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Abstract: As the market demand for button mushrooms is constantly growing, it is important to
extend their shelf-life. Active packaging with built-in active components offers the possibility of
extending the shelf life of products which are sensitive to external factors. Therefore, the aim of
the present study was to check the effect of active packaging with zeolite (clinoptilolite) and aҫai
extract on the bioactive compounds content, antioxidant activity, volatile compound profile, and
physical quality of mushrooms subjected to storage for 28 days at 4 ◦C. Packing mushrooms in active
packages improved their chemical characteristics by increasing antioxidant activity (p ≤ 0.001) in
comparison to the conventional packaging methods. Moreover, it slowed down water loss and the
browning process both on the surface and inside the mushroom. Furthermore, the results showed
a strong correlation (p ≤ 0.001) between antioxidant activity, bioactive compounds content and
color parameters. The obtained results suggest that the addition of the aҫai extract and zeolite into
packaging material protects mushrooms from deterioration for a longer period of time. The use
of active packaging to extend product shelf life can contribute to the reduction of the use of food
preservatives, but also protects the environment by reducing the volume of waste.

Keywords: antioxidant; nanocomposite; films; Agaricus bisporus; volatile compounds; malondialde-
hyde; clinoptilolite

1. Introduction

An extremely difficult challenge for humanity will become apparent in the coming
decades in the context of environmental (as exhaustive source) protection. The increased
demand for food enforces the language of consensus, where, on the one hand, there is
a continuous increase in the population, and on the other, natural resources are limited.
Furthermore, a huge amount of produced food is wasted. These losses account for a quarter
of total global farmland and fertilizer use [1]. Taking into consideration the growing trend
of food production, the amount of food wastage cannot be ignored. This is why it is so
important to maintain an economic and ecological balance [1,2].

Considering the above, it is of high importance to extend shelf-life of food by applying
new packaging methods. Active packaging has recently gained great popularity and is
extensively studied worldwide [3]. This type of packaging “deliberately incorporates
components that would release or absorb substances into or from the packaged food or
the environment surrounding the food” [4]. According to these criteria, the ingredients
incorporated to the food packages might be active compounds, extracts, mixtures, or
components (especially nanomaterials or nanostructures) that exhibit unique properties
(small size, high surface/volume ratio, quantum effects) [5].
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Zeolites are considered safe for humans according to the Food and Drug Administra-
tion (FDA). Moreover, the International Agency for Research on Cancer (IARC) classified
zeolites as non-toxic [6]. Zeolites are crystalline hydrated aluminosilicates, with a character-
istic three-dimensional structure, obtained by cage or cavity bond connections. Therefore,
they are classified as molecular sieves. This ability allows absorption and cation exchange
of chemical compound molecules. Due to its water and ethylene absorption properties, ze-
olites have found application in various fields, especially in agriculture. Zeolites have been
implemented as an active component of low-density polyethylene (LDPE) or high-density
polyethylene (HDPE) films used for extending shelf-life of mangoes, kiwifruits, tomatoes,
or broccoli [6,7].

Bioactive compounds or plant extracts are an integral part of active packaging. In most
cases, the ingredients used for the creation of active packaging have antioxidant properties
(influencing oxidative stability improvement) or bactericidal or/and fungicidal. Producers
following the new trend of replacing synthetic additives with natural ones, are looking
for new bioactive compounds that might be used in active packaging. Tropical plants are
of great interest to scientists because of their unexplored potential. One such plant is aҫai
(Euterpe oleracea Mart.) from the Aracaceae family, the popularity of which has increased
rapidly in recent years. Dark purple acai berries are known to be ‘’superfood” because
of their rich content of phytochemicals such as polyphenolic compounds (phenolic acids,
ferulic acid, gallic, ellagic acid glycoside, vanillic), anthocyanins (kuromanin, cyanidin-
3-glucoside, keracyanin), flavonoids (orientin), and volatile compounds [8,9]. Acai has
been successfully used as an antimicrobial, anti-inflammatory, antioxidative, as well as a
neuroprotective and cardioprotective agent [10]. Because of their medicinal properties, acai
berries help to improve health.

Nowadays, there is a growing health consciousness among populations worldwide
and a growing trend towards vegan food and natural foods in the diet. In turn, mushrooms
have multiple health benefits and are a relevant component of those diets. Thus, the
global mushroom market is projected to experience significant growth. The value of the
mushroom cultivation market reached USD 16.7 billion in 2020 and is predicted to grow
at a CAGR (compound annual growth rate) of 4.0% to reach USD 20.4 billion on 2025.
As much as 40% of global mushroom production is button mushroom. Agaricus bisporus
(white button mushrooms) is one of the most popular cultivated mushrooms species
worldwide [11]. It is also relatively inexpensive in terms of cultivation, low in calories,
and contains some vitamins and minerals (niacin, riboflavin, phosphorus, copper, zinc,
magnesium). Moreover, white button mushrooms contain bioactive compounds, which
exert antimutagenic, chemoprotective, and hypocholesterolemic activity. Furthermore, A.
bisporus mushrooms are best known for their taste qualities. However, a negative aspect of
this fungus is that it is very perishable, resulting in a short shelf life [12,13].

Thus, it is extremely important to find a suitable form of packaging that will extend the
shelf life of white button mushrooms, which will allow to reduce food wastage. According
to our knowledge, the effect of active packaging with the addition of zeolite and aҫai
extract on the quality of A. bisporus subjected to storage under cold conditions has not
been studied.

2. Materials and Methods
2.1. Preparation of Active Membranes

The active packaging with açai extract, zeolite, and açai extract + zeolite was made
by coating the packages by prepared solvent casting. First an açai extract was prepared.
Briefly, 2 g of açai (superfoods, PL-EKO-07) was homogenized in 50 mL of 50% (v/v) ethanol
for 2 min at 13,000 rpm. Then, extraction was performed using an ultrasound at 45 ◦C for
5 min. The extract was centrifuged, and supernatant stored at 4 ◦C until film preparation.
Then, 6 g of gelatin and 12 g of glycerin were added to 100 mL of distilled water and mixed
at 57 ◦C for 30 min until gelatinous. Subsequently, we added 3 g of açai powder for the film
with extract (FE), 1 g of zeolite for the film with zeolite (FZ), 1.5 g of açai extract, and 0.5 g
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of zeolite to 100 mL of the solution and magnetically agitated for 15 min at 40 ◦C. Then,
50 mL of prepared solution was casted on a plastic PET tray (9 × 14 cm2) and dried in a
convection oven for 12 h at 45 ◦C.

2.2. Packaging and Storage of Mushrooms

Agaricus bisporus were grown at a cultivation farm in Wierzbno, Poland. Collected
fruit bodies were characterized by even growth and surface area (3–5 cm diameter of a
mushroom cap). Harvested mushrooms were precooled at 4 ◦C and transported at the
same day to the laboratory (4 ◦C). The mushrooms were divided into 5 groups. Three
groups were packed with gel films enriched with bioactive components (FE or FZ or FEZ),
one group was packed without gel film (C), and the last one was packed also without gel
film but was additionally wrapped with plasticized (PVC) foil. FE, FZ, FEZ, and C groups
were packed in microperforated PSF film under modified atmosphere (5% CO2, 80% O2,
15% N2) using Sealpac Traysealer M3 (Oldenburg, Germany). The microperforated foil
had hole size of 143 µm, 25 µm thickness, and O2 transmission rate of 7000 cm3 day−1

0.1 MPa−1. Packed mushrooms were kept in the fridge at 4 ◦C for 28 days. Chemical and
physical analysis were performed on 0, 7, 14, 21, and 28 storage days.

2.3. Physical Analysis of Mushrooms
2.3.1. Gas Composition

CO2 and O2 (gas composition) analysis was measured using a gas analyzer (Witt-
Gasetechnik, Written, Germany). Measurements were carried out in triplicate.

2.3.2. Physiological Weight Loss

Weight loss was presented as percentage loss and calculated according to the following
equation:

Weight Loss (%) = (W0 −Ws)/W0 × 100

where W0 is the weight mushrooms in day 0 and Ws is the weight after storage (day: 7, 14,
21, 28).

Obtained results were averaged out of five replicates.

2.3.3. Color Analysis
CIE L*a*b* Analysis

The surface color of mushroom caps was measured in CIE L*a*b* system using
Konica Minolta chromameter (CR400., Tokyo, Japan). The instrument was calibrated
before measurements on the white standard plate. The area of single measurement was
illuminated by a D65 light source. Analyses were performed in thirty replicates for each
one experimental group. Proper calculations were made in order to estimate the browning
index (BI) and color change (∆E) according to formulas described by Djekic et al. [14].

Color Change of Mushroom Cap

The browning area was measured on the cross-section of the mushroom along the
axis of symmetry. Analysis was performed by computer image analysis using OImaging
MicroPublisher 5.0 RTV (Canada) equipped with Kaiser system (Germany). Browning area
was calculated using Image-Pro Plus software (v.7.0). The measurement was performed
in eighteen replicates for each group, and the results were presented as the percentage of
mushroom cap browning. The following equation was used for calculations:

Browning (%) = Pb/Pc × 100

where Pb is the brown surface of the mushrooms cap and Pc is the total surface area of the
mushroom cap.
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2.3.4. Texture Analysis

The penetration test was performed on the mushroom caps using the Instron 5965
Universal Testing Machine (Instron. Norwood, MA, USA) equipped with a diameter
cylindrical probe (5 mm). Penetration test was conducted puncturing to a depth of 8 mm
inside the mushroom cap. The speed of the probe during penetration was 2 mm s−1.
Firmness was defined as the maximum force recorded. Measurement was performed in
eleven replicates.

2.4. Chemical Analysis of Mushrooms
2.4.1. Mushroom Extraction for TPC, DPPH and FRAP Analysis

Mushrooms on each storage day were cut and dried in convection oven (Seria FP
Classic. Line, Model 115, BINDER) for 16 h at 45 ◦C. The dry matter was then milled,
and 1 g was weighted and homogenized with 9 mL of methanol. Then, the extract was
subjected to ultrasound for 30 min at 35 ◦C. Further, extract was shaken for 15 min and
centrifuged for 10 min at 9000 rpm and 4 ◦C. Obtained samples were then stored at 4 ◦C
until the time of the analysis.

2.4.2. Total Phenolic Compounds (TPC)

The analysis of the content of total phenolic compounds was performed based on
method of Singleton and Rossi [15] with minor modification. In brief, 0.250 mL of Folin-
Ciocalteu’s reagent, 2.5 mL of 7% Na2CO3, 3.4 mL of H2O were added to 0.1 mL of the
extract and next shaken. The mixture was kept in the dark for 30 min. After that, the
absorbance was measured at 750 nm wavelength using UV-VIS spectrophotometer against
the blank. TPC was expressed as mg of gallic acid equivalent per gram of dry weight
(mg/g dw).

2.4.3. Vitamin C (L-Ascorbic Acid, Vitamin C) Content

The analysis of the L-ascorbic acid content was conducted according to the method
of Balogh and Szarka [16] with some minor modifications. Dried mushrooms powder
(1 g) was mixed with 10 mL of 5% acetic acid and homogenized. After that the mixture
was shaken for 30 min and the extract was centrifuged for 10 min, at 9000 rpm (4 ◦C) and
filtrated. Afterwards, the extract was mixed with 1% 2,2′-bipyridyl, 0.1% FeCl3, and 85%
orthophosphoric acid and subjected to 5 min incubation in dark room. After that, the
absorbance was measured at 525 nm using a UV-VIS spectrophotometer against the blank.
Vitamin C content was expressed as ascorbic acid mg/g dw.

2.4.4. Malonylodialdehyd (MDA) Content

The analysis was conducted according to methods described by Shah et al. [17] and
Wang et al. [18]. Briefly, 1 g of dried mushrooms and 10 mL of 0.25% TBA in 10% TCA
were shaken in a rotary shaker for 30 min Then extract was centrifuged for 10 min, at
9000 rpm (4 ◦C) and filtrated. Further, the extracted supernatant was incubated in a water
bath at 100 ◦C for 30 min and quickly chilled (ice bath). Subsequently, the extract was
diluted (1.25 mL extract: 1 mL water) and absorbance was measured at 600 nm, 532 nm,
and 450 nm against blank using a UV-VIS spectrophotometer. Results were expressed as
MDA µmol/g dw.

2.4.5. Ferric Reducing Antioxidant Power (FRAP)

FRAP analysis was measured according to Belwal et al. [19] with some modifications.
FRAP solution was prepared by mixing sodium acetate buffer (300 mM, pH 3.6), ferric
chloride (20 mM) and 2,4,6-Tri(2-pyridyl)-s-triazine (10 mM in 40 mM HCl) in a ratio 10:1:1.
The 40 µL of extract was mixed in 2.960 mL of FRAP solution and incubated in the dark
for 30 min. The absorbance (593 nm) was measured using a UV-VIS spectrophotometer.
Results were expressed as mg of ascorbic acid equivalent per gram of dry weight.
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2.4.6. DPPH Radical Scavenging Assay

Analysis was performed with the usage of radical 2,2-diphenoyl-1-picrylhydrazyl
(DPPH), according to the methodology of Belwal et al. [19] with some minor modifications.
Briefly, 50 µL of mushrooms extracts was added to 2.95 solution of DPPH and stirred. The
absorbance was measured after incubated in dark place (30 min, room temperature) using
UV-VIS spectrophotometer at 520 nm. The obtained result was expressed as mg of ascorbic
acid equivalent per gram of dry weight.

2.4.7. E-Nose Analysis

A Heracles II Electronic Nose (Alpha M.O.S., Toulouse, France) equipped with two
columns, one polar (MXT-1701) and another non-polar (MXT-5), was used to study the
volatile compounds profile of Agaricus bisporus. Mushrooms were cut into small cubes.
Then, 1 g was put into a 20 mL glass vial and closed with a teflon-silicone rubber cap
and the samples were incubated (45 ◦C, 10 min). After that, the autosampler injected gas
(3500 µL) into the columns from the headspace of samples. The parameters of analysis
were set as follows: flame ionization detectors (FID) at 270 ◦C, injector at 200 ◦C, oven
temperature program at 60 ◦C for 2 s, a 3 ◦C s−1 ramp to 270 ◦C, and isotherm at 270 ◦C for
30 s. Kovats retention indexes were used to detect volatile compounds in the mushroom
sample. Measurement was performed in nine replicates for each variant on storage day (0,
14, 28).

2.5. Statistical Analysis

Statistical analysis was performed using STATISTICA software version 13.3 (StatSoft,
Tulsa, OK, USA). Normality of the data distribution was checked by the Shapiro–Wilk
test. One-way ANOVA followed by Tukey HSD test was used for verifying differences in
both chemical and physical parameters. For multifactorial analysis, 95%, 99%, and 99.9%
confidence intervals were established, and in the case of one-way ANOVA 95%. AlphaSoft
Version 8.0 software was used for principal component analysis (PCA).

3. Results and Discussion
3.1. Physical Quality Assessment of Agaricus bisporus
3.1.1. Outer (L*a*b*) and Inner Color of Mushrooms

The degree of consumer acceptability of A. bisporus depends mainly on its color and
degree of browning [20]. White mushrooms are preferable to consumers. The color of
mushrooms depends on many different factors both extrinsic and intrinsic. Extrinsic factors
are: toxins, mechanical damage, and pathogen development which causes disruption of
intracellular membranes. Intrinsic factors are enzymes reacting with substrates, e.g.,
tyrosinase catalyzes conversion of phenolic substrates into first stage substances which
starts the synthesis of melanins [21,22]. Therefore, the measurement of L*, BI, ∆E, and
browning degree inside the mushroom cap is essential to estimate the marketing value of
the mushrooms. Color parameters measured in A. bisporus packed with active packaging
and stored in cold conditions for 28 days are presented in Figure 1. The L* parameter
decreased during storage and ranged between 94.95 (fresh mushrooms, not packaged) and
89.93 (C, 28 day storage). Decreased values of lightness indicate darkening of mushrooms.
This is also confirmed by the parameters a* and b* (data not shown), the value of which
increased during storage. This proportion, yellow and red, reflects the browning process
of the mushrooms [23]. Studies carried out by Liu & Wang [24] and Gholami et al. [25]
confirmed that the use of packaging in modified atmosphere significantly improved the
lightness of the mushrooms after 21 days of storage. After 14 and 21 days of storage, there
were no statistical differences in the ∆E parameter between the C and the groups packed
with the usage of active packaging. In turn, the differences were observed after 28 days of
storage. Active packaging with the addition of FZ and FEZ reduced ∆E. Similar results
were obtained for BI analysis, where active packaging with the addition of zeolite and
extract compared to C and PVC slowed down the browning process. For consumers, apart
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from the external color, the internal color is also important, because it responds to the
perception of its freshness. Further, active packaging significantly improved the degree of
browning measured inside mushrooms (Figure 1C). Zhang et al. [20] noted the positive
effect of active packaging using a nano-SiO2/glucomannan/carrageenan coating on both
external color and internal darkening of the mushrooms during the storage. Moreover, the
positive effect of green tea extract as an ingredient of active packaging on color change was
also shown by Wrona et al. [26]. Furthermore, the examined mushrooms on day 28 had
L > 86, which proves good quality of mushrooms [27]. Referring to the presented results,
the use of active packaging containing 3% (w/v) of the açai extract and 1% (w/v) of zeolite
had a noticeable positive effect in terms of reducing the color change, browning index, and
internal browning of mushroom caps.
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Figure 1. Color changes on the surface of the caps: color change (A), browning index (B), lightness (D) and browning
degree inside mushroom caps (C) in different active packaging with zeolite (FZ), aҫai extract (FE), aҫai extract + zeolite
(FEZ) packed in MAP, without active packaging in MAP (C) and wrapped in polyvinyl chloride foil (PVC) measured on
each storage day. A, B, C—letters mark differences between packaging on the same storage day.

3.1.2. Weight Loss and Texture

Water loss is a very important physiological process which has an impact on the quality
characteristics of mushrooms, such as texture, appearance, and weight, which in turn are
responsible for its hardness [28]. In our research, weight loss increased linearly with each
day of storage (7, 14, 21, 28) in all applied forms of packaging (Figure 2) and ranged
from 0.15% (PVC, day 7) to 0.85% (control, day 28). Weight loss analysis of mushrooms
from different active packages over the same storage period (day 28) showed a statistical
difference between groups C and FE vs. PVC, FZ and FEZ. The low water loss in the case
of PVC is caused probably due to its low perforation degree. The PVC is characterized by
low water permeability [29,30]. We observed that, in the case of active packaging with aҫai
extract + zeolite and zeolite (0.5% w/v and 1% w/v) packed with perforated foil, there was
no statistical differences in comparison to PVC foil on the last day of storage (day 28). The
absorption properties of zeolite slowed down the water loss of mushrooms [31], which
resulted in a decrease of relative humidity, which in turn inhibited saturation inside the
package and water droplets formation.
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Figure 2. Weight loss of white button mushrooms packed in different active packages containing
zeolite (FZ), aҫai extract (FE), aҫai extract + zeolite (FEZ) packed in MAP, without active packaging
in MAP (C) or wrapped in polyvinyl chloride foil (PVC) measured on each storage day. Standard
error is presented in a form of horizontal bars.

During storage, the physical characteristics of mushrooms, such as firmness, gum-
miness, chewiness, and elasticity, change. This determines the texture. In the presented
study, the hardness decreased during storage regardless of the type of active packaging
used (Table 1). Similar results were observed by Han et al. [32] and Cheng et al. [33]. These
changes are related to the degradation of proteins and polysaccharides, water content and
its migration, as well as changes in the permeability of the cell membrane [14,34]. The
firmness of the examined mushrooms ranged from 14.33 [N] on day 0 to 8.07 [N] on the
last day of storage (day 28). No statistical differences were observed on days 21 and 28 of
storage, regardless of the type of active packaging used. These results may be caused by
metabolic changes in mushrooms, which result in cell wall degradation, increased activity
of endogenous autolysis, destruction of central vacuoles, as well as the reduction of lignin
formation in the cell wall [35–37]. Nonetheless, other factors such as the composition of the
gases in the space (CO2 concentration) above the solution and the relative humidity can
also affect the firmness of mushrooms [38].

Table 1. Texture (hardness) measured in mushroom caps packed with active packaging containing
zeolite (FZ), aҫai extract (FE), aҫai extract + zeolite (FEZ) packed with MAP, without active packaging
in MAP (C) and wrapped polyvinyl chloride foil (PVC) on each storage day. A, B—letters mark
differences between every packaging variant on the same storage day.

Storage Day Type Active Packaging Hardness [N]

0 FM * 14.33

7

FZ 12.41 A

FE 12.86 AB

FEZ 13.35 AB

C 13.25 AB

PVC 13.83 B

14

FZ 12.14 B

FE 10.94 A

FEZ 11.19 AB

C 11.27 AB

PVC 12.14 B

21

FZ 9.66 A

FE 9.83 A

FEZ 10.02 A

C 9.02 A

PVC 9.29 A
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Table 1. Cont.

Storage Day Type Active Packaging Hardness [N]

0 FM * 14.33

28

FZ 9.26 A

FE 9.90 A

FEZ 9.71 A

C 8.07 A

PVC 8.43 A

* FM—fresh mushrooms analyzed at day 0 (not packed mushrooms).

3.1.3. Gas Composition

During the harvest, mushrooms are cut off from water and nutrients, but the cap
is still a living organ that carries out life processes, especially respiration, which is the
main metabolic process [37]. Respiration rate and the permeability of the packaging film
determine the gas composition inside the package [39]. Analyzing the headspace gas
composition after active packaging and MAP, the O2 concentration was 80% on day zero.
In contrast, after seven days of storage, we observe a sudden decrease in O2 concentration
inside the applied packing’s (19%), (data not shown). During the storage, the O2 concentra-
tion remained at a similar level (19.43% ± 0.90), which indicates that gas diffusion through
the film compensated O2 consumption by white button mushrooms [25]. Nonetheless,
final O2 concentration inside the package was >5%, which, according to Qin et al. [40],
prevented anaerobic respiration in A. bisporus. In turn, the concentration of CO2 detected
after 28 days of storage at 4 ◦C ranged between 1.9% to 3.2%, regardless of the type of
packaging used (data not shown). These results are consistent with the thesis formed by
Joshi et al. [41] that the optimal conditions for storage of mushrooms at 2 ◦C should be
2.5–5% CO2.

3.2. Chemical Composition Analysis of Agaricus bisporus
3.2.1. Total Phenolic Compounds

Mushrooms contain phenolic compounds, secondary metabolites which serves a dual
function. Browning of mushrooms results from postharvest stress due to oxidation of
phenolic compounds caused by polyphenol oxidase (PPO, EC1.10.3.1). On the other hand,
phenols possess a strong antioxidant capacity that inhibits the oxidation chain reactions
and thus they retard lipid peroxidation [42,43]. Changes in the TPC content of A. bisporus
packed with active packages and stored for 28 days are shown in Figure 3. Total phenol
content is increased on subsequent storage days in comparison to day 0. Analyzing the
results of TPC obtained from mushrooms packed in MAP, an increase in the content of these
compounds up to day 21 can be noted (3.73 mg gallic acid g−1 dw), after which has occurred
a significant decrease (3.42 mg gallic acid g−1 dw). Liu et al. [39] and Ding et al. [44] have
observed similar trends in their studies. As a result of applying active packaging with
zeolite (FZ) and packaging in MAP (C), a significant increase of TPC content in mushrooms
after 21 days of storage has been measured (3.61, 3.73 mg gallic acid g−1 dw), whereas in
groups packed in FE, FEZ, PVC was statistically lower (2.76–2.92 mg gallic acid g−1 dw).
Pearson’s correlation analysis (Table 2) showed a positive correlation (p ≤ 0.001) between
the content of polyphenols and browning index. This correlation confirms the relationship
between the content of TPC, which are the main substrates in the browning process initiated
by polyphenol oxidase (tyrosinase) and laccase [22,26], and the browning degree measured
instrumentally.
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Table 2. Pearson’s correlation coefficients of mushrooms quality parameters between total phenol (TPC), vitamin C (vit. C),
malondialdehyde (MDA) contents, antioxidant activity (DPPH, FRAP), lightness (L*), color change (∆E), browning index
(BI) and browning measured inside mushrooms cap (BIMC).

vit. C MDA DPPH FRAP TPC L* ∆E BI BIMC

vit. C 1.00 −0.10 0.19 * 0.11 −0.11 0.07 −0.30 *** −0.46 ** −0.06
MDA 1.00 0.08 −0.09 0.05 −0.19 * 0.16 0.03 0.22 *
DPPH 1.00 0.52 *** 0.55 *** −0.43 *** −0.02 0.31 *** 0.05
FRAP 1.00 0.66 *** −0.3 *** 0.14 0.11 −0.21 *
TPC 1.00 −0.12 0.13 0.36 *** −0.08
L* 1.00 0.14 −0.22 * −0.15
∆E 1.00 0.46 *** 0.08
BI 1.00 −0.11

BIMC 1.00

*** Significant at p ≤ 0.001, ** significant at p ≤ 0.01, * significant at p ≤ 0.05.

3.2.2. Vitamin C Content

Literature shows that the mushrooms produce L-ascorbic acid, which is physiologi-
cally important as its synthesis occurs by at least three biosynthetic pathways [42]. Vitamin
C content in mushrooms ranged from 0.197 to 0.337 mg ascorbic acid g −1 dw (Figure 2).
The lowest values throughout the storage period were observed for PVC and C groups
(0.211–0.265 mg ascorbic acid g−1 dw). Reduction of vitamin C content during the stor-
age was caused probably by both enzymatic oxidation reactions and oxidation processes
initiated by reactive oxygen species [45,46]. Noticeable, slow increase of vitamin C concen-
tration in mushrooms packed in active packages with addition of zeolite can be associated
with gradual release of compounds from zeolite [47]. The content of vitamin C after seven
days of storage severely dropped in all groups with the exception of mushrooms packed
with active packaging enriched with the aҫai extract. In this group, the content of vitamin C
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in mushrooms increased (7, 14 storage day) compared to day zero. This phenomenon might
support the hypothesis that signaling compounds can influence fruits/plants causing mild
stress in cells, which induces a defense response by production secondary metabolites
such as vitamin C [48–50]. The tendency of rapid decrease then slight increase and once
again decrease until the 21st day of storage was observed in PVC, FEZ and C groups. A
similar trend was presented by Gao et al. [42] who noted that the final content of vitamin
C was lower than measured on day 0. Correlation analysis (Table 2) showed that the
degree of vitamin C concentration was negatively correlated with color parameters (∆E,
p ≤ 0.001 and BI, p ≤ 0.01). This result is consistent with the hypothesis presented by Hsu
et al. [51], that ascorbic acid is an inhibitor of enzymatic browning. Ascorbic acid reduces
conversion of a o-quinone to a phenolic substrate. In contrast, a positive correlation was
noticed for antioxidant activity DPPH (p ≤ 0.05). Vitamin C is generally considered to have
a remarkable antioxidant property, because it acts as a donor of single hydrogen atoms and
the radical anion monodehydroascorbate reacts predominantly with radicals [52,53].

3.2.3. Antioxidant Activity (DPPH and FRAP)

Both DPPH and FRAP are well-known and widely used methods to assess the ability
of molecules to neutralize free radicals. The FRAP measures the capacity of extracts to
reduce ferric tripyridyltriazine complex to the ferrous form. In turn DPPH method is based
on the free radical scavenging activity [54]. DPPH radical scavenging activity of A. bisporus
was measured on days: 7, 14, 21, 28 of storage (Figure 3C). After seven days of storage
in all groups, DPPH activity decreased. After 21 days, an upward trend of antioxidant
activity was noticed for mushrooms packed in comparison to mushrooms wrapped with
PVC film. Moreover, for PVC and C groups, the lowest antioxidant capacity was observed
(1.18, 1.78 mg ascorbic acid g−1 dw, respectively) on day 28 of storage. This result indicates
that despite comparable TPC values (3.32–3.69 mg gallic acid g−1 dw, in 28 storage day)
for every variant of packaging, the antioxidant capacity (DPPH) was significantly different.
These differences may be due to the fact that each compound belonging to the phenolic
group has different antioxidant properties or that the phenolic compounds have already
used up their free radical scavenging potential [55,56]. Based on Pearson’s correlation
coefficients (Table 2) the positive relationship between antioxidant activity (DPPH) and Vi-
tamin C content (p ≤ 0.05) and TPC content (p ≤ 0.001) was observed. The study by Bernaś
et al. [57] also showed a positive correlation between antioxidant activity and TPC. On the
one hand, the increased activity of the phenylpropanoid pathway leads to the synthesis
of phenols, which are characterized by high antioxidant activity [24]. However, phenols
are substrates for the PPO enzymatic reaction, which increases the dynamic of phenolic
compounds conversion into quinones and next into melanin (dark pigment) [21]. The
consequence of these changes is probably a negative correlation (p ≤ 0.001) of antioxidant
activity (DPPH) with lightness of mushrooms (L*) and a positive correlation (p ≤ 0.001)
with browning index (BI).

The antioxidant activity of A. bisporus measured by the FRAP method on day zero was
4.33 mg of ascorbic acid g−1 dw, while through the storage ranged between 3.29 and 5.73 mg
of ascorbic acid g−1 dw (Figure 3). A similar result as in the case of DPPH was obtained in
the FRAP analysis, where the use of active packaging with the addition of zeolite (on day 28)
resulted in a higher antioxidant activity (FRAP) compared to the other packaging variants.
Interestingly, despite the different radicals present in the DPPH and FRAP analysis, Pearson
correlation analysis (Table 2) showed a strong positive correlation (p ≤ 0.001) between
antioxidant activities measured by both those methods. This dependence is confirmed
by the study conducted by Ghahremi-Majd and Daskti [58]. The same correlation degree
for DPPH is observed for FRAP in relation to TPC (positive correlation, p ≤ 0.001) and
L* (negative correlation p ≤ 0.001) content. This is probably due to an accumulation of
a great number of phenolic compounds which are substrates for reactions of enzymatic
browning [59].
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3.2.4. Malondialdehyde Content

Lipid peroxidation of polyunsaturated fatty acids in cell membranes lead to the
creation of many degradation products. Malondialdehyde (MDA) is considered to be a
main product and biomarker of membrane lipid peroxidation. The accumulation of MDA
can cause many adverse changes, e.g., loosen bridges in cellulose chains or through cross-
linking nucleic acids and proteins can limit their biological functions [60]. The low MDA
value (Figure 4) throughout the storage period in the case of active packaging with the
addition of aҫai extract or aҫai extract + zeolite may be associated with presence of volatile
compounds that may have antioxidant properties which could slow down the oxidation
processes [61,62]. The content of MDA in A. bisporus after seven days of storage increased
significantly compared to day zero regardless of the type of packaging. Those findings are
in line with conclusions made by Zhang et al. [38]. After 14 days of storage, MDA content
in PVC, FEZ, and FZ groups decreased, whereas for C and FE, it increased. In turn, on day
21, the MDA content was lower compared to the previous week, in each group, except for
PVC. The use of active packaging, either with an aҫai extract, zeolite, or a combination,
resulted in lower accumulation of MDA compared to the C or PVC group. These changes
may possibly be related to the lipid peroxidation mechanism. Generally, lipid peroxidation
is a process during which free radicals (oxidants) attack lipids containing carbon double
bonds, in particular polyunsaturated fatty acids. Linoleic acid is an unsaturated fatty acid
which presents in A. bisporus to the greatest extent [63]. The products of lipid oxidation are
mainly lipid hydroperoxides, nevertheless secondary products may form, such as: MDA,
4-hydroxynonenal (4-HNE), hexanal, isoprostanes or propanal through oxygen radical-
dependent oxidative process. This process may proceed with different dynamics and lead
to production of a mix of various lipid oxidation products. Thus, the MDA level by itself
cannot give the full image of lipid oxidation in general. Thus, the drop of MDA content in
experimental groups (except for PVC group) after 21 days of storage can testify that MDA
level shows only a fraction image of the lipid oxidative status in tested samples [64].
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Figure 4. Malondialdehyde (MDA) content of white button mushrooms packed in different active
packages containing zeolite (FZ), aҫai extract (FE), aҫai extract + zeolite (FEZ) packed in MAP, without
active packaging in MAP (C) or wrapped in polyvinyl chloride foil (PVC) measured on each storage
day. Standard error is presented in a form of horizontal bars.

3.2.5. Volatile Compounds Analysis

Volatile compounds in white button mushrooms characterize the degree of mushrooms
development state, which is directly related to quality. Principal component analysis (PCA)
was used to find the trend, which explicate the best variance in the date set (Figure 5).
On day 14 of storage, more than 38% of total variance was explained by 1st principal
component (PC1), whereas the 2nd principal component (PC2) explained 22.78% of total
variance, and 3rd principal (PC3) explained 7.39% of the total variance. However, on
day 28, these differences increased, and they explained total variance in: 49.57% for
PC1, 13% for PC2, and 8.11% for PC3. Volatile compounds identified in white button
mushrooms was presented in Table 3. Nine compounds were detected in fresh mushrooms.
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With the storage time, the amount and type of volatile compounds detected in samples
has changed. Compounds such as 1-propanol, 2,6,6-trimethylbicyclo[3.1.1]hept-2-ene (α-
pinene) and decanol-2-one were identified after 14 days of storage in mushrooms from
each group. Referring to volatile compounds identified after 28 days of storage, the
compounds present in all experimental variants were: α-pinene, 1-propanol and butane-
2,3-dione. Differences and similarities may result from volatile compound formation
mechanisms which run through metabolic changes from non-volatile compounds. Mainly
amino acids and fatty acids take part in the process of volatile compound formation.
Amino acids are reduced to alcohols through the following stages: amino acids -> alpha
keto acids -> aldehydes -> alcohols [65]. In contrast, fatty acids, especially linoleic acid,
subjected to the enzymatic reaction (lipoxygenase), are oxygenated to hydroperoxides.
Those metabolic transformations are conditioned by many factors, e.g., genotype, storage
conditions, developmental stage, and even some scarce volatile compounds may affect the
physiological condition of mushrooms [66].
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Figure 5. Analysis of principal components (PCA) of volatile compounds identified in mushrooms
packed with active packaging containing zeolite (FZ), aҫai extract (FE), aҫai extract + zeolite (FEZ)
in MAP, without active packaging in MAP (C) and wrapped in polyvinyl chloride foil (PVC) and
analyzed in fresh mushrooms (FM, day 0), after 14 (A) and 28 (B) days of storage.

Table 3. Volatile compounds identified in mushrooms packed with active packaging containing zeolite (FZ), aҫai extract
(FE), aҫai extract + zeolite (FEZ) in MAP, without active packaging in MAP (C), wrapped in polivynyl chloride foil (PVC)
and fresh mushrooms (FM) after 0, 14 and 28 days of storage).

Identified Volatile Compounds Sensory
Descriptors

Day of Storage

0 14 28

FM E Z EZ C PVC E Z EZ C PVC

aldehydes
3,7-dimethyl-2,6-octadienal citrus + + +

2-methylpropanal burnt +
6-decanal green +
butanal chocolate + + +

alcohols
1-propanol alkoholic + + + + + + + + + +
nonan-3-ol herbiceous +

4-methylhexan-1-ol grassy + +
butan-1-ol cheese +

propane-1,2-diol carmelized + + +
2-methyl-5-prop-1-en-2-ylcyclohex-2-en-1-ol caraway + + + +
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Table 3. Cont.

Identified Volatile Compounds Sensory
Descriptors

Day of Storage

0 14 28

FM E Z EZ C PVC E Z EZ C PVC

acids
2,4-hexadienoic acid + + + + +

formic acid acidic + + +
pentanoic acid beefy +

ketones
decan-2-one citrus + + + + +

butane-2,3-dione butter + + + + +

hydrocarbons
trichloroethane sweet + +

nonane alkane +

ethers
2,3-dimethoxyphenol medicinal + + +

2-methylfuran burnt + + +

esters
methyl propanoate etheral +

terpenes
1-methyl-4-propan-2-ylcyclohexa-1,4-diene citrus + +

2,6,6-trimethylbicyclo[3.1.1]hept-2-ene camphor + + + + + + + + + +

4. Conclusions

This research was carried out in order to verify if active packaging with the addition
of zeolite (clinoptilolite) and aҫai extract can increase the shelf life of A. bisporus. The
obtained results indicate that the use of active packaging primarily decreased water loss
and slowed down the browning process both outside and inside the mushrooms. Moreover,
mushrooms stored in active packaging, especially with added zeolite, were characterized
by a higher content of vitamin C and antioxidant activity compared with the C and PVC
groups. Furthermore, the study showed a high correlation (p ≤ 0.001) between color
parameters (L*, ∆E, and BI), content of bioactive compounds (TPC and vitamin C), and
antioxidant activity (DPPH, FRAP). In summary, active packaging enriched with acai
extract and zeolite may effectively inhibit the deterioration of mushroom quality (physical
and chemical) when stored after harvest at 4 ◦C for 28 days.
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