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Abstract: The effect of elevated CO2 in a controlled atmospheric condition (CA) on the quality
attributes of fresh-cut spearmint (Mentha spicata) during refrigerated storage is investigated in the
present study. Cut stems of spearmint were exposed to the continuous flow of humidified air enriched
with 0 (as a control), 5, 10 and 20% CO2 during storage at 5 ◦C. Weight loss, leaf colour, total phenols,
antioxidant activity, aromatic profile, ascorbic acid, ethanol, ammonia and ethanol-acetaldehyde
concentrations were measured before and after storage for 5, 10 and 14 days. Over time, CO2

treatments increased the weight loss, surface colour, L* (from white to black) and b* (from blue to
yellow) values, but lowered a* (from green to red). When compared to fresh spearmint, the lowest
CO2 concentration was able to maintain the overall colour variations. The 20% CO2 treatment showed
significant declines in the total phenolic content, antioxidant potential and low appearance score
after 10 days, thus its quality assessment was terminated. Vitamin C levels decreased with time in
all the treatments, although the 10% and 20% CO2 treatments had the lowest levels. The toxicity of
the cell structures detected by the ammonia content increased and was significantly higher in all
CO2 treatments. Storage in the CA with the gas composition at 5% preserved the aromatic profiles
similar to those stored in air. In conclusion, increased CO2 did not improve the storability of fresh cut
spearmint held at low temperatures, and the 20% gas composition had a significant negative impact
on the visual quality.

Keywords: atmospheric compositions; herbs; low temperature storage; modified package; shelf life

1. Introduction

Modified atmospheric packaging (MAP) in low temperature storage with an elevated
CO2 level has been shown to improve the shelf life of leafy vegetables and fresh herbs by
reducing metabolic activity, i.e., the respiration rates, as well as inhibiting ethylene-induced
senescence [1–4]. Increased CO2 levels in the fresh cut industry can reduce rates of yellow-
ing and browning appearances as well as improve levels of bioactive ingredients, thereby
extending shelf life either during transpiration or on the supermarket display shelf [4,5].
However, extremely high CO2 levels that are not within the tolerated range of the crops
could have an adverse effect on the texture and enhance off-flavour development [2,6]. The
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mechanism of CO2 towards postharvest quality alteration has been explained previously:
CO2 inhibits ethylene action by acting as an ethylene competitor at the ethylene receptor
site and on some metabolic pathways, as well as acting as an ethylene binding protein
(EBP), thereby illustrating its senescence-retarding effect [7–10]. Additionally, a modified
atmosphere of a high level of CO2 is a known-effective alternative to postharvest methyl
bromide fumigation for pest control during food production [11].

Nowadays, fresh cut herbs are available on the refrigerated shelf of supermarkets.
Among the variety options, mints are one of the most popular as the ingredients or garnish-
ers in food and beverages. Spearmint is the most preferred type that is used in many ethnic
foods, which gives a strong aroma, a sweet character and a sharp menthol undertone [12,13].
Fresh spearmint is the key ingredient in modern recipes, such as mojitos, and as a side
dish in Asian fusion foods, such as Thai and Vietnamese. Furthermore, the essential oil
compositions of spearmint include carvacrol, menthol, carvone, methyl acetate, limonene
and menthone, all of which have known biological activities and could potentially open up
a market for it as a functional food ingredient [12,14–16]. Fresh herbs, however, are sensitive
to low temperature storage (i.e., 3–5 day storability) on the refrigerated shelf (~5 ◦C) in
the supermarket [17–19]. The postharvest defects of mint leaves include leaf abscission,
yellowing and epinasty [2]. Additionally, Curutchet et al. [20] and Santos et al. [21] reported
that low temperature storage could induce changes in the physical properties, nutritive
values as well as bioactive properties.

Fresh fruits and vegetables are able to maintain their quality by storing them at an ap-
propriate temperature during the postharvest and handling chain. However, attaining the
products at such optimum temperatures is hardly possible; thus, the controlled atmosphere
(CA) storage is able to alleviate the effects of non-optimum temperatures [7,22]. Food
commodities are typically kept in an atmosphere with varying gas compositions, as well as
proper temperature supplementation and relative humidity control, which, to some extent,
inhibits the rates of respiration and metabolic mechanisms [8,9,23]. Gas requirements for
the CA of some leafy vegetables range from 1–10% O2 and 2–20% CO2, depending usually
on factors, such as the duration of storage, temperature, relative humidity and ethylene
concentration [24]. Even though the majority of the research on the CA storage of vegetables
continues to be studies of modified atmosphere packing (MAP), the suggestion is that the
effect of one gas on quality attributes should be studied independently [24]. While modified
atmosphere packaging (MAP) and controlled atmosphere (CA) storage, which generate a
high CO2 environment, are used to preserve the quality of fresh cut fruits and vegetables,
there is no information on the impact of CO2 concentrations on the postharvest quality
changes of freshly cut spearmint. The objective of this work is to evaluate the effectiveness
of elevated CO2 during cold storage to maintain the quality of cut spearmint. In an attempt
to study the storability of this fresh cut produce under the adjusted CO2 condition, the
onsets of physiological and chemical attributes along with the sensorial evaluation were
investigated. The research outcome is, therefore, used as the initial information toward the
development of innovative packaging for the fresh cut herb industry.

2. Materials and Methods
2.1. Plant Materials

Cut spearmint stems baring healthy leaves of different stages were purchased from
Mileti Agelo, Puglia, Italy. Approximately 50 g of the stems were packed in a transparent
polystyrene tray (179 × 119 × 60 mm3) without a lid prior to subjecting them to the CA
treatments. The CA was a 10 L plastic container conditioned with the continuous flows of
humidified air enriched with CO2 at a flow rate of 10 mL min−1. Different CO2 treatments
(5%, 10% and 20%) were examined. Into each CA container, 3 mint trays were placed and
there were 3 separated CA replications for each treatment. The containers were kept in
the dark at 5 ◦C for 14 days. The containers flushed with air with 0% CO2 were used as a
control treatment (CTRL). To maintain the relative humidity at 95% inside the container,
each gas mixture was bubbled through deionised water [25,26]. Samples were withdrawn
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periodically at day = 0, 5, 10 and 14, respectively, to evaluate them for their physical
qualities, or were otherwise stored at −80 ◦C for phytochemical analyses.

2.2. Quality Assessments
2.2.1. Weight Loss and Colour Measurement

Wight loss (%) was the change in the total weight of the samples in each tray over
time, which was calculated as 100 × (Wi − Wf)/Wi, where Wi and Wf were the weight
of the tray at the initial day (D0) and the weight of the tray at any sampling dates [27].
The colour alteration was determined from the individual leaf surface (L*a*b* CIE space,
Minota, Japan), where L* is the degree of lightness to darkness, a* refers to the degree
of redness to greenness and b* refers to the degree of yellowness to blueness. A total of
10 leaves was measured for each replication. The difference (∆E*) of the colour space to the
control (D0) was calculated according to the following formula:

∆E∗ =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (1)

when the value 0 < ∆E* < 1 is considered similar to the fresh leaves, and when the value >3.5
is an unacceptable appearance for the consumers [28].

2.2.2. Texture Analysis

The texture was as a force (N) required to compress a layer of mint leaves (~50 g)
between 2 parallel plates of Ø 10 cm using an Intron Universal Testing machine (model
3343, Canton, MA, USA) at a speed of 50 mm min−1 [29].

2.2.3. Total Phenolic Content and Antioxidant Activity

The leaf tissue of spearmint (1.0 g) was homogenised in 10 mL of ice-cold methanol at
a high speed for 1 min using an IKA homogeniser (T18 Basic; Wimington, NC, USA). The
homogenate was then centrifuged at 10,000 rpm for 10 min, and the supernatant (methanol
extract) was separated. Total phenols were determined using the Folin–Ciocalteu reagent
and an absorbance reading at 725 nm, according to the method described by Ricci et al. [30].
The content of total phenols was calculated on the basis of the calibration curve of gallic
acid and was expressed as milligrams of gallic acid equivalents (GE) per 100 g of fresh
weight. The antioxidant activity against the DPPH (diphenylpicrylhydrazyl) radical was
performed according to Miliauskas et al. [31]. The same methanol extract (50 µL) was
incubated with 950 µL of 0.12 mmol L−1 DPPH solution for 24 h. The absorbance at 515 nm
was read thereafter. Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) was
used as standard and the antioxidant activity was expressed as mg Trolox equivalent (TE)
per 100 g of fresh weight.

2.2.4. Ascorbic Acid

Ascorbic acid (AA) and dehydroascorbic acid (DHAA) contents were determined on
the HPLC system according to the adapted method of Cefola et al. [32]. The sample (2.0 g)
was homogenised with 10 mL of methanol/water (5:95) with citric acid (21 g L−1) and EDTA
(g L−1). The homogenate was filtered through a cheesecloth and then a C18 Bakerbond
SPE column (Waters, Milford, MA, USA), prior to HPLC injection. The HPLC system
(Agilent 1200) consisted of a G1312A binary pump, a G1329A auto sampling and a G1315B
photodiode array detector from Agilent Technologies (Waldbronn, Germany). Separation
was achieved on a Zorba Eclipse XDB- C18 column (150 mm Ø 4.6 mm; 5 µm particle
size; Agilent Technologies, Santa Clara, CA, USA). The mobile phase was methanol/water
(5:95 v/v) containing 5 mmol L−1 cetrimide and 50 mmol L−1 potassium dihydrogen
phosphate (pH 4.5) with the flow rate of 1 mL min−1. The AA and DHAA contents were
expressed as mg of ascorbic or dehydroascorbic acid per 100 g of fresh weight. Total
ascorbic acid was the summation between ascorbic and dehydroascorbic contents.
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2.3. Volatile Organic Compositions
2.3.1. Ammonia and Ethanol-Acetaldehyde Contents

The cut stem sample (5 g) was homogenised with chilled 15 mL deionised H2O and
centrifuged for 1 min. Then, after 1 h of incubation at 65 ◦C, headspace gas samples (0.5 mL)
were injected into the Agilent 7890 A Series gas chromatograph coupled with the Agilent 5975 C
network mass selective detector (Agilent Technologies, Palo Alto, CA, USA). A HP-INNOWax
capillary column (60 m × 250 µm × 0.25 µm; Agilent) was employed and GC was operated with
the following method: 40 ◦C for 4 min, then increased from 40 to 60 ◦C at 3 ◦C min−1 and from
60 to 140 ◦C at 20 ◦C min−1. Helium carrier gas was used at a constant flow of 1.0 mL min−1.
Compounds were identified by a comparison of ethanol and acetaldehyde standards and
expressed as µmol g−1. The ammonium was measured with phenol/hypochlorite, as described
by Weatherburn [33] and Cantwell et al. [34]. The amount of ammonium was expressed as
µg ammonia g−1 sample.

2.3.2. Solid Phase Microextraction (SPME)

The volatile compositions were assessed using a headspace solid phase microex-
traction (SPME) by using 50/30 µm Divinylbenzene/Carboxen/Polidimethylsiloxane
(DVB/CAR/PDMS) fibre, following the method described in Piazzolla, Pati, Amodio
and Colelli [29], with some modifications. At each sampling day, the stems bearing leaves
(5.0 g) were incubated in a 150 mL capped SPME jar at 40 ◦C. After 20 min in the temper-
ature, the fibre was exposed to the capped vial headspace for 30 min prior to insertion
into the injecting port of an Agilent 6890 N (Palo Alto, CA, USA) chromatograph with
an HP-INNOWax capillary column (60 m × 250 µm × 0.25 µm; Agilent, Santa Clara, CA,
USA). The running conditions were set to the following: a spitless mode (injection port
temperature 280 ◦C), 50 ◦C for 1 min, the temperature was increased from 50–100 ◦C at
3 ◦C min−1 with a holding time of 2 min, from 100–140 ◦C at 1.5 ◦C min−1 with a holding
time of 10 min and finally from 140–180 ◦C at 6 ◦C min−1 [29]. The identification of detected
volatile compounds was achieved by a 5975C mass spectrometer (Agilent Technologies,
Santa Clara, CA, USA) and by a comparison of the mass spectra with reference spectra
contained from the NIST 02 library.

2.4. Sensory Evaluation

The spearmint stems were evaluated for sensory attributes by 10 panellists. At each
sampling day, the panels were asked to compare the (1) odour intensity, (2) off-odour,
(3) visual quality, (4) yellowing or degreening and (5) browning using a 7-point scale
ranging, where 7 was described as having the sensorial attributes much higher than the
reference (CTRL).

2.5. Statistical Analyses

The effects of the durations of the storage and CO2 concentrations on the quality
attributes were evaluated by two-way analysis of variance (ANOVA) using IBM SPSS
software. Heat map and principal component analysis (PCA) were used to summarise the
visual relationships of the volatile metabolites and the treatments using XLSTAT ver. 2018.5
(Suite NY, New York, NY, USA) [35].

3. Results and Discussion
3.1. Effect of High CO2 in CA on Physiological Attributes

High water loss through transpiration is the major cause of quality reduction in leafy
produce, including culinary herbs such as mints. High-surface-area-to-volume ratios and
number of stomata in leaf tissues result in high rates of water loss, which as a consequence,
affect marketable weight and visual quality, and may affect the physiology and ability to resist
pathogen invasion [1]. During the first 5 day storage, CO2 treatments significantly maintained
weight loss to the levels close to the CTRL (Figure 1A). The highest weight loss was observed
in 5% CO2 at day 10, while that of the CTRL group was the lowest. The relationship between
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level of CO2 and stomata closure has been studied [36]. However, no unequivocal conclusion
could be drawn. CO2 concentration of the air may or may not induce stomatal frequency and
the results may vary from one genotype to another [37]. Throughout the respiration process,
oxygen is consumed, thus producing by products, i.e., water, carbon dioxide, and energy. The
latter is the vital resource for subcellular activity. Low O2 atmospheric conditions may result
in a reduction in the respiration rate due to the reduction in overall metabolic activity [8,38].
The influence of CO2 concentrations on respiration, however, depends upon the type and
developmental stage of the commodity, and time of exposure [38,39]. Based on our results,
higher atmospheric percentages of CO2 may accelerate the respiration and transpiration of
freshly cut spearmints, which declined thereafter.
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Figure 1. Effect of CO2 concentrations in the control atmosphere (CA) storage of cut spearmint on
weight loss (%, (A)), firmness (N, (B)) and CIE space L* (C), a* (D), b* (E) and the difference of the
colour space or delta E (F). Vertical bars represent standard error (n = 3).

The determination of firmness or texture is used to describe the freshness of freshly
cut herbs [40]. In our present study, the force (N) used to compress spearmint leaves stored
in CA significantly increased with the CO2 concentration and storage times (Figure 1B
and Table 1). This is not in agreement with other studies where the texture attribute was
independent from the concentrations of gases [40,41]. Maguire, Sabarez and Tanner [39]
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advised that a water loss of the stored commodities greater than 3% may cause the develop-
ment of a rubbery texture. This is what possibly occurred in our case, as all CO2 treatments
led to an increase in weight loss, thereby leading to the loss of freshness and as a result the
texture became tough rather than crispy.

Table 1. Effects of the main factors (high CO2 treatments, time of storage and their interaction) on the
quality attributes of cut spearmint stored at 5 ◦C for 14 days.

Quality Attributes Factor Effects

Treatment Storage Time Treatment * Storage Time

Physiological attribute

Weight loss (%) ** *** NS
Firmness (N) *** *** ***

Colour
Lightness (L) *** *** ***

a * *** *** ***
b * *** *** ***

Delta E *** *** ***

Phytochemical attributes

Total phenolic content (mg gallic acid equivalent 100 g FW−1) ** *** NS
Antioxidant capacity (DPPH) (mg trolox equivalent 100 g FW−1) NS *** *

Total ascorbic acid (mg 100 g FW−1) ** *** NS

Off flavour attributes

Ammonia content (µg g−1) *** *** ***
Ethanol (µmoL g−1) ** *** NS

Acetaldehyde (µmoL g−1) *** *** ***

The effect of each main factor and of their interactions is significantly different for p ≤ 0.05 (*); p ≤ 0.01 (**);
p ≤ 0.001 (***); or not significant (NS).

CO2 treatments also altered leaf colour surface (Figure 1C–F). L* and b* significantly
decreased, while the a* value increased; the results in the CO2 treatments were apparent
from day 5 onwards. The higher percentage of CO2, the grater the alteration of these
values; a reduction in the lightness (L*) and yellowness (b* value) were also observed in the
elevated CO2 packaging of cilantro, possibly illustrating the discolouration (browning) of
the leaves [40]. The increase in a* value also reveals the loss of greenness of the leaf, which
is as a result of the ongoing loss of fresh weight due to water also leading to discoloration
and the degradation of the chlorophyll pigment [1,39,42]. The physical quality of cut
spearmint was also evaluated based on the difference in the colour surface values to the
fresh sample. It appears that lower levels of CO2 treatments are able to maintain the overall
colour changes in the refrigerated temperature within the consumer acceptable range (<3.5)
for 5 days.

3.2. Effect of High CO2 in CA on Phytochemical Attributes

Mints are rich sources of phenolics, especially phenolic acid and flavonoids, with a
long list of biological activities, including those that have antioxidant potential [43,44].
In horticulture produce, antioxidants have been used as key quality characteristics to
determine the freshness of produce [45]. It was found that the content of phenolics in
minimally processed herbs was maintained during the first 3 days at the refrigerated
temperature and, in some cases, such as that of freshly cut celery, the content did not change
significantly during 28 days of storage at 0 ◦C [20,46]. Our results, nonetheless, exhibited
significant drops in the total phenolic content in all cases, while the highest CO2 treatment
showed substantial changes (Figure 2A). It was evident that CO2 treatments did not
improve total phenolic content; however, the DPPH antioxidant potential was maintained
at least during the first 5 days of storage for the CTRL and slightly improved with CO2
treatments. This is possibly due to the ability of the CO2 to inhibit cellular free radical
accumulation through the activation of the activity of the antioxidative enzymes SOD,
CAT and POX, which are normally present during catabolic respiratory processes [47,48].
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Additionally, the modified atmosphere is possibly able to minimise the use of antioxidants
to scavenge free radicals [48].
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Figure 2. Effect of CO2 concentrations in the control atmosphere (CA) of cut spearmint on total
phenolic content (mg GAE 100 g−1, (A)) and DPPH activity (mg TE 100 g−1, (B)), ammonia content
(µg g−1 sample, (C)), total ascorbic acid D (mg/100 g−1 sample, (D)), acetaldehyde (µmoL g−1

sample, (E)) and ethanol (µmoL g−1 sample, (F)). Vertical bars represent standard error (n = 3).
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The accumulation of ammonia protein catabolism is used to determine the toxicity of
the subcellular structures of leafy produce in CA [34,49,50]. During the storage, the toxicity
of cell structures increased and was significantly higher in all CO2 treatments (Figure 2C).
Cantin et al. [6] and Ramos et al. [51] suggested that freshly cut produce is less tolerant at
high CO2 concentrations in CA and it should be avoided to prevent the development of
off-flavours and the potential stimulation of pathogen growth. In nature, ascorbic acids are
very sensitive, and therefore are used to determine the freshness of produce [52,53]. Along
with other antioxidants, they are known for their activity against free radicals. L-ascorbic
acid (AA) is the principal biologically active form, while L-dehydroascorbic acid [54], an
oxidation product, also exhibits biological activity. In this work, vitamin C content is
defined as the sum of the two forms [32]. The vitamin C content decreased with times in
all treatments, but it was significantly lower with CO2 treatments (Figure 2D). This is in
agreement with work conducted by Lee and Kader [55], suggesting the adverse effects of
CO2 in storage on the vitamin C content of leafy commodities.

3.3. Volatile Organic Compositions

The dynamic headspace of the volatile compounds from the samples were analysed
by SPME. It was found that as many as 58 volatile metabolites were detected from freshly
cut spearmints (Supplementary Table S1). Of those, the major compound group was
terpene hydrocarbons, along with the sesquiterpenes and alcohols. The major volatile
compounds representing the specific aroma of spearmints include D-carvone (C51, 31.6%),
(-)-.beta.-bourbonene (C37, 13.5%), D-limonene (C12, 17%), caryophyllene (C42, 9.0%) and
.beta.-myrcene (C11, 4.0%). These were comparable to the composition analysed of the
essential oil of spearmint in different studies (carvone (40.0–70.0%), limonene (10.0–15.2%)
and myrcene (8.93%) [20,56]), depending on the growing stages and cultivation areas.
Factors such as ecotype, phenophases and the environment, including temperature, relative
humidity, irradiance and photoperiod, are also crucial for the variation of the aromatic
profiles [20,56]. In our study, volatile organic compounds changed during the storage of
spearmint, and a heatmap analysis clustered the samples according to the aromatic profiles
to two major groups (Figure 3A). Compounds such as spiro (2.4) heptane, 1,5-dimethyl-6-
methylene-/Cyclohexanol, 2-methyl-5-(1-methylethenyl)-, (1.alpha.,2.beta.,5.alpha.)- (C52),
(E)-.beta.-Famesene+Humulene (C46), beta-cubebene (C39), 1,6-cyclodecadiene, 1-methyl-
5-methylene-8-(1-methylethyl)-, [S-(E,E)]- (C49), 1H-cycloprop[e]azulene, 1a,2,3,4,4a,5,6,7b-
octahydro-1,1,4,7-tetramethyl-, [1aR-(1a.alpha.,4.alpha.,4a.beta.,7b.alpha.)]- (C38), 4-isop
ropyl-1,6-dimethyl-1,2,3,4-tetrahydronaphthalene (C53), alpha.-cubebene (C34), (+)-epi-
bicyclosesquiphellandrene (C47), 1,6-cyclodecadiene, 1-methyl-5-methylene-8-(1-methy
lethyl)-, [S-(E,E)]-.beta.-copaene (C41), and caryophyllene (C42) were clearly separated
from the rest of the treatments. To have a better picture of the relationship between
CO2 treatments during storage, a principal component analysis (PCA) was utilised. The
variables were depicted across PC1 (48.94%) and PC2 (17.58%). The results illustrated three
distinguishable clusters, in which the samples at the initial day clustered in one group.
Over time, the aroma of the sample stored in air conditions shifted to a different cluster
(arrow indicated in Figure 3B), while the treatments of CO2 treatments, especially those of
higher concentrations, were categorised into different groups. A biplot analysis (Figure 3C)
elucidated the relationship of these samples with ethanol (C2), cyclohexanone, 2-methyl-5-
(1-methylethenyl)- (C43), pulegone (C45), alpha-terpineol (C48), cyclohexene, 3-methyl-6-
(1-methylethenyl)-, (3R-trans)- (C50), 2-Cyclohexen-1-ol, 2-methyl-5-(1-methylethenyl)-,
and cis (C55).

During storage, minimally processed vegetables, including cut spearmints, are prone
to quality degradation due to both microbiological spoilage and physiological activities.
The primary benefit of lowering O2 and elevating CO2 in the CA is the reduction in the
respiration/metabolic rate of the commodity, thereby retarding the senescence process [57].
This was, however, not effective in reducing microbiological growth [58]. In fact, the
high CO2 concentrations during the production of fermentative metabolites, viz., ethanol
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and acetaldehyde, represent the off-odour of the produce [59]. The results of this study,
however, showed that the content of acetaldehyde was much lower in the air enriched
with 20% CO2, compared with those of the lower concentration and the CTRL during the
initial 5 day storage (Figure 2E). In contrast, the ethanol concentration seemed to peak
at day 5, and decreased thereafter. The rest of the treatments were able to maintain the
ethanol level throughout (Figure 2F). These findings are in line with other works that
reported an increase in the levels of ethanol during storage in high CO2 (10–23%) and
low O2, which was possibly due to the microbiological activity caused by mesophilic
microorganisms [60,61].Horticulturae 2022, 8, x FOR PEER REVIEW 10 of 16 
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Figure 3. Heatmap of the volatile profile of spearmint during low temperature storage in air (AIR,
n = storage day) and in low CO2 concentrations (5, 10 and 20%, n = storage day) (A). Score plot
clustering of the treatments (B) as well as their correspondent volatile compounds (C) (Cn; where n is
the compound number assigned in supplementary Table S1).

3.4. Effect of High CO2 in CA on the Sensory and Flavour Attributes

As shown in Figure 4, the CO2 treatments affected the sensory attributes, as deter-
mined by 10 panellists. These panellists were asked to compare the sensorial attributes of
spearmint stems with the control reference sample in each day of analysis. All samples
were randomly labelled with three-digit numbers so that the judges were unable to tell
which samples belonged to which treatments. The reference sample was named as REF. At
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day 5, the judges could tell the difference between the control sample with 5% and 20% CO2
treatments in terms of aromatic odour, off-flavour, degree of browning, and development
of off-odour. The lowest appearance score was found in the 20% CO2 treatment at day 10,
thus its quality assessment was thereafter terminated. The 5% CO2 treatment seemed to
improve aroma and visual quality, while browning and off-odour were noticeable in the
20% CO2 treatments. At day 10, the aroma and visual quality decreased significantly, and
this treatment was removed from the experiments. At day 14, browning was greater in
the CO2 treatments and the visual quality decreased. Ranjitha et al. [54] described that
high CO2 and humidity accumulated in the package are key factors that have an adverse
effect on the sensorial quality of minimally processed herbs. A further explanation was
that excessive CO2 may lead to the acceleration of the plant metabolism, mainly through
the respiration and the development of off-odour.
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4. Conclusions

Unlike any other freshly cut produce, elevated CO2 did not improve physical qualities
during the storage of freshly cut spearmint stored at a low temperature over a 14 day
storage period. CO2 treatments enhanced weight loss, overall colour alteration and cell
toxicity. Additionally, the elevated CO2 concentration had an adverse effect on the con-
tents of bioactive ingredients as well as functional properties, while the aromatic profiles
were similar to the untreated sample. Consequently, as it is a highly perishable crop, cut
spearmint possesses a short shelf life and applying a high CO2 treatment was not suitable
during postharvest low temperature storage in the controlled atmosphere condition. The
antibacterial characteristics of the gas composition, as well as the usage of limited oxygen
during storage, will be further investigated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8020126/s1. Table S1: Volatile compounds detected
in fresh spearmint (and in spearmint stored in air) in the presence of 5% CO2, 10% CO2 and 20% CO2
in 5, 10 and 14 days of storage. Mean values of three replicates ± standard error (n = 3).

Author Contributions: Conceptualization, M.L.A. and G.C.; methodology, M.L.V.D.C., L.M. and S.P.;
software, P.K.; validation, S.R.S., M.L.A. and G.C.; formal analysis, S.R.S., M.L.V.D.C., L.M. and S.P.;
investigation, S.R.S., M.L.V.D.C., L.M. and S.P.; resources, M.L.A. and G.C.; data curation, S.R.S.;
writing—original draft preparation, S.R.S.; writing—review and editing, G.C.; visualization, P.K.;
supervision, M.L.A. and G.C.; funding acquisition, G.C., R.C. and H.V.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partially supported by Chiang Mai University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: Authors are grateful for the financial research support provided by the University of
Foggia (Office for International Relations).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cantwell, M.I.; Reid, M.S. Postharvest Physiology and Handling of Fresh Culinary Herbs. J. Herbs Spices Med. Plants 1993, 1,

93–127. [CrossRef]
2. Kenigsbuch, D.; Chalupowicz, D.; Aharon, Z.; Maurer, D.; Aharoni, N. The effect of CO2 and 1-methylcyclopropene on the

regulation of postharvest senescence of mint, Mentha longifolia L. Postharvest Biol. Technol. 2007, 43, 165–173. [CrossRef]
3. Watada, A.E.; Ko, N.P.; Minott, D.A. Factors affecting quality of fresh-cut horticultural products. Postharvest Biol. Technol. 1996, 9,

115–125. [CrossRef]
4. Lin, Q.; Lu, Y.; Zhang, J.; Liu, W.; Guan, W.; Wang, Z. Effects of high CO2 in-package treatment on flavor, quality and antioxidant

activity of button mushroom (Agaricus bisporus) during postharvest storage. Postharvest Biol. Technol. 2017, 123, 112–118.
[CrossRef]

5. Villanueva, M.J.; Tenorio, M.D.; Sagardoy, M.; Redondo, A.; Saco, M.D. Physical, chemical, histological and microbiological
changes in fresh green asparagus (Asparagus officinalis L.) stored in modified atmosphere packaging. Food Chem. 2005, 91, 609–619.
[CrossRef]

6. Cantín, C.M.; Minas, I.S.; Goulas, V.; Jiménez, M.; Manganaris, G.A.; Michailides, T.J.; Crisosto, C.H. Sulfur dioxide fumigation
alone or in combination with CO2-enriched atmosphere extends the market life of highbush blueberry fruit. Postharvest Biol.
Technol. 2012, 67, 84–91. [CrossRef]

7. Thompson, A.K.; Prange, R.K.; Bancroft, R.; Puttongsiri, T. Controlled Atmosphere Storage of Fruit and Vegetables; CABI: Oxfordshire,
UK, 2018.

8. Kader, A.A. Biochemical and physiological basic for effects of controlled and modified atmospheres on fruits and vegetables.
Food Technol. 1986, 40, 99–104.

9. Kader, A.A.; Zagory, D.; Kerbel, E.L.; Wang, C.Y. Modified atmosphere packaging of fruits and vegetables. Crit. Rev. Food Sci.
Nutr. 1989, 28, 1–30. [CrossRef]

10. Philosoph-Hadas, S.; Jacob, D.; Meir, S.; Aharoni, N. Mode of action of CO2 in delaying senescence of chervil leaves. Physiol. Basis
Postharvest Technol. 1992, 343, 117–122. [CrossRef]

https://www.mdpi.com/article/10.3390/horticulturae8020126/s1
https://www.mdpi.com/article/10.3390/horticulturae8020126/s1
http://doi.org/10.1300/J044v01n03_09
http://doi.org/10.1016/j.postharvbio.2006.08.003
http://doi.org/10.1016/S0925-5214(96)00041-5
http://doi.org/10.1016/j.postharvbio.2016.09.006
http://doi.org/10.1016/j.foodchem.2004.06.030
http://doi.org/10.1016/j.postharvbio.2011.12.006
http://doi.org/10.1080/10408398909527490
http://doi.org/10.17660/ActaHortic.1993.343.27


Horticulturae 2022, 8, 126 12 of 13

11. Riudavets, J.; Alonso, M.; Gabarra, R.; Arnó, J.; Jaques, J.A.; Palou, L. The effects of postharvest carbon dioxide and a cold storage
treatment on Tuta absoluta mortality and tomato fruit quality. Postharvest Biol. Technol. 2016, 120, 213–221. [CrossRef]

12. Ali, B.; Al-Wabel, N.A.; Shams, S.; Ahamad, A.; Khan, S.A.; Anwar, F. Essential oils used in aromatherapy: A systemic review.
Asian Pac. J. Trop. Biomed. 2015, 5, 601–611. [CrossRef]

13. Hill, M.; Barclay, G. Mints in Ethnic Cuisines. Available online: http://www.theherbaltouch.com/iha/mint98.html (accessed on
21 May 2021).

14. De Carvalho, C.C.C.R.; da Fonseca, M.M.R. Carvone: Why and how should one bother to produce this terpene. Food Chem. 2006,
95, 413–422. [CrossRef]

15. Kedia, A.; Prakash, B.; Mishra, P.K.; Chanotiya, C.S.; Dubey, N.K. Antifungal, antiaflatoxigenic, and insecticidal efficacy of
spearmint (Mentha spicata L.) essential oil. Int. Biodeterior. Biodegrad. 2014, 89, 29–36. [CrossRef]

16. Wu, Z.; Tan, B.; Liu, Y.; Dunn, J.; Martorell Guerola, P.; Tortajada, M.; Cao, Z.; Ji, P. Chemical Composition and Antioxidant
Properties of Essential Oils from Peppermint, Native Spearmint and Scotch Spearmint. Molecules 2019, 24, 2825. [CrossRef]
[PubMed]

17. Koukounaras, A.; Siomos, A.S.; Sfakiotakis, E. Postharvest CO2 and ethylene production and quality of rocket (Eruca sativa Mill.)
leaves as affected by leaf age and storage temperature. Postharvest Biol. Technol. 2007, 46, 167–173. [CrossRef]

18. Cozzolino, R.; Pace, B.; Cefola, M.; Martignetti, A.; Stocchero, M.; Fratianni, F.; Nazzaro, F.; De Giulio, B. Assessment of volatile
profile as potential marker of chilling injury of basil leaves during postharvest storage. Food Chem. 2016, 213, 361–368. [CrossRef]
[PubMed]

19. López-Gómez, A.; Ros-Chumillas, M.; Antolinos, V.; Buendía-Moreno, L.; Navarro-Segura, L.; Sánchez-Martínez, M.J.;
Martínez-Hernández, G.B.; Soto-Jover, S. Fresh culinary herbs decontamination with essential oil vapours applied under vacuum
conditions. Postharvest Biol. Technol. 2019, 156, 110942. [CrossRef]

20. Curutchet, A.; Dellacassa, E.; Ringuelet, J.A.; Chaves, A.R.; Viña, S.Z. Nutritional and sensory quality during refrigerated storage
of fresh-cut mints (Mentha × piperita and M. spicata). Food Chem. 2014, 143, 231–238. [CrossRef]

21. Santos, J.; Herrero, M.; Mendiola, J.A.; Oliva-Teles, M.T.; Ibáñez, E.; Delerue-Matos, C.; Oliveira, M.B.P.P. Fresh-cut aromatic herbs:
Nutritional quality stability during shelf-life. LWT—Food Sci. Technol. 2014, 59, 101–107. [CrossRef]

22. Brecht, J.K.; Chau, K.V.; Fonseca, S.C.; Oliveira, F.A.R.; Silva, F.M.; Nunes, M.C.N.; Bender, R.J. Maintaining optimal atmosphere
conditions for fruits and vegetables throughout the postharvest handling chain. Postharvest Biol. Technol. 2003, 27, 87–101.
[CrossRef]

23. Zudaire, L.; Viñas, I.; Abadias, M.; Simó, J.; Echeverria, G.; Plaza, L.; Aguiló-Aguayo, I. Quality and bioaccessibility of total
phenols and antioxidant activity of calçots (Allium cepa L.) stored under controlled atmosphere conditions. Postharvest Biol. Technol.
2017, 129, 118–128. [CrossRef]

24. Saltveit, M.E. Is it possible to find an optimal controlled atmosphere? Postharvest Biol. Technol. 2003, 27, 3–13. [CrossRef]
25. D’Amato, D.; Droste, N.; Allen, B.; Kettunen, M.; Lähtinen, K.; Korhonen, J.; Leskinen, P.; Matthies, B.D.; Toppinen, A. Green,

circular, bio economy: A comparative analysis of sustainability avenues. J. Clean. Prod. 2017, 168, 716–734. [CrossRef]
26. Lopresti, J.; Tomkins, B. Postharvest Handling and Packaging of Fresh Herbs; Rural Industries Research and Development Corporation:

Kingston, Australia, 1997.
27. Rodoni, L.; Vicente, A.; Azevedo, S.; Concellón, A.; Cunha, L.M. Quality retention of fresh-cut pepper as affected by atmosphere

gas composition and ripening stage. LWT—Food Sci. Technol. 2015, 60, 109–114. [CrossRef]
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