.25 log CFU g,
a 31% lower count than the control. This difference illustrates
the efficacy of active MAP using the polypropylene film in
microbial suppression.

Samples stored at 12 °C averaged 3.58 log CFU g~ ', while
those at 4 °C averaged 2.81 log CFU g ', indicating a 21.5%
increase in microbial count at higher temperatures. Over time,
microbial counts escalated by 82%, from 2.33 log CFU g~ ' at day
3 to 4.24 log CFU g~ at day 15, demonstrating that time was
a dominant factor in microbial accumulation.

Yeast and mold growth followed a similar trend. The control
group showed the highest increase, rising from 3.90 to 6.08 log
CFU g7 ', a 56% escalation over 15 days. In contrast, PP-MP1
treatment again demonstrated superior control, ending at
5.26 log CFU g™, or 14% lower than the control at the same
endpoint. Treatments like PE-MP1 and PE-MP2 also limited
mold development to some extent but were less effective
compared to PP-MP1.

Temperature comparisons revealed that yeast and mold
levels were 4.55 log CFU g~ ' on average at 12 °C, compared to
4.40 log CFU g~ " at 4 °C, suggesting a 3.4% reduction in fungal
proliferation at the lower temperature. However, the difference
became more apparent over time: at 15 days, yeast and mold
increased by 86%, from 3.15 to 5.88 log CFU g ', with the
steepest increase observed in the control treatment.

The highest mold presence was recorded in PP-MP2 at 12 °C
and day 15 (6.87 log CFU g~ '), while the lowest value occurred in
PP-MP1 at 4 °C and day 3 (2.50 log CFU g '), reflecting a 2.75-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fold difference. This result supported that the polypropylene
film with active MAP not only retarded bacterial growth but was
also effective in curbing fungal propagation under cold storage.

Overall, the PP-MP1 packaging strategy emerged as the most
effective in minimizing both microbial and mold contamina-
tion across all storage durations and temperatures. These
findings aligned with previous research, indicating that modi-
fied atmosphere packaging reduces microbial respiration,

limits oxygen availability, and thus inhibits microbial
growth.****
3.7. Sensory evaluation

Overall visual quality and off-odor are important factors influ-
encing the marketability of a microgreen. In this experiment,
storage temperature significantly affected visual quality deteri-
oration and off-odor development (data have not been shown).
Throughout the whole 15-day storage period, sunflower micro-
greens stored at 4 °C were rated highest in overall quality and
lowest in the off-odor score.

Fig. 6a illustrates the off-odor development of sunflower
microgreens over 15 days of storage at 4 °C. Overall, the

experiment indicates varying levels of effectiveness in reducing
odor intensity among the different treatments, and the control
group showed the most significant improvement, achieving
a “mild” odor level. Among the experimental treatments, PE-
MP1 was the most effective, reducing the odor to
a “moderate” level, though it remained noticeable. According to
our data, the control group demonstrated the most substantial
improvement, reducing the odor from a “strong” level to
a “mild” level, making it acceptable over storage. Both PE-MP1
and PE-MP2 showed reductions in odor intensity. PE-MP1
reduced the odor from “extremely strong” to “moderate,”
while PE-MP2 brought it down from “extremely strong” to
“strong,” which was still unacceptable. PP-MP1 started with no
odor but deteriorated significantly to an “extremely strong”
odor. PP-MP2 showed a reduction from “extremely strong” to
“strong,” which was also unacceptable. Overall, it could be
concluded that modified atmosphere packaging preserves
sunflower microgreens in terms of visual quality and off-odor
vs. non-controlled packaging. Also, PP-MP1 in combination
with PE-MP1 scored the best condition for storage at 4 °C over
15 days. Fig. 6b illustrates the overall visual quality of sunflower

Table 4 Microbial count and yeast and mold (log CFU g3 of different packaging treatments stored at 4 °C and 12 °C for 3, 5, and 15 days.
Different letters indicate no significant difference between time points or treatments within each group (p > 0.05, Duncan'’s test)

4 °C 12 °C

Treatment 3d 5d 15d 3d 5d 15d
Microbial count (log CFU g™ ')

Control 2.63 + 0.08" 3.01 & 0.09% 4.07 £ 0.11% 2.74 + 0.07% 3.89 & 0.10% 5.39 &+ 0.12%
PE-MP1 2.22 + 0.07% 2.68 + 0.08" 3.60 + 0.09% 2.34 + 0.07% 3.53 + 0.09% 5.25 + 0.11%
PE-MP2 2.54 &+ 0.09% 2.85 & 0.10% 3.80 & 0.09% 2.34 + 0.08% 3.70% &£ 0.09? 5.21 & 0.10%
PP-MP1 1.48 + 0.06% 1.83 4+ 0.07° 2.55 4+ 0.08% 1.80 + 0.06% 2.54 4+ 0.08% 3.94 4+ 0.09%
PP-MP2 2.34 + 0.08% 2.74 %+ 0.09% 3.78 &+ 0.10% 2.86 + 0.08% 3.41 & 0.09% 4.83 + 0.10%

Yeast and mold (log CFU g™ )

Control
PE-MP1
PE-MP2
PP-MP1
PP-MP2

3.93 + 0.10%P¢
3.02 + 0.09%°
3.34 + 0.09%P¢
2.50 & 0.07¢

3.02 + 0.09"°

5.50 + 0.13%P¢
3.95 + 0.10%"¢
4.68 £+ 0.11%"¢
3.38 £ 0.08%"°
4.82 + 0.11%°°

5.90 =+ 0.123P¢
5.83 + 0.12%%¢
5.37 + 0.10%%¢
4.91 + 0.09%"°
5.87 + 0.10%%¢

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.87 + 0.09°"°

5.29 + 0.11%"¢

6.26 + 0.123%¢

3.02 + 0.08> 3.73 + 0.10%"¢ 6.63 + 0.12%°
3.32 + 0.08%"° 4.47 + 0.09°°° 5.57 + 0.10%b¢
2.48 £ 0.06° 3.33 £ 0.08%"° 5.61 =+ 0.09%"°

3.08 + 0.08°"°

4.78 + 0.10°"°

6.87 £+ 0.11%
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PP-MP2) indicate significant differences at the 5% level (Duncan’s test, p < 0.05).

microgreens over 15 days of storage at 4 °C. Our findings
showed that all experimental treatments were effective in
improving the overall visual quality of the samples, in contrast
to the control group, which showed a severe decline. Among the
treatments, PE-MP1 and PE-MP2 were the most effective, with
PE-MP1 reaching a level close to “excellent”. PP-MP2 also
showed significant improvement, achieving a “good” quality
rating, while PP-MP1 exhibited moderate enhancement. These
findings suggested that the PE-MP1 treatment could be the
most promising approach for maintaining and enhancing
visual quality over time.

4. Conclusion

This study demonstrated that packaging configuration and
atmospheric composition play a decisive role in preserving the
postharvest quality of sunflower microgreens. Among the eval-
uated treatments, the polypropylene-based active modified
atmosphere packaging (PP-MP1; 5% O,, 5% CO,, and 90% N,)
provided the most effective protection against physicochemical
and microbial deterioration during refrigerated storage. PP-
MP1 significantly reduced weight loss, maintained the highest
moisture content (93.1%), and retained over twice the chloro-
phyll content of the control samples (p < 0.05). It also exhibited
superiority in retention of ascorbic acid, total phenolics, and
antioxidant capacity, along with the lowest microbial load,

1054 | Sustainable Food Technol., 2026, 4, 1045-1056

highlighting its efficiency in maintaining freshness and nutri-
tional integrity during 15 days of storage at 4 °C.

However, the present study was limited to a 15-day storage
period, a single microgreen species, and laboratory-scale
conditions. Future studies should include longer storage
durations, additional microgreen varieties, and commercial
distribution conditions to validate these findings. Economic
and environmental assessments are also needed to evaluate the
scalability and sustainability of MAP systems for large-scale
applications.

In addition, it is recommended that future shelf-life studies
include electrolyte leakage analysis as an indicator of
membrane integrity and color analysis through digital photog-
raphy to quantitatively assess visual changes over time.

Overall, the findings highlighted the potential of active MAP,
particularly PP-MP1 as a promising approach for extending the
shelf life and maintaining the quality of microgreens, while
emphasizing the need for broader and more applied future
research.
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