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Preface to ”Innovative Research in the Food
Packaging to Improve Food Quality and Shelf Life”

Food packaging and shelf life have been the subject of remarkable research in recent years. They

are so important because only by understanding a good storage system is it possible to avoid any

food waste. Moreover, the best packaging has to prolong the food quality while also reducing the

packaging volume or better, become itself biodegradable, and guarantee the nutritional characteristics

of food products.

In particular, the increasing interest in reducing packaging wastes is becoming a rising problem,

just considering that food packaging alone contributes to a huge portion of total packaging wastes

in the world. On the other side, consumers judge the food quality based on appearance and

freshness, but also using their awareness of the environmental implications of packaging. Nowadays,

many technologies can be applied to improve food quality and shelf life, such the application of

edible films or coatings, from biodegradable materials or biopolymers, trying to reduce the package

barrier requirements, incorporating natural bioactive compounds and lengthening shelf life making

packaging easily compostable.

The present Special Issue is aimed at gathering cross-disciplinary approaches to increase food

quality and shelf life working on innovative processing or materials for food packaging in order to

provide very new solutions to producers.

The editors particularly appreciate the efforts of all the authors who participated in this Special

Issue.

In particular, the editors are very proud to have been able to collect fascinating papers from

three international research groups, two of those reporting on experimental trials on chicken fillets.

Two other papers are focused on innovative trays and pads for active packaging, and finally two

other papers linked with the interesting as innovative “zero-waste” and “sustainable” approach to

improve shelf life.

Studies on active packaging, shelf life and the effect of light exposure on a sweet wine were the

Editors’ research group’s contributions.

The Editors wish you an enjoyable lecture.

Valeria Rizzo, Giuseppe Muratore

Editors
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Abstract: Two globe artichoke genotypes, “Spinoso sardo” and “Opera F1”, have been processed
as ready-to-cook (RTC) slices and refrigerated at 4 ◦C for 12 days (i) to evaluate the suitability to be
processed as RTC slices; (ii) to evaluate the effect of a Foeniculum vulgare essential oil (EO) emitter,
within an active package system, to delay quality decay, thus extending shelf life; (iii) to estimate
the impact of EO emitter on the sensory profile of the RTC slices after cooking. Results revealed that
both globe artichoke genotypes possess a good attitude to be processed as RTC product. “Opera F1”
showed the best performances for color parameters, texture and chemical indexes, while “Spinoso
sardo” showed lower mass loss (ML) over the storage time. The addition of EO emitter slowed
down the consumption of O2, better preserved texture when compared to the control and more
effectively control polyphenol oxidase (PPO) activity and antioxidants’ retention during the cold
storage. Microbial counts in control globe artichoke RTC slices were significantly higher than those
packed with EO emitter, confirming the inhibiting role played by EO of F. vulgare. In addition,
the EO emitter did not influence negatively the sensory profile of RTC globe artichoke slices after
microwave cooking.

Keywords: essential oil emitter; globe artichoke genotype; quality parameters; microbial growth;
antioxidants’ retention

1. Introduction

Food market demand is increasingly focused on food products with a high level of
healthy compounds. In this context, globe artichoke (Cynara cardunculus L. var. scolymus
(L.) Fiori = C. scolymus L.), whose production for a long time was limited to the native
Mediterranean region, is becoming increasingly popular and desired by consumers all over
the world for its taste and functional properties [1–3]. The edible immature inflorescence
(named as capitulum or head), which is composed of a receptacle surrounded by thickened
bracts, is destined for fresh consumption or industrially processed production in several
ways [4]. Particularly, the complex trimming operations necessary for heads to be freshly
consumed, especially for the genotypes with spines, have increased recently the industrial
production of ready-to-cook (RTC) globe artichoke slices [5,6], which can definitively
balance consumer’s demand due to easier use and freshness and better quality of them.

A good opportunity to improve sales for food industry is the production of fresh-cut
vegetables; minimally processed products are one of the rapid growing sectors in the food
industry due to the convenience and nutritional value, but it is well known that processing
operations, mainly cutting, have the disadvantage of accelerating enzymatic browning
phenomena and microbial spoilage, respect to the whole vegetables, due to the loss of
compartmentalization of vegetable cells. Specifically, the enzymatic browning is mainly
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attributed to the polyphenol oxidase (PPO; EC 1.14.18.1), which generates dark pigments
called melanoidins, unacceptable in terms of safety, since they could support the microbial
growth. Additionally, although moderate, stress conditions or short storage times could be
due to the loss of sensory and nutritional quality of the processed globe artichokes [5,7–11].
To slow down such quality decrease, the use of natural antimicrobials, such as essential oils
(EOs), instead of chemical agents has emerged as a promising strategy [12]. Active packag-
ing systems have been successfully applied to minimally processed vegetables [13]. Among
them, active packaging releasing systems (emitters) are applied to add compounds into the
headspace to improve shelf life of food, like antimicrobial substances, CO2, antioxidants,
or ethanol. Plants are relevant sources of bioactive molecules possessing antimicrobial ac-
tivities against pathogens and spoilage microorganisms. The different compounds having
antimicrobial activities in plant are alkaloids, phenolics, terpenes, terpenoids, flavonoids,
essential oil, etc. [14,15]. The positive effects of the addition of EOs into individual carrier,
as emitters inside packaging, instead of the incorporation into polymers, is to avoid any
undesired change of properties of the polymeric films [16].

An important role in plant defense is played by EOs, secondary metabolites, some
of which exert powerful antimicrobial activities [12,17,18], are classified as Generally
Recognized As Safe (GRAS) [19], and are often used for the inhibition of pathogenic
bacteria in foods.

EOs have been deeply studied also as active components in bio-based emulsified
films and coatings. The EO from Foeniculum vulgare seeds, which is rich in trans-anethole,
has been demonstrated to possess antioxidant activities [16], good antimicrobial activity
against food-borne pathogens such as Shigella dysenteriae [20], Escherichia coli [21], and
other pathogenic bacterial and fungal species [22–24]. With reference to food packaging
application, recently Rizzo et al. [11] demonstrated the notable efficacy of the locust bean
gum (LBG) coating with the addition of F. vulgare EO in preserving quality of RTC globe
artichoke slices of “Spinoso sardo” during refrigerated storage for 11 days. However,
although EO-based packaging has the ability to increase food shelf life, the selection of
EO-based materials should be done on the basis of the compatibility with foods in terms of
flavor to avoid any negative impact of EOs on the sensory profile.

The aims of this study, performed on RTC globe artichoke slices stored at 4 ◦C for
12 days, were therefore: (i) To evaluate the suitability of two globe artichoke genotypes,
“Spinoso sardo” and “Opera F1”, to be processed as RTC slices; (ii) to evaluate the effect of
a F. vulgare EO emitter, within an active package system, as a strategy to slow down quality
decay, and thus increasing shelf life; (iii) to estimate the impact of EO emitter within the
package on the sensory profile of the RTC slices after microwave cooking.

2. Materials and Methods
2.1. Experimental Field, Plant Material, and Management Practices

Experimental trial was performed during 2014–2015 on Siracusa plain (36◦58′ N,
15◦11′ E; 53 m a.s.l. (metres above sea level)), one of the main Italian site for globe artichoke
crop. The soil, classified as calcixerollic xerochrepts [25], had the following characteristics:
pH 7.7, 50% sand, 18% silt, 32% clay, 6% limestone, 1.9% organic matter, 0.18% total N,
and 30 mg kg−1 of available P2O5 and 280 mg kg−1 of exchangeable K2O. The climate
of the area is semiarid-Mediterranean, with mean long-term monthly maximum and
minimum temperatures from 14.8 (January) to 30.6 ◦C (July) and from 7.8 (January) to
22.3 ◦C (August), respectively [26].

“Spinoso sardo”, an early reflowering multiclone globe artichoke genotype, with
conical green heads characterized by purple shades and big yellow spines [27], and “Opera
F1”, a hybrid producing purple-colored spherical heads, were studied. Planting was
performed by either semi-dormant offshoots or seedling) in August 2014, by adopting
a randomized block experimental design with 4 replications and a planting density of
1.0 plant m−2. Crop management was carried out in agreement with the usual commercial
practice of the cultivation area.
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2.2. Head Harvest, Post-Harvest Treatments, and Sampling

Around 100 globe artichoke heads per each plot were harvested at the beginning of
March at the marketable stage [28], transported to the Department of Agriculture, Food and
Environment, University of Catania (Di3A) laboratories under controlled temperature and
processed as a RTC product the day after. Samples were treated as reported by Licciardello
et al. [9]. Briefly, all the inedible parts and the heads” tips were first eliminated and then
heads were cut into 5 mm thick slices by using a manual cutting machine, sanitized and
treated in anti-browning solution as reported by Rizzo et al. [11]. Slices were dried in
a manual centrifuge, to eliminate residual water solution and then were placed in PET
trays (16 × 11 × 3.5 cm), filled them up to 100 ± 10 g for each tray and packaged into a
semi-permeable polyolefine film (SPP) (SP/BY 19 micron-System Packaging s.r.l., Siracusa,
Italy) having an oxygen transpiration rate (OTR) of 3000 cm3/m2/24 h at 23 ◦C and 0%
relative humidity (RH). Totally 80 trays were filled with “Opera F1” and “Spinoso sardo”
slices respectively. Inside a half of the totally package for each genotype (40) was placed
a small square (1 × 1 cm) of sterilized TNT textile, soaked with 150 µL of F. vulgare EO
(0.75% w/w) produced by Rao Erbe (Catania, Italy) immediately before the hermetical
sealing of trays with SPP plastic bags (20 × 15 cm) by a sealing bar (Lafayette Model
SK-410, Frosinone, Italy). Samples were kept at 4 ± 0.5 ◦C and 90–95% RH up to 12 days
and analysis were done at the processing day (T0), and after 5, 8 and 12 days of refrigerated
storage (Figure S1).

2.3. Weight Loss and Headspace Gas Composition

Every package was marked with the starting weight. Then, at each sampling time
three different trays for each post-harvest treatment were chosen (5, 8 and 12 day) and
immediately weighed before further analysis. Mass loss (ML) was expressed as % of the
initial sample weight at T0. The headspace gas composition, to quantify carbon dioxide
and oxygen, was measured using a CheckPoint portable gas analyzer (MOCON Europe
A/S (Dansensor), Ringsted, Denmark). Analysis were done on three replicates every
sampling time.

2.4. Color Analysis

Surface color of RTC globe artichoke slices was assessed according to CIE L*a*b* scale
as stated by Rizzo et al. [29], using a portable colorimeter (NR-3000, Nippon Denshoku Ind.
Co., Ltd., Tokyo, Japan), correctly calibrated, and illuminant D65/10◦. Data were showed as
L* = lightness, a* = redness, b* = yellowness and calculated as ∆E* = (∆L*2 + ∆a*2 + ∆b*2)1/2

pointing at the total color difference, to better assess the overall color changes during stor-
age as previously done by Licciardello et al. [30].

2.5. Texture Analysis

The texture was measured by applying a 500 N nominal force cell and a stainless-steel
probe (length 5 mm) and measuring the maximum shear force, using instruments and data
elaboration as reported by Rizzo et al. [11] Results were the average of 6 measurements.

2.6. Microbiological Analyses

Microbiological determinations were performed on 25 g of RTC artichokes, aseptically
sampled from each package and homogenized in a Lab-Blender 400 (Brinkmann, Westbury,
NY, USA) for 3 min with 225 mL of Ringer solution (Oxoid, BR0052, Basingstoke, UK).
The determined microorganisms were: Total aerobic mesophilic bacteria (MB) and total
aerobic psychrotrophic bacteria (PB) on plate count agar (PCA, Oxoid, CM325, Basingstoke,
UK) with cycloheximide 0.1% solution (Oxoid, SR0222, Basingstoke, UK), incubated at
30 ◦C for 48 h and at 7 ◦C for 5–10 days, respectively; at; yeasts and molds (YM) on
Sabouraud Dextrose Agar (SDA, Oxoid, CM0041, Basingstoke, UK) supplemented with
0.1 g L−1 chloramphenicol (Oxoid, SR0078, Basingstoke, UK), incubated at 25 ◦C for 48–72 h;
Enterobacteria (TEB) on violet red bile glucose agar (VRBGA, Oxoid, CM0485, Basingstoke,

3



Foods 2021, 10, 517

UK), incubated at 37 ◦C for 24 h; Escherichia coli on brilliance E. coli selective agar (Oxoid,
CM1046, Basingstoke, UK), incubated at 37 ◦C for 24 h; Pseudomonas spp. on Pseudomonas
Agar Base (CM0559, Oxoid, Basingstoke, UK), supplemented with Pseudomonas CFC
selective agar supplement (SR0103, Oxoid, Basingstoke, UK) and incubated at 25 ◦C for
48 h. All microbiological analyses were performed in triplicate and expressed as average
log10 CFU g−1.

2.7. Chemical and Enzymatic Analyses

An amount of RTC globe artichoke slices from each package was freeze dried (Christ
freeze drier; Christ, Osterode am Harz, Germany) for performing the following chemi-
cal determinations.

L-ascorbic acid content (AsAC) was evaluated following the HPLC method proposed
by Lombardo et al. [5] and expressed as mg kg−1 of DM (dry matter).

A modified Folin-Ciocalteu method [4] was adopted for the determination of the total
polyphenol content (TPC), which was expressed as g kg−1 of DM, using chlorogenic acid
as a standard; in the same extracts used for TPC analysis, the antioxidant activity (AA),
expressed in terms of DPPH (2,2-diphenyl-1-picrylhydrazyl) percentage of inhibition, was
determined using the method reported by Brand-Williams et al. [31] and calculating the
results as follows:

AA = (AC0−AS30)÷AC0 × 100 (1)

where AC0 is the absorbance of the control assay (no extract) and AS30 the absorbance of
the sample after 30 min.

The determination of PPO activity was spectrophotometrically performed [32,33],
using catechol as a phenolic substrate. defining one unit of PPO activity as the level of
enzyme able to increase the absorbance by 0.001 min−1.

All these chemical determinations were conducted by using bi-distilled water and an-
alytical or HPLC grade reagents and solvents obtained from Sigma-Aldrich (Milan, Italy).

2.8. Sensory Analyses

The UNI EN ISO 13,299 [34] method was adopted to evaluate changes in sensory
characteristics of samples. Ten judges (six female and four male, 24–40 years old and a
plurennial expertise in the sensory evaluation of vegetables) were selected from the Di3A
and were trained as indicated by ISO 8586 [35] in four meetings using different kind of
globe artichoke samples, to achieve a common language for the description of sensory
traits and to familiarize themselves with scales and procedures.

According to Rizzo et al. [11,17] the following main sensory attributes were considered:
One for appearance (freshness), six for odor (herbaceous, globe artichoke, fennel, apple,
potato, and off-odor), six for flavor (herbaceous, globe artichoke, fennel, apple, potato, and
off-flavor), two for taste (sweet and bitter), one for tactile (astringent), and overall score.
Before the sensory evaluation, the samples were cooked using commercially available
microwave cooking bags (FRIO; Sphere France S.A.S., Paris, France) in a microwave oven
(Whirlpool, Benton Harbor, MI, USA) at 700 W for 10 min.

The panel evaluated the randomized samples adopting a scale from 1 (absence of
sensation) to 9 (extremely intense) in the sensory laboratory [36] of the Di3A. Water was
provided for mouth rinsing between tests. Computerized data-collection software was
used (FIZZ, Software Solutions for Sensory Analysis and Consumer Tests, Biosystemes,
Couternon, France).

2.9. Statistical Analysis

Bartlett’s test was adopted to verify the homoscedasticity, and then the data (when
necessary transformed by Bliss transformation prior to statistical analysis) were subjected
to a three-way analysis of variance (ANOVA) as a factorial combination of “genotype (2)
× postharvest treatment (2) × storage time (4)”. For each sensory attribute a two-way
ANOVA as a factorial combination of “genotype (2) × postharvest treatment (2)” was
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performed. Means were separated by LSD test, when the F-test was significant (p ≤ 0.05).
Limitedly to AsAC, TPC, and AA, the correlation analysis was carried out to estimate their
relationship. The software package Statgraphics® CenturionXVI (Statpoint Technologies,
INC., The Plains, VA, USA) was used to perform ANOVA.

3. Results and Discussion
3.1. Fresh Weight Loss, Headspace Concentration, Color, and Texture

It is assumed that fresh globe artichoke heads are cooked prior to consumption. The
USDA National Nutrient Database for Standard Reference reports that about 40% of a fresh
head is edible, while the USDA Food and Nutrient Database for Dietary Studies indicates that
about 6% of this edible share is further lost through cooking. Therefore, while the consumers
have to consider only the weight lost through cooking of RTC globe artichoke slices, producers
have to consider also the whole mass loss to define their profit. As previously reported by
Licciardello et al. [9], the most important function of the packaging is to decrease the fresh
vegetable moisture loss by respiration and surface evaporation mechanisms, thus increasing
product shelf life. For this reason, the SPP film was selected for our study, considering the
positive performance in reducing fresh weight loss under refrigerated storage conditions at a
maximum−1%, due to its low water vapor transmission rates [6]. The ANOVA for the ML
highlighted a significant influence of the studied main effects (Genotype (G), Treatment (T) and
Storage time (St)), as well as a high statistical significance for the interaction “G × St”, “T × St”
and “G× T× St” (Table 1). As expected, ML increased during the refrigerated storage (Table
2), reaching its maximum value around 2%, which resulted quite higher than the observed
values for other globe artichoke genotypes previously studied (i.e., “Apollo”, “Exploter”, and
“Spiosodi Palermo”) [9].

ML was slightly higher in “Opera F1” at the end of the experimental trial (12 day) re-
spect to “Spinoso sardo”, while samples with EO”s pad began with higher values that were
maintained until 8 days (Figure 1). It is evident how the RTC globe artichoke slices packed
with EO emitter follows the same path of the control, underlining more correspondence to
the genotype then to the treatment (Figure 1).
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12 2.18 a 5.33 b 10.61 b 11.87 c 80 d 48.2 c 61.71 a 92.07 c 4.68 a −0.95 b 2.46 c 

(b) 

Main Factor 
Qualitative Trait 

MB PB YM Enterobacteria E. coli Pseudomonas PPO 
 (log CFU g−1) (mmol min−1 g−1) 

Genotype 
OPERA F1 3.89 b 3.64 b 3.13 b  4.53 b 1.64 b 4.12 b 2.65 b 
SPINOSO 
SARDO 

5.09 a 5.13 a 5.18 a 5.30 a 2.23 a 4.84 a 3.37 a 

Treatment 
Control 4.68 a 4.57 a 4.31 a 5.04 a 2.15 a 4.72 a 3.23 a 

Essential oil 4.31 b 4.20 b 4 b 4.79 b 1.72 b 4.25 b 2.79 b 
Storage time (day) 

0 3.21 d 3.23 d 1.8 d 3.07 d 0.8 d 1.63 c 2.01 b 
5 4.33 c 3.99 c 4.08 c 4.96 c 1.68 c 4.93 b 4.03 a 
8 4.92 b 4.51 b 5.28 b 5.70 b 2.35 b 5.70 a 3.83 a 

12 5.52 a 5.82 a 5.46 a 5.92 a 2.91 a 5.68 a 2.16 b 
Note: ML: Mass loss; TPC: Total polyphenol content; AsAC: Ascorbic acid content; AA: Antioxidant activity; Text: Texture 
(Fmax); color parameters (L*, a*, b*); ∆E: total color difference. MB: Mesophilic bacteria; PB: Psychrotrophic bacteria; YM: 
Yeasts and molds; PPO: Polyphenol oxidase. Different letters within the same qualitative trait and main factor show sig-
nificant differences (LSD test, p ≤ 0.05). 

ML was slightly higher in “Opera F1” at the end of the experimental trial (12 day) 
respect to “Spinoso sardo”, while samples with EO”s pad began with higher values that 
were maintained until 8 days (Figure 1). It is evident how the RTC globe artichoke slices 
packed with EO emitter follows the same path of the control, underlining more corre-
spondence to the genotype then to the treatment (Figure 1). 

 
Figure 1. Mass loss (%) of RTC globe artichoke slices as affected by “genotype × post-harvest treat-
ment × storage time” interaction. O: “Opera F1”; SS: “Spinoso sardo”; C: Control; EO: Samples 
packed with essential oil of Foeniculum vulgare. Data are reported as means ± standard deviation. 
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Figure 1. Mass loss (%) of RTC globe artichoke slices as affected by “genotype × post-harvest
treatment × storage time” interaction. O: “Opera F1”; SS: “Spinoso sardo”; C: Control; EO: Samples
packed with essential oil of Foeniculum vulgare. Data are reported as means ± standard deviation.
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With reference to the two components of packaging headspace, both O2 and CO2
were not influenced by G, as expected, thus confirming previous results [9], while St
influenced the percentage of O2 and CO2 for p ≤ 0.001 and p ≤ 0.01, respectively (Table 1).
Changes in O2 and CO2 concentration slowed down during the cold storage (Table 2),
while only the O2 concentration varied during the storage time depending on G and T
as reported in Figure 2a,b, respectively. Thus, the headspace O2 concentration changed
rapidly during the first 5 days of storage [5,9], then reaching an equilibrium concentration
until the end of the storage for both G and T. “Opera F1” displayed higher O2 concentration
than “Spinoso sardo” only at the processing day, while both genotypes reported similar
values of this parameter throughout the storage time (Figure 2a). The presence of EO
emitter instead seemed to slow down the consumption of O2, reaching after 12 days
comparable headspace gas concentrations (Figure 2b). As explained by Ghidelli et al. [37],
preparing globe artichoke heads by removing inedible parts led to a sharp drop in O2 and
an increase in CO2.
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Figure 2. Oxygen (%) of RTC globe artichoke slices as affected by “genotype × storage time” (a);
“post-harvest treatment × storage time” (b); interaction. O: “Opera F1”; SS: “Spinoso sardo”; C:
control; essential oil (EO): Samples packed with essential oil of F. vulgare. Data are reported as means
± standard deviation.
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In fresh cut vegetables, appearance color represents the marketability value of the
product itself. Considering the studied chromatic indexes, the ANOVA showed as all the
color parameters were mainly affected by St (Table 1) in agreement with previous findings,
which reported as St resulted the predominant factor influencing color [10]. L* was affected
by T, St and “G × T × St” interaction (Table 1; Figure 3a). L* decreased in both genotypes
and post-harvest treatments during the first 5 days, as confirmed by previous study [11],
then increased in the following 3 days and again slowed down at the end of the trial.
“Opera F1” had higher values from T0 to the 8th day of St, to rapidly decrease at the last
day of the trial respect to “Spinoso sardo”, which instead had higher values at the end of
St. Such path may be explained considering that studying the color by a colorimeter, a
decrease of L* can be an indication of browning appearance as well as an increase in L* can
be linked with the progress of whiteness in the samples for the same reason [38].

The ∆E was characterized by “G× St” and “T× St” interactions (Table 1). In this view,
the genotype “Spinoso sardo” recorded higher values than “Opera F1”, thus indicating
greater changes during the storage period (Figure 3b), and the presence of EO’s pad did
not improve color appearance, since the increase of ∆E after 8 days corresponds to a worse
color vision by the consumer (Figure 3c), but at the end of the storage it was smaller than
control. Generally, ∆E assessed color changes taking place during St, which is not simply
related to browning or to other perceived aspects, but it is the expression of the complexity
of different (unspecified) effects [30].
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Figure 3. Color parameters of RTC globe artichoke slices as affected by “genotype × post-harvest
treatment × storage time”(a) “genotype × storage time” (b); “post-harvest treatment × storage
time”(c) interaction. L*: Lightness; ∆E* = total color difference; O: “Opera F1”; SS: “Spinoso sardo”; C:
control; EO: Samples packed with essential oil of F. vulgare. Data are presented as means ± standard
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In RTC globe artichoke slices texture is doubly important because it has to satisfy
the consumer at package’s opening, but also after cooking. Texture was significantly
influenced by interactions “G× St”, “T× St” (both at p≤ 0.05) and “G× T× St” (p≤ 0.01),
as reported in Table 1. Texture in “Opera F1” did not change substantially throughout the
storage time, while “Spinoso sardo” reported an immediate loss of about 50% after the first
5 days, then settling on almost constant but lower values than those recorded for “Opera
F1” (Figure 4). As studied in the past, texture increased in “Opera F1” for the loss of water
by the vegetable, possibly derived by lignin production, while the resistance decreased in
“Spinoso sardo” during storage for the liberation of proteolytic and pectolytic enzymes
caused by the cellular breakdown [11]. Also, the EO treatment showed a fairly increasing
trend, keeping values after 5 days of storage slightly higher than the control which showed
a drop off after 5 days (Figure 4).
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3.2. Antioxidant Compounds Content and Activity

Inhibition of browning phenomena is a main challenge in the production of RTC globe
artichoke slices with the aim of ensuring a longer shelf life and more suitable visual quali-
tative attributes of the product [9,10]. Natural antioxidant compounds, either endogenous
in globe artichoke (e.g., ascorbic acid and polyphenols) or applied as safe preservatives
(e.g., EOs), are found to be efficient in preventing the qualitative damages during cold
storage of minimally processed vegetables [6,30]. However, several factors influenced the
levels of antioxidant compounds in globe artichoke [39–41]. Here, the ANOVA results
revealed the significant influence of the studied main effects (G, T and St) and the “T × St”
interaction for both the AsAC and TPC (Table 1).

Both TPC and AsAC decreased throughout the storage time, regardless of post-harvest
treatment and genotype (Table 2). For the TPC, this may depend upon the conversion
of phenolic compounds to the relative quinones (scarcely reactive to the Folin–Ciocalteu
method) by PPO [42]. For such reason, when the PPO activity declined, the TPC was
quite stable in both post-harvest treatments (Figure 5) and genotypes (Figure 6) passing
from 8 to 12 days of cold storage. Our results also indicated that TPC decreased much more
slowly in presence of EO (Figure 5), which can be imputed to the additional polyphenols
provided by packing RTC globe artichoke slices with EO emitter. In particular, after
5 and 8 days of cold storage, EO was able to increase the TPC than the control C (Figure 5).
Similarly, during the storage time, samples presented a different AsAC retention with
reference to the post-harvest treatment subjected (Figure 5). In particular, after 5 days of
cold storage EO reinforced the AsAC retention as also highlighted for the TPC.

The AA (measured by DPPH assay) had a good correlation with both TPC (r = 0.821 ***)
and AsAC (r = 0.775 ***). As reported previously [6,10], globe artichoke extracts possess a
high and exploitable AA as safe qualitative preservative. Here, it was significantly influ-
enced by the studied main effects (G, T, and St) and the interactions “T × St” and “G × St”
(Table 1). On the whole, the AA trend is consistent with those highlighted for AsAC and
TPC, decreasing throughout the storage period, although with a different extent depending
on post-harvest treatment (Figure 5) and genotype (Figure 6). Indeed, at each sampling
time it was higher in samples packed with EO emitter than C (Figure 5), as a result of the
enhanced level of antioxidants in the product provided by EO of F. vulgare.

A significant influence of genotype was found for all the three traits here commented
(Table 1). In this view, the decoding of globe artichoke genome may lead to the constitution
of genotypes with enhanced yield and quality features [3,43,44]. Here, it is noteworthy
to underline as “Opera F1” displayed higher TPC and AsAC than “Spinoso sardo”, as
well as a higher AA consequently (Table 2). However, “Opera F1” experienced a higher
reduction of AA at each sampling time (Figure 6), which could be related to its polyphenolic
profile. Indeed, polyphenols are recognized as the main contributors to the AA of globe
artichoke extracts [1,10].
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3.3. Polyphenol Oxidase (PPO) Activity

The ANOVA revealed that the three sources of variation (G, T and S) were all indi-
vidually significant for the PPO parameter, but only “G × St” and “T × St” interactions
were significant (Table 1).

Based on the significance of the “G × St” interaction, a similar trend was observed
for the PPO in both the selected genotypes (Figure 7a), although the concentration of this
enzyme was in the early stages of storage time significantly higher in “Spinoso sardo”
compared to “Opera F1”, making the latter genotype potentially the best choice for in-
dustrial transformation. The PPO enzyme is activated by stress conditions, resulting after
least operations of mincing and cutting and/or by premature ageing phenomena. The
genotype “Opera F1” showed at the day of processing (T0), a lower endogenous PPO
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activity (1.65 mmol min−1 g−1) respect to “Spinoso sardo” (2.36 mmol min−1 g−1). In
addition, “Spinoso sardo” shows a maximum of activity after the 5th day of storage, while
in “Opera F1” it appeared delayed at 8 days, but lower than “Spinoso sardo” in the same
sampling time. This tendency should be linked with the browning reactions activated
by specific polyphenolic substrates. As previously observed, the extent of the peroxidase
(POD, EC 1.11.1.7) isoenzymes in “Opera F1” is really poorer if compared to other globe
artichoke genotypes or other crops, such as tomato, melon and strawberry [45]. In addition,
variations in polyphenols, PPO and PAL activities were previously reported in cold-stored
globe artichoke heads [46]. The subsequent reduction in enzymatic activity may be as-
cribable to the reduction of the endogenous PPO, which is responsible of the browning
phenomena [46], as well as to a molecular rearrangement of chlorogenic acid, 1,3-O- and
3,5-O-dicaffeoylquinic acids, which are the most representative phenolic compounds in
this crop [11,47,48].
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Referring to the interaction “T× St” (Figure 7b), both the control (C) and EO treatment
had a similar pattern, showing an increase of the values up to the 5th day of refrigerated
storage, followed by a gradual decrease at 8 days in EO, confirming the effectiveness
of the treatment in reducing the incidence of the polymerization of quinones in brown
melanoidins than the control C. It should be noted that the initial browning phenomena
could be also attributed to an increased availability of PPO due to its solubilization from
the cell wall, mediated mainly by polygalacturonase (EC 3.2.1.15), and pectin methyl
esterase (EC 3.1.1.11) [7,10].

3.4. Microbiological Quality

Table 1 shows that each of the three considered main factors (G, T, and St) significantly
affected the studied microbiological parameters of RTC globe artichoke slices (p ≤ 0.001).
Regarding G, higher average microbial counts were recorded for “Spinoso sardo” than
“Opera F1” (Table 2), probably for the fact that “Spinoso sardo” is characterized by less
assurgent leaves and shorter flowering stems thus exposing heads to a more pronounced
microbial contamination from the environment. Referring to St, all microbial groups gradu-
ally increased throughout the storage period (Table 2, Figure 8). In particular, in none of the
sampling times PB and MB overcame the limit of 8 log CFU g−1 suggested by CNERNA-
CNRS [49], of 7.7 log CFU g−1 imposed by the French law for fresh-cut vegetables [50] and
of 7 log CFU g−1 as maximum value at expiry date dictated by the Spanish regulation for
prepared meals [51]. Instead, the average YM levels at 8 and 12 day (6.03 log CFU g−1)
moderately exceeded the relative limit of 5 log CFU g−1 recommended by CNERNA-
CNRS [49], but not causing sensory defects. The average Enterobacteria over the storage
period was higher than that reported by Licciardello et al. [9], being influenced by the
higher counts evidenced for “Spinoso sardo” already starting from the processing day;
however, the average E. coli plate count was 2.91 log CFU g−1 at the end of the considered
period, in conformity with European Regulation EC 1441/2007 [52]. Regarding T, when EO
emitter was added to the package system, an average decrease of about 0.50 log CFU g−1

was observed for all microbial groups. As reported in Table 2, the “G × T × St” interaction
significantly influenced all the considered microorganisms, which were significantly higher
in control RTC slices than in those packed with EO emitter (Table 2, Figure 8). The great-
est decrements were noticed at 12 d for MB, YM and Enterobacteria in “Spinoso sardo”
(0.72, 0.62, and 0.5 log CFU g−1, respectively) and for Pseudomonas spp. in “Opera F1”
samples (0.76 log CFU g−1).
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PB); 0.05 (yeasts and molds, YM); 0.07 (Enterobacteria, TEB); 0.08 (Pseudomonas spp.); 0.08 (E. coli). Data are presented as
means ± standard deviation.

3.5. Sensory Analysis

The sensory attributes that significantly differentiated, at each sampling time, the RTC
globe artichoke slices of the two studied genotypes were shown in Table 3. The intensity
(expressed as mean score) was reported only for the significantly different attributes.

Table 3. Mean scores of the significant sensory attributes of RTC globe artichoke slices as affected by genotype and
post-harvest treatment under study.

Treatment

Storage Time (d) Attribute C EO

“Opera F1” “Spinoso sardo” “Opera F1” “Spinoso sardo”

0
Fennel odor 1.0 a,1 1.0 a 3.2 b 3.4 b

Fennel flavor 1.0 a 1.0 a 3.4 b 3.3 b

5
Fennel odor 1.0 a 1.0 a 3.6 b 4.5 b

Bitter 4.8 b 2.7 a 3.2 ab 2.5 a

Fennel flavor 1.0 a 1.0 a 3.9 b 4.3 b

8
Fennel odor 1.0 a 1.0 a 2.6 b 4.5 c

Fennel flavor 1.0 a 1.0 a 3.2 b 5.1 c

12
Fennel odor 1.0 a 1.0 a 3.6 b 3.3 b

Fennel flavor 1.0 a 1.0 a 3.9 b 3.8 b

1 Values marked with different letters in the same row are significantly different (p ≤ 0.05) according to the LSD test. C: Control; EO: Samples
packed with essential oil of F. vulgare.
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At 0, 8, and 12 days, samples were perceived as similar by panelists, except for fennel
odor and flavor, while after 5 days of refrigerated storage the samples were significantly
different also for bitter attribute. The latter was more intense in the control C as especially
observed for “Opera F1”. As expected, the samples packed with EO emitter showed the
highest intensities of fennel odor and flavor, regardless of genotype (Table 3).

4. Conclusions

The present findings revealed that both globe artichoke genotypes possess a good
attitude to be processed as RTC slices, although with a difference response to the applied
technological conditions: “Opera F1” showed the best performances for color appearance,
thanks to the lower isoenzymes activity, texture and chemical indexes (i.e., TPC, AsAC
and AA), while “Spinoso sardo” showed lower ML over the storage time. The addition of
F. vulgare EO emitter into the packaging system did not influence ML, color appearance
and texture, while its presence slowed down the consumption of O2, better preserved
texture when compared to the control and more effectively controlled PPO activity and
antioxidants (AsAC and TPC) retention during the cold storage.

As regards the microbiological quality, all the considered microbial groups gradually
increased until the end of the storage period, with a significant higher extent in control
RTC globe artichoke slices than in those packed with EO emitter, confirming the inhibiting
role played by EO of F. vulgare. In addition, the EO emitter did not influence negatively
the sensory profile of RTC globe artichoke slices after microwave cooking. Control and
active-packaged samples were considered similar by panelists, with the exception of fennel
odor and flavor that of course were revealed in samples packed with EO emitter.

Our findings demonstrate the potential application of a F. vulgare EO emitter, within
an active package system, as a promising technological strategy for preserving quality
attributes and reducing microbial spoilage of RTC globe artichoke slices.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-815
8/10/3/517/s1, Figure S1: Experimental work-flow of Ready-to-Cook (RTC) globe artichoke slices.
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Abstract: Innovative active packaging has the potential to maintain the food quality and preserve the
food safety for extended period. The aim of this study was to discover the effect of active films based
on commercially available polylactic acid blend (PLAb) and natural active components on the shelf
life and organoleptic properties of chicken fillets and to find out; to what extent they can be used as
replacement to the traditional packaging materials. In this study, commercially available PLAb was
compounded with citral and cinnamon oil. Active films with 300 µm thickness were then produced
on a blown film extruder. The PLAb-based films were thermoformed into trays. Fresh chicken breast
fillets were packed under two different gas compositions, modified atmosphere packaging of 60%
CO2/40% N2, and 75% O2/25% CO2 and stored at 4 ◦C. The effect of active packaging materials and
gas compositions on the drip loss, dry matter content, organoleptic properties, and microbial quality
of the chicken fillets were studied over a storage time of 24 days. The presence of active components
in the compounded films was confirmed with FTIR, in addition the release of active components in
the headspace of the packaging was established with GC/MS. Additionally, gas barrier properties of
the packages were studied. No negative impact on the drip loss and dry matter content was observed.
The results show that PLAb-based active packaging can maintain the quality of the chicken fillets
and have the potential to replace the traditional packaging materials, such as APET/PE trays.

Keywords: biodegradable; active; natural; essential oil; shelf life; antimicrobial; sensory; poultry

1. Introduction

Active packaging based on natural active components has gained much attention
during last decade. A packaging is termed “active” when it provides functions beyond the
traditional protection and inert barrier to the outside environment [1]. The active packaging
consistently interacts with the food and the surrounding environment of the food inside
package. In recent years, a lot of research efforts have been put in developing active
packaging solutions. These packaging with active components, such as antimicrobials,
antioxidants, O2 scavengers, CO2 emitters/absorbents, moisture regulators, flavor releasers,
and absorbers can delay or stop microbial, enzymatic, and oxidative spoilage [2–4]. Based
on the source, the active (antioxidant, antimicrobial) components can be classified in to
natural or synthetic. Natural plant-based materials, including essential oils (EO) and
their major components, have known antimicrobial and antioxidant properties. EO have
been in use for long time as flavoring agents for food [5]. Compounds such as linalool,
cinnamaldehyde, carvacrol, thymol, and citral, which are major components of cilantro,
cinnamon, oregano, thyme, and lemongrass EO, respectively, have the potential to replace
some of the synthetic additives. The antimicrobial activity of the EO can be affected by the
pH, fat, and protein content of the product [6]. It has been reported that the EO are more
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effective against Gram positive bacteria compared to Gram negative bacteria [7]. The EO
disturb the structure and permeability of the cell membrane, they interact with the proteins
and enzymes and disturb the important cell functions for example, proton motive force,
electron flow, energy regulation, or synthesis of structural components [6–8].

Polymeric food packaging materials can be broadly divided into biodegradable and
nonbiodegradable. Traditionally nonbiodegradable polymers, such as, polyethylene (PE),
polypropylene (PP), polyethylene terephthalate (PET), polyamide (PA), etc., are used in
food packaging applications. To reduce the environmental impact from these traditional
packaging materials, an alternative approach of developing packaging solutions based on
biodegradable materials is being pursued. In recent years, several studies have reported
biodegradable and edible coatings with active components such as mint, grape fruit peel
extracts, thymol, ferulic acid, caffeic acid, and tyrosol incorporated in—for example—guar
gum, gelatin, chitosan, polyvinyl alcohol, or polylactic acid (PLA) matrix with profound an-
tioxidant properties [9–11]. Similarly, the antibacterial properties of various edible coatings
and biodegradable packaging with active components based on essential oils for example
lemongrass, cinnamon, ziziphora clinopodioides, and/or nanoparticles (e.g., copper oxide,
zinc oxide, etc.) incorporated in—for example—alginate, Poly (3-hydroxybutyrate-co-3-
hydroxyvalerate), chitosan, sodium alginate-carboxymethyl cellulose, or PLA matrix have
been reported [12–16].

PLA is a promising biodegradable and renewable thermoplastic polyester. However,
it is hygroscopic in nature, brittle, and less heat tolerant, which makes it less attractive
for demanding applications such as food packaging [17]. These properties are greatly
improved in the new commercially available PLA blend (PLAb) materials by the addition
of copolyester. Though, PLA films incorporating EO and their major components have
been reported in the literature with promising antimicrobial results. These active PLA
films were very seldom applied to the real products and when applied, the antimicrobial
properties are studied for a short period of time [18–20]. This knowledge gap related to the
effect of PLA-based active materials on the real products specially during their entire shelf
life, limits the use of these materials in practical applications.

The main objective of this study was to explore the effect of active films based on com-
mercially available PLAb and natural active components on the shelf life and organoleptic
properties of chicken fillets and to find out to what extent they can be used as replace-
ment to the traditional packaging materials. The active films have been developed by
incorporating citral and cinnamon oil in different amounts in the polymer matrix.

2. Materials and Methods
2.1. Compounding and Film Blowing

The two additives, cinnamon oil and citral were mixed into Ecovio F2224 using an
extruder type W&P26, ZSK MCC with L/D 40 (where L is length and D is diameter) from
Coperion GmbH, Germany. No other components were added to the blend. The extrusion
temperature was set to 180 ◦C with a flat profile. The temperature profile on the extruder
was increasing from 163 ◦C in the feeding zone to 183 ◦C at the die. The extrusion speed
was 60 rpm, the output 30 kg/h and N2 flushing was used. The pure Ecovio F2224 was run
through the compounder using the same condition. Compounds of Ecovio F2224 with 4%
cinnamon oil as well as 4% citral were made. In addition, a sample with both 2% cinnamon
oil and 2% citral was made. The EO (cinnamon and citral) concentrations were selected
based on previously reported levels in the literature [21,22] and to limitations in processing
parameters as reported by others [22].

From the compounds, 300 µm films were produced on a blown film extruder model E
25, BL180/400 from Collin Lab & Pilot Solutions GmbH, Germany. The temperature profile
on the extruder was set from 160 ◦C to 183 ◦C in the different zones, and the extrusion
speed was 100 rpm. The die gap was 1.5 mm and the blow-up ratio was 1:3.
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2.2. FTIR

The Attenuated Total Reflectance Fourier Transform infrared (ATR–FTIR) spectra were
recorded using a Thermo Scientific Nicolet iS50 Spectrometer. The instrument is equipped
with a diamond crystal and a pressure gauge. The spectra were measured from 700 to
2000 cm−1 with a resolution of 4.0 cm−1 and averaged from 64 scans.

2.3. Packaging and Storage Conditions

Fresh chicken breast fillets were obtained from a Norwegian producer and the packag-
ing was performed within 48 h after slaughtering by 10 different packaging combinations
(PC) as listed in Table 1. Selection of fillets to the packages was randomized to achieve an
equal/representative number of total viable count of bacteria on the surface. The chicken
fillets were packed using a Multivac R145 thermoformer (Multivac, Wolfertschwenden,
Germany). The films were thermoformed to a depth of 3.5 cm at 100 ◦C for 2 s, after
warming for 2.5 s. Bottom webs were sealed to a biaxially oriented polyester top web with
an amorphous polyester heat seal (Mylar OL 40, Petroplast, Neuss, Germany). The sealing
was done at 150 ◦C for 2 s. The packages were evacuated to 10 mbar before filling with
gas for the modified atmosphere packaging (MAP). MAP was done with two different gas
mixtures, 60% CO2/40% N2 and 75% O2/25% CO2 (AGA, Oslo, Norway). Pre-formed
APET/PE trays (K 2187-1U, Faerch plast, Holsebro, Denmark) were used as a positive
control. A Multivac T200 tray sealer (Multivac, Wolfertschwenden, Germany) was used
for packaging of the APET/PE trays. The APET/PE trays were sealed with the same top
web as mentioned above. Two fillets weighing approximately 320 g were packed in the
PLA-based trays with volume of 980 mL, and two fillets weighing approximately 250 g
were packed in APET/PE trays with volume of 825 mL, resulting in initial gas volume to
product volume ratio (g/p ratio) in the range of 2.2 to 2.5. The chicken breast fillets were
stored in dark at 4 ◦C with samples taken after 0, 8, 14, 20, and 24 days of storage.

Table 1. List of ten packaging combinations (PC) consisting of five different packaging materials and
two distinct gas compositions: MAP1 (60% CO2/40% N2) and MAP2 (75% O2/25% CO2).

Packaging Combinations (PC) Material Packing Method (MAP)-Gas
Composition

1 PLAb 60% CO2/40% N2

2 PLAb 75% O2/25% CO2

3 PLAb + 4%citral 60% CO2/40% N2

4 PLAb + 4%citral 75% O2/25% CO2

5 PLAb + 4%cinnamon oil 60% CO2/40% N2

6 PLAb + 4%cinnamon oil 75% O2/25% CO2

7 PLAb + 2%citral + 2%cinnamon oil 60% CO2/40% N2

8 PLAb + 2%citral + 2%cinnamon oil 75% O2/25% CO2

9 Reference: APET/PE 60% CO2/40% N2

10 Reference: APET/PE 75% O2/25% CO2

2.4. Head Space Gas Chromatography/Mass Spectrometry (GC/MS)

Gas samples were taken by using a syringe to draw 120 mL of the headspace in
the packages through an adsorbent tube packed with Tenax GR for trapping the volatile
compounds. The adsorbent tubes were desorbed at 280 ◦C for 7 min in a Markes Thermal
Desorber and transferred to an Agilent 6890 GC with an Agilent 5973 Mass Selective
Detector (EI, 70 eV). The volatiles were separated on a DB-WAXetr column (30 m, 0.25 mm
i.d., 0.5 µm film) with a temperature program starting at 30 ◦C for 10 min, increasing
1/min to 40 ◦C, 3/min to 70 ◦C, and 6.5/min to 230 ◦C, hold time 5 min. The peaks
were integrated, and compounds tentatively identified with HP Chemstation software
and NIST 2011 Mass Spectral Library. The volatile compounds are expressed in arbitrary
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units of the deconvoluted component of the peak area. The result shown are an average of
three replicates.

2.5. Gas Transmission Rates

The oxygen transmission rate (OTR) for the different packages was found by the
ambient oxygen ingress rate method (AOIR) [23] and the carbon dioxide transmission rate
(CO2TR) was determined as described by Larsen and Liland (2013) [24]. The gas transmis-
sion rates were reported as ml gas/package/day. The OTR and CO2TR were measured at
4 ◦C, approximately 40% RH. The result shown are an average of four replicates.

2.6. Drip Loss

Drip loss was determined by initially weighing empty packages (A), packages with
the fillets at the time of packaging (B), and at each sampling time weighing of (C) the
packages including the drip loss liquid after removing the chicken. The amount of drip
loss was found by calculating the increase in weight of the packages (C-A) and divided by
the initial weight of the chicken: (C-A)/(B-A). Results are given as the percentage (%) of
initial muscle weight and refer to the corresponding liquid loss from the meat sample. The
result shown are an average of three replicates.

2.7. Dry Matter

Dry matter in chicken breast fillets was determined at each sampling time. The water
content was determined in difference of weight before and after oven-drying at 105 ◦C for
16–18 h. The chicken fillets were homogenized and approximately 6 ± 0.5 g was weighed
and stored in petri dishes (diameter 90 mm) before drying. After drying, the petri dishes
were cooled to room temperature in an exicator before weighing. The dry matter was
calculated as 100% minus water content. The result is given as average of three replicates.

2.8. Microbiology

Selected microbiological analyses were performed at the time of packaging (five
replicates) and at each sampling time; after 8, 14, 20, and 24 days of storage (three replicates)
as explained earlier [25]. Briefly, from the surface of the fillet, samples of 3 × 3 cm2 and
1 cm depth were cut with a sterile scalpel, weighed, and added approximately 90 mL
peptone water to a 1/10 dilution and run in a stomacher for 60 s.

Appropriate 10-folds dilutions were spread by using Whitley automatic spiral plater
(WASP) (Don Whitley Scientific Ltd. Bingley, England) in duplicate on:

1. Plate count agar (PCA; Difco, Difco Laboratories, Detroit, MI, USA) for total viable
counts (TVC): incubation temperature 30 ◦C, 72 h, aerobic incubation. (NMKL No. 86);

2. De Man, Sharpe, and Rogosa agar (MRS; Oxoid, Unipath Ltd., Basingstoke, Hamp-
shire, UK,) for lactic acid bacteria (LAB): 25–30 ◦C, 48 h, aerobic incubation. (NMKL
No. 140);

3. Streptomycin thallous acetate actidione (STAA) agar base (CM 0881 with selective
supplement SR 0151E, Oxoid, Hampshire, England) for Brochothrix thermosphacta;
25 ◦C for 48 h, aerobic incubation. (NMKL No. 141);

4. Violet Red Bile Glucose Agar (VRBGA, Oxoid, Hampshire, UK) for Enterobacteriace;
37 ◦C, 24–48 h, semi-aerobic conditions, cells embedded in agar with sterile overlay.
(NMKL No. 144).

Microbial counts are expressed as colony forming units (cfu) per g.

2.9. Sensory Analysis

To describe the objective perception of the various samples, a trained panel consisting
of 10 assessors, performed a Quality Descriptive Analysis, ISO 13299:2016 (E) of the samples
after 14 days of storage. The panelists have been trained according to recommendations in
ISO 8586:2012 (E). The sensory laboratory has been designed according to guidelines in
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ISO 8589:2007 (E) with separate booths and electronic registration of data (Eye Question, v.
3.8.6, Logic 8, Elst, The Netherlands), standardized light, and a separate ventilation system.

The samples were taken from the cold storage room for tempering two hours prior
to evaluation and cut up, alongside, and put into bowls 30 min before evaluation. The
samples were 18 ± 2 ◦C when serving. Raw chicken, one half of a fillet was first served
to the assessors in transparent plastic cups covered with lid for evaluation of the odor.
Then, the samples were taken out of the cups and placed on a white cardboard plate, and
the appearance of the samples was evaluated. Finally, the assessors evaluated texture
by pressing the sample on the thickest part with two fingers (using plastic gloves). The
coded samples were served in blind trials randomized according to sample, assessor,
and replicate.

The panelists evaluated the samples in duplicate, during five sessions with at least
fifteen minutes break between each session. The assessors recorded their results at indi-
vidual speed on a 15 cm non-structured continuous scale with the left side of the scale
corresponding to the lowest intensity and the right side corresponding to the highest
intensity. The computer transformed the responses into numbers between 1 = low intensity
and 9 = high intensity.

2.10. Statistical Analyses

To compare the results obtained from 10 different PC as listed in Table 1, one-way
analysis of variance (ANOVA) and comparisons Tukey test (which compares all pairs
of groups, while controlling the simultaneous confidence level) was performed at each
sampling time. General Linear Model (GLM) was applied with the variables: materials, gas
composition, and storage time. Their second order interactions were fitted to the measured
responses. Analysis of variance has been conducted in Minitab 18.

The multivariate statistics software package, The Unscrambler® v9.8 (Camom Soft-
ware AS, Oslo, Norway) was used for the principal component analysis (PCA) and partial
least squares regression (PLSR) analysis of the combined chemical and sensory data. Full
cross validation (leaving one sample out) and raw and auto scaled preprocessing (variables
divide by their standard deviation) of the data were used in the data analysis.

3. Results and Discussion
3.1. FTIR

FTIR was performed in order to confirm the presence of active components in the
compounded films. Figure 1 show IR spectra of the PLAb film and PLAb-based active films.
In the PLAb-citral sample, the band at 1673 cm−1 is particularly noticeable (Figure 1b)
due to contribution of the -C=O- stretching vibration of citral [26,27]. On the other hand,
the 1514 cm−1 band is distinct for the PLAb-cinnamon oil (Figure 1c) and is believed
to belong to -C=C- stretching vibration of the aromatic ring or N-O stretching (of nitro
compound left in cinnamon oil) [28]. The band is quite distinct as it is separated from the
band of 1504 cm−1 which is for the pure PLAb sample. The IR bands of both citral and
cinnamon can also be discriminated for PLAb film containing 2% citral and 2% cinnamon
oil (Figure 1d). Interestingly, their intensity is half of 4% citral (for the 1673 cm−1 band)
and 4% cinnamon (for the 1514 cm−1 band).

These results manifest FTIR as a useful tool for both qualitative and semi-quantitative
evaluation of the incorporated active components. The success in qualitative measurement
is due to the major difference in the chemical formula (with and without the aromatic ring)
of citral and cinnamon. Meanwhile, the concentrations of citral and cinnamon incorporated
in the PLAb film closely correlate with intensity of the IR bands, and therefore allow to be
semi-quantified by FTIR.
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Figure 1. IR spectra of the 300 µm thick PLAb (a) before doping and after incorporating (b) 4% citral,
(c) 4% cinnamon oil, and (d) 2% citral and 2% cinnamon oil. The right figure is a zoom of all spectra
at wavenumber of 1500–1680 cm−1 where significant differences can be seen at 1514 and 1673 cm−1.

3.2. Gas Barrier Properties

Typically, for food packaging applications carbon dioxide transmission rate (CO2TR)
and oxygen transmission rate (OTR) is measured to quantify the gas barrier properties of
the polymer.

The Figure 2A,B shows the OTR and CO2TR of PLAb-based packages and the reference
consisting of APET/PE. The OTR and CO2TR of the reference APET/PE package was
1.6 ± 0.9 and 3 ± 1.4 mL/package/day, respectively, while for PLAb package the OTR
was 14.4 ± 1.3 and CO2TR was 51.4 ± 4.6 mL/package/day. Zeid et al. reported OTR
for 112 µm PLA to be 865.9 ± 38.9 mL/m2/day atm [29]. However, OTR is dependent on
several aspects such as thermoforming and material thickness, in addition to additives.

Figure 2. The oxygen transmission rate (A) and carbon dioxide transmission rate (B) of the PLAb,
PLAb composites and APET/PE packages. (cit = citral, cinn = cinnamon oil) in ml gas/package/day.
Upper case letters represent one-way analysis of variance Tukey comparison, samples which do not
share the same letter are significantly different.
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Figure 2A,B shows that the PLAb based packages has relatively poor barrier properties
compared to the APET/PE as expected. According to one-way ANOVA, there was no sig-
nificant difference in the OTR of the PLAb based packages, which implies that the oxygen
barrier properties of PLAb were not significantly affected by the incorporation of the active
components (citral and/or cinnamon oil) corresponding to other findings [28]. However,
APET/PE package has, as expected, lower OTR compared to the PLAb based packages
(Figure 2A). On the other hand, the addition of citral in the PLAb matrix has slightly
increased the CO2TR. (Figure 2B). In contrast, the addition of cinnamon oil did not signifi-
cantly change the CO2TR. The differences in OTR for the PLAb and APET/PE packages in
our study were approximately 10-fold. In the literature 100× higher oxygen permeability
for PLA has been reported compared to PET. [30] For PLA, 216 cm3.mm/m2.day.atm and
for PET, 1.2–2.4 cm3.mm/m2.day.atm were reported at 23 ◦C [21]. Similar OTR trends were
also reported for PLA and APET/PE [31,32]. However, as described by Pettersen et al., OTR
measured for PLA based pouch with 40 µm thickness was 4.75 mL O2/package/day as
compared to 0.031 mL O2/package/day for thermoformed trays made of 550 µm APET/PE
measured at 6 ◦C [31].

Typically, APET/PE material is used for MAP of chicken breast fillets and when
packed under 60% CO2/40% N2 (commonly applied gas composition in Norway), the shelf
life of approximately 3 weeks can be achieved for chicken fillets [33].

The oxygen content in the PLAb based packages with chicken stored in 60% CO2/40%
N2 increased to almost 2% after 14 days of storage, while the level was only 0.1% in the
APET/PE reference package during the same time. As expected, the CO2 concentration
in all packages decreased during storage due to solubility of CO2 into the meat. In PLAb
based packages the level of CO2 decreased from 60% to approximately 30% after 7 days of
storage, with further reduction to around 20% at the end of storage time and for APET/PE
the level of CO2 decreases to 45% after 7 days of storage and stayed almost at the same
level to the end of storage time.

In packages with chicken store in 75% O2/25% CO2 atmosphere the oxygen content
slightly increased in all packages (up to 80% after 14 days of storage in the PLAb-based
packages), followed by a reduction to 70–75%. The level of CO2 was reduced from initial
22% to approximately 14% after 14 days of storage and an increase to 17–19% after 24 days
of storage. For APET/PE the content CO2 decreased somewhat (from 22 to 20%) after
7 days and increased to 25% at the end of storage time.

The presence of oxygen in the package can have many adverse effects on the product
including oxidative spoilage, off odor, and discoloration which limits the shelf life of the
product. On the other hand, the use of CO2 in MAP can suppress the growth of common
spoilage bacteria [34], thus improving the shelf life and food safety of the product.

3.3. Drip Loss and Dry Matter

Chicken fillets are prone to drip loss and several factors, such as time of deboning,
refrigerator time, and packaging environment, may affect the liquid loss [35]. In order
to maintain an attractive product appearance as well as to avoid reduction of sensory
quality, such as juiciness, drip loss from the product should be minimized. Earlier findings
have shown that MAP with relatively high CO2 concentration (≥40%) increases the drip
loss. This increase in drip loss has been explained by the reduction in pH, resulting in the
decrease in water holding capacity of proteins [36,37]. However, Pettersen et al., reported
no significant differences in drip loss for chicken stored in high CO2 concentration (60%
CO2/40% N2) compared to lower concentration (25% CO2/75% O2) [38]. Holck et al., have
also shown that the drip loss is not only related to the content of CO2 in the head space, as
high content of CO2 with addition of a CO2 emitter resulted in lower drip loss compared
to samples with lower content of CO2 [25,38]. The absorption of CO2 at the surface of the
product may result in under pressure in the package, which may increase the drip loss.
However, it also depends on the packaging design and degree of filling (gas/product ratio).
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Furthermore, it has been reported in the literature that increased drip loss will take place
in rigid packages compared to flexible ones [39].

Chicken fillets were stored by applying ten different packaging combinations (1–10),
as listed in Table 1. The drip loss from the product has been measured and the results
are shown in Figure 3. According to GLM (with variables: material, gas composition,
and storage), neither the material nor the gas composition has any significant effect on
the drip loss in our study (Table S1). On the other hand, storage time as well as the
interaction between material and gas composition has a significant effect on the drip loss
as explained by 40.5% and 7.1% of the variance, respectively. Figure 3 shows that the drip
loss increased slightly with the storage time. Nevertheless, a maximum drip loss of around
2% was measured at the end of 24 days. These results are in agreement with the previously
reported values in the literature under similar conditions. Holck et al. has reported a drip
loss of around 2.5% for chicken fillets stored under MAP (60% CO2/40% N2) at the end of
26 days. According to one-way Anova performed for each sampling time, only after 8 days
of storage, significant differences between some of the packaging combinations of PLAb
were observed, as shown in Figure 3. Furthermore, storage of chicken in APET/PE with
60% CO2 (PC 9) resulted in higher drip loss compared to PC 5 (PLAb + 4% cinnamon oil
with 60% CO2) and were placed in different Tukey groups as shown in Figure 3. For all
other sampling time (14, 20, and 24 days) no significant differences between the samples
were observed. Figure 3 shows that the PLAb-based active packaging did not contribute to
any increase in the drip loss which is further confirmed by the GLM analysis. Pure PLA is
hygroscopic in nature [17], which could be of importance when studying the interaction of
this material with high water content products. In this regard, drip loss, appearance, and
surface dryness are important parameters to study [40].

Figure 3. Drip loss of chicken samples as a function of storage time for different packaging combina-
tions. One-way analysis of variance Tukey comparison is performed separately at different sampling
points. Tukey group is represented by upper case letters, samples which do not share the same letter
are significantly different.

The moisture and dry matter content are important guides for the meat quality. The
dry matter content is positively correlated with total nutrient content [41]. Shaarani et al.
(2006) reported moisture content in broiler meat being as high as 76% [42]. The dry matter
content results are shown in Figure S1. According to statistical analysis, GLM, material,
and storage time has a significant effect on the dry matter content and explained variance
of 8.8% and 12.3%, respectively. However, residual variation was relatively high, 65% and
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residual R2 (adj) only 15.5%, meaning that much of the variance was not explained by
the model. It can be seen (Figure S1) that at any given sampling time, the variation in
dry matter content between the samples is less than 1%, this difference is probably not
of practical importance. According to one-way Anova performed for each sampling time
(8, 14, 20, and 24 days), no significant differences between the samples were observed.
Furthermore, the dry matter content of 24.5 ± 1% independent of packaging combination
is in agreement with the reported values in the literature [42].

3.4. Microbiological Growth

The initial level of bacteria in the fresh chicken breast fillets measured as TVC was
about 2.8 log cfu/g at the time of packaging.

Figure 4 shows the effect of the ten different packaging combinations on the microbial
quality measured as TVC of the chicken fillets. According to the GLM (Table S1), storage
time has significant effect on the microbial growth, as expected. TVC in all samples
increased from the initial level of about 2.8 log cfu/g to above 6 log cfu/g during the first
14 days of storage (Figure 4). According to the literature, spoilage can be found at total
bacterial count levels of above 7 log cfu/g, which indicates that samples stored in some
of the packaging combinations presented had passed its microbiological shelf life already
after 14 days of storage [37,43,44]. During the first 14 days of storage, under 60% CO2/40%
N2 all the chicken samples packed in PLAb and PLAb composites have higher growth
of bacteria compared to the reference APET/PE. However, opposite trend was observed
under 75% O2/25% CO2.

Figure 4. The effect of packaging combinations on the total viable counts (log cfu/g) in chicken samples during storage
time of 24 days. One-way analysis of variance Tukey comparison is performed separately at sampling point 8, 14, 20, and 24.
Tukey group is represented by upper case letters, samples which do not share the same letter are significantly different.

According to the Tukey pair wise comparison of the TVC at the end of 8 days, lowest
level of TVC (3.7 log cfu/g) was obtained for some of the packaging combinations contain-
ing essential oils (Figure 4). Furthermore, the TVC results show that the microbiological
quality of the chicken meat packed in APET/PE package was no different than those
packed in PLAb-based active packages despite relatively poor gas barrier properties of
these materials.

It can be concluded from the TVC results that, during the first 8 days of storage, some
effect of active compounds is obtained as inhibition in the growth of microorganisms has
been achieved from PC 3, 4, and 8 (all PLAb with added citral) compared to the positive
control (PC 9; APET/PE with 60%CO2 / 40%N2). It can correspond to the sustained release
of active components (further confirmed by GC/MS Section 3.5). PC 3 (PLAb added 4%
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citral) has significant lower level of TVC compared to neat PLAb (PC 1) and PC 7 (PLAb
added 2%Citral +2% cinnamon) after 8 and 14 days of storage. Furthermore, the TVC
results from sampling time 14, 20, and 24 days confirmed that PLAb-based packaging
(PC 3, 4, 5, and 8) are similar compared to the positive control with APET/PE and 60%
CO2/40% N2 (PC 9) in maintaining the microbiological quality of the chicken at different
time points. The reduction of antimicrobial activity as a function of storage time for natural
antimicrobials has been reported in the literature [45]. As the antimicrobial activity of the
essential oils is based on the release of volatile active components. With the passage of
time, due to decrease in the concentration of the active components, their antimicrobial
activity decreases (further refer to Section 3.5).

The growth of three common spoilage bacteria, Lactic acid bacteria (LAB), Brochothrix
thermosphacta, and Enterobacteriaceae were further studied in detail for the chicken samples.
Figure 5 shows the effect of different packaging combinations on the growth of LAB. During
storage, lactic acid bacteria increased for all samples. This is in accordance with other
studies of modified atmosphere packaged poultry products [37,46,47].

Figure 5. The effect of packaging combinations on the LAB counts in chicken samples during storage time of 14 days.
One-way analysis of variance Tukey comparison is performed separately at sampling point 8 and 14 days. Tukey group is
represented by upper case letters, samples which do not share the same letter are significantly different.

Under 60% CO2/40% N2, the chicken fillets stored in active PLAb composites and
APET/PE has similar bacterial load (around 106 cfu/g) after 14 days of storage. However,
the LAB count from reference PLAb sample was an order of magnitude higher under the
same conditions. Under MAP2 (75% O2/25% CO2), all PLAb samples have lower LAB
counts compared to APET/PE during the 14 days of storage.

After 8 days storage of chicken, PC 4 (PLAb with citral) and PC 8 (PLAb with cit-
ral+cinnamon) were similar in suppressing the growth of LAB as compared to control PC 9
and belong to the same Tukey group, as shown in Figure 5. Overall, PLAb containing citral
has shown some inhibitory effect towards the growth of lactic acid bacteria after 8 days of
storage. However, during further storage the effect diminishes (Figure 5).

The count numbers of Brochothrix thermosphacta were between 2 to 4 log cfu/g after
14 days of storage, as shown in Figure 6. However, both APET/PE reference and PLAb-
based packages suppressed the growth of Brochotrix thermosphacta under 60% CO2/40%
N2 (Figure 6). Figure 6 further shows that PC 3, 5, and 9 extended the lag phase of
Brochotrix thermosphacta for up to 14 days under 60% CO2/40% N2 and during this time the
concentration of bacteria remained similar for these materials. It is reported in the literature
that increasing concentrations of CO2 retards the growth of Brochothrix thermosphacta [37].
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Figure 6. The effect of packaging combinations on the Brochotrix thermosphacta counts in chicken samples during storage
time of 14 days. One-way analysis of variance Tukey comparison is performed separately at sampling point 8 and 14. Tukey
group is represented by upper case letters, samples which do not share the same letter are significantly different.

At 8 days of storage, no significant growth of Brochothrix thermosphacta was observed,
as shown in Figure 6, and according to one-way Anova, no significant difference between
the chicken samples from different PC was obtained except for PC 6 as shown in Figure 6.
At 14 days, PLAb in 60% CO2/40% N2 (PC 3, 5, and 9) had the lowest mean count of
Brochothrix thermosphacta (same Tukey group). Although significant difference between the
samples were observed after 14 days of storage (4 different Tukey group), the mean count
was less than 4 log cfu/g for all the samples.

Generally, PLAb and PLAb-based active packaging with high O2 was more effective
in suppressing the growth of Enterobacteriaceae, as shown in Figure 7. During the first
14 days of storage, under 60% CO2/40% N2 all the chicken samples packed in PLAb and
active PLAb composites had higher growth of bacteria compared to the APET/PE (PC
9). However, opposite trend was observed under 75% O2/25% CO2. The distribution of
samples according to different Tukey group at different storage time for Enterobacteriaceae
is also shown in Figure 7.

Figure 7. The effect of packaging combinations on the Enterobacteriaceae counts in chicken samples during storage time of
14 days. One-way analysis of variance Tukey comparison is performed separately at sampling point 8 and 14. Tukey group
is represented by upper case letters, samples which do not share the same letter are significantly different.
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3.5. GC/MS

The GC/MS analysis of the empty packaging shows that volatile compound associated
with solvent i.e., tetrahydrofuran was dominated in the PC 1, 3, 5, and 7, as shown in
Figure 8. Identified main volatile compounds in the empty packaging and their relative
concentrations are compiled in Table S3. PLAb incorporating cinnamon oil (PC 5 and
7) was dominated by the typical major terpenes found in cinnamon oil, i.e., α-pinene,
α-phellandrene, o-cymene, and camphene and low levels of the other typical cinnamon
oil terpenes [48]. The PLAb containing citral (PC 3 and 7) was dominated by the two
major isomers of citral, tr(α)-citral and cis(β)-citral, and low levels of other citral derived
terpenes. The levels of these major volatiles in the active packaging materials showed a
linear decrease in the range of 20–60% with storage time.

Figure 8. Major volatile compounds in the head space of empty packages with PC 1, 3, 5, and 7 with
storage time of 0, 8, and 14 days. (x-T-y; x = packaging method, y = storage time in days).

Similarly, GC/MS head space analysis of the packaging with chicken samples also
shows the strong presence of major terpenes found in cinnamon oil, i.e., α-pinene, β-pinene,
α-phellandrene, β-phellandrene, o-cymene, D-limonene, and camphene as well as two
major isomers of citral, tr(α)-citral, and cis(β)-citral, as shown in Figure 9. The major
cinnamon oil terpenes showed a decrease over 14 days storage in the PLAb + cinnamon oil
samples (PC 5 and 6), but in the combined cinnamon oil and citral packaging material (PC 7
and 8), this effect was not that pronounced as shown in Figure 9. The PLAb + citral sample
showed a slight increase (PC 3), while the PC 4 showed a slight decrease with storage time
in the citral isomers from 8 to 14 days, whereas the combined PLAb cinnamon oil and citral
samples (PC 7 and 8), showed a decrease in the citral isomers (Figure 9).

Figure 10 shows the major volatile bacterial metabolites after the storage time of
14 days. Bacterial secondary metabolites dominated by dimethyl sulphide, acetone,
dimethyl sulfoxide, carbon sulphide, acetic acid, and ethanol were detected, as shown in
Figure 10. No typical secondary lipid oxidation products from chicken could be found,
which could otherwise be expected in the MAP2. These results are in good agreement with
the literature. M. Eilamo et al. detected butene, ethanol, acetone, pentane, dimethylsulfide,
carbon disulfide, and dimethyl disulfide as primary volatile compounds in gas packed
poultry meat with gas composition of oxygen 0–4%, carbon dioxide 20, 50, and 80% with
nitrogen being the balancing gas [49].
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Figure 9. Major volatile compounds in the packaging headspace containing chicken fillets packed
with different packaging combinations (PC 3, 4, 5, 6, 7, and 8) after 8 and 14 days of storage. (x-T-y;
x = packaging method, y = storage time in days).

Figure 10. Major volatile bacterial metabolites in the packaging headspace containing chicken fillets
packed with different packaging combinations after 14 days of storage.

Upon microbial metabolism, generally volatile organic compounds are produced
via two biochemical pathways: glycolytic and proteolytic. Ethanol can be produced
from carbohydrates via anaerobic fermentation, or via deamination and decarboxylation
of amino acids. In meat, the ethanol production is often attributed to the metabolic
activity of lactic acid bacteria. [50–52] Sulfides are produced through proteolytic pathway
and their production is ascribed to the metabolic activity of Pseudomonas, Enterobacter,
Acinetobacter/Moraxella, and Alteromonas putrefaciens [53].

Furthermore, our results indicate a difference in spoilage between the packaging
gases with high levels of dimethyl sulphide and dimethyl sulfoxide for the MAP1 variants
compared to the MAP2 variants. This also corroborates with the literature. Dimethyl
sulfide, dimethyl disulfide, dimethyl trisulfide, and carbon disulfide has been reported as
volatile biomarkers in chicken hindquarters packed under a modified atmosphere [49,54]
however under aerobic conditions they are not suitable for early spoilage detection [51].
It can be further seen in Figure 10 that sample from active-PLAb based packaging has
significantly lower levels of dimethyl sulfide. The higher levels of acetone found in the
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citral containing PLAb, may partly be ascribed to the oxidation of citral, since acetone is an
oxidation product of citral.

Detected major volatile compounds in the packaging with chicken samples with their
relative concentrations are listed in Table S4.

3.6. Sensory Profile

The chicken samples stored for 14 days were analyzed for odor, appearance, and
texture by a trained sensory panel with ten professional assessors using a quantitative
descriptive method, ISO 13299:2016E. Definition of sensory attributes is provided in Table 2.
ANOVA of the sensory evaluation data revealed that there were significant differences
between the chicken variants for all the odor attributes, except for metallic, rancid, and
prickly as shown in Figure 11. Odor intensity below 3 is considered low and is generally
believed to be not recognizable by majority of the consumers. For appearance and texture
attributes, there were statistically significant differences for color hue, color intensity, and
gloss. (Table S2) In general, there were greater variations between the samples for the
odor attributes than for the appearance and the texture attributes. In addition, surface
degradation or surface slime formation was not seen on any of the samples stored with
different PC when analyzed at the end of 14 days. Along with oxidative spoilage, the
generation and accumulation of metabolic by-products upon enzymatic degradation of
food can also lead to discoloration, texture change and development of off-odor. Offensive
odor is developed in meat when bacterial flora at the surface exceeds 107 cfu/cm2 and
above108 cfu/cm2 the surface becomes slimy [37,43,44,55]. Interestingly no differences
were recorded for dried appearance, dried texture, and firmness. PLA is hygroscopic
and is expected to have a drying effect on the product with high water content, such as
poultry [17,32]. However, ecovio® F2224 used in this study is a compound of biodegradable
copolyester ecoflex® F Blend and polylactic acid (PLA, NatureWorks®), which explains the
improved properties of the material.

Principal component analysis (PCA) showed that PCA1 and PCA2 described 47 and
23% of the variation among the samples, respectively (Figure S2 ). Lemon and sour odor
versus fermented, cloying, and sulfur odor described most of the variations along PCA1
and PCA2. The Biplot further shows similarities in the negative odor attributes between the
samples stored in PC 1, 2, 9, and 10 (reference PLAb and APET/PE) with good correlation
to cloying, fermented, and sulfur odor (Figure S2). On the opposite direction the PLAb
variants with additives correlated to sour odor (PC 3, 4, 7, 8), lemon (PC 3, 4, 7, 8), and
cinnamon odor (PC 5, 6).

Table 2. Definition of sensory attributes used in sensory profiling of raw chicken.

Odor Attribute Description

Sour odor Related to a fresh, balanced odor due to the presence of organic acids

Burnt odor Associated with a burnt/burning odor

Metallic odor Odor of metal (ferrous sulfate)

Sulfur odor Odor of sulfur

Cinnamon odor Associated to odor of spices (cinnamon, cloves, nutmeg)

Lemon odor Associated to odor of lemon/ lemon aroma

Off odor Related to odor which does not naturally exist in chicken

Cloying odor Associated with an unfresh, sickening odor

Fermented odor Associated to fermented acids, tainted

Rancid odor The intensity of all rancid odors (grass, hay, candle, paint)

Prickly odor Associated with a sharp, pungent odor
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Figure 11. Mean intensities of the assessed odor attributes of all samples after 14 days of storage. Tukey group is represented
by upper case letters, samples which do not share the same letter are significantly different.

Sour odor is usually experienced positively by the consumer and is related to a fresh
chicken with good quality. On the contrary, fermented, cloying, burnt, sulfur, metallic,
off-odor, rancid, and prickly odors are experienced as negative attributes and are related
to spoiled chicken with a poor quality. Negative odor attributes cloying and fermented
received high scores for samples packed in PC 1, 2, 4, 6, 9, and 10. The mean value for
sulfur odor was more than 3 for chicken samples from PC 1 and 9 which can be related to
the amount of detected dimethyl sulfide (Figure 10). It can be noted that although dimethyl
sulfide was detected for samples from PC 3, 5, and 7 (Figure 10), mean sensory score for
sulfur was however much lower for these samples compared to samples stored in PC 2
and 10. It can be implied that the additive (citral and cinnamon oil) might have partially
masked the negative sulfur odor in this case.

3.7. Volatiles/Sensory

The results from a PLS regression model based on the volatile compounds (x-data) and
sensory data (y-data) showed the following relationship between the volatile compounds
and the respective sensory odor attributes: As would be expected, the odor attribute sulfur
is associated with the volatile sulfur compounds (dimethyl sulfide, carbon disulfide and
dimethyl sulfoxide) and to a lesser extent, also the attributes burnt and metallic are associ-
ated with these substances, which may be due to the fact that these two attributes may have
burnt and metallic notes. Cinnamon odor is strongly associated with tr-cinnamaldehyde, in
addition to several other of the sweet, spicy, and woody note terpenes (eugenol, α-thujene,
camphene, d-3-carene, caryophyllene, α-copaene, α-humulene, β-linalool, α- and β-pinene,
safrole). Also, the solvents toluene and styrene from the packaging material was associated
with cinnamon odor, but they should not contribute significantly to the cinnamon odor
due to their higher odor thresholds compared to the terpenes [56,57]. The sour and lemon
odors are associated with typical citrus and sour note compounds such as the major citral
tr and cis isomers, p-cymene and to some extent acetone and acetic acid. Also, off-odor
is associated with these substances, which is difficult to explain. However, D-limonene,
which has a citrus like character, is associated with cinnamon. But it must be emphasized,
that the odor character of the terpene may vary with concentration, and besides, also
masking of some odor compounds may also occur due to interactions and synergistic
and antagonistic effects between odor compounds. And their respective odor threshold
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would need to be taken into consideration to be able to explain the relationship between
the sensory odor of the chemical substances. The volatile compounds showed, however,
a significant positive correlation (PLSR) with several of the odor attributes: lemon odor
(r = 0.97, p < 0.001, n = 14), cinnamon odor (r = 0.90, p < 0.001, n = 14), sulfur odor (r = 0.86,
p < 0.001, n = 10), off (r = 0.88, p < 0.001, n = 10), and burnt (r = 0.74. p < 0.001, n = 14).

4. Conclusions

The chicken fillets packaged with active PLAb materials were preserved as well as
fillets packaged with the APET/PE materials, despite 10-fold higher oxygen transmission
rate of the PLAb compared to the APET/PE packages. No negative impact on the drip loss
and dry matter content was observed from the active PLAb composites. The antimicrobial
effect of the essential oils was pronounced during the first 8 days of storage. Active
PLAb-based materials especially those with citral inhibited the growth of microorganisms
compared to the positive control (PC 9), which is related to the sustained release of active
components as confirmed by GC/MS. Furthermore, the TVC results from sampling time
14, 20, and 24 day confirmed that PLAb-based packaging with PC 3, 5, and 8 are similar in
maintaining the microbiological quality of the chicken as compared to the positive control
(PC 9). However, relatively high level of bacteria (TVC) was measured already after 14 days
of storage in all samples. The release of active volatile compounds (terpenes) from the
packaging materials has been confirmed by GC/MS. Sulfur compounds derived from
spoilage bacteria flora were also detected and it can be indicated that the additives (citral
and cinnamon oil) might have partially masked the negative sulfur odor. This might be
a problem; however, further studies are needed to confirm that. The volatile compounds
were positively correlated and to a great extent could explain the variation in the sensory
odor attributes with significant differences, i.e., lemon, cinnamon, sulfur. High intensities
of cinnamon and lemon odor were noticed from the chicken samples packed in active PLAb
composites during sensory analysis which might be a problem with respect to broader
consumer acceptance. Future studies will focus on encapsulation of active components
and their effect on the product quality.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10051126/s1, Table S1. General linear model results, Table S2: Average values and
p-values for each sensory attribute—appearance and texture; Table S3: Identified main volatile
compounds in the empty packaging and their relative concentrations (area of the chromatographic
peak) at the starting, 8th and 14th day of storage. Results are averaged from three parallel samples,
Table S4: Detected major volatile compounds in the packaging with chicken samples and their relative
concentrations (area of the chromatographic peak) at the 8th and 14th day of storage. Results are
averaged from three parallel samples; Figure S1: Dry matter of chicken samples as a function of
storage time for different packaging combinations, Figure S2: Bi-plot over samples and attributes—all
attributes, O = Odour, T = Texture.
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Abstract: Food contamination leading to the spoilage and growth of undesirable bacteria, which
can occur at any stage along the food chain, is a significant problem in the food industry. In the
present work, biopolymer polybutylene succinate (PBS) and polybutylene succinate/tapioca starch
(PBS/TPS) films incorporating Biomaster-silver (BM) and SANAFOR® (SAN) were prepared and
tested as food packaging to improve the lifespan of fresh chicken breast fillets when kept in a chiller
for seven days. The incorporation of BM and SAN into both films demonstrated antimicrobial activity
and could prolong the storability of chicken breast fillets until day 7. However, PBS + SAN 2%,
PBS/TPS + SAN 1%, and PBS/TPS + SAN 2% films showed the lowest microbial log growth. In
quality assessment, incorporation of BM and SAN into both film types enhanced the quality of the
chicken breast fillets. However, PBS + SAN 1% film showed the most notable enhancement of chicken
breast fillet quality, as it minimized color variation, slowed pH increment, decreased weight loss,
and decelerated the hardening process of the chicken breast fillets. Therefore, we suggest that the
PBS + SAN and PBS/TPS + SAN films produced in this work have potential use as antimicrobial
packaging in the future.

Keywords: biomaster-silver; SANAFOR®; tapioca starch; polybutylene succinate; antimicrobial;
food packaging

1. Introduction

Over the years, the food industry has faced huge food waste, especially with perishable
foods. The whole process of food contamination leads to food spoilage, consequently
leading to limited shelf life and low product quality. This can be seen through the changes
in texture, color, and nutritive value, as well as microbial growth [1]. The storability of
chicken fillets is often short term owing to their susceptibility to microbial spoilage [2].
High protein and moisture contents in the meat serve as a competent substrate for microbial
growth. With the presence of oxygen, the lipid content of the chicken fillet enhances the
oxidation reaction, further deteriorating the quality of the meat [3]. Thus, it depicts a higher
risk for human consumption and economic loss for producers [4].
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To prolong the lifespan of chicken-based foodstuffs, manufacturers have opted to
wrap and package the fresh product using different types of packaging, mainly biopoly-
mer. Biopolymer is used as an alternative to plastic packaging in producing environmen-
tally friendly packaging. Besides reducing the accumulation of plastic waste, the use of
biopolymers can also lessen the utilization of industrial agro- and biomass waste-derived
plastics [5]. Polybutylene succinate (PBS) is a polymer with biocompatible characteristics
that can be degraded by bacteria and fungi in landfills or the sea [6]. The mechanical and
physical properties of PBS are comparable to polypropylene (PP) and polyethylene (PE),
which are widely applied by the food packaging industry [7]. PBS also has the poten-
tial to replace polyolefin in the future [8]. Starch has also been considered as a polymer
with biodegradable criteria besides its abundance and accessibility at a low cost. These
advantages have given it great potential for packaging purposes in various fields. One
of the most analyzed starch-based polymers is thermoplastic starch, which is widely ap-
plied in food packaging owing to its simple processing by common equipment in the
plastic manufacturing industries, such as casting, extrusion, blow film extrusion, injection
molding, and compression molding [9]. Moreover, pre-plasticized starch could promote
larger surface reaction and improve homogenization during compounding thermoplastic
starch/PBS thin films [10]. The addition of maleated PBS as compatibilizer to thermoplas-
tic starch/PBS blends could provide the combined properties of great water resistance,
enhanced strength, and good biodegradability, and is anticipated to serve as promising
packing material [11]. However, the application of PBS is restricted due to several limita-
tions, such as microbiological corrosion and low mechanical strength [12]. Besides that,
some of the disadvantages that limit the wide use of thermoplastic starch in packaging
are attributed to its self-deteriorating behavior over time as well as its high sensitivity
to moisture, resulting in starch retrogradation [8]. Hence, a lot of research on different
antimicrobial additives and natural fillers has been done to widen the functionality of
starch-based materials [5] and PBS films.

Active packaging is a cutting-edge idea in which the package, the product, and the
environment work together to extend the shelf life of foodstuffs while also improving
sensory and safety characteristics, thereby retaining product quality. Antimicrobial food
packaging is a type of active packaging that incorporates antimicrobial substances in
food packaging to reduce pathogenic microorganisms and eliminate unpleasant changes
in food quality, which in turn enhances the product’s shelf life [1,13]. Several studies
on the effectiveness of antimicrobial packaging on food products have been done by
previous researchers. Zhao et al. [14] produced soy protein isolation/antimicrobial silver
nanoparticle films showing antibacterial activity that was efficient against Gram-positive
and Gram-negative bacteria. After 28 days in a 4–10 ◦C temperature range, the population
of Listeria monocytogenes on turkey frankfurters coated with soy protein film containing
antibacterial nisin blended with either green tea extract (1%) or grape seed extract (1%)
had fallen by more than 2 log cycles [15]. The bacterial flora in milk and Micrococcus luteus
ATCC 10,240 were both effectively inhibited by the nisin-coated films [16]. Incorporation of
grape seed extract also largely improved the puncture, thickness, and tensile strengths of a
soy protein isolate/nisin/ethylenediaminetetraacetic acid film, and it also demonstrated
the greatest inhibitory activity against Escherichia coli O157:H7, Listeria monocytogenes, and
Salmonella typhimurium populations [17]. Another reported study fabricated ethylene–
vinyl alcohol copolymer novel films mixed with cocoa extract in 10%, 15%, and 20%
amounts, which presented great bactericidal activity against Salmonella enterica, Escherichia
coli, Listeria monocytogenes, and Staphylococcus aureus [18]. In addition, some studies reported
that the constituents of plant-derived essential oils such as lemongrass oil, oregano oil,
cinnamon oil, carvacrol, cinnamaldehyde, and citral could be utilized to prepare edible-
based antimicrobial films for packaging food products [19].

Recently, the development of novel antimicrobial agents against bacteria through
advanced technology has been regarded as a prioritized area in the field of biomedical
research. Biomaster silver (BM) is a silver-based antimicrobial material on the market. BM
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is based on silver ion technology, and Llorens et al. [13] mentioned that silver ions are
known to possess the highest antimicrobial capacity of the metallic cations and is able to
inhibit a wide range of microbial organisms. It possesses low vitality and long-term biocide
properties, yet a low level of toxicity to eukaryotic cells. The interaction of silver ions with
the ribosomes would inhibit the enzyme expression and interfere with the permeability of
the membrane. It interacts with nucleic acids and cytoplasmatic components, and alters
the enzyme mechanism behavior after binding with protein thiol groups [20]. According
to Xu et al. [21], previous studies have shown that an increase in reactive oxygen species
(ROS) was induced by the presence of metal nanoparticles, posing toxic effects correlated
with oxidative stress. The inhibition of respiratory enzymes was caused by silver ions that
interacted with the thiol group of the enzymes, thus producing ROS. It is considered one of
the critical factors that can affect oxidative stress, as ROS is able to react directly with DNA
and proteins or with lipids in order to induce the production of malondialdehyde, which
can react with DNA, proteins, and other lipids [22]. A higher temperature has also been
proven to induce higher antibacterial activity in silver nanoparticles through the increase
of the ROS formation level [21]. Apart from that, SANAFOR® (SAN), a commercialized
antimicrobial agent, controls microbial growth on plastic surfaces, protecting against
bacteria, fungi, and algae that may degrade the food products. Although the active
substances used in the antimicrobial agent were not mentioned, it was said that SAN could
provide good thermal stability with low water solubility that may limit the migration from
plastic.

The goal of this work is to address the various modifications and preparation method-
ologies of preparing BM and SAN as promising materials that can be applies as coating
or packaging material in food, providing new insights into the numerous applications
to maintain the quality and safety of the food products contained in the packaging for
a specific time period. Although BM and SAN are not newly developed antimicrobial
agents, the incorporation of both compounds has not been fully explored when it comes
to its application in food packaging, especially for a perishable commodity like poultry.
There are no available studies focusing on incorporating polybutylene succinate (PBS) and
polybutylene succinate/tapioca starch (PBS/TPS) with BM and SAN per se, and these
materials exhibited strong antimicrobial activity against microorganisms, especially in
poultry products. Hence, the idea of incorporating BM and SAN into PBS/TPS film could
open up new possibilities of developing a sustainable packaging film for preserving a
few other perishable foods. The novelty of this study is that the modification of BM and
SAN with different contents was done to tailor the optimum concentration that can be
useful in food packaging, especially to ensure the microbiological safety and maintain
the physicochemical quality of chicken breast fillets during storage, as well as its environ-
mentally friendly materials. Antimicrobial packaging, on the other hand, is still a difficult
technology to master, with only a few items commercialized on the market. Furthermore,
based on our knowledge, no study has been conducted regarding the incorporation of BM
and SAN into PBS and PBS/TPS films. Therefore, the present work aims to investigate the
effects of PBS and PBS/TPS films incorporated with BM and SAN on the shelf life of fresh
chicken breast fillets. Therefore, the novelty of this study is the generation of antimicrobial
packaging films from PBS and PBS/TPS materials for food preservation purposes.

2. Materials and Methods
2.1. Materials

PBS pellets (BioPBS™ FZ71PB) (density: 1.26 g/cm3) were purchased from PTT Public
Company Limited in Bangkok, Thailand. The powder form of tapioca starch (TPS) was
bought from PT Starch Solution in Karawang, Indonesia. Meanwhile, Biomaster-silver
(BM) and SANAFOR® (SAN) were purchased from Malaysian companies. Other materials
like agar plate and peptone water were procured from Oxoid, Malaysia. Fresh chicken
breast fillets were obtained from a supply chain company, Segi Fresh, Balakong, Selangor.
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2.2. Fabrication of PBS and PBS/TPS Films

In this study, PBS and PBS/TPS films were prepared through the melting-blow method
since this technique can facilitate the dispersion of different added components with the PBS
matrix. Two distinct antimicrobial substances, namely, BM and SAN, were incorporated
into two different films, (i) PBS and (ii) PBS, with the addition of TPS. The antimicrobial
substances were incorporated at different concentrations. Two untreated films, PBS film
and PBS film, were prepared with TPS (PBS/TPS) added. A total of 10 films were pro-
vided, as shown in Table 1. The films were manually laminated onto a kraft paper tray
(11.5 × 9 × 5 cm) aseptically. As for the control, a polypropylene (PP) microwavable
container was used.

Table 1. A total of 10 formulations of PBS films.

No. PBS Film Code Antimicrobial Agent g/g (%) Amount of
Antimicrobial Agent

1 PBS (untreated) N/A N/A
2 PBS + BM 1.5% BM 1.5
3 PBS + BM 3% BM 3
4 PBS + SAN 1% SAN 1
5 PBS + SAN 2% SAN 2
4 PBS/TPS (untreated) N/A N/A
5 PBS/TPS + BM 1.5% BM 1.5
6 PBS/TPS + BM 3% BM 3
7 PBS/TPS + SAN 1% SAN 1
8 PBS/TPS + SAN 2% SAN 2

Note: N/A: not available.

2.3. Sampling and Storage

The chicken breast fillet samples, weighing approximately 30 ± 3 g, were placed on
the laminated kraft paper tray. The trays were covered with the same lamination film,
then kept for 7 days at 4 ◦C. The procedure was carried out in triplicate for each sample.
Microbiological analysis and quality assessment were conducted on days 0, 1, 3, 5, and
7 during storage. The analyses on the initial day (day 0) were carried out upon freshly
bought chicken fillets with no treatment applied.

2.4. Microbiological Analysis

Microbiological analysis was determined by total plate count (TPC) according to CLSI
(2010). The chicken breast fillets were cut into smaller pieces with a weight of around
25 g. Each sample was then moved to stomacher bags that were filled with 225 mL of 0.1%
sterilized peptone solution, followed by 60 s homogenization within the stomacher (Tekma
Lab Blender 80, Seward Medical, UK). Suitable serial dilution was then applied to the
peptone water (0.1%) contained in each sample. Afterwards, about 0.1 mL of the diluted
homogenates were evenly distributed on Plate Count Agar (Oxoid, UK) using an L-shaped
rod. Then, the inoculated plates underwent incubation for 18–24 h at 37 ◦C. The TPC was
counted for each sample as log CFU/g, representing the logarithms of colony-forming
units per gram [4].

2.5. Quality Assessment
2.5.1. pH Analysis

The pH values of the chicken samples were examined following the AOAC method.
Approximately 10 g sample were mixed with 100 mL distilled water and then the filtrate
was collected for pH measurement using a pH meter (Mettler-Toledo International Inc.,
Columbus, OH, USA).
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2.5.2. Weight Loss

The changes in the weight of the chicken breast fillet samples were recorded on days
1, 3, 5, and 7 upon storage. The weight loss was presented as lost percentage in respect to
the initial weight of the samples [4].

2.5.3. Texture Analysis

The texture of the chicken breast fillet samples was analyzed with a texture analyzer
(TA.HDplusC, Stable Micro Systems Ltd., Godalming, UK), and the texture was described
in terms of hardness. Three different positions were located for each sample with perpen-
dicular measurements to the chicken breast fillet surface, whereas the mean values were
analyzed in triplicate measurement from the fillet samples to obtain an average value of
the hardness [23].

2.5.4. Color Analysis

The measurement of color for the chicken breast fillets was performed with a chroma
meter (CR-410, Konica Minolta, Japan). Values of a* (redness), b* (yellowness), and L*
(lightness) were used to characterize color. Three different positions were located for each
sample with perpendicular measurements to the chicken breast fillet surface [24]. The mean
values (a*, b*, and L*) were analyzed in triplicate measurement from the fillet samples to
obtain an average value of the hardness [25].

2.5.5. Overall Visual Quality

The overall observation of the chicken breast fillet samples throughout the storage
was conducted with a camera (Apple iPhone 6 Plus, Apple Inc., Cupertino, CA, USA).

2.6. Statistical Analysis

Triplicate work was conducted for all analyses in this study, and the collected data
were analyzed by one-way ANOVA to obtain the values of mean ± standard deviation.
Meanwhile, the statistical differences were regarded as significant as if p < 0.05 (Duncan’s
multiple range test). All statistical evaluations for the results were performed using Minitab
18.0 Statistical software.

3. Results
3.1. Total Plate Count (TPC)

The TPC of the chicken breast fillet samples stored in the PP container and PBS film
laminated tray during storage at 4 ◦C for seven days is shown in Figure 1. Meanwhile,
the TPC of the chicken breast fillet samples stored in the PP container and PBS/TPS film
laminated tray during storage at 4 ◦C for seven days is shown in Figure 2.

The initial TPC of the chicken samples without any treatment (day 0) was 4.17 log
CFU/g. Based on Figure 1, the log CFU/g value increased in all treatments during
storage at 4 ◦C up to seven days, with values between 4.17 and 7.41 log CFU/g. The
limit of acceptability for meat product is 7.00 log CFU/g [26]. Among all samples, the
untreated PBS and PBS + BM 1.5% exceeded the acceptability limit on the third day of
storage. However, the PP container (control) surpassed the acceptability limit on the fifth
day. The untreated PBS and PBS + BM 1.5% films showed higher TPC than the control
throughout the seven days, as PBS showed low gas barrier properties [27] that may induce
microbial growth. The incorporation of 3% BM and 1% SAN into the PBS improved the
film antimicrobial activity, and the lifespan of chicken samples stored in PBS + BM 3%
and PBS + SAN 1% films could be extended up to seven days. Meanwhile, the chicken
sample stored in the PBS + SAN 2% film showed the significantly lowest (p < 0.05) TPC and
was still acceptable on day 7, indicating that 2% SAN exhibits the highest antimicrobial
properties compared to the others.

As illustrated in Figure 2, the log CFU/g value increased in all treatments during
storage at 4 ◦C up to seven days with values between 4.17 and7.25 log CFU/g. The addition
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of TPS on both untreated and treated films resulted in lower log values than the control
from day 3 storage onwards. This further indicates that the addition of TPS to PBS made it
partially compatible polymer blends [11]. Among all the samples, the PP container (control)
exceeded the acceptability limit on the fifth day of storage; however, other treatments
for chicken samples were still acceptable up to seven days. Among the treated films, the
incorporation of 1% and 2% SAN into PBS/TPS enhanced the antimicrobial activity by
exhibiting the significantly lowest (p < 0.05) log value compared to the others up to seven
days.

Appendini and Hotchkiss [28] stated that the introduction of antimicrobials into
the packaging is to avoid surface growth on foods, such as the spoilage that may occur
primarily on the surface of intact meat. The antimicrobials were gradually released from the
packaging film, which may be better compared to the dipping and spraying technique. The
techniques of directly adding preservatives may cause rapid diffusion of the antibacterial
agent into food and denaturize its active sites, which ultimately lowers the reactivity with
bacteria. However, antimicrobial-incorporated packaging allows antimicrobial agents to
migrate slowly and continuously from the container to the food surface, which helps
enhance the high concentration of antimicrobial agents over a longer period [2]. They
also discovered that as the storage temperature rises, the movement of active chemicals
from film to food accelerates. We did not observe this effect in the present study since
our chicken samples were stored at 4 ◦C, and the interactions between coating materials,
target bacteria, antimicrobial agents, and the food matrix themselves could differ, therefore
influencing active compound release rates.

As reported by Warsiki and Bawardi [29], antibacterial packaging materials could
be made from tapioca starch films containing antimicrobial ZnO nanoparticles. After
integration with 2% ZnO, the film showed an inhibition index of around 7.67 mm against
E. coli. PBS with 10 wt.% thymol was also effective for inhibiting E. coli growth [12].
Cardoso et al. [30] tested the antimicrobial efficiency of oregano essential oil (OEO)-filled
poly (butylene adipate co-terephthalate) active films for fish fillet preservation at 7 ◦C. All
formulations except 2.5 g OEO showed improved fillet shelf life reaching up to 10 days. The
polylactic acid-based composite films containing 50% cinnamon oil presented antimicrobial
behavior against Salmonella Typhimurium and Listeria monocytogenes when inoculated
in chicken samples for 16 days of storage in refrigerated conditions [31]. Chitosan films
incorporated with 2% ethanolic propolis extract and 1–2% cellulose nanoparticle was also
a viable option in slowing microbial development as well as protein and lipid oxidation in
minced beef meat [32].

In this study, the antimicrobial agents BM and SAN were effective in PBS and PBS/TPS
films. The antimicrobial mechanism of BM silver ion technology is based on the release
of silver ions into the moisture layer that naturally exists on a product’s surface, then
permeates through bacterial cell walls, deactivating essential energy-producing metabolic
enzymes and stopping bacteria from growing [33]. However, the mechanism by which
SAN inhibits bacteria growth has not been elucidated.

Overall, the log value of the PBS/TPS films with antimicrobial agents was lower than
in the PBS films with antimicrobial agents. Furthermore, SAN was shown to have lower
microbial growth and was more effective than BM in both PBS and PBS/TPS films. This
study concluded that PBS with 2% SAN and PBS/TPS with 1% SAN or 2% SAN were more
effective in serving as antimicrobial packaging.
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Figure 1. Total plate count (TPC) of chicken breast fillets stored in PP container and PBS film
laminated tray during storage at 4 ◦C for seven days. Note: PP: polypropylene microwavable
container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% Biomaster silver;
PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN
2%: PBS film + 2% SANAFOR. Error bars indicate standard deviation (n = 3). The different A–D
capital letters are significantly different (p < 0.05) among treatment for each day. The different a–c
lowercase letters are significantly different (p < 0.05) among storage day for each sample.
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Figure 2. Total plate count (TPC) of chicken breast fillets stored in PP container and PBS/TPS film
laminated tray during storage at 4 ◦C for seven days. Note: PP: polypropylene microwavable
container (control); PBS/TPS: PBS/TPS film (untreated); ¯PBS/TPS + BM 1.5%: PBS/TPS film + 1.5%
Biomaster silver; PBS/TPS + BM 3%: PBS/TPS film + 3% Biomaster silver; PBS/TPS + SAN 1%:
PBS/TPS film + 1% SANAFOR; PBS/TPS + SAN 2%: PBS/TPS film + 2% SANAFOR. Error bars
indicate standard deviation (n = 3). The different A–D capital letters are significantly different
(p < 0.05) among treatment for each day. The different a–d lowercase letters are significantly different
(p < 0.05) among storage day for each sample.

3.2. pH Value

The pH changes in value for the chicken samples stored in PBS and PBS/TPS film lam-
inated tray during storage at 4 ◦C for seven days are shown in Figures 3 and 4, respectively.
The pH value shown by the chicken samples initially in this study without any treatment
(day 0) was 6.15 ± 0.06.
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Figure 3. The pH values of chicken breast fillets stored in PP container and PBS film laminated tray
during storage at 4 ◦C for seven days. Note: PP: polypropylene microwavable container (control);
PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% Biomaster silver; PBS + BM 3%: PBS
film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: PBS film + 2%
SANAFOR. Error bars indicate standard deviation (n = 3). The different A–F capital letters are
significantly different (p < 0.05) among treatment for each day. The different a–d lowercase letters are
significantly different (p < 0.05) among storage day for each sample.
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Figure 4. The pH values of chicken breast fillets stored in PP container and PBS/TPS film laminated
tray during storage at 4 ◦C for seven days. Note: PP: polypropylene microwavable container (control);
PBS/TPS: PBS/TPS film (untreated); PBS/TPS + BM 1.5%: PBS/TPS film + 1.5% Biomaster silver;
PBS/TPS + BM 3%: PBS/TPS film + 3% Biomaster silver; PBS/TPS + SAN 1%: PBS/TPS film + 1%
SANAFOR; PBS/TPS + SAN 2%: PBS/TPS film + 2% SANAFOR. Error bars indicate standard
deviation (n = 3). The different A–D capital letters are significantly different (p < 0.05) among
treatment for each day. The different a–d lowercase letters are significantly different (p < 0.05) among
storage day for each sample.

Our findings show that as the storage period increased, the pH value of the chicken
samples increased. However, the pH values of the chicken samples in PBS and PBS/TPS
films incorporating BM and SAN were slightly increased compared to the control sam-
ple. The chicken samples stored in PP container (control) showed the highest pH value
(7.09 ± 0.03) at the end of storage, and a pH value above 7 is considered to indicate negative
sensory attributes [34].

Similar trends of pH increment throughout the storage period of chicken and beef
were also observed in recent studies by Rashidaie et al. [35] and Katiyo et al. [36]. The accu-
mulated alkali nitrogenous components such as amines and ammonia produced by either
microbial or endogenous enzymes could cause an increased pH value, which subsequently
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leads to the meat color darkening [36,37]. Therefore, the low pH increment of chicken
samples stored in the treated films in this study might be contributed to the low color
variation of chicken samples, as discussed earlier in this study. The slow pH increment
in chicken samples stored in treated films might be due to the ability of antimicrobial
agents BM and SAN to prohibit enzyme activity [37] and low oxidation rates occurred
during storage [34]. When compared to unpackaged poultry, samples packed with chi-
tosan/montmorillonite bionanocomposites incorporating ginger essential oil showed a 1.2
to 2.6 log CFU/g reduction in microbial count and were able to maintain their color and
pH values [38]. Therefore, the pH values of chicken samples were correlated with the total
plate count and color. Overall, the lowest pH values were obtained for the chicken breast
fillets samples stored in PBS + SAN 1% and PBS/TPS + BM 3% films.

3.3. Weight Loss

The weight loss of the chicken breast fillet samples stored in the PBS and PBS/TPS
film laminated tray during storage at 4 ◦C for seven days is shown in Figures 5 and 6,
respectively. Based on both figures, the weight loss increased (p < 0.05) throughout seven
days of the storage period for all samples, with values between 3.18 and 6.83% (Figure 5)
and 2.83 and 6.83% (Figure 6).

The weight loss of the chicken samples in PBS and PBS/TPS film incorporating BM
and SAN exhibited a slight increase throughout the period of storage compared to the
control sample. The results show that chicken samples stored in PBS + SAN 1% and
PBS + BM 1.5% film (Figure 5) and PBS/TPS + BM 3% film (Figure 6) recorded the lowest
weight loss on day 7 (5.52 ± 0.04%, 5.95 ± 0.02%, and 5.78 ± 0.03%, respectively) compared
to the chicken samples stored in the PP container (control) and other films. The increase
in weight loss throughout storage was due to the moisture loss from the chicken breast
fillets and further resulted in the hardening of the meat texture [34]. As reported by Amjadi
et al. [39], the chicken fillets wrapped with ZnO nanoparticles and chitosan nanofiber-filled
gelatin-based nanocomposite exhibited less weight loss than the control at the end of the
12th day of storage.
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Figure 5. The weight loss values of chicken breast fillets stored in PP container and PBS film laminated
tray during storage at 4 ◦C for seven days. Note: PP: polypropylene microwavable container (control);
PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% Biomaster silver; PBS + BM 3%: PBS
film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: PBS film + 2%
SANAFOR. Error bars indicate standard deviation (n = 3). The different A–F capital letters are
significantly different (p < 0.05) among treatment for each day. The different a–d lowercase letters are
significantly different (p < 0.05) among storage day for each sample.
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Figure 6. The weight loss values of chicken breast fillets stored in PP container and PBS/TPS film
laminated tray during storage at 4 ◦C for seven days. Note: PP: polypropylene microwavable
container (control); PBS/TPS: PBS/TPS film (untreated); PBS/TPS + BM 1.5%: PBS/TPS film + 1.5%
Biomaster silver; PBS/TPS + BM 3%: PBS/TPS film + 3% Biomaster silver; PBS/TPS + SAN 1%:
PBS/TPS film + 1% SANAFOR; PBS/TPS + SAN 2%: PBS/TPS film + 2% SANAFOR. Error bars
indicate standard deviation (n = 3). The different A–E capital letters are significantly different
(p < 0.05) among treatment for each day. The different a–d lowercase letters are significantly different
(p < 0.05) among storage day for each sample.

3.4. Texture Analysis

The texture of the chicken breast fillet samples was analyzed in terms of hardness.
The hardness values of the chicken breast fillet samples stored in the PBS and PBS/TPS
film laminated tray during storage at 4 ◦C for seven days are shown in Figures 7 and 8,
respectively. The hardness values increased (p < 0.05) throughout the seven days of the
storage period for all samples, with values between 118.31 and 144.02% (Figure 7) and
116.22 and 144.02% (Figure 8). Compared to the control sample, the chicken samples stored
in PBS and PBS/TPS film exhibited less hardness.
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Figure 7. The hardness values of chicken breast fillets stored in PP container and PBS film laminated
tray during storage at 4 ◦C for seven days. Note: PP: polypropylene microwavable container (control);
PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% Biomaster silver; PBS + BM 3%: PBS
film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: PBS film + 2%
SANAFOR. Error bars indicate standard deviation (n = 3). The different A–F capital letters are
significantly different (p < 0.05) among treatment for each day. The different a–d lowercase letters are
significantly different (p < 0.05) among storage day for each sample.
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Figure 8. The hardness values of chicken breast fillets stored in PP container and PBS/TPS film
laminated tray during storage at 4 ◦C for seven days. Note: PP: polypropylene microwavable
container (control); PBS/TPS: PBS/TPS film (untreated); PBS/TPS + BM 1.5%: PBS/TPS film + 1.5%
Biomaster silver; PBS/TPS + BM 3%: PBS/TPS film + 3% Biomaster silver; PBS/TPS + SAN 1%:
PBS/TPS film + 1% SANAFOR; PBS/TPS + SAN 2%: PBS/TPS film + 2% SANAFOR. Error bars
indicate standard deviation (n = 3). The different A–F capital letters are significantly different
(p < 0.05) among treatment for each day. The different a–d lowercase letters are significantly different
(p < 0.05) among storage day for each sample.

The lowest hardness of chicken fillets stored in the treated films might have been due
to their lower weight loss, as discussed in Section 3.4, indicating that the treated films
decreased the loss of weight, and then enhanced the texture of the chicken samples during
storage at 4 ◦C. Based on Figure 7, the results show that the chicken samples stored in
PBS + SAN 1% film recorded the lowest hardness value (131.48 ± 0.04) at the end of storage.
Meanwhile, Figure 8 shows that the chicken samples stored in PBS/TPS + SAN 2% film
had the lowest hardness value (130.57 ± 0.03).

3.5. Color Changes and Overall Visual Quality

In contemporary packing technologies, one of the primary assumptions is that the
desired color would be preserved for as long as possible [40]. The overall visual quality of
the chicken breast fillet samples stored in the PP container and PBS film laminated tray
during storage at 4 ◦C for seven days is shown in Table 2. Table 2 shows that chicken
samples stored in a tray laminated with PBS + SAN 1% film had the most pleasant ap-
pearance compared to the chicken samples stored in the PP container and other films.
The chicken sample was still fresh on day 3 of storage and the color variation was not
significant as compared to the other chicken samples, and no bad odor was detected once
the lid was opened. The color (L*, a*, and b* values) of the chicken fillet samples kept in the
PP container and PBS film laminated tray during storage at 4 ◦C for seven days is shown
in Figure 9. In this study, the initial L*, a*, and b* values of the chicken fillets without any
treatment (day 0) were 56.02 ± 0.21, 12.01 ± 0.08, and 10.29 ± 0.12, respectively.

According to Figure 9, the L* (lightness) and a* (redness) values for each chicken
sample decreased (p < 0.05) gradually throughout the seven-day storage period storage.
However, the chicken fillets presented increased (p < 0.05) b* (yellowness) values over the
period of storage. The L* values were between 36.50 and 58.06, the a* values were between
7.00 and 11.33, and the b* values were between 10.33 and 15.29. The decrease in L* and a*
values for all chicken fillets throughout the storage period of seven days indicates that the
chicken darkened throughout the storage. The L* value of chicken samples stored in PBS
film incorporated with BM and SAN was able to slow down the chicken darkening during
the seven-day storage period compared to the PP container (control) and untreated PBS.
The PBS + SAN 1% film exhibited the highest (p < 0.05) L* value, followed by PBS + SAN
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2%, PBS + BM 3%, and PBS + BM 1.5% films. The PBS + SAN 1% also showed the highest
(p < 0.05) a* value on day 7. The chicken samples stored in PBS + SAN 1% film recorded
the lowest b* value (p < 0.05) compared to the chicken samples in other films.

The overall visual quality of the chicken breast fillet samples stored in the PP container
and PBS/TPS film laminated tray during storage at 4 ◦C for seven days is shown in Table 3.
Based on Table 3, the chicken samples stored in PBS/TPS + SAN 1% and PBS/TPS + SAN
2% had the most appealing appearance compared to the chicken samples in the PP container
and other films. The chicken fillets were still fresh on the third day of storage, and the color
variation did not significantly change. The color (L*, a*, and b* values) of the chicken fillet
samples kept in the PP container and PBS/TPS film laminated tray during storage at 4 ◦C
for seven days is shown in Figure 10.

According to Figure 10, the L* (lightness) and a* (redness) values for all chicken
samples decreased (p < 0.05) gradually throughout the seven-days of the storage period.
However, the chicken samples showed increased (p < 0.05) b* (yellowness) values over the
storage period. The L* values were between 36.50 and 58.33, the a* values were between
6.95 and 11.90, and the b* values were between 10.33 and 15.29. The L* value of the chicken
samples stored in PBS/TPS films incorporated with BM and SAN were able to slow down
the darkening of the chicken samples throughout the seven days of the storage period
compared to the PP container (control) and untreated PBS/TPS, with PBS/TPS + SAN 2%
exhibiting the highest (p < 0.05) L* value, followed by PBS/TPS + SAN 1%, PBS/TPS + BM
3%, PBS/TPS + BM 1.5%, PBS/TPS, and PP. However, the chicken samples stored in
PBS/TPS + BM3% film showed the highest (p < 0.05) a* value on day 7, followed by
the PBS/TPS + BM 1.5% film. The chicken sample stored in the PBS/TPS + SAN 2%
film showed the lowest (p < 0.05) b* value on day 7, followed by PBS/TPS + SAN 1%,
PBS/TPS + BM 3%, PBS/TPS + BM 1.5%, PBS/TPS, and PP.

From the color analysis, it can be concluded that chicken breast fillets stored in
PBS + SAN 1% and PBS/TPS + SAN 2% showed the least significant color variation
throughout the seven days of the storage period compared to the chicken breast fillets
stored in the PP container and other films. Both of these films are the most efficient for
slowing the darkening behavior of chicken breast fillets resulting from the accumulation of
ammonia and amines and retaining the red color of the chicken breast fillets [36].
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Figure 9. The L*, a*, and b* values of chicken breast fillets stored in PP container and PBS film
laminated tray during storage at 4 ◦C for seven days. Note: Color parameters: L* (from 0 black to
100 white), a* (from -a* green to +a* red), and b* (from -b* blue to +b* yellow). PP: polypropylene
microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5%
Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1%
SANAFOR; PBS + SAN 2%: PBS film + 2% SANAFOR. Error bars indicate standard deviation (n = 3).
The different A–F capital letters are significantly different (p < 0.05) among treatment for each day.
The different a–d lowercase letters are significantly different (p < 0.05) among storage day for each
sample.
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Figure 9. The L*, a*, and b* values of chicken breast fillets stored in PP container and PBS film
laminated tray during storage at 4 ◦C for seven days. Note: Color parameters: L* (from 0 black to
100 white), a* (from -a* green to +a* red), and b* (from -b* blue to +b* yellow). PP: polypropylene
microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5%
Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1%
SANAFOR; PBS + SAN 2%: PBS film + 2% SANAFOR. Error bars indicate standard deviation (n = 3).
The different A–F capital letters are significantly different (p < 0.05) among treatment for each day.
The different a–d lowercase letters are significantly different (p < 0.05) among storage day for each
sample.

Figure 9. The L*, a*, and b* values of chicken breast fillets stored in PP container and PBS film
laminated tray during storage at 4 ◦C for seven days. Note: Color parameters: L* (from 0 black to
100 white), a* (from -a* green to +a* red), and b* (from -b* blue to +b* yellow). PP: polypropylene
microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5%
Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1%
SANAFOR; PBS + SAN 2%: PBS film + 2% SANAFOR. Error bars indicate standard deviation (n = 3).
The different A–F capital letters are significantly different (p < 0.05) among treatment for each day.
The different a–d lowercase letters are significantly different (p < 0.05) among storage day for each
sample.
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Figure 10. The L*, a*, and b* values of chicken breast fillets stored in PP container and PBS/TPS
film laminated tray during storage at 4 ◦C for seven days. Note: Color parameters: L* (from
0 black to 100 white), a* (from -a* green to +a* red), and b* (from -b* blue to +b* yellow). PP:
polypropylene microwavable container (control); PBS/TPS: PBS/TPS film (untreated); PBS/TPS +
BM 1.5%: PBS/TPS film + 1.5% Biomaster silver; PBS/TPS + BM 3%: PBS/TPS film + 3% Biomaster
silver; PBS/TPS + SAN 1%: PBS/TPS film + 1% SANAFOR; PBS/TPS + SAN 2%: PBS/TPS film +
2% SANAFOR. Error bars indicate standard deviation (n = 3). The different A–F capital letters are
significantly different (p < 0.05) among treatment for each day. The different a–d lowercase letters are
significantly different (p < 0.05) among storage day for each samples.
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Figure 10. The L*, a*, and b* values of chicken breast fillets stored in PP container and PBS/TPS
film laminated tray during storage at 4 ◦C for seven days. Note: Color parameters: L* (from
0 black to 100 white), a* (from -a* green to +a* red), and b* (from -b* blue to +b* yellow). PP:
polypropylene microwavable container (control); PBS/TPS: PBS/TPS film (untreated); PBS/TPS +
BM 1.5%: PBS/TPS film + 1.5% Biomaster silver; PBS/TPS + BM 3%: PBS/TPS film + 3% Biomaster
silver; PBS/TPS + SAN 1%: PBS/TPS film + 1% SANAFOR; PBS/TPS + SAN 2%: PBS/TPS film +
2% SANAFOR. Error bars indicate standard deviation (n = 3). The different A–F capital letters are
significantly different (p < 0.05) among treatment for each day. The different a–d lowercase letters are
significantly different (p < 0.05) among storage day for each samples.
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film laminated tray during storage at 4 ◦C for seven days. Note: Color parameters: L* (from
0 black to 100 white), a* (from -a* green to +a* red), and b* (from -b* blue to +b* yellow). PP:
polypropylene microwavable container (control); PBS/TPS: PBS/TPS film (untreated); PBS/TPS + BM
1.5%: PBS/TPS film + 1.5% Biomaster silver; PBS/TPS + BM 3%: PBS/TPS film + 3% Biomaster
silver; PBS/TPS + SAN 1%: PBS/TPS film + 1% SANAFOR; PBS/TPS + SAN 2%: PBS/TPS film + 2%
SANAFOR. Error bars indicate standard deviation (n = 3). The different A–F capital letters are
significantly different (p < 0.05) among treatment for each day. The different a–d lowercase letters are
significantly different (p < 0.05) among storage day for each samples.

Table 2. The overall visual quality of chicken breast fillets stored in PP container and PBS film laminated tray during storage
at 4 ◦C for seven days.

Day 0 1 3 5 7

PP

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

54



Foods 2021, 10, 2379

Table 2. Cont.

Day 0 1 3 5 7

PBS

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

PBS + BM 1.5%

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

PBS + BM 3%

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

PBS + SAN 1%

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

PBS + SAN 2%

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Foods 2021, 10, x FOR PEER REVIEW 15 of 18 
 

 

PP 

     

PBS 

     

PBS + BM 

1.5% 

     

PBS + BM 

3% 

     

PBS + SAN 

1% 

     

PBS + SAN 

2% 

     

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% 

Biomaster silver; PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: 

PBS film + 2% SANAFOR. 

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during 

storage at 4 °C for seven days. 

Day 0 1 3 5 7 

Note: PP: polypropylene microwavable container (control); PBS: PBS film (untreated); PBS + BM 1.5%: PBS film + 1.5% Biomaster silver;
PBS + BM 3%: PBS film + 3% Biomaster silver; PBS + SAN 1%: PBS film + 1% SANAFOR; PBS + SAN 2%: PBS film + 2% SANAFOR.

Table 3. The overall visual quality of chicken breast fillets stored in PP container and PBS/TPS film laminated tray during
storage at 4 ◦C for seven days.

Day 0 1 3 5 7

PP

Foods 2021, 10, x FOR PEER REVIEW 16 of 18 
 

 

PP 

     

PBS/TPS 

     

PBS/TPS + 

BM 1.5% 

     

PBS/TPS + 

BM 3% 

     

PBS/TPS + 

SAN 1% 

     

PBS/TPS + 

SAN 2% 

     

Note: PP: polypropylene microwavable container (control); PBS/TPS: PBS/TPS film (untreated); PBS/TPS + BM 1.5%: 

PBS/TPS film + 1.5% Biomaster silver; PBS/TPS + BM 3%: PBS/TPS film + 3% Biomaster silver; PBS/TPS + SAN 1%: PBS/TPS 

film + 1% SANAFOR; PBS/TPS + SAN 2%: PBS/TPS film + 2% SANAFOR. 

4. Conclusions 

In conclusion, the addition of TPS to PBS film showed a lower microbial log growth 

than PBS film alone. With antimicrobial agents BM and SAN being added to the packaging 

material, it further aids in monitoring the microbial growth and enhances the storability 

of chicken breast fillets up to seven days. However, the incorporation of 2% SAN into PBS 

film and 1% or 2% SAN into PBS/TPS films showed the highest potential as an antimicro-

bial property in reducing the log value compared to other film packaging. The quality 

assessment proved that the incorporation of BM and SAN into the films can enhance the 
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PBS/TPS + SAN 2%: PBS/TPS film + 2% SANAFOR.

4. Conclusions

In conclusion, the addition of TPS to PBS film showed a lower microbial log growth
than PBS film alone. With antimicrobial agents BM and SAN being added to the packaging
material, it further aids in monitoring the microbial growth and enhances the storability
of chicken breast fillets up to seven days. However, the incorporation of 2% SAN into
PBS film and 1% or 2% SAN into PBS/TPS films showed the highest potential as an
antimicrobial property in reducing the log value compared to other film packaging. The
quality assessment proved that the incorporation of BM and SAN into the films can enhance
the quality of chicken breast fillets by minimizing the color variation, slowing pH increment,
decreasing weight loss, and decelerating the hardening process of the chicken breast fillets
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throughout storage. The PBS + SAN 1% and PBS/TPS + SAN 2% films exhibited the least
color variation. The PBS + SAN 1% and PBS/TPS + BM 3% films showed the least pH
increment. The PBS + SAN 1%, PBS + BM 1.5%, and PBS/TPS + BM 3% films showed the
least weight loss. The PBS + SAN 1% and PBS/TPS + SAN 2% films exhibited the least
hardness. However, the most notable enhancement of the chicken breast fillets’ quality was
observed in the PBS film incorporated with 1% SAN, as it recorded the least color variation,
pH increment, weight loss, and hardness. Therefore, it has potential to be used as new
antimicrobial packaging material for chicken fillets and could be an alternative to plastic
packaging.
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Abstract: Visible liquid inside food packages is perceived as unattractive to consumers, and may
result in food waste—a significant factor that can compromise sustainability in food value chains.
However, an absorber with overdimensioned capacity may cause alterations in texture and a dryer
product, which in turn may affect consumers’ satisfaction and repurchase. In this study we compared
the effect of a number of liquid absorbent pads in combination with headspace gas composition (60%
CO2/40% N2 and 75% O2/25% CO2) and gas-to-product volume ratio (g/p) on drip loss and quality
of fresh chicken breast fillets. A significant increase in drip loss with an increasing number of liquid
absorbent pads was documented. The increase was more pronounced in 60% CO2/40% N2 compared
to 75% O2/25% CO2. By comparing packaging variants with a different number of liquid absorbent
pads, a higher drip loss for all tested was found at g/p 1.8 compared to g/p 2.9. Total viable counts
(TVC) were independent of whether there was free liquid in contact with the product, and TVC
was independent of gas composition. Differentiation between the gas compositions was seen for
specific bacterial analyses. While significant changes were observed using texture analysis, sensory
evaluation of the chicken breast fillets did not show any negative effect in texture related attributes.
This study demonstrates the importance of optimized control of meat drip loss, as product-adjusted
liquid absorption may affect economy, food quality, and consumer satisfaction, as well as food waste.

Keywords: food packaging; drip loss; liquid absorbent pad; chicken breast fillet; texture; sensory
evaluation

1. Introduction

In light of the past several years’ focus on sustainability, and the global targets of the
United Nations Sustainable Development goals [1] related to responsible production and
consumption, the drive towards development of food systems for reducing food loss and
food waste has been pronounced. Packaging in general, and especially plastics, have for
the last years seen increasing public awareness of the related environmental challenges,
specifically related to littering and marine debris [2]. However, one of the main functions of
packaging is to protect and preserve the food in the total value chain—from the producer
to the consumer. Food packaging is recognized to contribute to food waste reduction and
more sustainable food value chains [1,3–5].

Through evaluation of the environmental impact of meat products, measured as green-
house gas (GHG) emissions [6,7], it has been found that the packaging is only responsible
for a small part of the GHG emissions [8]. Considering the small environmental footprint
of the packaging compared to that of the meat products, it is clear that optimal packaging
systems to avoid food loss in the value chain and food waste at consumers should be high
priority, and will contribute to more sustainable food systems.
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Fresh meat products contain high amounts of water. The physiological water content
in muscle foods, such as chicken, beef, and pork, is approximately 75% [9]. The water-
holding capacity (WHC) of the meat refers to the ability of the meat to retain its natural
or added water content during postmortem processing and storage [10,11]. The high
water content of meat makes these products particularly prone to microbial spoilage,
making them highly perishable. Another important factor tightly linked to the high water
content, and thereby also to the perceived quality of these products, is their drip loss [12].
Unavoidably, these products will exude some liquid during storage. Scientific literature
in the field mainly focuses on how different aspects of prehandling can be related to
excessive WHC and drip loss for red meat (pork, beef, and lamb) [13,14]. Factors like
genotype, feeding, slaughtering, and chilling have been evaluated [14], as well as the
effect of cutting of muscle fibers. The only packaging-related aspects studied in relation to
drip loss were the effect of shrinking or non-shrinking films [13], i.e., there are relatively
few studies focusing on the effect of packaging variables [12,15,16]. However, in all cases
the comparison has been between MAP (80% O2/20% CO2 or 30% CO2/70% N2) and
vacuum [12,16]. Payne et al. (1998) compared vacuum with CO2 flushing and/or the
use of active packaging as an oxygen scavenger [15]. The studied storage temperatures
have also varied a great deal, but no studies included storage at traditional/recommended
storage temperatures at retailers in Europe [12,15,16]. Thus, to our knowledge, the effects
of different MA gas compositions or gas-to-product volume ratios in relation to drip loss
have not been reported for chicken meat.

A liquid absorber is often used in packages with fresh meat and fish to improve
the appearance of the product. The capacity of these liquid absorbers is typically chosen
by the food producers to ensure absorption of all drip loss, and may not be specifically
designed for each product. An absorber with an overdimensioned capacity may cause
an unnecessarily high drip loss. This can cause a dryer product and an alteration in
texture. Furthermore, visible liquid in the packages can be perceived as unattractive by
the consumer [17]. Sensory quality attributes such as juiciness and tenderness of the meat
may be reduced, and these are important in terms of how the product is perceived by the
consumer at the time of consumption [17].

There is an economic aspect to striving to limit the drip loss of muscle foods. Firstly,
free liquid inside packages may be perceived as unattractive by the consumer, and may
result in reduced sales [17,18]. In addition to this, a common perception seems to be that
excess liquid inside packages can give rise to increased microbial growth and reduced meat
quality. However, this has been disproven in a previous publication, where no such relation
could be documented [18]. On the contrary, the study showed that the most attractive
growth medium for bacteria is the product itself, not its exudate. Finally, the liquid lost
implies a reduction in product weight and a reduced product yield for food producers.

Another aspect in the context of drip loss is the fact that the EU regulates the use of
absorbers containing superabsorbent polymers (SAP), which are considered to be active
packaging devices. For non-sealed absorbers it is mandatory for food producers to use
absorbers of adequate capacity in order to ensure that the absorber can absorb all liquid
lost from the product. This is to ensure that there is no leakage of SAP that can come
into contact with the product (Commission Regulation (EC) No 450/2009 on active and
intelligent materials and articles intended to come into contact with food) [19]. Due to this,
food producers may be prone to choose an absorber that has an overdimensioned capacity
for the product, in order to make sure that there is no free liquid inside the packages.

A high amount of CO2 inside modified atmosphere packaging (MAP) is often asso-
ciated with increased drip loss of the product, as CO2 dissolving into the product causes
the WHC to decrease [20–22]. One of the assumed mechanisms at play is the reduction of
pH in the presence of CO2 [23]. Others have reported negative correlation between CO2
content and drip loss of meat [24]. However, often overlooked is the more pronounced
effect of underpressure formation inside the packages at high CO2 levels. CO2 absorbed
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by the product may cause package deformation and a physical squeeze on the product,
resulting in increased drip loss [25,26].

In this study we wanted to systematically investigate which packaging parameters are
the most determinant for influencing the drip loss—and consequently, the physicochemical,
microbiological, and sensory quality—of chicken breast fillets. The initial experimental
setup was designed to address the following research questions: How does the number
of liquid absorbent pads affect the drip loss and quality of the meat? How is the drip
loss affected by different gas atmosphere compositions in MAP? Chicken breast fillets
were chosen as the model product due to their relatively high drip loss and well-known
challenges related to rapid microbiological spoilage. The number of liquid absorbent pads
and different gas compositions were the variables included in the main experiment. Based
on the results from the first experimental setup, a follow-up experiment was designed,
aimed at addressing the new emerging research question: How is the drip loss affected
in MAP with CO2 at different gas-to-product volume (g/p) ratios? In this experiment
the number of liquid absorbent pads and the gas-to-product (g/p) volume ratio were the
main variables.

2. Materials and Methods
2.1. Sample Preparation and Storage Conditions

Chicken breast fillets (breast fillet tenderloin; pectoralis major) were obtained from a
local producer using a fast and highly automated process with low temperature during
the process. The slaughtering was performed in the morning with continuous cooling
and cutting. The approximate time for slaughtering and cooling was 3 h, followed by
cutting and packaging within less than 30 min. The fillets were wrapped in plastic bags
and transported chilled in distribution boxes containing approximately 10 kg each. The
packaging was performed at the research institute shortly after reception and within 48 h
after slaughtering. The fillets were randomly selected from the distribution boxes. Two
fillets with a total average weight of 339 g (339.1 ± 4.4 g) (329.9–350.9 g) were packaged in
each tray. The samples were stored in dark conditions at 4 ◦C.

2.2. Packaging Materials

The chicken breast fillets were packaged in thermoformed trays with a base web
consisting of amorphous polyethylene terephthalate/polyethylene (APET/PE) (Multipet
550 µm, Wipak, Nastola, Finland). Biaxer 65 XX HFP AFM consisting of polyethylene
terephthalate/polyethylene/ethylene vinyl alcohol/polyethylene (PET/PE/EVOH/PE)
(Wipak (Nastola, Finland)) was applied as the top web.

The oxygen transmission rates (OTR) of the materials were, according to the producer:
10 cm3/(m2 d) at 23 ◦C, 50% RH for the base web, and 5 cm3/(m2 d) at 23 ◦C, 50% RH for
the top web.

The trays were thermoformed using a Multivac R145 thermoforming machine (Multi-
vac, Wolfertschwenden, Germany).

In both experiments, different numbers of liquid absorbent pads were used—0, 1, and
2 (Absorber type 109642, MP-2501 75 × 115 mm black, Færch, Denmark)—and thereby
3 different possibilities of liquid absorption for each gas composition.

2.3. Packaging Methods and Experimental Design

The studies encompass two experiments with chicken breast fillets. In the first and
main experiment (all analyses included) (hereafter referred to as Experiment 1), the gas
composition and the number for liquid absorbent pads were the experimental design
factors. In this experiment, the chicken breast fillets were stored in a modified atmosphere
of 60% CO2/40% N2 or 25% CO2/75% O2, and a gas-to-product volume (g/p) ratio of 1.8
was applied for all samples. Four replicates of each sample type were prepared for each
sampling time, performed after 0, 6, 14, and 20 days of storage.
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In the second experiment (Experiment 2), the effect of the g/p ratio and the number
of liquid absorbent pads was investigated. The chicken breast fillets were stored in 60%
CO2/40% N2, and two different tray sizes were used. Trays with a volume of 860 mL
resulted in an initial gas-to product-volume ratio (g/p ratio) of approximately 1.8, while
trays with a volume of 1390 mL gave an initial g/p ratio of approximately 2.9. Four
replicates of each sample type were prepared for each sampling time, performed after 0, 7,
14, and 20 days of storage.

2.4. Analyses
2.4.1. Headspace Gas Analyses and Drip Loss

The headspace atmosphere of the MA packages was analyzed for CO2 and O2 lev-
els (%) immediately after packaging and at each sampling time using a CheckMate
9900 O2/CO2 analyzer (PBI Dansensor, Ringsted, Denmark). Gas was removed from
the packaging for analysis using a needle through self-sealing patches on the packages.

Drip loss was determined by initially weighing the meat, the package, and the ab-
sorbent pad(s), and calculating the increase in weight of the packages (including the
absorbent pads) at each sampling. Results are given as the percentage (%) of initial muscle
weight, and refer to the corresponding drip loss from the meat. These analyses were
performed in all experiments.

2.4.2. Texture Analyses and Dry Matter Content

Warner–Bratzler shear force (WBSF) and dry matter content measurements were
performed (in Experiment 1) for chicken breast fillets cooked after storage in different
packaging conditions after 0, 6, 14, and 21 days of storage. The fillets were vacuum packed
in PA/PE (70 µm) (Maskegruppen, Norway) bags and heat treated in a water bath at 70 ◦C
for 50 min before being cooled in ice water for 50 min. The samples were stored in the
vacuum bags at 4 ◦C until the next day. Prior to WBSF measurements, the temperature of
the samples was equilibrated at 20 ◦C for 1 hour. The fillets were cut into rectangular pieces
of 1 × 1 × 2 cm along the fiber direction. The samples were sheared perpendicularly to the
fiber direction with a triangular device attached to an Instron Materials Testing Machine
(model 4202, Instron Engineering Co., High Wycombe, UK). The average maximum force
(given as N/cm2) was obtained from measurement of 6 replicates.

For determination of dry matter content, the samples were macerated/homogenized,
and approximately 6 ± 0.5 g of the mass was accurately weighed into Petri dishes and
oven dried at 105 ◦C for 18 h. The samples were weighed after drying, and the weight
loss during drying was equal to the water content of the samples. The dry matter content
was calculated as the percentage of the initial weight minus the water content (Dry matter
content (%) = wsample (%) − wwater (%)). Two replicates per sample variant were measured
at each sampling time.

2.4.3. Microbiological Analyses

The selected microbiological analyses for chicken breast fillets (Experiments 1 and 2)
were total viable count (TVC), Enterobacteriaceae, lactic acid bacteria (LAB), and Brochothrix
thermosphacta, performed at the time of packaging and after the selected sampling time.

Samples of 3 × 3 cm2 and 1 cm depth were cut with a sterile scalpel from the surface
of the meat, weighed, macerated, and diluted 1:10 with peptone water and spread using a
Whitley Automated Spiral Plater (WASP) (Don Whitley Scientific Ltd., West Yorkshire, UK).
In addition, in Experiment 1, after 14 days of storage, samples from the bottom surfaces of
the fillets were cut and included for analyses. Appropriate 10-fold dilutions were spread
in duplicate on PCA (plate count agar; Difco, Difco Laboratories, Detroit, MI, USA) for
total viable counts (TVC) (incubation temperature 30 ◦C, 72 h, anaerobic incubation), and
on MRS agar (Man, Sharpe and Rogosa agar, MRS; Oxoid, Unipath Ltd., Basingstoke,
Hampshire, UK) for lactic acid bacteria (incubated at 20 ◦C, 48 h, anaerobic incubation).
Enterobacteriaceae were analyzed by use of VRBGA (Violet Red Bile Glucose Agar, Oxoid,
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Hampshire, UK) (37 ◦C, 24 h, semi-aerobic conditions, cells embedded in agar with sterile
overlay). Brochothrix thermosphacta was detected by use of STAA agar (streptomycin thallous
acetate actidione) and an agar base (CM 0881 with selective supplement SR 0151E, Oxoid,
Hampshire, UK) (25 ◦C for 48 h, aerobic incubation). Microbial counts are expressed as
colony-forming units (cfu) per g.

2.4.4. Sensory Analysis

Sensory analysis was performed on both raw and heat-treated chicken breast fillets af-
ter 14 days of storage in both modified atmospheres—25% CO2/75% O2, and 60% CO2/40%
O2—with 0, 1, and 2 liquid absorbent pads (g/p 1.8) (Experiment 1). A highly trained
panel of 10 assessors (10 women; aged, 37–64 years) at Nofima (Ås, Norway) performed a
sensory descriptive analysis (DA) according to the “generic descriptive analysis” [27] and
ISO standard 13299 [28]. The assessors are regularly tested and trained according to ISO
standard 8586, and the sensory laboratory follows the practice of ISO standard 8589 [29,30].

In a pretest session before the main test, the assessors were calibrated on samples
that were considered the most different on the selected attributes typical for raw and heat-
treated chicken fillets. The results from the pretest were evaluated and discussed by the
panel leader and the assessors. This calibration procedure was performed in order to arrive
at a common understanding and agreement of the selected attributes. This is common
practice, with the purpose being to ensure that the assessors have a common understanding
of how to evaluate and rank the different sensory attributes, and to obtain consensus for
each attribute among the assessors. For raw evaluation the assessors agreed upon six
sensory attributes describing odor: sourness odor, metallic odor, cloying odor, sulfurous
odor, fermented odor, and chlorine odor. For heat-treated evaluation, the assessors agreed
upon eight sensory attributes describing flavor and texture: sourness flavor, metallic flavor,
cloying flavor, sulfurous flavor, fermented flavor, hardness, juiciness, and tenderness.

The sensory evaluation of raw samples was performed on chicken fillets stored in
the original packaging. The samples were first heated to room temperature. Immediately
before evaluation, an opening (4 × 4 cm) was cut into the top web of the packages, and the
assessors smelled the sample trays.

For heat-treated sensory evaluation, each assessor was served one piece of chicken in
a triangular shape and served from the same position of the fillet throughout the whole test.
Heat treatment of chicken fillets was performed in a combi oven (Electrolux Air-o-steam,
Model AOS061EANQ) at +100 ◦C with 100% heat for 20 min (core temperature of 72 ◦C).
Samples were served in preheated porcelain bowls with warm metal lids and placed on
a heating plate in the sensory booth. All samples were served to the panel coded with a
three-digit number in duplicate following a randomized block design.

All attributes were evaluated on an unstructured 15 cm line scale with labeled end
points ranging from “no intensity” (1) to “high intensity” (9). Each assessor evaluated all
samples at individual speed on a computer system for direct recording of data (EyeQues-
tion, Software Logic8 BV, Utrecht, The Netherlands). Tap water and unsalted crackers were
available for palate cleansing.

2.4.5. Statistical Analyses

The experiments were prepared using balanced experimental designs for easy analysis
of the packaging choices under investigation. Subsequent data analysis was performed
using analysis of variance (ANOVA) with type II sums of squares and proportions of
explained variance. Tukey’s pairwise comparisons were used to generate compact letter
displays (CLDs), indicating which factor levels—e.g., different MAPs or number of ab-
sorbent pads—were not significantly different. All tests were performed using a level of
significance of 0.05. The software used in the analyses was R version 4.0.4 [31] and the R
package “mixlm” version 1.2.4 [32].

For sensory performance, ANOVA was conducted on the descriptive sensory data
in order to identify the sensory attributes that discriminated among samples. A two-way
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mixed model was fitted for each of the sensory attributes, with the assessor and interaction
effects considered to be random and the samples as a fixed effect. Least significance
differences were calculated using Tukey’s test (p < 0.05). The statistical software used for
the sensory analysis was EyeOpenR (Logic8 BV).

3. Results and Discussion
3.1. Effect of Liquid Absorbent Pads and Gas Composition

The percentage drip loss was measured for chicken breast fillets packaged in modified
atmospheres of 60% CO2/40% N2 and 75% O2/25% CO2 with 0, 1, and 2 liquid absorbent
pads (Experiment 1) at selected sampling times during storage: 6 days, 14 days, and 20 days.
The results presented in Figure 1 show that there is a clear positive relation regarding the
number of liquid absorbent pads (i.e., increased absorbing surface) present in the packages.
This implies that when increasing the number of the absorbent pads, the liquid lost from the
product will increase as the absorbers draw excess liquid from the product. The tendency
is evident for both packaging atmospheres (Figure 1). The measurements show a small
increase in drip loss over the time of storage that is documented through these sampling
times (6, 14, and 20 days) for all six sample variants. However, the most pronounced
differences among the variants are already present at the first sampling time (day 6),
revealing that the main part of the drip loss actually occurs during the initial days of
storage. The relationship between the sample variants does not change after this.
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Figure 1. Drip loss for chicken breast fillets expressed as a percentage (%) of initial product weight
as a function of storage time for chicken breast fillets (C) packaged in modified atmospheres of 60%
CO2/40% N2 (C-CO2) and 75% O2/25% CO2 (C-O2) with 0, 1, or 2 liquid absorbent pads (0A, 1A,
2A). g/p ratio for all samples was 1.8 (Experiment 1). Sampling times were after 6, 14, and 20 days of
cold storage. For each bar, the error bars indicate +/− one standard error.

The gas composition and storage time had significant effects on drip loss (1.8% and
3%, respectively); however, the number of absorbent pads had the most effect (88.7%)
(Appendix A Table A1). Furthermore, the measured drip loss was lower for the samples
packaged in 75% O2/25% CO2 than for those packaged in 60% CO2/40% N2, though not
different enough to be significant. These effects were present at all sampling times (though
more pronounced towards the end of storage) and for different numbers of absorbent pads.
This can be explained by the solubility of CO2 into the product, causing underpressure
formation and a physical pressure on the product, resulting in increased drip loss [25,26].
The magnitude of the underpressure formed is proportional to the amount (percentage) of
CO2 present in the package, while being disproportional to the g/p ratio of the packaging
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concept (the available volume of the gas in relation to the volume of the product). On the
other hand, increasing the CO2 level may be beneficial in terms of improved microbiological
quality—an aspect that will be considered in the following section.

In accordance with the observed increase in drip loss during storage, the dry matter
content of the chicken breast fillets also increased during the initial part of storage (from
day 0 to day 6), to varying extents, for all sample variants (Figure 2A). For fillets stored in a
CO2-rich atmosphere, the dry matter content of the chicken meat increased until 14 days of
storage, followed by a decrease in dry matter content. For samples stored in an O2-rich
atmosphere the effect of storage time on the dry matter content was more ambiguous, and
no clear correlation could be deducted from the results.
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Figure 2. Percentage dry matter content measured for chicken breast fillets (A) (two replicates per sample variant)
and Warner–Bratzler maximum shear force (N/cm2) (WBSF) required to cut cooked samples of chicken breast fillets
(B) (presented as an average of 6 replicates per sample variant). The chicken breast fillets (C) were stored in modified
atmospheres of 60% CO2/40% N2 (C-CO2) and 75% O2/25% CO2 (C-O2) (g/p 1.8) with 0, 1, or 2 liquid absorbent pads (0A,
1A, 2A) (Experiment 1) and sampling times of 0, 6, 14, and 20 days.

In general, for all samples there was a tendency for the dry matter content to increase
from the time of packaging to the end of storage, but the dry matter content varied among
the sample variants and by the time of storage. Regarding the number of liquid absorbent
pads, no clear correlation between an increased number of pads and dry matter content
could be documented—neither for the samples in CO2-rich atmospheres, nor for those
in O2-rich atmospheres. Correlation analyses showed that the correlation between dry
matter and drip loss was −0.166 in CO2-rich atmospheres, while no correlation (−0.001)
was observed in O2-rich atmospheres. Furthermore, the number of pads had no significant
effect as a main factor (Appendix A Table A1).

The effects of the number of liquid absorbent pads and of gas composition were also
evaluated through texture analysis using the Warner–Bratzler method. As displayed in
Figure 2B, for fillets stored in CO2-rich atmospheres the measured WBSF shows a net
decrease from the time of packaging (15.6 N/cm2) to the end of storage for samples
stored without absorbent pads (0A) (13.4 N/cm2) and for those stored with two absorbent
pads (2A) (14.5 N/cm2). For fillets stored with one absorbent pad (1A) the measured
WBSF was practically unchanged throughout storage. In general, the measured differences
between 0, 1, and 2 absorbent pads for this gas composition were very small. In addition,
according to one-way ANOVA—computed by defining a six-level factor with the combina-
tions of gas composition and number of liquid absorbent pads—there were no significant
differences between these samples at any storage time (Appendix A Table A2). Although
all main factors (gas composition, number of absorbent pads, and storage time) were
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significant (Appendix A Table A1), the variance explained by these factors was relatively
low (7.2%, 6.6%, and 13.2%, respectively), leaving 59% as unexplained and a corresponding
R2 of 41%, i.e., other sources of variation dominated the WBSF.

For storage in high O2-atmospheres, an initial reduction in maximum force was
measured for all three numbers of absorbent pads (0, 1, or 2 absorbent pads) added.
Perhaps most interesting in these results is the increase in measured maximum force
between day 6 and day 14 of storage, indicating a decrease in tenderness of the fillets
cooked after this time of storage, seen only for high-O2 samples. The measured shear
force dropped at the last sampling day (day 20) of storage regardless of the number of
absorbent pads. For fillets stored zero (0A) or with one absorbent pad (1A), the texture
evaluated by WBSF was measured to be higher (17.2 N/cm2 and 17.5 N/cm2) at the end of
storage compared to the initial level (15.6 N/cm2), indicating a decrease in meat tenderness
towards the end of storage. For chicken stored with two absorbent pads (2A), the measured
WBSF was reduced at the end of storage (14.5 N/cm2) compared to the start (15.6 N/cm2).
However, according to one-way ANOVA, no significant differences between the samples
stored in high-O2 atmospheres were detected at any sampling time. The only significant
differences were observed between samples stored in different atmospheres after 20 days
of storage (Appendix A Table A2). The physicochemical origin of the observed differences
between samples stored in high-CO2 and high-O2 atmospheres is unknown. For differences
in tenderness between chicken fillets to be of importance for the perceived quality, the
numeric differences in measured shear force would assumedly need to be a great deal
larger. Again, even though the fillet selection was randomized at packaging, some of the
measured variations may be a result of individual variations.

The results from sensory evaluation of the textural traits hardness, tenderness, and
juiciness of heat-treated chicken breast fillets (Figure 3) reveal that there are significant
differences in the perceived texture of the meat as affected by the number of absorbent
pads (flavor evaluation of heat-treated chicken breast fillets and odor evaluation of raw
chicken are presented in Appendix A Table A3, and will be discussed in relation to micro-
bial growth).
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juiciness of heat-treated chicken breast fillets (C) stored for 14 days in modified atmospheres of 60%
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2A). g/p ratio for all samples was 1.8 (Experiment 1).

However, the trend is not systematic across gas compositions, as it does not in-
crease/decrease with the increasing number of pads independent of the gas composition,
i.e., the only significant difference is found in the interaction between the number of ab-
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sorbent pads and the packaging gas. A significantly higher score of hardness with one
absorbent pad (1A) compared to two absorbent pads (2A) was observed for samples stored
in high-O2 atmospheres, while regarding the juiciness of chicken stored in high-CO2 at-
mospheres, a lower score for samples stored without absorbent pads (0A) compared to
one absorbent pad (1A) was observed. In this experiment, tenderness and juiciness both
correlated positively with dry matter content (0.231 and 0.210, respectively) and negatively
with WBSF (−0.517 and −0.197, respectively), while hardness did not correlate with dry
matter (−0.040) but correlated positively with WBSF (0.397). However, although there
were significant differences in sensory scores among different numbers of absorbent pads,
the differences were less than 2 in score (hardness 3.75 and 4.45; juiciness 4.37 and 5.40),
i.e., less than what is presumed observable by consumers. In addition, no significant
differences in dry content or texture measured as maximum force (WBSF) (neither number
of absorbent pads nor gas composition) were observed for the samples stored for 14 days.
This implies that for this product consumers will not be able to identify differences in the
textural quality of fillets packaged with liquid absorbent pads overdimensioned for the
product’s drip loss.

With regard to the effect of modified atmosphere composition on the textural at-
tributes, the samples stored in high-O2 atmospheres were evaluated with slightly higher
sensory intensity scores for hardness than the ones stored in high-CO2 atmospheres. This
is supported by the fact that the sample variants stored in high-O2 atmospheres were
evaluated to have somewhat lower intensity scores on tenderness than the sample variants
stored in high-CO2 atmospheres. For juiciness—an important quality trait for chicken
breast fillets—no clear tendency can be observed when comparing the sample variants
stored in high-O2 compared to high-CO2 modified atmospheres. However, the gas compo-
sition significantly affected the texture in samples with one absorbent pad (1A), as shown
by lower scores of tenderness and juiciness and higher scores of hardness in the samples
stored in high-O2 atmospheres compared to high-CO2 atmospheres. This finding is in
accordance with the results of the Warner–Bratzler shear force measurements, which, as
discussed, displayed the largest relative differences between the two gas compositions at
measurement after 14 days of storage—the same storage time at which sensory evaluation
was performed. Still, the differences in sensory scores are small and will most likely not
be detectable by the average consumer. Geesink et al. (2015) stated that the effect of
high oxygen on tenderness of meat has been reported in a number of studies [33]. To the
best of our knowledge, reported effects of packaging atmosphere on textural attributes
of chicken/poultry meat are rather scarce. Rossaint et al. (2015) reported no significant
difference in texture (measured as sensory attribute) for poultry stored in a high-oxygen
atmosphere (70% O2/30% CO2) compared to 70% N2/30% CO2 nitrogen [34].

Regarding texture measured as maximum force (WBSF), a majority of publications
have been on beef and pork meat, and often conducted comparisons of high-oxygen at-
mospheres with vacuum (oxygen- and CO2-free atmosphere) [35–38]. Lagersted et al.
(2011) reported that storage in MAP with high oxygen resulted in higher shear force and
negatively affected the juiciness and tenderness of beef steaks compared to vacuum [37].
Moczkowska et al. (2017) reported a decrease in shear force (WBSF) for beef stored in
an oxygen-free atmosphere (vacuum), while increased WBSF was observed when stored
in a high-oxygen atmosphere [36]. Similarly, Zakrys-Waliwander et al. (2012) detected
significantly lower WBSF in beef steaks stored in vacuum compared to a high-O2 atmo-
sphere after 8 and 14 days, but not after 4 days of storage [38]. For pork meat (porcine
longissimus dorsi) a decrease in tenderness was detected already after 4 days of storage
in a high-oxygen atmosphere, with further decrease until 14 days of storage, compared
to an increase in tenderness when stored in an oxygen-free atmosphere (vacuum) [39]. In
oxygen-rich atmospheres the potential for increased oxidation is present, and oxidation
of protein can influence properties such as water-holding capacity, and lead to changes in
texture, such as tenderness [36,39].
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The TVC at the start of storage (day 0) was approximately 2.6 log cfu/g for all sample
variants (Appendix A Table A4). In general, the increase in TVC developed in a parallel
manner for sample variants in high-O2 and high-CO2 atmospheres, with a slightly lower
bacterial growth on the samples in high-CO2 atmospheres, reaching 6.7–7.1 log cfu/g
after 20 days of storage for the high-CO2 variants, and 7.3–7.5 log cfu/g for the high-O2
atmosphere samples. Overall, there was a small but significant effect of gas composition on
TVC (Appendix A Table A4). Previous results show similar total viable count numbers for
products packaged with and without high levels of oxygen (though with low CO2-levels;
30% CO2/70% N2 and 30% CO2/70% O2) [40], whereas in the present study high levels of
CO2 resulted in lower TVCs compared to high-O2 atmospheres. Statistical analysis also
confirmed that gas composition had a significant effect on the TVC (although only 1.7%
explained variance), while there was no significant effect of different numbers of absorbent
pads on TVC. Hence, the microbiological growth is independent of whether or not there is
free liquid in the packages.

This finding was further supported by results from additional analysis performed at
day 14 of storage by sampling from the bottom surfaces of the fillets that were in contact
with available visible liquid and comparing the TVCs measured in these samples to the
TVCs from the top surfaces of the fillets at the same sampling day (Appendix A Table A4).
The TVC data for the top and bottom samples for all six packaging variants are summarized
in Appendix A Table A4. For samples stored in high-CO2 atmospheres, a significantly lower
bacterial level was measured for samples taken from the bottom surface (and in contact
with visible liquid if present) compared to samples from the top surface of the fillets (with
two absorbent pads (2A)). However, no such differences in bacterial growth for samples
stored in high-O2 atmospheres with different numbers of absorbent pads could be detected.
Hence, free liquid inside packages does not give rise to increased microbiological activity.
Even in the packaging variants without an absorbent pad present (0A), the microbiological
growth at the bottom and top of the fillets was similar—not significantly different—for the
same packaging conditions, as well as similar to the measured TVC levels for packaging
with the highest number of absorbent pads (no free liquid inside the packages). This is a
significant finding, as it disproves the common perception that packaged meat with excess
liquid inside the packages has a poorer microbial quality [18]. Dissemination of these
results to the food industry, retailers, and consumers could contribute to reducing food
waste in this product category.

Regardless of the number of absorbent pads added, growth of Brochothrix thermosphacta
reaches a level of approximately 7 log cfu/g for fillets in high-O2 atmospheres and
3–4 log cfu/g in high-CO2 atmospheres after 20 days of storage (Appendix A Table A4).
This is as expected for this bacterium; Brochothrix grows fast in the presence of O2, and it is
also able to adapt to an anaerobic environment, though then at a much slower growth rate,
which is in accordance with previous studies [34,41].

Lactic acid bacteria increased from 2.45 log cfu/g to approximately 7 log cfu/g
(7.12–7.31 log cfu/g and 6.67–7.22 log cfu/g in high-CO2 and high-O2 atmospheres, re-
spectively) over a 20-day storage period. Levels of Enterobacteriaceae were measured
to be about 2 log cfu/g until 15 days of storage, followed by an increase to approxi-
mately 3 log cfu/g in high-O2 atmospheres (2.23–3.17 log cfu/g), and slightly higher—
approximately 4 log cfu/g—in high-CO2 atmospheres (4.02–4.27 log cfu/g) after 20 days
of storage. According to analyses of variance, the number of liquid absorbent pads
had no significant effect on the levels of lactic acid bacteria and Enterobacteriaceae. No
significant differences were observed at any sampling time within each packaging gas
(Appendix A Table A4), and the variance was mainly explained by the storage time
(Appendix A Table A1). Moreover, no significant effect of the number of absorbent pads in
the packages on the growth of B. thermosphacta could be seen in these results, but in this
case most of the variance was explained by gas composition and storage time (45.4% and
42%, respectively).
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Sensory evaluation of the odor of the raw chicken showed similar trends as the
bacterial growth, with no significant effect of different numbers of liquid absorbent pads
but clear effect of the gas composition (Appendix A Table A3). In all evaluated attributes,
significant differences were detected, with slightly higher scores for sourness and metallic
odors and slightly lower scores for chlorine odor in chicken stored in high-CO2 atmospheres
compared to high-O2 atmospheres. However, for the other attributes, the differences were
more pronounced. Chicken stored in high-O2 atmospheres had high scores (6.88–7.28) for
fermented and cloying (6.48–6.89) odors compared to storage in high-CO2 atmospheres
(2.14–2.87 and 3.37–3.94, respectively). The opposite was the case regarding the sulfurous
odor: 1.97–2.07 in high-O2 atmospheres and 5.38–6.23 in high-CO2 atmospheres. For heat-
treated chicken the only significant flavor attributes were sourness and fermented flavors,
though the scores were relatively low (below 3.37) and the difference was less than 2 units.

3.2. Effect of Liquid Absorbent Pads and G/P Ratio

The g/p ratio applied in the first experiment in the study (g/p 1.8) is comparable to
what is commonly used for modified atmosphere packaging on the market in Norway.
Based on the findings of this first and main part of the study, it was relevant to look into
the effect of varying the g/p ratio, i.e., the amount of carbon dioxide gas available to the
product, and how it affects the drip loss and microbiological quality of the chicken breast
fillets when packaged with 0, 1, or 2 liquid absorbent pads. Therefore, the second part of
the study includes both g/p 1.8 (as for Experiment 1) and a higher g/p ratio of 2.9.

Carbon dioxide has a well-documented antimicrobial effect [13,42–44]. According
to Renerre et al. (1990), Dalgaard et al. (1993), and Randell et al. (1999), the drip loss
increases with increased CO2 content in the packages [20–22]. However, Holck et al.
(2014) showed that drip loss is not solely dependent on the amount of CO2, with higher
drip loss in chicken packed in 100% CO2 compared to 100% CO2 with the addition of
a CO2 emitter [25]. Thus, underpressure formation with high amounts of CO2 in rigid
packages may result in an excessive drip loss from the product, due to physical pressure
as the package is compressed [26]. Figure 4 displays the drip loss results from the second
experiment on chicken breast fillets. Firstly, this follow-up experiment confirms the results
obtained in the initial experiment: the drip loss increases when increasing the number
of liquid absorbent pads. After 20 days of storage, two absorbent pads (2A) resulted in
significantly higher drip loss compared to without absorbent pads (0A). However, after 7
and 14 days of storage, significantly higher drip loss was detected in packages with one
absorbent pad (1A) compared to those without absorbent pads (0A) at g/p 1.8 (Appendix A
Table A2). Secondly, the figure shows that there is a general tendency towards higher drip
loss for samples in modified atmospheres at g/p 1.8 compared to g/p 2.9. By statistical
analysis, this effect was found to be significant, with higher drip loss at g/p 1.8 compared
to g/p 2.9 with one absorbent pad (1A) after both 7 and 14 days of storage. Analysis of
variance shows that all main factors (g/p ratio, number of absorbent pads and storage
time) were significant (Appendix A Table A1), with explained variances of 16.7%, 26.1%,
and 31.6%, respectively. At a higher g/p ratio (and identical gas composition) there is a
larger amount of CO2 present in the package and, thus, a higher amount of CO2 that can
be dissolved into the product. This implies that when CO2 is absorbed by the product the
underpressure formed will be relatively small in the packages with g/p 2.9 compared to in
the packages with g/p 1.8. The samples with g/p 2.9 consequently have a lower drip loss
due to a less pronounced physical pressure on the chicken breast fillets. The variance in
the measurements reflects the natural individual variations between the products.
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Figure 4. Drip loss for chicken breast fillets expressed as a percentage (%) of initial product weight
as a function of storage time for chicken breast fillets (C) packaged in modified atmospheres of 60%
CO2/40% N2 (C-CO2) with 0, 1, or 2 liquid absorbent pads (0A, 1A, 2A) and two different g/p ratios
(1.8 and 2.9) (Experiment 2). Sampling times were after 7, 14, and 20 days of cold storage.

Statistical analysis of variance showed that the main differences in TVC were explained
by storage time (98.4%) (Appendix A Table A1). Some differences in TVC were detected
after 14 days of storage, but there were no significant differences for samples stored for
20 days, showing similar bacterial counts as for the previous TVC results (Appendix A
Table A4). This indicates that the microbial growth on the chicken breast fillets is not
affected by changing the g/p ratio—and thereby, the amount of available CO2—for this
packaging concept. Due to the antimicrobial effects of CO2, increasing the g/p ratio
may have been expected to produce an increased antimicrobial effect of the packaging
gas. However, the percentage of CO2 in the headspace was the same, and the results
demonstrate that the amount of CO2 available at a g/p of 1.8 is adequate to produce a
comparable effect of CO2 in terms of microbiological quality as measured for a g/p of 2.9.
These results also support the finding that microbiological growth on the chicken fillets is
independent of the presence of or the number of liquid absorbent pads in the packages, i.e.,
whether or not there is free liquid inside the packages.

4. Conclusions

A significant increase in drip loss with an increasing number of liquid absorbent
pads was documented for chicken breast fillets. The percentage of dry matter content
increased during storage; however, only minor effects of gas composition and the number
of absorbent pads could be detected. Sensory properties related to the texture were not
significantly affected by the number of pads for the fillets. Microbiological analyses showed
that TVC was independent of the number of absorbent pads, i.e., whether or not there was
free liquid in the packages. This is an interesting finding as it disproves the common belief
that excess liquid inside packages results in a higher bacterial load on the product. By
comparing two different packaging gases in MAP, it was confirmed that for both packaging
gases increased numbers of liquid absorbent pads in the packages led to increased drip
loss. Still, there was no pronounced effect on sensory quality (texture), though regardless
of liquid absorption, higher intensity scores of negatively associated odor attributes were
detected for the high-O2 atmospheres compared to the high-CO2 atmospheres.

This study demonstrates the importance of product-adjusted capacity of liquid ab-
sorbers in order to maintain product yield, which can have economic benefits for food
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producers and retailers. Visible free liquid inside the packages did not affect the bacterial
load, but might result in rejection by the consumer due to unattractive packages, which
might have an effect in terms of increased food waste.
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Appendix A

Table A1. Summaries of analyses of variance for measurements on chicken breast fillets (Experiments 1 and 2). Numbers
show percentage of variation per factor/interaction.

Chicken Breast Fillet (Experiment 1): G/P 1.8

Factor/Effects Drip Loss Total Viable
Counts

Lactic Acid
Bacteria

Brochothrix
thermosphacta Enterobacteriaceae Max Load Dry Matter

Content

Gas composition (G) 1.8 *** 1.7 *** 0 45.4 *** 5.2 *** 7.2 ** 0.6

Storage time (T) 3.0 *** 95.7 *** 95.4 *** 42.0 *** 58.0 *** 13.2 ** 6.4

Liquid absorbent
pads (A) 88.7 *** 0 0.3 ◦ 0.3 0.6 6.6 * 0.1

G × T 0.3 - 0.9 *** 4.1 *** 9.5 *** 6.3 ◦ -

G × A 0.1 - 0.3 * 0.8 * 0.9 6.5 * -

T × A 2.0 *** - 0.4 ◦ 1.5 ** 2.2 1.2 -

Residuals (Error) 4.1 2.6 2.7 5.9 23.6 59.0 92.9

R2 95.8 97.4 97.3 94.1 76.4 41.0 7.1

Chicken Breast Fillet (Experiment 2): Gas Composition: 60% CO2/40% N2

Drip Loss Total Viable
Counts

Lactic Acid
Bacteria

Brochothrix
thermosphacta Enterobacteriaceae

Gas volume/product
volume ratio (GP) 16.7 *** 0.1 ◦ 0.1 * 5.7 *** 8.1 ***

Storage time (T) 26.1 *** 98.4 *** 97.3 *** 71.7 *** 66.5 ***

Liquid absorbent
pads (A) 31.6 *** 0 0.2 * 1.1 ◦ 2.5 *

GP × T - 0 0 6.7 *** 0

GP × A - 0.2 * 0.5 *** 0.4 3.5 **

T × A - 0.2 ◦ 0.9 *** 2.8 * 0.3

Residuals (Error) 25.6 1.1 1.0 11.7 19.1

R2 74.1 98.9 99.0 88.4 80.9

p-values are indicated as 0 *** 0.001 ** 0.01 * 0.05 ◦ 0.1 e.g., one star for p-values between 0.01 and 0.05.
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Table A2. One-way analyses of variance for drip loss, dry matter content and Warner–Bratzler shear force (N/cm2)
(maximum load) for each recorded day of storage of chicken breast fillets (Experiment 1). The one-way ANOVAs were
computed by defining a six-level factor with the combinations of gas composition and liquid absorbent pads. Tukey’s letters
signify which of the six combinations of gas composition and liquid absorbent pad numbers are not significantly different
(p-value > 0.05), i.e., levels sharing a letter are not significantly different. In the lower part of the table (Experiment 2), gas
volume/product volume replaces gas composition.

Chicken Breast Fillet (Experiment 1): G/P 1.8

Gas Composition Number of Liquid
Absorbent Pads 0 Days 6 Days 14 Days 20 Days

Drip loss

60% CO2/40% N2

0 - 0.65 C 0.37 C 1.09 C
1 - 2.42 B 2.93 B 3.60 AB
2 - 3.76 A 4.67 A 4.61 A

25% CO2/75% O2

0 - 0.48 C 0.18 C 0.35 C
1 - 2.05 B 2.51 B 2.72 B
2 - 3.33 A 4.41 A 4.27 A

Dry matter Content

60% CO2/40% N2

c 24.25 24.81 A 25.05 A 24.68 A
1 24.25 24.80 A 25.44 A 24.32 A
2 24.25 24.59 A 25.28 A 24.87 A

25% CO2/75% O2

0 24.25 24.91 A 25.20 A 24.75 A
1 24.25 24.29 A 25.37 A 25.52 A
2 24.25 25.32 A 24.94 A 24.63 A

Warner–Bratzler
shear force

(maximum load)

60% CO2/40% N2

0 15.56 13.02 A 13.17 A 13.35 B
1 15.56 15.46 A 16.21 A 16.27 AB
2 15.56 13.35 A 14.63 A 14.53 AB

25% CO2/75% O2

0 15.56 14.3 A 18.74 A 17.59 A
1 15.56 14.51 A 17.44 A 17.52 A
2 15.56 12.02 A 17.58 A 14.47 AB

Chicken Breast Fillet (Experiment 2): Gas Composition: 60% CO2/40% N2

Gas Volume/
Product Volume

Number of Liquid
Absorbent Pads 0 Days 7 Days 14 Days 20 Days

Drip loss

1.8
0 - 1.81 BC 3.20 BC 3.63 BC
1 - 3.64 A 6.05 A 5.12 AB
2 - 3.54 AB 5.17 AB 5.95 A

2.9
0 - 0.78 C 2.22 C 2.47 C
1 - 2.18 ABC 3.42 BC 3.84 BC
2 - 2.84 AB 3.51 BC 5.04 AB

Table A3. Sensory intensity scores (scale 1–9) for flavor attributes for heat-treated samples and odor attributes for raw
chicken breast fillets stored for 14 days in modified atmospheres of 60% CO2/40% N2 and 75% O2/25% CO2 with 0, 1, or
2 liquid absorbent pads (Experiment 1). Levels sharing a letter are not significantly different (p < 0.05) between the chicken
breasts samples, as measured by two-way ANOVA and Tukey’s multiple comparison test.

Flavor of Heat-Treated Chicken—14 Days of Storage

Packaging Variable:
Gas Composition

Number of Liquid
Absorbent Pads Sourness Metallic Cloying Sulfurous Fermented Hardness Tenderness Juiciness

60%CO2/40% N2

0 2.87 AB 4.23 3.88 2.89 1.71 B 3.59 B 6.38 AB 4.37 BC
1 2.89 AB 4.19 4.08 2.61 1.89 B 3.16 B 6.92 A 5.40 A
2 3.26 A 4.38 3.38 2.35 1.48 B 3.50 B 6.49 AB 4.77 AB

25%CO2/75% O2

0 3.13 A 3.79 3.67 2.73 2.43 AB 3.75 AB 6.04 BC 4.49 ABC
1 1.80 B 3.56 4.55 3.25 3.37 A 4.45 A 5.35 C 4.63 C
2 2.39 AB 3.63 4.39 2.96 2.59 AB 3.74 B 5.84 BC 4.48 ABC

p-value 0.0058 0.0556 0.1608 0.2917 0.0008 0.0001 0.0000 0.0001
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Table A3. Cont.

Odor of Raw Chicken—14 Days of Storage

Sourness Metallic Cloying Sulfurous Fermented Chlorine

60% CO2/40% N2

0 2.58 A 4.42 A 3.66 B 6.23 A 2.36 B 1.35 B
1 2.87 A 4.39 A 3.37 B 5.38 A 2.14 B 1.31 B
2 2.40 A 4.46 A 3.94 B 5.62 A 2.87 B 1.28 B

25% CO2/75% O2

0 1.23 B 2.26 B 6.89 A 2.07 B 7.24 A 3.41 A
1 1.30 B 2.28 B 6.81 A 2.07 B 7.28 A 3.48 A
2 1.24 B 2.42 B 6.48 A 1.97 B 6.88 A 3.62 A

p-value 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Table A4. Microbiological content measured as total viable count of bacteria (TVC), lactic acid bacteria (LAB), Brochothrix
thermosphacta, and Enterobacteriaceae given as log cfu/g for chicken breast fillets (Experiment 1 and 2) as a function of storage
time, packaging variables, gas composition (60% CO2/40% N2 and 25% CO2/75% O2), or g/p ratio (1.8, 2.9, 2.0 and 2.1),
with 0, 1, or 2 liquid absorbent pads. Sampling times after 6 (7), 14, and 20 days of cold storage. Values are mean ± standard
deviation (n = 3).

Storage Time
(Days)

Packaging
Variable

Number of
Liquid

Absorbent Pads

Total Viable
Counts

Lactic Acid
Bacteria

Brochothrix
thermosphacta Enterobacteriaceae

Chicken Breast Fillet (Experiment 1): G/P 1.8

Gas
Composition

0 2.64 ± 0.26 2.45 ± 0.36 2.0 ± 0.0 ** 2.64 ± 0.13 **

6

60% CO2/40% N2

0 3.04 ± 0.28 B 2.83 ± 0.39 B 1.50 ± 0.39 ** C 1.63 ± 0.41 ** A
1 3.54 ± 0.19 AB 2.73 ± 0.25 A 1.42 ± 0.24 ** C 1.42 ± 0.24 ** A
2 3.52 ± 0.29 AB 3.61 ± 0.32 A 1.42 ± 0.24 C 1.82 ± 0.46 A

25% CO2/75% O2

0 3.83 ± 0.14 A 3.87 ± 0.16 A 3.48 ± 0.35 A 1.99 ± 0.11 A
1 3.72 ± 0.17 A 3.65 ± 0.21 A 3.29 ± 0.40 AB 1.82 ± 0.45 A
2 3.56 ± 0.30 AB 3.59 ± 0.41 A 2.22 ± 1.07 ** BC 1.68 ± 0.50 A

14

60% CO2/40% N2

0 5.59 ± 0.09 AB 5.78 ± 0.0 * A 2.50 ± 0.81 B 2.10 ± 0.98 BC
0 (Bo) 5.65 ± 0.38 AB 5.70 ± 0.0 * AB 2.44 ± 0.45B 3.27 ± 0.16 AB

1 5.71 ± 0.0 AB 5.70 ± 0.0 * AB 2.10 ± 0.0 B 1.96 ± 0.0 BC
1 (Bo) 5.50 ± 0.41 B 5.60 ± 0.0 ** AB 1.68 ± 0.45B 2.07 ± 0.75 BC

2 5.55 ± 0.30 AB 5.60 ± 0.0 * AB 2.93 ± 0.59 B 1.72 ± 0.68 BC
2 (Bo) 4.69 ± 0.40 C 4.85 ± 0.32 C 2.04 ± 1.11B 1.0 ± 0.0 ** C

25% CO2/75% O2

0 6.06 ± 0.15 AB 5.60 ± 0.0 * AB 5.45 ± 0.30 * A 1.83 ± 0.81 BC
0 (Bo) 6.23 ± 0.08 A 5.78 ± 0.0 * A 5.24 ± 0.19 A 3.86 ± 0.32 A

1 5.84 ± 0.30 AB 5.46 ± 0.17 B 5.70 ± 0.0 * A 1.94 ± 0.66 BC
1 (Bo) 5.86 ± 0.20 AB 5.78 ± 0.0 * A 5.40 ± 0.15A 2.57 ± 1.36ABC

2 5.96 ± 0.32 AB 5.63 ± 0.05 * AB 5.61 ± 0.07 * A 1.12 ± 0.24 C
2 (Bo) 5.56 ± 0.29 AB 5.51 ± 0.06 * B 5.13 ± 0.09A 1.12 ± 0.34 ** C

20

60% CO2/40% N2

0 6.94 ± 0.09 BC 7.12 ± 0.14 AB 4.08 ± 0.62 B 4.27 ± 0.87 * A
1 6.66 ± 0.33 C 7.31 ± 0.43 A 2.92 ± 0.59 C 4.13 ± 0.12 A
2 7.07 ± 0.18 ABC 7.31 ± 0.25 A 3.99 ± 0.72 BC 4.02 ± 0.07 A

25% CO2/75% O2

0 7.29 ± 0.22 AB 6.66 ± 0.08 B 6.86 ± 0.39 A 2.28 ± 0.96 B
1 7.36 ± 0.21 AB 6.80 ± 0.16 AB 6.93 ± 0.15 A 3.17 ± 0.46 AB
2 7.53 ± 0.25 A 7.22 ± 0.25 A 7.40 ± 0.36 A 2.91 ± 0.61 AB
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Table A4. Cont.

Chicken Breast Fillet (Experiment 2): Gas Composition: 60% CO2/40% N2

Storage Time
(Days)

Packaging
Variable

Number of
Liquid

Absorbent Pads

Total Viable
Counts

Lactic Acid
Bacteria

Brochothrix
thermosphacta Enterobacteriaceae

Gas/Product
Volume Ratio

0 3.30 ± 0.41 2.11 ± 0.31 1.55 ± 0.24 1.30 ± 0.0

7

1.8
0 3.48 ± 0.04 ABC 3.65 ± 0.05 AB 1.30 ± 0.0 ** A 1.77 ± 0.38 A
1 3.41 ± 0.12 BC 3.41 ± 0.17 AB 1.30 ± 0.0 ** A 1.89 ± 0.68 ** A
2 3.80 ± 0.29 A 3.74 ± 0.28 A 1.38 ± 0.15 A 2.10 ± 0.43 A

2.9
0 3.53 ± 0.09 ABC 3.49 ± 0.08 AB 1.45 ± 0.30 ** A 1.30 ± 0.0 ** A
1 3.82 ± 0.16 AB 3.68 ± 0.12 AB 1.30 ± 0.0 ** A 1.50 ± 0.24 ** A
2 3.29 ± 0.12 C 3.32 ± 0.13 B 1.30 ± 0.0 ** A 1.30 ± 0.0 ** A

14

1.8
0 6.22 ± 0.1 B 6.30 ± 0.0 * 2.18 ± 0.67 C 3.95 ± 0.13 A
1 6.42 ± 0.10 A 6.30 ± 0.0 * 2.72 ± 0.57 BC 3.94 ± 0.33 A
2 6.43 ± 0.04 A 6.30± 0.0 * 2.30 ± 0.61 C 3.75 ± 0.45 AB

2.9
0 6.43 ± 0.02 A 6.54± 0.0 * 3.20 ± 1.12ABC 2.45 ± 1.10 B
1 6.40 ± 0.01 A 6.54± 0.0 * 4.57 ± 0.66 A 3.37 ± 0.59 AB
2 6.00 ± 0.0 * C 5.48± 0.0 4.02 ± 0.04 AB 3.72 ± 0.35 AB

20

1.8
0 7.34 ± 0.16 A 7.29 ± 0.11 AB 3.68 ± 0.29 A 4.22 ± 0.34 A
1 7.35 ± 0.15 A 7.20 ± 0.10 AB 3.09 ± 0.79 A 4.03 ± 0.63 A
2 7.40 ± 0.19 A 7.38 ± 0.11 A 4.34 ± 0.35 A 3.71 ± 0.47 AB

2.9
0 7.13 ± 0.16 A 7.00 ± 0.11 B 3.94 ± 0.48 A 2.69 ± 0.81 B
1 7.20 ± 0.16 A 7.27 ± 0.09 AB 4.00 ± 0.0 ** A 3.48 ± 0.68 AB
2 7.53 ± 0.33 A 7.41 ± 0.23 A 4.36 ± 0.85 A 4.11 ± 0.61 A

(Bo) = sampling from the bottom surfaces of the chicken breast fillets. (*) value given as > (too low dilutions applied—at least two replicates
over growth and not possible to count); (**) value given as < (too high dilutions applied–at least two replicates below detection limit at
this dilution). Means sharing letters (Tukey) within the same column and storage time are not significantly different (p > 0.05) (one-way
ANOVA with six levels per day).
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Abstract: New PET and nanosepiolite materials are produced for its application in innovative
packaging with better performance. In our previous work, we demonstrate that the use of different
percentages of sepiolite modified with different organosilanes improved mechanical and barrier
properties of PET. Nanocomposites permeability can decrease up to 30% compared to that of pure
PET and the mechanical analyses show that, although PET nanocomposites are more brittle than
virgin PET, they are also harder. In the present work, we are going to study the properties of this
innovative packaging with real food analyzing mechanical properties related to the product transport
together with permeability and microbiological characteristics. At the same time, it has been seen
that it is possible to lighten trays, which is very important both industrially and environmentally.
On the other hand, a good quality packaging for food needs to ensure that organoleptic and physico-
chemical characteristics of the product inside are not modified due to migration of any of the
packaging material to the food itself. Results obtained in this work also show lower count of
aerobic mesophilic bacteria and Enterobacteriaceae (EB), reducing the incidence of food contaminations
by microorganisms.

Keywords: PET; sepiolite; nanocomposites; MAP; microbiological quality; chicken

1. Introduction

Food packaging has many useful functions, such as food containment, marketing,
protection, and preservation during the shelf life of a product. In order to accomplish all
this, a food packaging material must have enough strength to overcome its filling process,
transport, and customer handling. At the same time, it needs to have the appropriate
barrier properties for certain applications, such as in modified atmosphere packaging
(MAP), and, of course, it needs to keep migration of packaging components to food to a
minimum, complying with all regulation regarding Food Contact Materials (FCM), such as
Food and Drug Administration (FDA) in USA, or European Regulation (EU) No 10/2011
of 14 January 2011.

Due to its low weight and versatility, among other things, polymers have been one of
the most important materials used in food packaging. Plastic packaging plays a key role in
protecting food from exterior virus and microorganisms as well as helping extend shelf life
of packed food. However, it is also very important to keep migration of plastic components
into food to a minimum, since that could ruin the product packed. Migration tests are
regulated by legislation; thus, the amount of migrants allowed in the food is specified by
the global migration limits. At the same time, the legislation records the lists of permitted
substances to be used in food contact materials, this is the “positive list”. Each of this
substance has its migration limit specified, in order to avoid food toxicity. The analysis
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done for controlling the amount of each substance in the packaging are called specific
migration tests.

Fresh products (poultry, fruits, vegetables, etc.) are a vehicle for the transmission of
bacterial, parasitic, and viral pathogens capable of causing human illness [1]. Within food
packaging applications, improving shelf life of packed poultry is a huge challenge for the
industry. Fresh poultry meat is highly popular among consumers and, at the same time,
it is highly perishable (rapid microbial growth) leading to high economic losses [2,3]. Its
shelf life depends mainly on poultry handling and processing (in the initial number of
microorganisms) [4] or on its storage conditions through all the food chain.

One of the most important food packaging systems is MAP, where the food is packed,
together with a certain mixture of gases that will keep freshness of the food, enhancing
preservation, and extending shelf life. MPA requires a tray or base container and a lid
to seal the packaged content. There are many plastic materials that could be used for
this application, being poly(ethylene terephthalate) (PET) one of the most widely used.
Depending on the amount of barrier required for the application, sometimes it is needed
to apply a multilayer film with a high barrier polymer in it. In the present work, the base
material used for the tray will be PET as well as for the lid. Adding the nanoclay to the PET
it is expected to obtain trays with improve mechanical and barrier properties. One of the
most used clays when talking about nanocomposites is montmorillonite (MMT). However,
the clay chosen for the work has been sepiolite, which is a magnesium silicate with the
following formula: Mg8Si12O30(OH)2(H2O)4 8H2O. It is a fibrous clay with nanometric
dimensions that vary between 0.2 and 3 µm in length, 10–30 nm in width, and 5–10 nm in
thickness, which gives the sepiolite a high aspect ratio of about 27. In addition, sepiolite
has a surface area of about 300 m2 g−1, and an outer layer of silanol groups. All these
characteristics make the sepiolite perfect for surface modification with organosilanes and
other reagents on its surface. It has also shown better mechanical properties than MMT in
previous works [5].

The migration analysis of the trays, as well as microbiological tests are done to prove
the possibility of using this material for food packaging, complying with actual legislation.

2. Materials

PET pellets, kindly supplied by LINPAC Packaging (Pravia, Spain), were from No-
vapet S.A. (Zaragoza, Spain). The pellets’ intrinsic viscosity (IV) was 0.81 dL/g. PET-EVOH-
PE laminated sheet is a PET sheet laminated with an EVOH-PE flexible film (its structure
being EVA/PA/EVOH/PA/PE). The sealing top film of the tray is a film coated with alu-
minum oxide (AlOx) (BOPET), Mylar® 850 from DuPont Teijin Films UK Limited, Middles-
brough, England. Mylar® 850 is a co-extruded, one side amorphous, heat sealable polyester
film, suitable for use in contact with food. Its oxygen transmission rate is 56 cm3/m2/day,
at 23 ◦C and 60/70% RH, for a 30 micron film. Two types of sepiolite were supplied by
Tolsa S.A. (Madrid, Spain), one modified with 2% of 3-metracyloxypropil trimetoxysi-
lane (MEMO, CAS 2530-85-2) and the other one with 2% of 3-aminopropyltriethoxysilane
(AMEO, CAS 919-30-2). Both organomodifiers are suitable for food packaging with re-
strictions regarding the amount of absorbed substance by kg of product packed, as stated
in Regulation CE 975/2009 for MEMO (0.05 mg by kg of packed product) and in Direc-
tive 2007/19/CE for AMEO (between 0.05 mg to 3 mg by kg of product in the package).
The nanocomposite masters were produced at Repol S.L. (Almazora Castellón, Spain) in
an industrial polyamide low shear extruder.

3. Experimental Part

In order to produce nanocomposites at industrial level, it was necessary to do the first
steps at laboratory scale, as shown in previous works [6]. The materials used in this paper,
are those found to be the best ones in terms of processability and mechanical properties.

The first step of nanocomposite fabrication at industrial level was to produce the
masterbatches.
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The PET/nanosepiolite masters were produced at Repol S.L. facilities. Conditions
in the production plant were optimized to minimize PET matrix degradation, reducing
humidity, and decreasing extrusion shear on the nanocomposites. Two different masters
with 10% sepiolite each were produced. In one master, the sepiolite was previously
modified with MEMO, and the other one with AMEO in Tolsa S.A. Then, these masters
were diluted to the final percentage of sepiolite into the extruder in order to obtain the
corresponding sheets for characterization. The use of these modifiers reduces the sepiolite–
sepiolite interactions, which favors a better dispersion, and alignment of nanofibers that
translate in effectiveness in mechanical properties [7].

Drying conditions for the master were 80 ◦C for 7 h, and 120 ◦C for 7 h for the pristine
PET. The drier used was a CRAMER-TROCKNER model PK 100/300F. With the aim of
simplification, from now on virgin PET will be referred to as PET.

The industrial extruder used was a Luigi Bandera SpA twin screw extruder, from
LINPAC Packaging. In this extruder it was obtained the nanocomposite’s sheet that then is
taken to a KIEFEL GmbH thermoforming machine to obtain the desired final trays. The
trays chosen for this project are MAP trays, with the following dimensions: 18 cm width,
25 cm length, and 45 mm depth. In this work it will be referred to as B1825-45 tray. The
nanocomposite trays are sent to a poultry packer (Sada, Nutreco. Spain). There, 2 kg of
breast chicken are packed in a modified atmosphere containing 70% CO2, 20% O2, and 10%
N2 in each tray. Control trays are packed in the same way, in a PET tray. Then, samples are
taken for microbiological analysis of mesophilic aerobes and Enterobacteriaceae for 14 days.
In this work, the microbiological quality of chicken fillets was assessed by determining the
number of mesophilic aerobic bacteria, and Enterobacteriaceae. These analyses will help us
determine if microbial load of those species in chicken, packed in nanocomposite trays,
is lower than that packed in regular PET, in order to have an idea of food sanitary quality.

3.1. TGA

Thermogravimetric Analysis (TGA) was used to determine nanosepiolite percentage
within the nanocomposite sheets. The analyses were performed in a Mettler Toledo 851e
equipment, using a procedure in two steps:

First step: from 50 to 600 ◦C at 20 ◦C/min under nitrogen atmosphere.
Second step: from 600 to 900 ◦C at 20 ◦C/min under air atmosphere.

3.2. Permeability

The permeability analyses were done on sheet samples; specimens were taken from
the extruded sheets before going to thermoforming into trays.

Oxygen transmission rate (OTR) was measured in an OXTRAN with a volumetric
sensor (Oxtran SS 2/20, MOCON. Barcelona, Spain). Previously to the analysis the samples
were conditioned, 48 h under an atmosphere with 0% RH. Oxygen transmission rate was
measured at 23 ◦C and 0% RH following Standard ASTM D3985-17 and the effective area
exposed to permeation was 50 cm2.

3.3. Puncture Test

Plastic products are more prone to fail when submitted to a multiaxial impact, rather
than to a slow-motion load. In many applications, packaging materials are exposed to
penetrating damages, which lead to barrier properties and package integrity deteriora-
tion. Thus, it is very important to obtain packaging materials with good impact strength
properties that help preserve the food until its use.

These impact tests were done in an MTS-831 equipment, following ISO 6603-2:2000
methodology [8]. The speed used was 4.4 m/s and tests were at room temperature (23 ◦C).

The specimen, with an effective diameter of 40 mm, is hold with two anchor rings,
then the impactor (ϕimpactor = 20 mm) hits on the specimen center from below. The curve
strength versus strain is registered for each sample, together with absorbed energy (E).
However, it is very important to describe the failure mode in order to know if the material is
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going to break in a fragile way, a ductile, or in any of the intermediate modes in between [8].
In a ductile break (D), the specimen breaks slowly deforming the material with the absorbed
E, while the additional, non-absorbed E, is used to extend the crease (Dc). On the contrary,
in a fragile break (F) the crease is spread quickly, suddenly, and totally, causing the break
of the sample.

3.4. Compression Test

Lateral compression tests and stiffness were tested on a Hounsfield H1KS Benchtop
equipment following LINPAC Packaging internal procedures for trays. For each trial,
between 65 and 70 trays were tested.

3.5. Microbiological Tests

Twelve specimens of the nanocomposite trays were analyzed for each material, and six-
teen for control.

For total viable count (TVC) determination, 25 g of superficial meat are taken asepti-
cally. Samples are mixed with 225 mL of buffered peptone water and is then homogenized
in a Stomacher® (dilution 1:10). After that, 1 mL sample is taken from the main dilution
and then the dilutions needed to obtain an appropriate number of microorganisms are
done. The incubation time and temperature for mesophilic aerobes are 72 h at 30 ◦C
and a Petrifilm Aerobic Count Plate is used (ISO 4833-1, 2003 [9]), and 24 h at 37 ◦C for
Enterobateriacae using a 3M Petrilm to help counting (ISO 21528-2, 2004 [10]). Bacterial
count results are expressed in log10 of colony-forming units per gram of meat (log cfu/g).

Microbiological analyses were done, on 3 samples per day and treatment, on the
following days post packaging: 2, 7, 10, and 14. At the same time, head space gases were
measured to see the evolution during the microbial study, using an OXIBABY-M O2/CO2
(WITT-GASETECHNIK. Witten, Germany). The specimens were kept at 5 ◦C during all
that period.

4. Results and Discussion

It has been analyzed before [6], the effect caused by different nanosepiolite master-
batches concentration (one with 20%, and the other one with 10%) on the final nanocompos-
ite properties. It was concluded that those nanocomposites coming from a less concentrated
master had better homogeneity, as well as viscosity and mechanical properties of the final
material. Thus, for this study, a 10% nanosepiolite master was aimed. This percentage of
sepiolite is theoretical because after dosing the sepiolite in an industrial extruder, the final
amount of nanoclay in the nanocomposite changes. This is due to the difficulty of adding a
powder to an industrial extruder at 600 kg/h. In this way, a PET masterbatch with 7.66%
sepiolite modified with MEMO (MB1), and another one with 8.56% of sepiolite modified
with AMEO (MB2) were used in this study determined by TGA.

Table 1 shows the percentages of sepiolite in the nanocomposites, after dilution of the
masters into the PET industrial extruder.

Table 1. Samples and sepiolite content on the nanocomposites.

Master Sample Nanocomposite TGA (% nS)

- M0 Virgin PET 0

MB1
M1 PET + 1.20% nS_MEMO 1.20

M2 PET + 1.37% nS_MEMO 1.37

M3 PET + 1.78% nS_MEMO 1.78

MB2
M4 PET + 1.58% nS_ AMEO 1.59

M5 PET + 1.65% nS_ AMEO 1.65

M6 PET + 1.88% nS_ AMEO 1.88
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4.1. Permeability

The permeability was analyzed on industrially extruded sheet samples with different
thickness. Permeability to oxygen, calculated as OTR, improved in all nanocomposite’s
samples compared to that of pure PET. The improvement can be up to 30% with 1.37% of
nanosepiolite. It is shown the OTR/Sheet Thickness, which is calculated dividing the per-
meability, given in OTR units, by the sample thickness. It was observed that increasing the
clay concentration did not change the permeability of the samples substantially (Figure 1a).
In addition, as stated by Ke and Yongping [11] and tested in this work, the processability
of the nanocomposite is much more difficult when increasing the amount of nanosepiolite
over 3% [6,12]. It is possible to decrease the amount of nanoclay in the samples, as long
as the nanoparticles are well dispersed and oriented within the matrix [13–16]. However,
if the sepiolite content is too low it will not do the job and if it is too much, PET matrix
viscosity will decrease and it will not disperse properly, opening the path for gas and
vapor molecules.

Comparing the nanocomposite samples to a PET-EVOH-PE laminated sheet, which is
the sheet normally used when high barrier is required, we can see 20% improvement in the
sample containing 1.37% of nanosepiolite modified with MEMO (sample M2). There are
no mayor differences in terms of permeability performance between the two silanes used
in this study.
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Looking at Figure 1b it can be seen that, in order to achieve the same permeability
of a 450 µm PET sample, a nanoPET composites could decreased its thickness in about
100–150 µm. These results are really important in terms of reducing PET consumption,
which is good for both company savings in materials and transport, and for the environment.

4.2. Mechanical Properties of Nanocomposite Trays

In order to overcome its transport from factory to houses, including customer’s
handling, trays must be tough enough. That is why it is so important to test the packages
with tests that can simulate its treatment once at the market.

These tests are done on the industrially extruded sheet before the thermoforming
process. Registered curves for impact tests show a maximum which is related to the initial
damage on the sheet, corresponding to the starting point of the fissure that will develop in
a fracture. Analyzing the curves obtained in this test, maximum load and its associated
deformation can be known, as well as perforation energy. On the other hand, this test
shows the way the sample breaks allowing us to define the failure mode of each specimen.

Thickness is measure on extruded sheet, and the results shown in Table 2 are the aver-
age obtained in all the samples width (795 mm). Since this measure is of great importance
in impact results, we will compare samples with the same thickness. Thus, for a sheet with
465 µm, a sample M5 with 1.65% nS shows an 8% improvement in impact strength [14];
nevertheless, the impact energy decreases 18% in the nanocomposite compared to that of
pure PET (with 467 µm) (Table 2). This means there is less energy for deformation, but it
takes a little higher force to break the nanocomposite sheet. The same behavior is seen in
nanocomposites with MEMO, but impact and energy values are a little lower than in those
modified with AMEO.

Table 2. Impact puncture results for nanocomposites containing nanosepiolite modified with MEMO (3-metracyloxypropil
trimetoxysilane) and with AMEO (3-aminopropyltriethoxysilane).

Sample TGA (% nS) Thickness (µm) Max Load (N) Puncture Energy (J) Failure Mode * Picture

MEMO

M0 0 467 ± 2 720 ± 16 6.6 ± 0.8 D
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Table 2. Cont.

Sample TGA (% nS) Thickness (µm) Max Load (N) Puncture Energy (J) Failure Mode * Picture

AMEO

M0 0 467 ± 2 720 ± 16 6.6 ± 0.8 D
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A PET sheet (100% virgin) shows a ductile behavior, whilst nanocomposite materials
evidence a fragile component when using MEMO modified sepiolite (see Table 2). However,
samples modified with AMEO do not show fragile behavior but a ductile with a forming
crease one. Otherwise, there are no notable differences in nanocomposites impact behavior
depending on the organomodifier used.

Regarding sample’s thickness, when increasing this value, maximum load, impact
energy, and ductility at break increases in all the samples no matter the sepiolite content or
its organic modifier.

In order to normalize result to thickness, data in Newtons were divided by the
thickness of each sample. The results show that samples modified with AMEO improve its
maximum load at impact when increasing nanosepiolite content, whereas samples with
MEMO have poorer results. Impact load increases in all samples with AMEO over that of
pure PET, with a 19% increase in sample containing 1.88% nanosepiolite (M6). Meanwhile,
the maximum load improvement in MEMO samples is of 9% over that of virgin PET.

4.3. Compression Tests

Compression tests results are done with the tray in vertical position since is, generally,
the most critical force MAP trays are going to be subjected to. Results indicate that the
nanocomposite trays have more resistance to compression forces compare to the pure
PET trays.

Nanocomposites are more resistant to lateral compression than pure PET. The im-
provement can be 66.7% for the sample M6 containing 1.88% nS.

In the following graph (Figure 2) it is shown the stiffness per gram. The results
show that for the same tray weight the stiffness increase can be up to 85% with 1.88%
nanosepiolite AMEO modified. Thus, the addition of nanosepiolite to a PET matrix results
in increased stiffness and decreased ductility, as seen in these results [6,15]. This could be
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due to a good interaction between the PET matrix and the sepiolite. The high aspect ratio
of this clay is key in this interaction, together with the organomodifiers used [16,17]. It is
also seen here an increase in stiffness with the amount of sepiolite when using AMEO as
organomodifier, an increase of 0.23 g nanosepiolite produces an improvement of 40% in
stiffness. Whereas in a sample with nearly double sepiolite content modified with MEMO
(1.09 g more), there is an increase of just 4%.

It is seen that nanocomposites sheets with around 1.6% nanosepiolite need 150 µm
less thickness in order to generate the same stiffness as a pure PET samples. Thus, a sample
with 1.65% nanosepiolite modified with AMEO (M5) has the same stiffness than a sample
that weights 8 g more in pure PET.

Foods 2021, 10, x FOR PEER REVIEW 8 of 14

* Failure Modes: D—Ductile, FD—transition Fragile/Ductile, Dc—Ductile with crease.

Regarding sample’s thickness, when increasing this value, maximum load, impact 
energy, and ductility at break increases in all the samples no matter the sepiolite content 
or its organic modifier. 

In order to normalize result to thickness, data in Newtons were divided by the thick-
ness of each sample. The results show that samples modified with AMEO improve its 
maximum load at impact when increasing nanosepiolite content, whereas samples with 
MEMO have poorer results. Impact load increases in all samples with AMEO over that of 
pure PET, with a 19% increase in sample containing 1.88% nanosepiolite (M6). Meanwhile, 
the maximum load improvement in MEMO samples is of 9% over that of virgin PET. 

4.3. Compression Tests 
Compression tests results are done with the tray in vertical position since is, gener-

ally, the most critical force MAP trays are going to be subjected to. Results indicate that 
the nanocomposite trays have more resistance to compression forces compare to the pure 
PET trays. 

Nanocomposites are more resistant to lateral compression than pure PET. The im-
provement can be 66.7% for the sample M6 containing 1.88% nS. 

In the following graph (Figure 2) it is shown the stiffness per gram. The results show 
that for the same tray weight the stiffness increase can be up to 85% with 1.88% nanosepi-
olite AMEO modified. Thus, the addition of nanosepiolite to a PET matrix results in in-
creased stiffness and decreased ductility, as seen in these results [6,15]. This could be due 
to a good interaction between the PET matrix and the sepiolite. The high aspect ratio of 
this clay is key in this interaction, together with the organomodifiers used [16,17]. It is also 
seen here an increase in stiffness with the amount of sepiolite when using AMEO as or-
ganomodifier, an increase of 0.23 g nanosepiolite produces an improvement of 40% in 
stiffness. Whereas in a sample with nearly double sepiolite content modified with MEMO 
(1.09 g more), there is an increase of just 4%. 

It is seen that nanocomposites sheets with around 1.6% nanosepiolite need 150 µm 
less thickness in order to generate the same stiffness as a pure PET samples. Thus, a sam-
ple with 1.65% nanosepiolite modified with AMEO (M5) has the same stiffness than a 
sample that weights 8 g more in pure PET. 

 

Figure 2. Nanocomposites stiffness per gram compared to that of pure PET. Figure 2. Nanocomposites stiffness per gram compared to that of pure PET.

As it is shown in this paper, results with both AMEO and MEMO as organic mod-
ifiers for the sepiolite have quite similar performance. However, those nanocomposites
with AMEO are more resistant to lateral compression forces, a little stronger and less
brittle. Moreover, between the two nanocomposite’s types there are some other differences
which are important for good industrial extrusion and thermoforming processes. These
differences are mainly that AMEO nanosepiolite seems to disperse better into the PET
matrix [6], and its processability in an industrial extruder was a little better, showing a
more stable behavior.

As a function of the results obtained, the sheet chosen for the next step is that con-
taining between 1.5 and 1.9% of nanosepiolite modified with 2% of AMEO. At the same
time, it will be used the trays with intermediate thickness. Thus, the sheet sample chosen
to thermoformed trays to be used in the next step is M5. These trays were thermoformed
in order to do microbiological analysis and migration test studies.

4.4. Microbial Analysis in Packed Chicken Breast

Microbiological analysis is done on breast chicken packed in the same trays as dis-
cussed previously, a B1825-45 tray made with M5 sheet (Tray A1, 465 m) and using a virgin
PET tray in 601 µm as control (Tray A0). This thickness is the regular one that would be
used for this type of product. The tray thickness refers to the average thickness of the sheet
before thermoforming (the average value of all sheet width).

Mesophilic aerobes and Enterobacteriaceae family include not only pathogenic species,
but environmental species as well, which often appear in the food manufacturing envi-
ronment without posing any health hazard. In fresh food, high number counts are not
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recommended, although an elevated count does not imply the presence of pathogenic
flora. However, the total count reflects sanitary quality of the analyzed products. If the
total count is high, testing of specific pathogens can be done. At the same time, a low
count does not mean the sample is pathogen free, it depends on the composition of the
microbiota [18]. This control should be done in accordance with Commission Regulation
(EC) No 2073/2005.

In the following graphs (Figure 3) it is shown microbiology parameter’s growth,
together with atmosphere gases evolution with packing time for both samples chosen;
which is to say, 2 kg of breast chicken packed in trays A1, and also the control samples
which are packed in pure PET (A0). In both cases, the top film is BOPET coated with AlOx.
Results shown in the graphics correspond to the average count obtain for the three samples
examined, for each period (2, 7, 10, and 14 days).
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Generally, in hygienically handled fresh food, with a limited shelf life, if the count of
microorganism is high it will decrease the serviceable time of the products. The chicken
microbiological quality was initially good in both trays, being at day 2 (first count analyses)
lower than 4 log (cfu/g) [19,20]. At day fourteenth, none of the samples had arrived at
7 log (cfu/g) which is the maximum limit stablished for fresh chicken [21–23]. Looking at
mesophilic aerobes results (Figure 3a,d), it can be seen the values of the two trays (A0, A1)
are quite similar up until the fourteenth day, where results on nanocomposite’s tray show
lower numbers of colony forming units of mesophilic aerobes in those trays made with
nanocomposite, up to one order of magnitude lower (from log (cfu/g) 6.57 to 5.25).

Regarding total count of Enterobacteriaceae (EB), the average value of PET trays
analyzed is 3.83 log (cfu/g) (8.25 × 103 ufc/g) whilst this number is 2.98 log (cfu/g)
(9.67 × 102 ufc/g) for the nanocomposite tray. Thus, nanosepiolite trays have lower mi-
crobiological charge. EB remains practically constant and very low from day 2 to 14 for
the nanocomposite trays, starting at an average log (cfu/g) of 2.83 and ending, at 14 days,
at 2.98, whereas in PET trays, although the starting count of Enterobacteriaceae is lower,
log (cfu/g) 2.43, at day 14 it is of 3.80. The explanation for the lower growth of bacterial
counts could be due not only to CO2 [24] but also to N2 capability of inhibiting bacterial
growth [25,26].

Figure 3b,d shows head space gases evolution for the breast chicken packed in
nanocomposite’s trays and in PET tray. CO2 content decrease is mainly due to prod-
uct absorption into the food [21–28], but also to loss of the gas through permeation across
the plastic. Major CO2 absorption takes place during the first two days in the two samples,
resulting in an equilibrium concentration, lower than the initial [29]. The absorption of
CO2 depends on partial pressure in the head space of the packed tray [30] and also on the
product itself (for example, chicken with skin or without it). In this study, these factors are
the same for the two trays mentioned. However, the final CO2 content is approximately
20% higher in nanocomposite’s trays. Thus, in spite of the lower thickness of the new trays,
the decrease in permeability helps in keeping CO2 inside the package.

Regarding O2, this was maintained quite constant throughout the 14 days due to
initial amount being very similar to atmosphere O2 concentration (approximately 20.9%).
O2 percentage increased during the first two days, due to the high decrease of CO2 in that
period, which caused loss of volume, and to the lack of diffusion of O2 to the exterior since
its partial pressure is nearly the same in and outside the package. After those days, O2
remained quite constant for the reason already mention. It can be also seen in the gas’s
evolution figures that N2 expands at the same time that CO2 is absorbed into the chicken.

The improved barrier performance of the PET/sepiolite nanocomposites has, therefore,
produced a decreased on microbial counts in the poultry trays due to their ability to keep
modified atmosphere gases longer [12,31,32].

4.5. Migration

Global migration test for food contact plastics are done in a variety of food simulants,
depending on the food type it is aimed to contain (fatty food, vegetables, etc.) and the stor-
age conditions. In this work, global migration tests have been done following specifications
under UNE-EN 1186-14 using iso-octane as a fatty food simulant.

For these analyses, the samples chosen were M3 and M6 (PET + 1.78% nS_MEMO
and PET + PET + 1.88% nS_AMEO, respectively), since these are the ones with the highest
sepiolite content. Global migration limits within European Regulation (UE) No 10/2011
and RD 866/2008 are 10 mg/dm2 or 60 mg/kg. Results on both trays are lower than
1.0 mg/dm2; thus, both trays (M3 and M6) comply with global migration limits for the
chosen simulant and under the test conditions.

Regarding specific migration limits for MEMO and AMEO (0.05 mg/dm2), being
the results 0.04 mg/dm2 for both MEMO and AMEO, it can be concluded that both
trays also comply with the limits stablished in Directive 2002/72/EC and its subsequent
amendments (Regulation EC 975/2009) for this product types. Actual legislation for food
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contact materials does not contain specific migration limits for natural silicates (except
asbestos) such as sepiolite. However, since sepiolite is a magnesium silicate, the global
migration of silicon and magnesium in iso-octane has been analyzed in order to know
if there is any sepiolite migration from tray material to the packaged food. Results for
silicon migration are lower than 0.05 mg/kg in both trays (M3 and M6), and results for
magnesium are lower than 1.0 mg/kg. For this reason, it is concluded that migration of
these two elements to the packaged food is well under the legislation limit.

5. Conclusions

The results obtained in the study have showed that the global properties of the trays
have been improved.

It is possible to improve PET permeability by 30% with a nanocomposite containing
just 1.37% of sepiolite in its matrix. It would be possible to decrease tray thickness in about
100–150 µm in order to obtain the same permeability of a 450 µm PET sample. These results
would imply company savings in terms of materials and transport, and also it would be
great for the environment, using less raw materials.

Mechanical properties have been also measured. In the impact test, it has been seen
an improvement in the maximum load at impact in all the samples but in M3, which value
is equal to that of the PET. In those samples modified with AMEO, impact energy is the
same as to a PET sample with 1.88% sepiolite, whilst for the MEMO modified samples the
best one, nearly equal to that of PET in impact energy is that one with 1.2% clay.

Failure behavior is ductile for a 100% virgin PET and has a fragile component in the
nanocomposite sheet with MEMO modified sepiolite. However, samples modified with
AMEO does not show fragile behavior but a ductile with a forming crease one. Otherwise,
MEMO and AMEO samples show similar mechanical performances.

Nanocomposites trays are stiffer than PET ones and show better performance to lateral
compression forces. This type of compression is most critical for sealed trays, since the
top film tends to produce tension and, if the tray is not stiff enough, it will bend or even
collapse easily. This would give a poor packaging impression to customers. It has been
seen that it is possible to lighten trays with the use of nanosepiolite clay, which is very
important both industrially and environmentally.

The final nanocomposite trays show lower numbers of colony forming units of
mesophilic aerobes in those trays made with nanocomposite, up to one order of mag-
nitude lower (from log(cfu/g) 6.57 to 5.25). EB count remains practically constant and very
stable from day 2 to 14 for the nanocomposite trays, being the final count one order of
magnitude lower than that obtained in a virgin PET tray (from log(cfu/g) 3.83 to 2.98).

It is important to note that nanocomposite trays are 136 µm less thick than that of the
PET serving as control. Thus, lighter nanosepiolite trays with lower microbiological charge
can be produced at industrial machines. Moreover, these nanocomposite trays comply
with European Regulation (UE) No 10/2011 and RD 866/2008 for materials intended to be
in contact with food products.
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Nomenclature

PET Poly(ethylene terephthalate)
Enterobacteriaceae EB
MAP Modified Atmosphere Packaging
FCM Food Contact Materials
FDA Food and Drug Administration
nS Nanosepiolite
MMT Montmorillonite
IV Intrinsic Viscosity
PA Polyamide
PE Polyethylene
EVA Ethylene Vinyl Acetate
EVOH Ethylene Vinyl Alcohol
AlOx Aluminum Oxide
BOPET Bi-oriented Poly(ethylene terephthalate)
MEMO 3-methacryloxypropil trimethoxysilane
AMEO 3-aminopropyltriethoxysilane
TGA Thermogravimetric Analysis
OTR Oxygen Transmission Rate
TVC Total Viable Counts
cfu Colony forming units
Max Maximum
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Abstract: This research explored the potential of the zero-waste concept in relation to the storability
of fresh food products. In particular, the prickly pear (Opuntia ficus-indica) peel (usually perceived as
a by-product) and the pulp were dehydrated, reduced in powder, and used as food additives to slow
down the growth of the main spoilage microorganisms of fresh cod fish burgers. The proportion
between peel and pulp powder was such as to respect the zero-waste concept. The antibacterial
activity of the peel and pulp in proper proportion was first assessed by means of an in vitro test
against target microorganisms. Then, the active powder was added at three concentrations (i.e.,
2.5 g, 7.5 g, and 12.5 g) to cod fish burgers to assess its effectiveness in slowing down the microbial
and sensory quality decay of burgers stored at 4 ◦C. The results from the in vitro test showed that
both the peel and pulp were effective in delaying microbial growth. The subsequent storability
test substantially confirmed the in vitro test results. In fact, a significant reduction in growth rate
of the main fish spoilage microorganisms (i.e., Pseudomonas spp., psychrotrophic bacteria, and
psychrotolerant and heat-labile aerobic bacteria) was observed during 16 days of refrigerated storage.
As expected, the antimicrobial effectiveness of powder increased as its concentration increased.
Surprisingly, its addition did not affect the sensory quality of fish. Moreover, it was proven that this
active powder can improve the fish sensory quality during the storage period.

Keywords: antimicrobial activity; fish storability; prickly pear cactus; by-products; sustainable
approach; zero-waste

1. Introduction

Over the past few years, the amount of food waste produced and lost through the
supply chain has become a severe problem for the world, causing nutrient loss, climate
changes due to the production of greenhouse gas, and losses of resources like water and
cultivated land [1].

One of the approaches suggested to reduce this global concern is the concept of
zero-waste, a philosophy that prompts to find a way for all products to be recycled, so
that no kind of waste will be sent to landfills or incinerators [2]. Large quantities of
waste are generated during processing of fruit and vegetables. The by-products (seeds,
peels, and pomace) represent about 25–30% of them [3]. These are discarded in landfill or
incinerated, creating serious environmental complications and economic expenses, used
for animal feeding or for the production of biogas or bio-fertilizers, but they possess many
bioactive compounds, like phenolic acids, flavonoids, vitamins, as well as antioxidant
and antimicrobial activity. As a consequence, these by-products can be applied to food
fortification as a source of valuable bio-components, as well as for food packaging to
enhance film performance [4,5].

Prickly pear cactus, Opuntia ficus-indica (L.) Miller, a Cactateae, is a tropical or sub-
tropical plant, mostly deriving from Mexico, but also found throughout the American
continent, over the Mediterranean basin and in southern Spain [6]. The world production
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of prickly pear is about 1 million tons per year [7]. Based on the cultivar and ripening stage,
prickly pear consists of peel (accounts for 33 to 55%), pulp (accounts for 45 to 67%) and
seeds (accounts for 2 to 10%) [7,8]. It is widely used as fresh fruit or for manufacturing fruit
juice [9] and alcoholic beverages [10]. The peel, that represents the major waste in prickly
pear, is considered an agricultural by-product, even though it is a source of dietary fibers,
proteins and antioxidant compounds [7]. Additionally, both the fruit and the peel are rich in
polyphenolic compounds that show biological and antimicrobial activity against different
microorganisms [9,11–13]. A few applications of prickly pear by-products to foods are
available. In particular, Palmeri et al. [12] used whole prickly pear extract to improve the
shelf life of sliced beef. Chougui et al. [14] studied the application of the hydro-ethanolic
extract of prickly pear peel to preserve margarine. In addition, some authors have used
prickly pear peel powder as a functional ingredient to formulate bread and biscuits [7,15].
To the best of our knowledge, no zero-waste production has been proposed with prickly
pears. However, giving the potential properties of this fruit, it can be supposed that the
efforts in food science to recycle prickly pear by-products could gain industrial relevance.

Seafood products are dynamic and prone to innovation, with fish being highly appre-
ciated but very often considered a time-consuming food to prepare. Therefore, fish-based
food, as fish burgers, represent a valid solution to accomplish consumer preference with
products that have high nutritional value and are also very convenient, being ready-
to-cook [16,17]. Generally, raw materials, processing technologies, storage conditions,
enzymes of fish, and microflora are mainly responsible for fresh fish unacceptability [18].
Even though various preservation strategies are proposed in the literature to preserve
seafood products [19–21], the most diffused approach for fresh fish burgers is based on
the adoption of natural compounds, properly encapsulated or combined with modified
atmosphere conditions [16,17,22–24] or enclosed in edible films [25].

Therefore, in the perspective of a more sustainable food production, the current
study, for the first time explored the possibility to adopt all parts of prickly pear fruit for
preserving fish burger quality during storage. Specifically, the pulp and peels of prickly
pears were dehydrated, ground and included in the fish formulation according to the zero-
waste approach, i.e., without producing any waste. The study demonstrated that the newly
developed fish burgers, enriched with bioactive compounds from prickly pears, not only
exerted good antimicrobial activity against the traditional fish spoilage, but they were also
more appreciated than the control sample in terms of sensory quality, thus demonstrating
the feasibility of the sustainable approach.

2. Materials and Methods
2.1. Prickly Pears

Red prickly pear fruits (Opuntia ficus-indica, (L.) Miller, cultivar Sanguigna) were kindly
provided by a local dealer (Manfredonia, Puglia, Italy), in mid-September 2020. At the
laboratory, the prickly pears were washed several times with water to remove any kind of
residue and dipped into chlorinated water (20 mL·L−1) for 1 min. Then, the fruits were
rinsed with water and air dried. After that, the peel was manually separated from the
pulp using a knife and cut into strips, while the pulp, along with the seeds, was cut into
small pieces. The peel and pulp were dried at 37 ◦C for a week using a vacuum dehydrator
(Melchioni-Babele, Milan, Italy), and then milled in a lab-grinder to obtain a fine powder
(500 micrometers). The two powders (pulp moisture 11.24 ± 0.76% and peel moisture
19.04 ± 0.20%), were stored separately in polyethylene bags at −20 ◦C until their use. In
particular, 19520.1 g of fresh prickly pears was processed; they were composed by 8429.29 g
of peel and 11090.81 g of pulp. They were dehydrated and 3049.89 g of dry prickly pear
powder was obtained, composed by 1739.72 g pulp, and 1310.17 g of peel. To use all parts
of prickly pears, according to the zero-waste approach, for 1 g of prickly pear powder,
0.57 g of pulp and 0.43 g of peel were used.
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2.2. Fish Burger Formulation

Frozen cod (Gadus morhua) fillets were purchased from a local market (Ipercoop,
Foggia, Italy) and were minced with a knife in small pieces. The formulation of the control
burger and of the three active samples enriched with the prickly pear powder (named CNT,
ACT-2.5, ACT-7.5 and ACT-12.5), is described in Table 1. The fish burgers were obtained
by first mixing the flours (i.e., potato starch and potato flakes), salt, and the prickly pear
powder, then adding the extra-virgin olive oil, and finally adding the minced cod fillets.
Thereafter, the prepared mixture was shaped by means of a metal shaper to obtain fish
burgers of 1.5 cm thick, and 5 cm in diameter. Three independent replicates were prepared
for each formulation. All investigated burgers were packed into polyethylene bags, sealed
and stored at 4 ◦C.

Table 1. Formulation of the cod fish burgers with and without prickly pear powder addition.

Ingredients

CNT ACT-2.5 ACT-7.5 ACT-12.5

Weight
[g]

Weight
[%]

Weight
[g]

Weight
[%]

Weight
[g]

Weight
[%]

Weight
[g]

Weight
[%]

Cod fillet 36.98 73.9 36.98 70.4 36.98 64.3 36.98 59.1

Extra-virgin olive oil 4.62 9.2 4.62 8.8 4.62 8.0 4.62 7.4

Potato starch 4.62 9.2 4.62 8.8 4.62 8.0 4.62 7.4

Potato flakes 3.7 7.4 3.7 7.0 3.7 6.4 3.7 5.9

Salt 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2

Prickly pear powder - - 2.5 4.8 7.5 13.0 12.5 20.0

2.3. Prickly Pear Powder Antibacterial Activity: In Vitro Test

The antimicrobial activity of prickly pear peel and pulp powders was evaluated by
an in vitro test. To this aim, two strains of Pseudomonas spp. (P. fluorescens and P. putida)
were used as target microorganisms, stored at −20 ◦C as stock cultures. The exponentially
growing cultures were obtained in Plate Count Broth (PCB, tryptone 5 g/L, glucose 1 g/L
and yeast extract 2.5 g/L, Oxoid) at 25 ◦C for 24 h. After that, a cocktail of the two strains
was diluted with 0.9% NaCl to obtain approximately 103 CFU/mL. The PCB inoculated
with the microbial cocktail was placed in several tubes. Every tube also contained 2.5% and
5% of prickly pear peel powder, 2.5%, and 5% of prickly pear pulp powder for the active
samples, and no powder was added for the control one. The pulp and the peel allowed to
settle in each tube. All tubes were incubated at 25 ◦C for 72 h. Microbiological analyses
were performed after 0, 4, 24, 48, and 72 h taking aliquots of 1 mL from each tube. After
appropriate dilutions with 0.9% NaCl, the samples were plated on Pseudomonas Agar Base
(PAB, Oxoid), added with cetrimide fucidin cephaloridine (CFC) selective supplement and
incubated at 25 ◦C for 48 h. All analyses were performed twice on two different samples.

2.4. Microbiological Analyses and pH Evaluation

The microbiological analyses were carried out not only on the burgers but also on
the powder because peel and pulp dehydration at 37 ◦C took about a week, and therefore
a possible contamination occurred. To the aim, 10 g of powder and 20 g of burger were
aseptically transferred in sterile stomacher bags, diluted with 0.9% NaCl solution and
homogenized with Stomacher LAB Blender 400 (Pbi International, Milan, Italy). Subse-
quently, decimal dilutions of homogenate samples were conducted using the same diluent
and the dilutions were plated on appropriate media in Petri dishes. In particular, for the
fish burgers, the media and the conditions used were: Plate Count Agar (PCA, Oxoid)
incubated at 30 ◦C for 48 h and 5 ◦C for 10 days for the enumeration of mesophilic and
psychrotrophic bacteria, respectively; Pseudomonas Agar Base (PAB, Oxoid), added with
cetrimide fucidin cephaloridine (CFC) selective supplement and incubated at 25 ◦C for
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48 h to enumerate Pseudomonas spp.; pour plated Iron Agar (IA) incubated at 25 ◦C for
3 days, for hydrogen sulfide producing bacteria (HSPB); pour plated IA, supplemented
with 5 g/L NaCl and incubated at 15 ◦C for 7 days, for psychrotolerant and heat-labile
aerobic bacteria (PHAB); Violet Red Bile Glucose Agar (VRBGA, Oxoid) incubated at 37 ◦C
for 24 h for Enterobacteriaceae; de Man Rogosa Sharpe Agar (MRS, Oxoid), supplemented
with cycloheximide (0.1 g/L Sigma) incubated at 37 ◦C for 48 h for Lactic Acid Bacteria
(LAB). For the active powder the bacteria and the conditions used for their count were the
same used for the burgers, except the PHAB detection because this microbial group was
searched for exclusively in the fish products.

The pH of each homogenized sample was measured by a pH meter (Crison, Barbellona,
Spain), after appropriate calibration.

2.5. Color Evaluation

Instrumental color readings of the prepared fish burgers were measured with Chro-
mameter CR-400 colorimeter (Minolta Chromameter, Japan) after appropriate calibration,
using a reference white tile. The color measurements were described in terms of Lightness
(L*), redness (a*) and yellowness (b*) space values. Color measurements were made on the
surface of each sample. For all investigated burgers four random readings were performed.

2.6. Sensory Evaluation

The sensory evaluation was performed by seven experienced panelists, researchers of
the University of Foggia, selected several years prior to this research for their sensory skills
to estimate fish attributes. For the current study, in a 3-h session, panelist reliability was
assessed and sensory parameters to be taken into account were defined. Since sensory pa-
rameters could be differently perceived on raw and cooked burgers, the sensory evaluation
was conducted on both, as also reported in other study [23]. Therefore, at each sampling
time (0, 2, 5, 7, 9, 12, 14, 16), the CNT and the three active cod burgers (ACT-2.5; ACT-7.5
and ACT-12.5) were cooked in an electric convention oven (H2810, Hugin, Milan, Italy) at
180 ◦C for 20 min. For the analysis, each sample, both raw and cooked, was codified with
three-digit code and offered to the panelists in individual cabin under controlled conditions
of light, temperature and humidity. The panelists were asked to evaluate the color, odor,
texture, and then to give an overall quality judgment of the fish burgers. The texture was
judged by considering the force exerted for cutting the product with a knife [16]. A 9-point
scale was used to quantify each attribute, where a score of 9 corresponded to “very good
quality”, 7–8 to “good quality” and 6 to “sufficient quality”. The value of 5 represented the
acceptability threshold, while scores from 4 to 1 corresponded to “unacceptable quality”.

2.7. Statistical Analysis

Tests were performed on duplicate batches. All experimental data are the average
of three replicates. The results are presented as means ± Standard Deviation (SD) and
graphically reported. Statistical significance was determined by one-way analysis of
variance (ANOVA). Duncan’s multiple range test, with the option of homogeneous groups
(p ≤ 0.05), was performed to determine significant differences among samples. To the aim,
STATISTICA 7.1 for Windows (StatSoft, Inc., Tulsa, OK, USA) was used.

3. Results and Discussion
3.1. Effects of Prickly Pear Powder on Pseudomonas spp. by In Vitro Test

A preliminary in vitro test was performed on target bacteria (Pseudomonas spp.), before
testing the active powder on fish burgers. The results are shown in Table 2. As it can be
seen, there is a significant difference between the control sample and the active solutions,
already after 24 h from the microbial inoculation. In particular, from the above mentioned
data, it can be inferred that the Ctrl had a steady growth during all 72 h of the test, whereas
for the active samples a reduction of the Pseudomonas spp. viable cell concentration was
observed. It is worth noting that there is no difference between the investigated active
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samples, neither in terms of quantity used (i.e., 2.5% or 5%) nor in terms of the type of
by-product (i.e., peel or pulp powder). As a matter of fact, all the concentrations chosen for
the in vitro test showed a substantial antimicrobial activity on the target bacteria already
after one day.

Table 2. Evolution of the Pseudomonas spp. viable cell concentration after inoculation of control and prickly pear peel (2.5%
and 5%) and pulp (2.5% and 5%) powder. Data indicate means ± SD.

log CFU/mL

Sample Time (h) 0 4 24 48 72

Ctrl 2.96 ± 0.11 3.46 ± 0.09 8.82 ± 0.39 9.41 ± 0.17 9.49 ± 0.23
Peel 2.5% 3.12 ± 0.01 3.62 ± 0.09 1.30 ± 0.43 <10 <10
Peel 5% 3.26 ± 0.08 4.05 ± 0.14 2.09 ± 0.12 <10 <10

Pulp 2.5% 3.57 ± 0.21 3.80 ± 0.14 1.35 ± 0.49 <10 <10
Pulp 5% 3.51 ± 0.01 3.54 ± 0.09 2.76 ± 0.09 <10 <10

3.2. Microbial Contamination of Prickly Pear Powder

A preliminary microbiological analysis on the powder was carried out to assess
whether prolonged dehydration at low temperature could have affected the microbiological
stability. The results of this test are reported in Table 3. It can be noticed that for both the
peel and pulp powders, only psychrotrophic bacteria were absent. The total mesophilic
count (MES) and the lactic acid bacteria (LAB) recorded higher values compared to the other
investigated microorganisms. Therefore, these results suggest that prickly pear dehydration
at 37 ◦C promoted spoilage growth, most probably because the process took about one
week. Due to the recorded powder contamination, antimicrobial effects of powder on fish
burgers were assessed by comparing growth rate of main spoilage microorganisms, instead
of using the values of specific viable cell concentrations.

Table 3. Contamination of prickly pear peel and pulp powder (log CFU/g).

Sample PSY MES PSE ENTER LAB SHPB

Peel - 7.14 ± 0.20 3.43 ± 0.10 4.71 ± 0.11 7.07 ± 0.10 6.02 ± 0.53
Pulp - 7.03 ± 0.04 3.56 ± 0.04 3.35 ± 0.16 7.12 ± 0.16 5.15 ± 0.27

Data indicate means ± SD. PSY = Total Psycrhrotrophic bacteria < 102 CFU/g; MES = Total Mesophilic bacteria;
PSE = Pseudomonas spp.; ENTER = Enterobacteriaceae; LAB = Lactic Acid Bacteria; SHPB = Hydrogen Sulfide
producing bacteria.

3.3. Effects of Prickly Pear Powder on Microbiological Quality of Cod Fish Burgers

As reported in Section 2, the effects of prickly pear powder (i.e., 2.5 g, 7.5 g, and
12.5 g) on the microbial quality decay of fish burgers during refrigerated storage were
assessed. Spoiled fish products are characterized by development of fishy, rotten H2S
off-odors and unpleasant flavors, due to growth of specific spoilage microorganisms [25].
It is important to highlight that seafood deterioration is mainly caused by high microbial
growth, that consequently provokes unpleasant chemical compounds production [26]. For
this reason, Pseudomonas spp., hydrogen sulfide producing bacteria (HSPB), psychrotolerant
and heat-labile aerobic bacteria (PHAB) were monitored as main spoilage groups.

Figure 1 shows the evolution of Pseudomonas spp. viable cell concentration of the
investigated fish burgers (i.e., CNT, ACT-2.5, ACT-7.5, and ACT-12.5). As it may be seen,
during 16 days of storage, a decrease in the viable cell concentration (negative growth rate)
was observed for the two samples ACT-7.5 and ACT-12.5. Despite the initial contamination,
the addition of 7.5 g and 12.5 g of prickly pear powder had a significant effect on the growth
of Pseudomonas spp., confirming data from the in vitro test (see Table 2). As one would
expect, the CNT sample showed a rapid increase of microbial load during the first week of
storage, which remained quite stable up to the end of the observation period. As shown in
Figure 1, the ACT-2.5 sample had a trend similar to CNT, thus suggesting that at the lowest
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concentration, prickly pear powder had a minimal antimicrobial effect on Pseudomonas spp.
proliferation. These results are in accordance with those of Ennouri et al. [27], who proved
the antibacterial activity of the extract from prickly pear against P. aeruginosa. Furthermore,
Palmeri et al. [12] also found that the water-based extract of prickly pear was effective in
reducing the count of Pseudomonas spp. on sliced beef.
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Figure 1. The evolution of Pseudomonas spp. viable cell concentration in fish burgers during 16 days
of storage at 4 ◦C. Data indicate means ± SD. CNT: fish burger without prickly pear powder; ACT-2.5:
fish burger enriched with 2.5 g of prickly pear powder; ACT-7.5: fish burger enriched with 7.5 g of
prickly pear powder; ACT-12.5: fish burgers enriched with 12.5 g of prickly pear powder.

Figure 2 exhibits the evolution of total psychrotrophic bacterial load during refriger-
ated storage. As can be seen, ACT-12.5 had shown the best antimicrobial effect throughout
the storage period. It is worth noting that, despite powder contamination (see Table 3),
a significant antimicrobial efficacy was found. In fact, a slight decrease in the viable cell
concentration, followed by a gradual increase, was observed for the ACT-12.5 fish burger.
The CNT, the ACT-2.5 and the ACT-7.5 samples have had a steady growth throughout
the entire observation period. Among these last three samples, ACT-7.5 showed the best
antimicrobial effect (i.e., the lowest growth rate), whereas ACT-2.5 and CNT showed a
similar trend. These results suggest that prickly pear powder is not able to slow down the
growth of psychrotrophic bacteria if used at low concentrations.

To make a comparison with literature, it must be observed that the results obtained
in our experimental plan for the CNT sample are similar to those found in other studies
dealing with fresh fish burgers [23,28], whereas, as regard active samples, Panza et al. [29]
can be cited because these authors obtained a similar trend of psychrotrophic bacteria using
pomegranate by-products to extend the shelf life of breaded cod sticks.

The PHAB viable cell concentration plotted as a function of storage time is shown in
Figure 3 for all fish burgers investigated in this study. The highest powder amount (12.5 g
of active powder) was proven to be the most effective against this spoilage group. As a
matter of fact, ACT-12.5 showed any microbial growth throughout the refrigerated storage.
In the case of ACT-7.5 sample the microbial detection highlighted the same effects recorded
in the previous sample (ACT-12.5), but there was a slight increase only on the last day of
storage. The figure also shows that the CNT and the ACT-2.5 presented a very comparable
trend, with a visible and rapid microbial growth from the second day of storage up to the
end of the observation period.
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Figure 2. The evolution of total psycrhrotrophic bacteria in fish burgers during 16 days of storage at
4 ◦C. Data indicate means ± SD. CNT: fish burger without prickly pear powder; ACT-2.5: fish burger
enriched with 2.5 g of prickly pear powder; ACT-7.5: fish burger enriched with 7.5 g of prickly pear
powder; ACT-12.5: fish burgers enriched with 12.5 g of prickly pear powder.
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Figure 3. The evolution of psychrotolerant and heat-labile aerobic (PHAB) viable cell concentration
in fish burgers during 16 days of storage at 4 ◦C. Data indicate means ± SD. CNT: fish burger without
prickly pear powder; ACT-2.5: fish burger enriched with 2.5 g of prickly pear powder; ACT-7.5: fish
burger enriched with 7.5 g of prickly pear powder; ACT-12.5: fish burgers enriched with 12.5 g of
prickly pear powder.

Figure 4 shows the microbial load evolution during the storage of the following
groups: total mesophilic bacteria (Figure 4a), Enterobacteriaceae (Figure 4b), LAB (Figure 4c)
and HSPB (Figure 4d). Despite the aforementioned powder contamination (see Table 3), for
all the bacterial groups the antimicrobial effect of the prickly pear powder is evident when
the growth rate of each sample is taken into account. As one would expect, the ACT-12.5
sample had the best antimicrobial effect considering that its growth rate was negligible
and in some cases it was negative. Although the antimicrobial activity of the ACT-7.5

99



Foods 2021, 10, 1972

sample was evident, it was found to be slightly lower than that observed for the ACT-12.5
fish burger. For both CNT and ACT-2.5 a rapid increase in viable cell concentration was
observed, visible for each microbial group (a–d). Regarding the growth rate, the ACT-2.5
sample had a lower value if compared to CNT, thus suggesting that also at the lowest
concentration, prickly pear powder exerted a slight antimicrobial effect on these microbial
groups. Similar trends were found by Nisar et al. [30], who used rosemary oil as natural
preservative for bream fillets.
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Figure 4. The evolution of total mesophilic bacteria (a) Enterobacteriaceae (b) Lactic acid bacteria (c) and Hydrogen Sulfide
producing bacteria (d) in fish burgers during 16 days of storage at 4◦ C. Data indicate the mean ± SD. CNT: fish burger
without prickly pear powder; ACT-2.5: fish burger enriched with 2.5 g of prickly pear powder; ACT-7.5: fish burger enriched
with 7.5 g of prickly pear powder; ACT-12.5: fish burgers enriched with 12.5 g of prickly pear powder.

3.4. Effects of Prickly Pear Powder on pH of Cod Fish Burgers

The evolution during refrigerated storage of fish burger pH was reported in
Figure 5. Initially, pH was similar for all the examined samples (around 7), in accor-
dance with values also reported by other authors [28,31,32]. During time, the pH of CNT,
ACT-7.5, and ACT-12.5 samples was almost constant throughout the storage period (6.53,
6.24 and 6.31 respectively), although the values of the two active burgers were slightly
lower than those of the CNT. As long as the ACT-2.5 sample is concerned, pH values
slightly decreased during time, most probably due to the high microbial proliferation
occurred in this samples, in particular for the high lactic acid bacteria proliferation [33,34].
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Figure 5. Trend of pH values of fish burgers during 16 days of storage at 4 ◦C. Data indicate means
± SD. CNT: fish burger without prickly pear powder; ACT-2.5: fish burger enriched with 2.5 g of
prickly pear powder; ACT-7.5: fish burger enriched with 7.5 g of prickly pear powder; ACT-12.5: fish
burgers enriched with 12.5 g of prickly pear powder.

3.5. Effects of Prickly Pear Powder on Sensory Quality of Cod Fish Burgers

The scores for color, odor, and texture at the first and the last day of storage are
presented in Table 4, for both raw and cooked fish burgers. Adding prickly pear powder,
an aromatic and pleasant odor was perceived by the panelists, associated to the volatile
compounds of prickly pears [7–11]. This perception was observed from the beginning and
up to the last day of storage, for both raw and cooked fish products. These results are
proven by the scores obtained from the panel, which were above the acceptability threshold
(score = 5). Moreover, for ACT-7.5 and ACT-12.5, the presence of the powder led to the
detection of any kind of fish odor, even at the last day of storage. An opposite behavior was
found for the CNT samples that showed a high level of off-odors, especially on the 16th
day of storage. Regarding the texture, in all the investigated samples, the values decreased
during the storage period, thus proving that hardness and structure of the fish were lost
during time. However, a statistically significant effect (p > 0.05) of prickly pear powder
was observed. In particular, as the powder increased, the detrimental effect of storage time
on the sample texture was less evident. This implies that the use of the powder could slow
down texture decay during time. As long as the color attribute is concerned, a trend similar
to that of the other two sensory attributes was observed. In particular, on the last day of
storage, CNT sample recorded the worst score, ACT-2.5 was slightly better than the CNT,
ACT-7.5 and ACT-12.5 obtained the best scores, and the differences between them were not
statistically significant (p < 0.05).

The color change of the investigated fish burgers was also assessed by the colorimeter.
The results are listed in Table 5, where the values are expressed as lightness (L*), redness
(a*), and yellowness (b*). Data in Table 5 highlight that addition of prickly pear powder
reduced the lightness of the burgers if compared to the CNT samples. Looking at the
first column of Table 5, it can be also observed that lightness decreased as the powder
concentration increased. This finding is not surprising, considering the dark color of the
powder. In terms of the effects of time on color parameters, no great influence can be
underlined. From data it’s possible to infer that lightness only in some cases slightly rose
over storage, specifically for ACT-2.5 and ACT-7.5 [28].
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Table 4. Scores of sensory attributes (color, odor and texture) of raw and cooked fish burgers at 0 and
16 days of storage.

Samples

Storage Time (day)

Raw Fish Burger Cooked Fish Burger

0 16 0 16

Color

CNT 8.1 ± 0.25 b 2.9 ± 0.25 c 8.3 ± 0.29 b 4.1 ± 0.25 b

ACT-2.5 9.0 ± 0.10 a 4.5 ± 0.58 b 9.0 ± 0.10 a 4.8 ± 0.29 b

ACT-7.5 9.0 ± 0.10 a 6.1 ± 0.48 a 9.0 ± 0.10 a 6.3 ± 0.87 a

ACT-12.5 9.0 ± 0.10 a 6.4 ± 0.75 a 9.0 ± 0.10 a 7.0 ± 0.41 a

Odor

CNT 9.0 ± 0.10 a 2.4 ± 0.25 d 9.0 ± 0.10 a 3.5 ± 0.58 b

ACT-2.5 9.0 ± 0.10 a 3.6 ± 0.48 c 9.0 ± 0.10 a 3.6 ± 0.25 b

ACT-7.5 9.0 ± 0.10 a 6.0 ± 0.29 b 9.0 ± 0.10 a 6.4 ± 0.48 a

ACT-12.5 9.0 ± 0.10 a 6.9 ± 0.25 a 9.0 ± 0.10 a 7.0 ± 0.41 a

Texture

CNT 8.1 ± 0.25 b 3.6 ± 0.25 c 8.3 ± 0.29 a 4.0 ± 0.41 c

ACT-2.5 8.9 ± 0.25 a 5.8 ± 0.50 b 8.8 ± 0.29 a 4.8 ± 0.29 b

ACT-7.5 9.0 ± 0.10 a 6.5 ± 0.41 a,b 8.9 ± 0.25 a 7.0 ± 0.41 a

ACT-12.5 8.9 ± 0.25 a 7.0 ± 0.71 a 8.6 ± 0.48 a 7.3 ± 0.29 a

a–d Data indicate means ± SD. For each sensory attribute, the values marked with different superscript letters in
the column are significantly different (p < 0.05). CNT: fish burger without prickly pear powder; ACT-2.5: fish
burger enriched with 2.5 g of prickly pear powder; ACT-7.5: fish burger enriched with 7.5 g of prickly pear
powder; ACT-12.5: fish burgers enriched with 12.5 g of prickly pear powder.

Table 5. The effect of prickly pear enrichment on the color parameters of fish burgers.

Samples
L* a* b*

0 16 0 16 0 16

CNT 67.73 ± 1.87 a,A 68.68 ± 1.97 a,A −2.79 ± 0.81 b,A −2.42 ± 0.78 d,A 16.48 ± 1.43 b,B 18.12 ± 1.64 c,A

ACT-2.5 52.33 ± 1.56 b,B 57.07 ± 1.64 b,A 11.70 ± 1.78 a,A 5.69 ± 0.59 c,B 22.07 ± 1.80 a,B 27.63 ± 1.62 a,A

ACT-7.5 43.02 ± 1.04 c,B 46.76 ± 1.70 c,A 14.14 ± 1.95 a,A 9.15 ± 0.68 a,B 17.32 ± 1.41 b,B 22.41 ± 1.11 b,A

ACT-12.5 41.73 ± 0.39 c,A 42.50 ± 1.66 d,A 14.45 ± 0.73 a,A 7.89 ± 0.58 b,B 15.29 ± 0.81 b,A 16.42 ± 1.32 c,A

Data indicate means ± SD. Values marked with different superscript letters (a–d) in the column and superscript uppercase letters (A, B)
in the row are significantly different (p < 0.05). CNT: fish burger without prickly pear powder; ACT-2.5: fish burger enriched with 2.5 g
of prickly pear powder; ACT-7.5: fish burger enriched with 7.5 g of prickly pear powder; ACT-12.5: fish burgers enriched with 12.5 g of
prickly pear powder. L* = lightness (0 = darkness, 100 = lightness); a* = redness (+60 = red, −60 = green); b* = yellowness (+60 = yellow,
−60 = blue).

The redness parameter (a*) was completely absent in CNT burgers during the entire
storage period, while for the active samples, there was a significant reduction between the
first and the last day of storage, more marked for the ACT-12.5. This color modification
is caused by the migration of the prickly pear pigments from the powder to the minced
cod fillets [35].

As far the yellowness parameter is concerned (b*), there were slight differences be-
tween CNT and active samples at both the beginning and at the end of the observation
period. An increase in the b* value was observed for all samples between zero and 16 days
of storage, thus demonstrating that fish decay is strictly linked to changes in yellowness
parameters, regardless the by-product concentration. As a result, the use of the powder
significantly affected the visual quality of fish burgers, as confirmed from data recorded on
the color parameter during the panel test.

The evolution of fish burger overall quality during 16 days of storage is shown in
Figure 6a,b. A more pronounced reduction of the fish burger sensory quality was observed
for the investigated raw samples, being the decay of the raw products faster than that of the
cooked ones. As can be inferred from data shown in both graphs of Figure 6, CNT and ACT-
2.5 had a similar trend, and became unacceptable during time. On the other hand, ACT-7.5
and ACT-12.5 samples showed good overall quality throughout the entire observation
period and after two weeks these samples were found still completely acceptable. This may
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be due to the antimicrobial effect exerted by prickly pear powder, and in particular to the
aromatic compounds that preserved the odor. Therefore, it is worth noting that the prickly
pear powder added to the fish burgers did not worsen sensory quality, rather it improved
the fish characteristics, especially in the raw samples (Figure 6a). In fact, already at the
beginning of the sensory evaluation (time 0), the panelists appreciated the active samples
more than the control. To sum up, the findings previously recorded in Table 4, dealing with
specific sensory attributes, are in accordance with data on the general acceptance of the
products shown in Figure 6.
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4. Conclusions

The current study aimed to improve the storability of refrigerated cod fish burgers in
accordance with the zero-waste concept. In fact, all the prickly pear parts were dehydrated,
reduced in powder, and then used as food additives in the fish formulation, in a proportion
that respected the zero-waste approach. An in vitro test was first run to assess the antimi-
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crobial efficacy of this fruit powder. The results showed that both the concentrations chosen
(2.5 and 5%) in this preliminary test had a marked antimicrobial activity on target bacteria,
already after 24 h. The prickly pear powder was therefore added at three different amounts
(2.5 g, 7.5 g and 12.5 g) to cod fish burgers, that were stored at 4 ◦C to assess powder
efficacy in slowing down microbial growth. The results showed that the lowest prickly
pear powder concentration used in this study did not affect the microbial growth at a great
extent. Conversely, the other two tested concentrations, and especially the highest one, had
a remarkable effect on the growth kinetic of spoilage microorganisms. In fact, in most cases
a reduction of the growth rate was observed, if compared to the control sample. In few
cases the growth rate was close to zero (i.e., total mesophilic bacteria and HSPB), and in
one case (i.e., Enterobacteriaceae) a decrease in the viable cell concentration (negative growth
rate) during refrigerated storage was observed. As long as the sensory quality decay is
concerned, the results obtained in this study indicated that the prickly pear powder at two
highest concentrations significantly slowed down the sensory quality decay during time
of both raw and cooked cod fish burgers. This is most probably due to the antimicrobial
activity of the powder and its aromatic compounds that improved the perceived odor.
As a fact, the two burgers with 7.5 g and 12.5 g powder addition remained completely
acceptable during the entire observation period. To sum up, due to the recorded results, the
recycle of prickly pears seems interesting. The research needs to further explore the topic in
terms of energy costs, emissions, etc., because drying of prickly pears is an energy-intensive
operation. The use of renewable energy could be a starting point because companies are
increasingly moving towards the use of green energy. Certainly, more in-depth studies
would be needed for recommending zero-waste as a beneficial approach.
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Abstract: This study aimed to assess the potential of pomegranate peel powder as a natural preser-
vative. Its effects were tested on fruit salad quality decay during refrigerated storage. Nectarine
and pineapple, equally portioned in polypropylene containers and covered with fructose syrup,
were closed using a screw cap in air, with and without the addition of a by-product peel powder.
Specifically, amounts of 2.5% and 5% (w/v) of pomegranate peel powder were put into each container.
Both the microbiological and sensory qualities of the fruit salad were monitored during storage
at 5 ◦C for 28 days. The results demonstrated that the fruit salad with the by-products showed
lower counts of total mesophilic bacteria, total psychrotrophic microorganisms, yeasts, and lactic
acid bacteria compared to the control, thus confirming the recognized antimicrobial properties of
pomegranate peel. The other interesting finding of this study is that the addition of the investigated
by-product in fruit salad did not worsen the main sensory attributes of fresh-cut fruit. Therefore,
these preliminary results suggest that pomegranate peel powder has potential applications as a
natural preservative in the fresh-cut food sector.

Keywords: fresh-cut fruit; pomegranate peel powder; natural preservative; by-product; sustain-
able approach

1. Introduction

Fruit intake, which is associated with a correct and healthy diet, is increasingly
widespread among consumers. Fruit is rich in carbohydrates, minerals, amino acids,
vitamins, and other nutrients that bring various benefits to human health [1]. In the last
few years, fresh-cut fruit has been popular because it meets consumers’ need for fresh,
natural, and convenient food. Various formats are available in the refrigerated section,
ranging from single fruit to fruit salads. However, these fresh-cut products are all highly
perishable [2]. Minimal processing operations, which include peeling, slicing, dicing, etc.,
can cause damage to fruits’ surfaces, thus limiting their shelf life compared to unprocessed
whole fruits [3–5]. Damage caused by the cutting process typically occurs in the form
of tissue softening, water loss, color change (surface browning), microbial proliferation,
and the appearance of unpleasant odors [4–7]. In general, the most common preservation
systems for fresh-cut fruit include cold storage, the use of modified atmosphere packaging,
coating application, or the addition of synthetic preservatives [8–10]. However, consumers
are increasingly inclined to purchase fresh-cut fruit without synthetic additives, as they
have a greater awareness of health and food safety. An alternative to synthetic additives
could be the use of preservatives of natural origin, such as essential oils, enzymes, and
organic acids [11], or lactic acid bacteria and derived bacteriocins [12].

In this context, by-products from fruit and vegetable processing offer an interesting
alternative. They are good sources of bioactive compounds and well-recognized for their
relevant antimicrobial and antioxidant properties [13,14].
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Among fruit and vegetable by-products, pomegranate peel makes up about 40–50%
of total fruit weight. This by-product is one of the most abundant wastes discarded
during juice, jam, and jelly production [15]. Pomegranate peel contains greater amounts of
flavonoids, phenolic acids, tannins, and other compounds than other parts of the fruit [16].
These bioactive compounds have shown important health benefits, including antioxidant
and anti-cancer properties [17,18] and remarkable antimicrobial activity against pathogenic
and spoilage bacteria [19–23]. Various recent applications have shown how pomegranate
peel extract can be used to develop active coatings or bio-based films to be applied to fresh
food to control microbial proliferation or oxidation phenomena [24–26]. A few studies
have reported the application of peel powder loaded in polymeric matrixes as a potential
active food packaging [27–29]. However, the literature shows fewer examples dealing with
the direct utilization of pomegranate peel powder for food preservation. In this regard,
two studies can be cited. The first one is by Incoronato et al. [30] and deals with the
development of new pancakes where both the juice and by-products of pomegranate were
used as ingredients. Thus, the addition of by-products to the pancake formulation not only
increased its nutritional content but also promoted the extension of its shelf life. Another
successful example of pomegranate peel utilization was proposed by Panza et al. [31], who
studied how to use pomegranate peel powder as a breading for cod sticks. This research
also demonstrated that the use of pomegranate by-products could be a sustainable way to
reduce the environmental impacts and costs associated with by-product disposal, with the
added advantages of great product quality and increased shelf life.

To raise awareness about complete by-product recycling, their potential applications
to food need to be better investigated [32]. Therefore, this study aims to support new
advances in the application of pomegranate peel to fresh-cut fruit salad. For the study,
the effectiveness of peel powder, at two different concentrations, on the quality decay of a
mix of fresh-cut nectarine and pineapple in fructose syrup stored at 4 ◦C was assessed for
4 weeks. Both the microbiological and sensory qualities were investigated to demonstrate
the efficacy of peel by-products on salad quality.

2. Materials and Methods
2.1. Raw Materials and Pomegranate Peel Powder

The pomegranates (Punica granatum, cv. Wonderful) were kindly provided by a local
horticultural association (A.P.O. Foggia, Italy). The fruits were washed in tap water to
remove dust and impurities then dipped for 1 min in chlorinated water (20 mL/L), rinsed
to remove chlorine residues, and air dried. The various parts of the fruit were separated
manually (peel and arils). The pomegranate peel was cut into small pieces using a sharp
knife and dried at 38 ◦C for 48 h in a dryer (Melchioni-Babele, Milan, Italy). The dried
pomegranate peel was finely ground using a laboratory blender, then sieved to obtain a
fine powder (500 µm), which was stored in plastic bags at 4 ◦C and protected from light
until its use.

2.2. Fruit Salad Preparation

The nectarine (Prunus persica) and pineapple (Ananas sativus) were purchased in a local
market (Foggia, Italy). The fruits were washed for 1 min in chlorinated water (20 mL/L),
rinsed in tap water to remove chlorine residues, and then air dried. The fruits were
manually peeled and cut into cubes (1 × 1 cm2) with a sharp knife. The freshly cut fruits
were equally portioned (50 g) into 100 mL polypropylene containers, covered with 70 mL
of 25% fructose syrup, then closed using a screw cap in air. Before portioning the fruit
and syrup, 2.5% and 5% (w/v) of pomegranate peel powder were placed at the bottom
of each container for the two active samples. These concentrations were found to be the
most effective in preliminary analyses carried out by in vitro tests on generic foodborne
microorganisms (two species of Pseudomonas spp. isolated from spoiled food, identified as
P. fluorescens and P. putida). The control sample (Ctrl) consists of sole fruit salad and fructose
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syrup without any peel powder added. All of the samples were stored at 5 ◦C for 28 days.
The microbiological and sensory qualities as well as pH were monitored during storage.

2.3. Microbiological Analysis

Under sterile conditions, 20 g of fruit salad was homogenized with a saline solution
(0.9% NaCl) (Sigma, Milan, Italy). Decimal dilutions of the homogenate sample were made
using the same diluent and plated on selective media to determine the specific microbial
groups. Lactic acid bacteria were plated into de Man Rogosa and Sharpe (MRS) agar supple-
mented with cycloheximide (0.17 g/L) (Sigma, Milan, Italy) and incubated under anaerobic
conditions at 37 ◦C for 48 h. Plate Count Agar (PCA) was used to enumerate the total
mesophilic bacterial count incubated at 30 ◦C for 48 h, and the total psychrotrophic bacteria
were incubated for 10 days at 4 ◦C. Yeasts and molds were determined in Sabouraud Dex-
trose Agar (SAB), supplemented with chloramphenicol (0.1 g/L) with incubation at 25 ◦C
for 48 h and 5 days, respectively. Violet Red Bile Glucose Agar (VRBGA) incubated at 37 ◦C
for 24 h was instead used for Enterobacteriaceae. All of the cultured media and supplements
were obtained from Oxoid (Milan, Italy). The analyses were performed in duplicate on
different samples, and the results were expressed as log colony-forming units/gram of
fruit salad (CFU/g).

2.4. pH Determination

The pH levels of both the homogenized fruit salad and fructose syrup were measured.
The measure was performed twice on two different samples by using a pH-meter after the
appropriate calibration (Crison, Barcelona, Spain).

2.5. Sensory Evaluation

Seven trained judges, researchers from the University of Foggia, evaluated the sensory
quality of the different fruit salad samples. They were already familiar with fresh-cut
fruit before this study. However, a brief training section was also carried out to define
the sensory attributes to be considered. According to the approach also available in the
literature, odor, appearance, flavor, and texture were selected as sensory parameters, and
a scale ranging from 1 to 5 (1 = dislike extremely; 2 = dislike moderately; 3 = neither like
or dislike; 4 = like moderately; and 5 = like extremely) was used for the evaluation [33].
During the sensory analysis, the control and active fruit salads were differently coded and
presented in random order to the panelists. Individually, they expressed their degree of
appreciation for each attribute, and finally, using the same scale, they were also asked to
judge the overall quality of each salad sample.

2.6. Statistical Analysis

Tests were carried out on duplicate batches. Experimental data are the average
of two replicates. The results are presented as mean ± Standard Deviation (SD) and
graphically reported. A statistical significance was determined by a one-way analysis of
variance (ANOVA). Duncan’s multiple range test, with the option of homogeneous groups
(p ≤ 0.05), was performed to determine significant differences among fruit salad samples.
For this, STATISTICA 7.1 for Windows (StatSoft, Inc, Tulsa, OK, USA) was used.

3. Results and Discussion
3.1. Microbial Quality Decay during Refrigerated Storage

Fresh-cut fruit has a high susceptibility to microbial spoilage. High levels of carbo-
hydrates and water and low pH values make the environment optimal for the growth of
mesophilic, psychrotrophic, and lactic acid bacteria, in addition to yeasts and molds [12,34].
Therefore, to assess the effect of different concentrations of pomegranate peel powder (2.5
and 5%) on the microbial quality of fruit salad, the viable cell concentration of the main
spoilage groups was monitored. The two percentages of peel used in this study were
chosen based on preliminary in vitro antimicrobial tests (data not shown). As reported in
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the M&M Section 2, the evolution of microbial growth in fruit salad stored under refriger-
ated conditions (5 ◦C) was monitored for 28 days. During the storage period, statistically
significant differences were observed between fruit salad with and without pomegranate
peel powder, with the active samples being less contaminated.

In particular, the evolution of total mesophilic and psychrotrophic bacterial counts is
shown in Figure 1ab. As can be seen, for the total mesophilic bacteria (Figure 1a), the initial
microbial concentration of both the control and active fruit salads was around 3.80 log
CFU/g. During the first 8 days, the Ctrl and active samples maintained, more or less,
the initial microbial concentration; in the following days, a marked difference appeared
between them. Specifically, the Ctrl sample showed a significant microbial increase up to
8.27 log CFU/g after 28 days, whereas, both salads with peel powder maintained the same
microbial count for more than 2 weeks. After this long lag phase, the bacteria gradually
grew; however, the increase in the viable cell concentration of active samples was less
pronounced than that recorded for the control sample. The control salad reached 8 log
CFU/g, whereas both active systems remained around 7 log CFU/g. Most probably,
the pomegranate peel powder, rich in active compounds, inhibited microbial growth
during the first stage of storage, and subsequently, microorganisms, accustomed to the
conditions, began to grow [17,35]. Sun et al. [23] suggested that the antimicrobial activity of
pomegranate peels is related to the combined effect of polyphenols, sterols, and pentacyclic
triterpenoid compounds.

Figure 1. Evolution of total mesophilic (a) and psychrotrophic (b) bacteria in fruit salad during
28 days of refrigerated storage (5 ◦C). Ctrl: fruit salad without pomegranate peel powder; 2.5%:
fruit salad with 2.5% (w/v) pomegranate peel powder; 5%: fruit salad with 5% (w/v) pomegranate
peel powder.
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For the total psychrotrophic bacteria, a trend similar to the total mesophilic count was
observed (Figure 1b). During the exponential phase, and also at the stationary phase, in
the active sample, the microbial load was lower than that observed in the control sample.
In fact, also in this case, control salad reached 8 log CFU/g, whereas, the active samples
remained between 6 and 7 log CFU/g after the 4 weeks of observation. These antimicrobial
effects on different microbial groups are not surprising because it is well recognized from
studies reported in the literature that the bioactive substances contained in pomegranate
peel can inhibit growth of different microbial species [15,21,27].

Looking at recorded data, product acceptability in terms of microbial quality can be
defined. According to the French Regulation, fresh-cut fruit remained acceptable until
the total count of mesophilic and psychrotrophic bacteria reaches 5 × 107 CFU/g [36].
Considering the results of the control and active systems reported in Figure 1 1a,b, it can
be inferred that the control salad remained acceptable for about 24 days, whereas, both
salads with pomegranate peel powder were found below the microbial threshold for the
entire observation period (28 days). Therefore, according to these experimental findings,
the lowest concentration of pomegranate by-product is enough to assure a longer microbial
stability of fresh-cut nectarine and pineapple mix than the control salad.

While slight differences in pH values between the control and active systems were
found, no differences in pH were recorded between the fruit and its fructose syrup (data
not shown). To give a more precise idea about the product pH, after 28 days of storage
the pH values observed for the active samples were about 3.72 and 3.68 for the 2.5 and 5%
samples, respectively, whereas, a pH of about 4.46 was recorded for the control sample.

Regarding the effects of the by-products on the other monitored spoilage groups, it is
worth noting that the peel powder added to fruit salad significantly affected yeast growth,
as shown in Figure 2. Although the initial microbial concentration of the active samples
was slightly lower than the control, the trend of the three investigated samples was similar
during the first 8 days. After this period, yeast growth rate changed. In particular, a more
rapid increase was found in the control system and delayed kinetics were recorded for both
active packages. A final count of 6.22 log CFU/g was measured in the Ctrl sample, whereas,
5.80 and 4.79 log CFU/g were found in the active samples with 2.5 and 5% pomegranate
peel powder, respectively. The fruit salad with the highest concentration of pomegranate
peel was the least contaminated at the end of the storage period, thus confirming the
antimicrobial activity of this by-product against fungal spoiling [16]. Gull et al. [26] also
observed that chitosan coating enriched with pomegranate peel extract was effective in
protecting apricot from yeast spoiling when stored for 30 days.
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Figure 2. Evolution of yeasts in fruit salad during 28 days of refrigerated storage (5 ◦C). Ctrl: fruit
salad without pomegranate peel powder; 2.5%: fruit salad with 2.5% (w/v) pomegranate peel powder;
5%: fruit salad with 5% (w/v) pomegranate peel powder.
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In relation to lactic acid bacteria (LAB), the effects of the peel powder were very
marked. It is also striking to observe that between the two concentrations of by-product,
the highest one was the most effective (Figure 3). In particular, in the control sample, LAB
remained low for one week and then increased up to about 5 log CFU/g. In both active
salads, LAB had a long lag phase with a very small microbial load for more than two weeks.
The cells then grew; however, the viable cell concentration reached the value of about 5 log
CFU/g in the sample with 2.5% peel powder and about 4 log CFU/g in the sample with
the highest peel powder concentration.
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Polyphenols contained in the active powder can justify the observed antimicrobial
activity [35,37]. One of the factors that can influence the efficacy of these compounds against
different microbial and fungal groups is the position of the hydroxyl groups (OH) in the
aromatic ring of polyphenols. Hydroxyl groups can interact with microbial cell membranes
to make them more permeable and cause the loss of cellular components, as well as damage
microbial metabolic processes [35]. A representation of the complex mechanisms involved
in the antimicrobial effects of polyphenols is also provided in Figure 4.
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Regarding mold proliferation, in all packages a concentration of about 3 log CFU/g
was measured, without any statistically significant differences among samples (data not
shown). With high probability, the washing of fruit in chlorinated water before cutting and
the refrigerated storage conditions controlled the mold proliferation [10].

No significant differences were also found in the viable cell concentration of Enterobac-
teriaceae, which recorded a final concentration of about 4.5 log CFU/g in all investigated
samples (data not shown). This finding about Enterobacteria means that general hygienic
conditions were adopted during production and processing.

3.2. Sensory Quality Decay during Refrigerated Storage

With regard to the effects of pomegranate peel on product acceptability, the changes
in sensory quality during storage are reported in Figure 5. As one would expect, during
the entire storage period, a gradual decrease in the sensory quality was found in both
the Ctrl and active samples [33]. As can be inferred from the data shown in the figure,
fruit salads, regardless of the type of sample, remained acceptable for around 3 weeks.
Then, defects appeared that made the product disagreeable to panelists. Table 1 lists the
specific sensory attribute scores as assessed by the panel. The data highlight that the main
attribute responsible for product sensory deterioration is the odor; texture and general
appearance also contributed to product rejection. This finding is not surprising because
microbial and fungal proliferation, water loss, and enzymatic reactions occurring during
fruit storage generally also cause changes in the product quality, primarily in terms of odor
and color [2,38]. Loss of firmness can be correlated with tissue degradation [4,5]. Therefore,
the trends shown in Figure 4 for fruit salads’ overall quality effectively reflect the decrease
in odor, appearance, and texture that occurred in all of the samples.
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Figure 5. Overall quality of fruit salad during 28 days of refrigerated storage (5◦C). Ctrl: fruit salad
without pomegranate peel powder; 2.5%: fruit salad with 2.5% (w/v) pomegranate peel powder; 5%:
fruit salad with 5% (w/v) pomegranate peel powder.

When comparing the fruit salad sensory quality of the investigated samples, it appears
that pomegranate peel powder did not worsen the main sensory fruit salad attributes. On
the contrary, the panelists appreciated a slight herbaceous smell and a marked fruity aroma
in the active samples that were stored for about 20 days.

The enhancement in sensory quality was also recorded when pomegranate peel
powder was added to pancake formulations [30] and when the same by-product was
adopted as a breading for fresh cod sticks [31].
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In the current study, the overall quality decay of the investigated samples reported in
Figure 5 highlights that the degradation of the control sample after 3 weeks was very rapid.
On the contrary, in the active samples the sensory quality decay was slower. The reasons for
the abovementioned difference among samples are strictly linked to the fact that the control
sample becomes unacceptable because of the degradation of the whole product, whereas
the active samples were mainly refused for the turbidity of the syrup in the containers,
which negatively affected the visual quality of the fruit salad. This drawback represents
one of the main problems faced when by-products are applied to food and necessitates
further research to find valid solutions to boost by-product recycling [32]. The inclusion
of peel powder in either an edible or biodegradable polymeric matrix could be a valid
strategy [14].

4. Conclusions

Fresh-cut fruits, although providing health benefits and convenience to consumers, are
highly perishable. This study proves that traditional non-edible parts of pomegranate fruit,
such as the peel, can be used to slow down the detrimental phenomena responsible for fruit
salad unacceptability. In particular, the current research investigated the effects of 2.5 and
5% pomegranate peel powder placed on the bottom of a fruit salad container filled with
fructose syrup. The investigated by-product exerted good antimicrobial and antifungal
activity; in fact, it prolonged the lag phase and reduced the cell viable concentration at the
stationary phase of total mesophilic and psychrotrophic bacteria, yeasts, and lactic acid
bacteria, primarily when the highest peel powder concentrations were used. Consequently,
it is possible to conclude that fruit salads with 2.5 and 5% of pomegranate peel powder
were less contaminated than the control sample. The effects of peel powder are further
prized if the sensory quality of fruit is considered. In fact, the investigated by-product
did not compromise fruit acceptability; moreover, similar sensory quality decay kinetics
were recorded in the control and active samples. Further studies are needed to solve the
problem of suspended powder in fructose syrup because this flaw can make the product
unattractive. Therefore, considering the positive impacts by-product valorization has on
both the economy and the environment, we have another study in progress to optimize the
addition of this valuable peel powder to make the final product more appealing.
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Abstract: The aim of the study was to assess, through a comparative shelf-life test, the suitabil-
ity of two packaging materials, namely macro-perforated polypropylene (PP MA) and micro-
perforated coextruded polypropylene (PP C), for the quality preservation of green asparagus
(Asparagus officinalis L. ‘Vegalim’). Quality of spears was evaluated during 30 days at refrigerated
storage by monitoring chemical, physical, and enzymatic parameters as well as sensory descriptors.
PP C kept headspace composition close to suggested values for fresh green asparagus. Total color dif-
ference increased during the storage and it was highly correlated with chlorophyll-a and carotenoids,
however, sensory color perception did not change significantly until 22 days of storage. PP C main-
tained ascorbic acid concentrations close to the initial levels, limited total phenolic compound loss
to 24% (45% in PP MA), determined an increase of 72% in fiber content and small changes in lignin
value; enzymatic changes were significantly inhibited. Significant sensorial differences were detected
after 22 days of storage, with PP C performing better than PP MA. PP C film was confirmed as the
best choice, limiting weight loss and maintaining a fresh-like appearance during 30 days of storage,
thus allowing an extension in postharvest life.

Keywords: asparagus; enzyme activity; lignin; fiber; weight loss; color; polypropylene film

1. Introduction

Recently, thanks to its high dietary value and the presence of vitamin C, amino acids,
sterols, and fiber, as well as bioactive compounds, such as flavonoids and other polypheno-
lic compounds, including quercetin and cinnamic acid [1,2], asparagus (Asparagus officinalis L.)
has been increasingly consumed [3]. Therefore, the need has arisen for effective preser-
vation strategies that might retard quality loss, thus allowing long-distance distribution
and extended shelf life. Asparagus is a highly perishable vegetable, both for its delicate
structure and for its proneness to physiological alterations [4]. During storage, asparagus
spear quality is reduced due to toughening, loss of water, and changes the levels of in
ascorbic acid, carbohydrates, protein, and amino acids [5].

The short shelf life of asparagus is mainly due to its high respiration rate of about
60 mg CO2/kg × h at 5 ◦C [6], which continues after harvesting.

‘Vegalim’ is a male hybrid that is ideal for green asparagus production in regions with
a warm or Mediterranean climate. The main characteristics are a medium-early production
with high yields and excellent close tips, even in hot or warm climates. Fertile and well
drained soils are preferred. This variety is bred in the Netherlands and it is suggested
for green asparagus production under warm conditions, so the spear opening is delayed
as temperature rises [7]. Nevertheless, the cultivar shows good adaptability to winter
Mediterranean climate, so the production normally starts in January. It can also be adapted
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to the production of white asparagus, and spears are characterized by high weight and
uniform size.

Fresh vegetables should ideally retain freshness during the distribution life, and be
reasonably defect-free—thus, suitable packaging solutions should be designed to maintain
the highest quality possible for the longest time. After harvest, asparagus spears are sub-
jected to different changes, which result in the loss of quality, including the withering of
spears, changes in sugar and organic acid content, chlorophyll degradation, and lignifica-
tion of pericyclic fibers that results in toughening of tissue [8,9]. The above undesirable
effects can be reduced by quick cooling upon harvesting, refrigeration (below 5 ◦C for long
term storage), and storage in a modified atmosphere [10]. Sensory characteristics are used
by customers as quality standards in vegetable foods; however, the food industry needs
simpler methods to visualize the sensory quality achieved by producers rather than the
intensities of the descriptors [11].

The degree of lignification is one of the principal factors in determining the quality
of green asparagus. Lignin biosynthesis is associated with phenylalanine ammonia-lyase
(PAL) and peroxidase (POD) activity in plant tissues. Being able to inhibit or regulate the
activity of POD and PAL enzymes could actually improve the quality of green aspara-
gus [12].

Senescence is also associated with the defense system that triggers the response
of antioxidant enzymes and antioxidant substances naturally present in the vegetables.
Antioxidant enzymes (superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD),
for example) are of fundamental importance in the radical detoxification process in plant
tissues [13,14].

Packaging plays a key role in quality preservation of foods. With regards to fresh
horticultural products, packaging may limit water vapor transmission and regulate gas
exchange. In turn, these events result in the reduction of weight loss and withering
degree and in the slow-down of respiration. Since vegetable senescence is associated with
the extent of metabolic activities, the slow-down of respiration will result in prolonged
quality maintenance and retention of bioactive components [15]. The selection of suitable
packaging materials is crucial, since inappropriate packaging properties may reduce,
rather than extend, the product shelf life, by determining unsuitable headspace conditions
resulting in a metabolic imbalance [16].

Overall, the high economic value of this vegetable and its high perishability have
raised the need to look for possible strategies to increase its shelf life, since nowadays
asparagus spears are often distributed unpacked, in bunches surrounded by paperboard or
plastic bands. Therefore, the aim of the current study was to assess the performance of two
packaging solutions that could be applied by producers, in terms of potential for shelf-life
extension of green asparagus. The study was carried out by monitoring changes in color,
nutritional parameters, and sensory properties related to physiological changes, with a
specific focus on the enzymatic changes occurring during refrigerated storage.

2. Materials and Methods
2.1. Biological Material

Fresh green asparagus spears (Asparagus officinalis L. ‘Vegalim’) were kindly provided
by Asparago Sovrano Consortium (Enna, Italy).

Commercially mature spears of 28.5 ± 1.5 cm were harvested and transported to the
Di3A laboratories, then undamaged and straight spears, of about 16–20 mm in diameter
and ~22 cm in length with closed bracts and no visible signs of injury were selected for
the study.

2.2. Sample Preparation and Packaging Material

Green asparagus (‘Vegalim’) were divided into 2 homogeneous batches and packaged
into polypropylene macro-perforated bags (PP MA) with a piercing density of 7 holes cm−2

(Bemis Le Trait sas, Bourg Achard, France) and in micro-perforated coextruded PP bags
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(CoralifeSwaf C, Corapack s.r.l., Brenna (CO), Italy), with a row of central holes spaced
3 cm apart and having an oxygen transmission rate of 38,800 cc m−2 (PP C). In total,
60 bags (20 × 35 cm) were prepared using a manual sealing bar and filled with 65 ± 10 g
of fresh asparagus spears. All tasters were kept under refrigerated conditions at 4 ± 1 ◦C
and 90–95% Relative Humidity (RH) until analyses. Considering the natural decay of
the product, quality parameters were monitored every 7 days and performed on three
replicates for each batch; reported results were after 0 (packaging day), 8, 15, 22 and 30 days
of storage.

2.3. Headspace Gas Composition and Color Determination

The headspace gas composition was measured as reported by Villanueva et al. [3]
using a Dansensor Checkpoint (Dansensor, Ringsted, Denmark) and analyzing 10 mL of
the package headspace on three replicates.

Color was measured on three spears randomly chosen from two different bags, with
a Minolta portable colorimeter (CR-400 Konica Minolta, Inc., Osaka, Japan) using the
CIEL*a*b* color parameters, L*, a*, and b*. The equipment was calibrated by a standard
white calibration plate and using C as illumination source. Total color difference ∆E* was
calculated as reported by Licciardello et al. [17].

2.4. Chemical Analyses

Ascorbic acid was determined according to Association of Official Agricultural Chemists
(AOAC) [18]; briefly 10 g of samples were homogenized by Ultraturrax for 2 min in 40 mL
extraction solution prepared by dissolving 15 g metaphosphoric acid in 40 mL acetic acid
and bringing to a final volume of 500 mL with distilled water; 2 mL 2,6 dichloroindophe-
nol diluted 1:5 was mixed with 0.5 mL extract and the absorbance was monitored at
518 nm by a Shimadzu 1601 UV-Visible spectrophotometer (Shimadzu Corp. Tokyo, Japan).
The quantification was obtained by a calibration curve of suitable dilutions of standard
ascorbic acid.

Total polyphenols were measured and quantified using the Folin–Ciocalteu spec-
trophotometric method [19] The absorbance was measured at 740 nm using a Shimadzu
1601 UV-Visible spectrophotometer (Shimadzu Corp. Tokyo, Japan), and the total polyphe-
nol content (TPC) was then determined on the basis of a standard calibration curve gener-
ated with known amounts of gallic acid. Data were expressed as g of gallic acid equivalent
(GAE) kg−1 of fresh weight.

Chlorophylls and carotenoids were determined according to Li and Zhang [20] and
Lichtenthaler [21]. Briefly, 2 g of asparagus were homogenized with acetone and analyzed,
after centrifuging, at 645 and 662 nm for chlorophyll a (Chl-a) and b (Chl-b), respectively,
and at 470 nm for carotenoids.

Fiber content was determined as reported by Sothornvit and Kiatchanapaibul [22].
Samples were heated in hot water and 50% (w/v) NaOH; then, fiber was dried and weighed
to calculate the percentage of fiber content, while lignin content was determined using the
thioacidoglycolysis method, as proposed by Techavuthiporn and Boonyaritthongchai [23].
The absorbance was read at 280 nm using a UV-2401 spectrophotometer (Shimadzu Co.,
Kyoto, Japan) and the quantification was obtained using standard curves of p-coumaric
acid; lignin content was expressed as g kg−1 of fresh weight.

All chemical analyses were performed in triplicate. Reagents and solvents were
purchased from Sigma-Aldrich (Milan, Italy) and were of analytical or HPLC grade. Bi-
distilled water was used throughout these tests.

2.5. Enzyme Analysis and MDA Content

For antioxidant enzyme assays, 0.4 g of asparagus were ground to a fine powder with
liquid nitrogen and was extracted with 6 mL of extraction buffer (0.1 mol L−1 borate, 0.1%
mercaptoethanol; pH 8.8). The homogenate was centrifuged at 10,600× g for 15 min at
4 ◦C, and the supernatant was used for enzyme activity and protein determinations.
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The superoxide dismutase (SOD; EC 1.15.1.1) activity based on the measurement of
inhibition in the photochemical reduction of nitroblue tetrazolium (NBT) was determined
by method of Giannopolitis and Ries [24]. The catalase activity (CAT; EC 1.11.1.6) was
analyzed according to Aebi [25]. The glutathione peroxidase (GPX; EC 1.11.1.7) activity
was determined as described by Ruley et al. [26].

The concentration of protein was assayed using Bovine serum albumin (BSA) as a
standard [27].

Phenylalanine ammonia-lyase activity (PAL; EC 4.3.1.5) was measured according to
Mozzetti et al. [28]; 0.2 mL of the extract was added to 2.3 mL of reaction buffer (borate
0.1 M, 10 mM phenylalanine; pH 8.8). The mix was incubated at 40 ◦C and the reaction
stopped, after 60 min, by addition of 0.5 mL of 5 N HCl. The absorbance was read at
290 nm. PAL activity was expressed as the mol of cinnamic acid per kg of tissue produced
under the specific conditions.

Malondialdehyde content was determined based on the method used by Heath and
Packer [29] and Li, et al. [30]. First, 0.5 g of asparagus was ground to a fine powder with
liquid nitrogen and extracted with 1.5 mL of 5% trichloroacetic acid solution. Then, the
homogenate was centrifuged at 5000× g for 10 min, and the supernatant was diluted to
10 mL. The same volume of 0.67% TBA was mixed with the diluted extract (2 mL). The
mixture was incubated for 30 min at 100 ◦C in water bath and then centrifuged at 5000× g
for 10 min. The MDA content was expressed as nmol kg−1 of FW.

2.6. Sensory Test

A trained panel consisting of five department faculty members conducted the sensory
evaluations on the raw packaged spears, after refrigerated storage at 4 ± 1 ◦C and 90–95%
relative humidity. All evaluations took place at the quality and packaging laboratory at
20 ◦C.

To reduce first-sample and carry-over effects, a randomized distribution was used,
and different spears were randomly chosen from each packaging solution, for each assessor.

The sensory analysis test was carried out as reported by Arana et al. [11] and the
procedure followed the standard ISO/IEC 17,025 [31].

Firstly, visual references were registered, and spears were evaluated for the following
descriptors: ‘artichoke-shaped tip’, ‘firmness’, ‘color’, ‘fibrousness’, ‘growth of mold’,
‘odors’, ‘off-odors’, and ‘overall’. The scale intensity scores were from 0 to 5. The ‘artichoke-
shaped tip’ descriptor was defined as the apical bud with a shape resembling an artichoke,
and the evaluation technique consisted of the observation of the tip or bud, noticing the
presence of scaly sprouts, and giving 0 to a “close tip”, meaning the highest quality; the
definition for ‘firmness’ was the asparagus’ resistance to deformation by gravity, and giving
0 was the worst quality. The other descriptors were evaluated using a discontinuous scale
from 0 (absence of sensation) to 5 (extremely intense) Supplementary Materials.

In order to award the final quality score of each descriptor considering its relative
importance, the quality scores were multiplied by the weighting coefficients, and the
‘maximum score’ of each descriptor was then the percentage of importance assigned to it
with respect to the global quality of the sample [11].

2.7. Statistical Analysis

The data were subjected to a two-way analysis of variance (ANOVA) as a factorial
combination of packaging film × storage time. The means were compared with Tukey-test
(p < 0.05) using CoStat release 6.311 (CoHort Software, Monterey, CA, USA). The sensory
data for each attribute were submitted to one-way ANOVA using samples as factors.
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3. Results and Discussion
3.1. Effect of Different Packaging and Storage Time on Respiration Rate and Nutritional
Quality Parameters

As known, weight loss was significantly higher in the macro-perforated packaging
than in the PP C samples: the latter material was able to limit weight loss to 0.67%,
compared to 15.8% for PP MA [32]. Statistics underlined the significance of weight loss
for packaging and storage as well as their interaction (Table 1) and as confirmed by data,
the PP C film is suitable to slow down transpiration, thus limiting the weight loss of the
samples. A previous study suggested an oxygen concentration similar to air composition
(21%) and a carbon dioxide concentration in the range of 5 to 10% at 5 ◦C as an adequate
atmosphere of storage for asparagus sprouts [33].

Of course, the only modification in headspace composition in our study took place
in PP C bags, because PP C had a controlled permeability to gas, while PP MA bags were
used to guarantee hygienic condition as well as product containment but allowed non-
controlled gas transfer due to macro-perforation. The observed changes in headspace gas
composition (Table 1) were determined both by O2 consumption and by CO2 production
by green asparagus and by the gas permeability through the film.

O2 values were slightly below the recommended value, ranging around 18% from the
15 days of storage, followed by steady levels; however, CO2 stabilized around to 3.4% after
15 days. During studies of prolonged shelf life, PP C demonstrated the ability to keep the
internal atmosphere close to the suggested value maintaining the good quality of fresh
green asparagus.

The performance of chromatic indexes (L*, a*, b*, and ∆E) according to the analysis of
variance is reported in Table 1. Packaging influenced only a* (p ≤ 0.01), b* was influenced
by storage time at p ≤ 0.05, while all other interactions were not statistically significant.

Considering the intricacy of color representation, it is important to remember that
the model CIEL*a*b* has a wider range of color, in order to better represent the difference
as well as the variation perceived by the human eyes. For this reason, a decrease in
one component often corresponds to an increase in another, maintaining stable visual
color [34]. During the storage time, from the start of the trial to the end, a small increase in
L* values as well as in total color difference was reported. The total color difference (∆E),
as expected, increased during storage despite values in the range 3 to 6 being considered
quite distinguishable [34] (Table 1). The negative value of a* indicates a greater tendency
towards white color [35].

Ascorbic acid content was highly influenced by storage and packaging conditions
(Table 1). It is known that ascorbic acid is one of the most sensitive components and
is susceptible to degradation when fresh produce is subject to unsuitable handling and
storage conditions [20]. Values found on our samples, and reported in Table 2, at the
beginning of the study (0.295 g kg−1) were in line with those reported by other authors,
i.e., around 0.190–0.350 g kg−1 [19,20].

Samples in PP MA packaging had a quicker degradation of ascorbic acid, with a final
content of 0.219 g kg−1, compared to samples packed in PP C which almost maintained
the initial concentration, with a loss of 8% after 30 days of storage. Asparagus spears
packed into PP C also showed an increase of AsAC during storage (0.349 g kg−1 after 22 d)
according to a previous study [36]; this path can be explained as a dynamic equilibrium
between the starting ascorbic acid value and the production coming from oxidative and
senescence processes.

The starting concentration of total polyphenols was 3.0 g kg−1 of gallic acid equivalent
(Figure 1), higher than values found in other studies [19], reporting values in the range
0.810 to 1.74 g kg−1 as a function of ripening, seasonal, and environmental factors and their
interactions with agronomic practices as well as the different asparagus cultivars.
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Table 2. Effect of the “packaging (P) x storage time (S)” significant interaction on ascorbic acid content (AsAC), chlorophyll-a
(Chl-a), chlorophyll-b (Chl-b), and carotenoid (Car) in PP C (micro-perforated polypropylene bags) and PP MA (polypropy-
lene macro-perforated bags).

PP C PP MA PP C PP MA PP C PP MA PP C PP MA

Storage
Time
(d)

AsAC
(g kg−1FW)

Chl-a
(mg kg−1FW)

Chl-b
(mg kg−1FW)

Car
(mg kg−1FW)

0 0.295 ± 0.28 bA 667 ± 30 aA 205 ± 15 bA 20 ± 0.03 aA
8 0.266 ± 0.19 bA 0.269 ± 0.15 abA 111 ± 15 bcA 69 ± 18 bB 185 ± 29 bcB 298 ± 37 aA 8.3 ± 0.5 bA 0.6 ± 0.06 cB
15 0.273 ± 0.08 bA 0.231 ± 0.12 bcB 89 ± 26 cA 88 ± 16 bA 194 ± 19 bcA 210 ± 22 bA 0.6 ± 0.00 cB 1.1 ± 0.12 cA
22 0.349 ± 0.05 aA 0.270 ± 0.20 abB 133 ± 15 bA 96 ± 11 bB 150 ± 10 cA 59 ± 9 cB 0.4 ± 0.00 dB 3.4 ± 0.11 bA
30 0.276 ± 0.06 bA 0.219 ± 0.03 cB 5 ± 0.5 d n.d. 113 ± 27 cA 189 ± 32 bA n.d. n.d.

Values are means ± SD of four replicates (n = 4). Different lower-case letters within the column indicate statistically significant differences
among storage times according to Tukey’s test at the significance level (p < 0.05); different capital letters indicate statistically significant
differences according to Tukey’s test at the significance level (p < 0.05). n.d.; not detectable.
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Total polyphenol content (TPC) was influenced by both storage and packaging condi-
tions tested and by their interaction (p < 0.001) (Table 1). TPC decreased for both packaging
materials tested: samples packed in PP MA lost 45% of the initial value (1.65 g kg−1 after
30 d), while spears packed in PP C limited the decrease to a final value of 2.3 g kg−1, which
corresponds to a 24% loss compared to the initial value. It is evident that PP C was able to
preserve TPC content during shelf life, considering that the lowest concentration found
after 30 days of storage corresponded to the amount found in PP MA after 8 days of storage
(Figure 1).

The quality of asparagus spears is differently influenced by the amount of chlorophyll
a and b considering that their ratio inside the chloroplast is 3:1 [37]. The values determined
in the fresh product, corresponded exactly to the previous cited ratio, with a starting
concentration of 667 mg kg−1 in Chl-a and 205 mg kg−1 for Chl-b (Table 2), and they were
both influenced by packaging and storage as well as their interaction (Table 1). Moreover,
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the total chlorophyll concentration also decreased during storage, in both films tested,
according to previous studies [20,38].

The Chl-a content decreased quickly in the first 8 days for both packaging materials,
even reaching a drop of the 90% in samples packed in PP MA (Table 1), probably due the
higher gas exchange and faster metabolism, followed by an increase after 15 and 22 days
(Table 2), probably due to a decrease in fresh weight caused by a greater water loss of PP
MA, which reached undetectable levels after 30 days of storage. In contrast, the Chl-b
content was slightly more stable during storage, with a more evident drop-off after 22 days
in PP MA then in PP C, saving an amount of Chl-b in the range of 45 to 80% which was
related to water loss (Table 2).

Carotenoids in asparagus spears are not visible, because their color is masked by the
green of chlorophylls, but they have a nutritional value if present in low concentrations [38];
their level was influenced by both storage and packaging condition as reported in Table 1.
In fresh asparagus spears, the total carotenoid content was 20 mg kg−1 (Table 2); after
8 days of storage there was an almost complete (97%) loss in samples packed in PP MA,
while samples stored in PP C limited loss to about 58.9% in the same period. Afterwards,
at the end of the shelf-life study, the total carotenoid content was not detected.

Considering the possible correlations among color coordinates and the concentration
of the pigments analyzed, during the period of storage, they showed a second degree
polynomic model. In particular, many of them had the weakest correlation with the color
parameters, with an r2 that did not exceed 0.65. The correlations were slightly higher for
the concentrations of Chl-b with L* coordinate and of Chl-a with a* and ∆E with coefficient
of determination of 0.798, 0.828, and 0.983, respectively. Interestingly, the correlation of
carotenoid with ∆E had a coefficient of determination equal to 1. However, from all the
parameters, ∆E could best be used to estimate the concentration of these pigments. This
seems logical considering that this parameter was calculated as it simultaneously utilized
the L*, a*, and b* color coordinates, as indicated by its high r2 values with Chl-a and
carotenoid.

Texture is one of the main factors in determining eating and cooking quality of fresh
asparagus and excessive fiber is a disagreeable quality characteristic. Spear lignification, of
the fiber ring and the vascular bundles, in asparagus causes toughening [39]. As reported
in Table 3, the analysis of variance showed that packaging and the storage time had a
significant (p < 0.001) effect for both fiber and lignin parameters.

Table 3. Effects of “packaging” and “storage time” on fiber (%), lignin content (g kg−1 FW), phenylalanine ammonia-
lyase (PAL) activity (mmol min−1 g−1), catalase (CAT), glutathione peroxidase (GPX), and superoxidedismutase (SOD)
activity (U mg−1 protein−1), and malondialdehyde content (MDA) (nmol g−1 FW) on green asparagus spears (Asparagus
officinalis L. ‘Vegalim’). Two packaging materials were considered—PP C (polypropylene micro-perforated bags) and PP
MA (polypropylene macro-perforated bags).

Fiber
(%)

Lignin
(g kg−1 FW)

PAL
(mmol min−1 g−1)

CAT
(U mg−1

protein−1)

SOD
(U mg−1

protein−1)

GPX
(U mg−1

protein−1)

MDA
(nmol g−1 FW)

Packaging (P)
PP C 4.98 ± 0.15 b 0.018 ± 7.9 10−5 b 0.0096 ± 0.00 b 0.31 ± 0.03 a 25.29 ± 7.7 1034.66 ± 154.9 b 0.74 ± 0.05

PP MA 5.64 ± 0.36 a 0.021 ± 7.9 10−5a 0.0109 ± 0.00 a 0.24 ± 0.04 b 27.20 ± 7.4 1383.82 ± 203.8 a 0.73 ± 0.02
Storage time (S)

0 3.38 ± 0.14 c 0.014 ± 0.02 0.009 ± 0.00 b 0.23 ± 0.05 ab 81.22 ± 5.4 a 708.83 ± 115.6 c 0.77 ± 0.02 ab
8 4.66 ± 0.18 b 0.019 ± 0.00 0.009 ± 0.00 b 0.34 ± 0.04 a 12.39 ± 1.7 b 859.66 ± 119.0 bc 0.85 ± 0.07 a
15 6.03 ± 0.16 a 0.020 ± 0.00 0.012 ± 0.00 a 0.028 ± 0.02 ab 10.54 ± 2.0 b 810.98 ± 57.5 bc 0.77 ± 0.03 ab
22 5.66 ± 0.17 a 0.019 ± 0.00 0.011 ± 0.00 a 0.37 ± 0.01 a 8.16 ± 1.0 b 1308.92 ± 163.2 b 0.65 ± 0.04 b
30 6.33 ± 0.33 a 0.020 ± 0.00 0.010 ± 0.00 ab 0.15 ± 0.06 b 18.93 ± 0.9 b 2357.81 ± 244.2 a 0.64 ± 0.06 b

(P) * *** ** ** NS ** NS
(S) *** NS *** *** *** *** ***

(P) x (S) *** *** *** * NS ** **

NS, not significant; *significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001.

As expected, an increase in fiber content was observed for samples in both plastic
films tested (Figure 2a). The initial fiber content was 3.38%, a percentage slightly higher
compared to values reported in literature, but this is probably a specific characteristic of
the ‘Vegalim’ genotype; among packaging, samples packed in PP C showed an increase of
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72% after 30 days of storage (Figure 2a), reaching a fiber content of 5.81% against the final
value of 6.85% recorded by PP MA that increased the starting value by around 102%.
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Figure 2. Fiber content (a) and lignin content (b) as affected by the ‘packaging material × storage time’ interaction of green
asparagus during 30 days of storage in PP C and PP MA. Data are the average of three replicates ± standard deviation.
Means with different letters are significantly different (p < 0.05) according to Tukey’s test.

Lignin content is one of the components of the sclerenchyma cell of asparagus fiber and
it is considered as the main freshness attribute of asparagus. Increase in lignin levels during
storage results in the toughening which occurs in the asparagus a few days after harvest [4].
The initial lignin value was 0.019 g kg−1 in line with data reported by An et al. [4]; changes
in lignin content were evaluated during storage and reported in Figure 2b. Changes of
lignin content of packaged asparagus were symmetrical; in PP MA there was an increase
that reached a value of 0.023 g kg−1 after 8 days of storage, with a new decrease at the end
of the study of 0.018 g kg−1; while the performance of PP C showed a decrease after 8 days
of storage to 0.016 g kg−1 and then an increase to values similar to those recorded at the
start of the experiment, despite indicating small changes during the 30 days of the study,
with a final value of 0.02 g kg−1.
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3.2. Effect of Different Packaging and Storage Timse on Enzymes and MDA Content

The phenylalanine ammonia-lyase (PAL), is a primary enzyme of the phenylpropanoid
pathway that produces anthocyanins, flavonoids, and lignin, and it is the key enzyme
responsible for lignification of asparagus spears. It is also the key enzyme in the synthesis of
phenolic compounds, which can decompose phenylalanine into phenols. As the initial step
of the phenylpropanoid pathway, PAL mainly breaks down phenylalanine into cinnamic
acid, a key intermediate in the pathway of lignin production. Controlling its activity
can be one of the effective ways to delay hardening, as reported by Toscano et al., [40],
who reduced the PAL activity by treatment with ammonium sulfate (2 mmol L−1). The
analysis of variance (Table 3) showed that packaging and the storage time had a significant
(p < 0.001) effect on the PAL activity. In PP MA, PAL activity showed a significant increase
compared to PP C at the end of the trial (30 days), with an increase of 40% (Figure 3a).
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Figure 3. PAL activity (PAL) (a), catalase (CAT) (b), glutathione peroxidase (GPX) (c), and malondialdehyde (MDA) (d). as
affected by the ‘packaging material × storage time’ interaction of green asparagus during 30 days of storage in PP C and PP
MA. Data are the average of three replicates ± standard deviation. Means with different letters are significantly different
(p < 0.05) according to Tukey’s test.

Thus, according to the data obtained, the activity of PAL enzyme could be significantly
inhibited by packaging and storage into PP C. Indeed, to maintain some qualitative char-
acteristics of green asparagus, it could help the inhibition or regulation of this enzymatic
activity [41].

In addition to PAL, other enzymes regulate the process of lignification of spears. Apel
and Hirt, have shown that to reduce the effects of oxidative stress, plants have evolved
efficient complex enzymatic and non-enzymatic systems, such as glutathione, ascorbic acid,
carotenoids, and reactive oxygen species (ROS) scavenging enzymes (SOD, GPX, CAT, and
APX) [42]. The effect of packaging and storage time and their interactions on the CAT,
SOD, and GPX in the samples are showed in Table 3. The analysis of variance (Table 3)
showed that the packaging and the storage time also had a significant (p < 0.01) effect on
the CAT activity. As shown in Figure 3b, during the storage time, significant differences in
CAT activity between the packaging materials emerged after 22 days of storage, with an
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increase of 53% in PP C compared to PP MA. This parameter declined throughout time,
reaching values close to 0 in the PP MA treatment at the end of the trial.

No significant differences in the SOD activity among the packaging and the storage
were detected (Table 3). The SOD activity was significantly affected only by packaging.
Toivonen and Sweeney, in a study on two genotypes of broccoli, showed that a delay of
senescence was correlated to increase of SOD activities [43]. From the results of our study,
it can be hypothesized that PP C might delay the senescence of asparagus spears by means
of regulating the antioxidant enzyme systems.

Storage time and its interaction with packaging significantly (p < 0.01 and p < 0.001,
respectively) influenced the GPX activity, as evidenced by the ANOVA (Table 3). Our
results showed that the GPX activity increased at the end of the trial in both films with
an increase of 65% in PP MA and 73% in PP C compared to the initial value (Figure 3c).
Asparagus spears treated with PP MA showed, in general, a higher GPX activity than PP C,
which might have resulted in efficient conversion of the superoxide anion radical to H2O2
then to H2O [44].

However, SOD and GPX enzyme activities in asparagus are diminished with the
lengthening of postharvest time [4], which results in the accumulation of hydrogen peroxide
(H2O2) in organism [45,46].

The thiobarbituric acid-reactive substance (MDA) is one of final products of polyun-
saturated fatty acid oxidation of the cell membrane, resulting as product of membrane lipid
peroxidation, which is caused by accumulation of reactive oxygen species and it has been
used as a direct indicator of membrane injury. In our study the MDA content remained
constant during the storage time in both treatments (Figure 3d). After only 8 days the MDA
content of asparagus in PP C was significantly higher (26%) than that stored in PP MA. In
several studies of fruit and vegetable shelf life, a continuous increase in MDA content was
also observed; for post-harvest broccoli it was explained [47,48] that senescence is related
to lipid peroxidation (MDA content) resulting to disintegration of the cell membrane.

3.3. Sensorial Test

Table 4 shows the mean scores of the significant descriptive sensory analysis attributes
of ‘Vegalim’ green asparagus in the two different packaging materials. As can be observed,
no significant difference between treatments was detected in the first 15 days of storage
for any of the eight quality attributes considered. After 22 days of storage the descriptors
which recorded the most significant differences were turgidity, firmness, color, and total
acceptability. These scored better values for PP C than for PP MA, with artichoke-shaped
tip and odors being identified as different. It is noteworthy that the statistically significant
changes highlighted by instrumental color parameters did not correspond to perceived
color differences until 22 days of storage. This could be due to samples’ variability and
to the small, though significant, differences recorded by the colorimeter. At the end of
the shelf-life study, the main differences were, again, in firmness, color, turgidity, and
total acceptability, the same four parameters which showed significant differences in the
previous sampling.

In this last sampling (30 days) the judges’ assessments were similar to the previous
ones for PP MA, while the values of samples in PP C were noticeably worse. The worst
attributes, mold growth and off-odors, were not detected by judges, proving the genotype
‘Vegalim’ suitable for prolonged refrigerated storage in both packaging materials tested.

Overall, the comparison between the two packaging materials showed that a film
with controlled gas permeation rather than a macro-perforated film is more suitable for
quality maintenance of fresh asparagus spears by reducing water vapor transmission, thus
creating a saturated moisture atmosphere which minimizes transpiration and consequent
withering. Similarly, the PP C film was able to generate a suitable headspace, close to values
suggested in literature, which resulted from the combination of the vegetable metabolism
(O2 uptake and CO2 emission) and film permeability (CO2 flowing outwards and O2
inwards), following partial pressure gradients. The resulting passive atmosphere has
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positive effects on the metabolism of the vegetable, as was confirmed by the better retention
of bioactive components and highest sensory scores.

Table 4. Mean scores of the significant sensory attributes of asparagus in different packaging materials—PP C (micro-
perforated coextruded PP film) and PP MA (macro-perforated PP film) during 30 days of storage.

Storage Time (d) Attribute
Packaging

PP C PP MA

0 No significant differences
8 No significant differences

15 No significant differences

22

Artichoke-shaped tip 1.8 b 4.2 a
Firmness 5.0 a 2.4 b

Color 4.0 a 1.8 b
Turgidity 4.0 a 2.0 b

Odors 3.6 a 1.2 b
Total acceptability 3.6 a 1.2 b

30

Firmness 4.2 a 2.4 b
Color 4.0 a 2.6 b

Turgidity 4.0 a 2.4 b
Total acceptability 4.0 a 2.2 b

∗ Values marked with different letters in the same row are significantly different (p < 0.05) according to the Tukey’s test.

4. Conclusions

Despite many previous papers studying different postharvest treatments for maintain-
ing the quality of asparagus spears, and focusing on changes in packaging materials and
storage conditions such as temperature or relative humidity, or modifying the atmosphere,
changing oxygen, carbon dioxide, and nitrogen percentage, few of them have considered
a prolonged shelf life as we did in our study. A longer shelf life has a double-positive
effect both for limiting food waste and extending the economic value for the presence
on the market. Since, nowadays, asparagus spears are often distributed unpacked, in
bunches surrounded by paperboard or plastic bands, it is relevant to assess the potential of
packaging materials commonly used for fruits and vegetables (polyethylene, low density
polyethylene, and polypropylene) for shelf-life extension. PP C film was confirmed as the
best choice between our tested plastic films. PP C package could effectively limit water
loss and maintain the fresh appearance of fresh asparagus spears during storage, thus
allowing an extension in postharvest life. It controlled the weight loss and kept, naturally,
the internal atmosphere close to suggested values for fresh green asparagus according
to literature data. Also, from a chemical point of view, PP C had the best performance.
Asparagus spears packed in PP C could slow down carotenoid loss, reduce PAL, GPX
and MDA activity after 30 days of refrigerated storage and improve sensorial qualities
compared with PP MA. In PP MA, the observed AsAC, TPC, fiber, and lignin concentra-
tions are partially determined by a significant level of dehydration, as proved by weight
loss, which was almost negligible in PP C. In other words, the observed difference would
be even greater if we considered those parameters on dry weight basis. Mold growth
and off-odors were not detected, proving ‘Vegalim’ asparagus as a suitable variety for
prolonged refrigerated storage. Providing this genotype with a suitable packaging such
as PP C would greatly improve its potential for distribution by retarding senescence and
maintaining higher quality parameters.

Research on packaging materials is nowadays highly focused on biodegradable ma-
terials, especially for fresh products packaging. However, the use of conventional plastic
materials still offers higher convenience, especially when mono-material films are con-
cerned. Indeed, PP films can be effectively recovered and recycled in the current waste
management systems, while biodegradable films, to date, represent an issue for the current
composting facilities. PP C film represents a viable strategy for shelf life extension of
green asparagus and it can thus represent a reference material for future evaluation of
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biodegradable/compostable materials once cost, performance, and waste management
aspects are improved.
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Abstract: Coatings that reduce the fat content of fried food are an alternate option to reach both
health concerns and consumer demand. Mucilage of garden cress (Lepidium sativum) seed extract
(MSE) was modified into an edible coating with or without ascorbic acid (AA) to coat fresh-cut potato
strips during cold storage (5 ◦C and 95% RH for 12 days) and subsequent frying. Physical attributes
such as color, weight loss, and texture of potato strips coated with MSE solutions with or without
AA showed that coatings efficiently delayed browning, reduced weight loss, and maintained the
texture during cold storage. Moreover, MSE with AA provided the most favorable results in terms of
reduction in oil uptake. In addition, the total microbial count was lower for MSE-coated samples
when compared to the control during the cold storage. MSE coating also performed well on sensory
attributes, showing no off flavors or color changes. As a result, the edible coating of garden cress
mucilage could be a promising application for extending shelf-life and reducing the oil uptake of
fresh-cut potato strips.

Keywords: Lepidium sativum; potato; browning index; oil uptake; antioxidant activity

1. Introduction

Potato (Solanum tuberosum L.) is one of the most popular crops globally. It is the fourth
largest crop in production, after rice, wheat, and maize [1]. In 2019, and according to FAO
statistics, the world production of potatoes was around 400 million tons from 19.25 million
ha. Apart from its importance as a significant carbohydrate supplier, potato is an excellent
source of several essential minerals, vitamins, dietary fiber, and antioxidants [2]. The
demand for fresh-cut, minimal processed, and ready-to-eat fruits and vegetables, including
potatoes, is increasing, particularly in urban areas due to the convenient nature of these
products. During processing, the unit operations (peeling, cutting, and slicing) cause
severe damage to living tissues, which increases the respiration rate, enzymatic browning,
microbial spoilage, and water loss, resulting in quality losses and reduced shelf-life [3,4].
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Enzymatic browning is one of the most prevalent causes of deterioration and loss
of quality in processed potato products. Enzymatic browning negatively affects the sen-
sory quality and nutritional components of potatoes [5]; it is triggered when phenolic
compounds are leaked from damaged tissues and oxidized by polyphenol oxidase on the
surface of fresh-cut potatoes [6]. Therefore, inhibiting enzymatic browning by various
pre-treatments has been an important topic of research. Various pre-treatments have been
studied for preventing enzymatic browning in potatoes, for example, dipping in hot water
(55 ◦C) for 10 min [7], ultrasonic treatment [8], exogenous γ-aminobutyric acid (20 g L−1)
application [9], and the application of 3-mercapto-2-butanol under the concentration of
25 µL L−1 at 5 ◦C [10]. Moreover, the application of antioxidants (oxalic and ascorbic acid) is
well known to control enzymatic browning [11,12]. However, some of these anti-browning
agents and treatments are generally not practical in industrial application due to their low
customer acceptance, high cost, and negative impact on physicochemical properties.

Several dishes are prepared from potato in almost different cultural and geographical
regions. However, one of the most common preparations is deep-fried potato chips and
fries [13]. Consumer preferences are changing towards convenient food, as they look for
healthier choices with low sugar and fat content [14]. Reducing oil uptake for fried foods by
pre-drying before frying, frying under high temperature for a short time, and using edible
coatings has been a subject of interest in the previous research [15]. The edible coating
to reduce oil update in fried foods can provide a practical alternative for commercial
applications. However, the research and development in the edible coating to reducing
oil uptake are still in their infancy. This article contributes to developing edible coatings
as a mainstream application to reduce the oil content of fried foods such as potato chips
and fries.

Lepidium sativum is known as garden cress or pepper cress and belongs to the family
Bassicaceae [16]. The various parts of the garden cress plant, such as seeds, leaves, or aerials,
contain different phytochemicals (flavonoids, glycosides, alkaloid, and polyketides) and
vitamins, minerals, proteins, fats, and carbohydrates. The principal constituents of garden
cress are linolenic acid (33%) and oleic acid as the most essential fatty acids (23%), the
principal sterol is β sitosterol (50%), and tocopherol (1.5–1.9 g kg−1) with c-tocopherol [17].
Due to these phytochemicals, garden cress is known for its various therapeutic and herbal
effects [18]. Garden cress gum, categorized as a kind of water-soluble hydrocolloid, might
be a potential raw material for preparing edible films and coatings. This is due to its
physical, mechanical, optical, and barrier characteristics, which are essential in food pack-
aging applications [19]. The biodegradable, edible nature of the garden cress seed gum
coating and the seeds’ characterization (physical, microstructural, mechanical thermal char-
acteristics) have been studied before [20]. A significant quality (microbiological, chemical,
and sensorial) and shelf-life (cold storage) improvement was observed in shrimp samples
coated with garden cress seed gum that contains 10% carvacrol [21]. The major advantages
of edible films and coatings are biocompatibility, eco-friendliness (reducing 66% of total
packaging wastes), low cost, and excellent barrier properties for gases, lipid, and aroma.
Moreover, edible coatings can also be used as a carrier for foods additives and natural
bioactive compounds such as vitamins, antioxidants, and antimicrobial compounds [3,22].

This study aimed to evaluate the effect of edible coating based on garden cress
(Lepidium sativum) seed mucilage (gum) with or without ascorbic acid on the shelf life,
microbial load, physical properties, oil uptake, and consumer acceptance of fresh-cut
potato strips during cold storage at 5 ◦C for 12 days, which were subsequently fried into
potato fries.

2. Materials and Methods
2.1. Materials

Lepidium sativum (Golden grass) seeds were purchased from the local market in
Giza, Egypt. Methyl alcohol, gallic acid, sodium carbonate, 2,2-Diphenyl-1-picrylhydrazyl
“DPPH” and Folin and Ciocalteu’s phenol reagent were purchased from Sigma-Aldrich
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(USA). Potato dextrose agar, plate count agar, and ethylene methylene blue agar were
purchased from Oxoid Ltd. (Basingstoke, UK).

2.2. Water Extraction of Lepidium Sativum Seeds Mucilage

The mucilage was extracted according to Karazhiyan et al. [23] with some modifica-
tions. First, 50 g of seeds were soaked in 500 mL of distilled water for 12 h and followed
by blending (Blender, Moulinex 400 W, Model: LM2420, French) for 15 min at 4000 RPM.
Next, blended seeds were filtered under vacuum using the Buchner flask. The pH (pH
meter: Jenway, model 3305, Dunmow, Essex, UK) of mucilage seed extract (MSE) was 4.7.
For preparing the coating solution, 0.5% glycerol was added to seed mucilage extract and
then pasteurized at 90 ◦C for 1 min.

2.3. Total Phenolic Compounds of Seedcake and MSE

The phenolic content in the fruit juices was estimated by the Folin–Ciocalteu method
as described by Awad et al. [4] with some modifications. Five grams of homogenized
L. sativum seedcake or 5 mL mucilage seed extract was extracted with 50 mL of methanol
80% in a conical flask with a shaker at 1000 rpm for 1 h at room temperature. The extract
was then filtered with filter paper No 1; 0.5 mL of the extract was mixed with 2.5 mL
of Folin–Ciocalteu reagent (1:10 with water) and, after 3 min, 2 mL of sodium carbonate
(7.5%) was added. The absorbance was measured at 765 nm after 1 h of incubation in
the dark at room temperature by a spectrophotometer (Unico UV-2000, UNICO company,
Fairfield, NJ, USA). TPC was expressed as the gallic acid (GAE g kg−1) dry weight of seeds
or 1 L of MSE.

2.4. Antioxidant Activity % of MSE

The antioxidant activity of MSE was determined according to Ali and El Said [24]. First,
1 mL of the MSE was added to 3 mL of methanol and 1 mL of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) (0.024 g DPPH in 100 mL−1 of methanol). The mixture was incubated in the dark
at room temperature for 30 min, followed by absorbance measurements at 517 nm. The
antioxidant activity was expressed as % of activity (Equation (1)).

Activity (%) =

[
A control − A sample

A control

]
× 100 (1)

A control: the absorbance of the control.
A sample: the absorbance of the sample.

2.5. Preparation of Coated Fresh-Cut Potato Strips

The potatoes were hand-peeled, cut into strips (1.0 × 1.0 × 8 cm) with a manual
French fry cutter and washed with cold water to remove excess starch. The potato strips
were then drained to reduce the water content on the surface. The samples were divided
into 5 treatments as follow:

1. Control: the strips were dipped in distilled water for 5 min.
2. Ascorbic acid (AA): the strips were dipped in AA solution with a concentration of

500 ppm for 5 min.
3. Mucilage seed extract (MSE): the strips were dipped in MSE-coating solution for

5 min.
4. Mucilage seed extract with ascorbic acid (MSE + AA): the strips were dipped in

MSE + AA (250 ppm) coating solution for 5 min.
5. Blanching: the strips were blanched for 2 min at 97 ◦C.

The strips were dipped at room temperature using gentle magnetic agitation (the
ratio of grams of potato tissue to milliliters of the solution was 1:4). The strips were
allowed to dry at ambient conditions and then placed in polypropylene trays covered with
polypropylene pouches (each pouch contained 200 g potato strips (“approx. 20 potato
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strips”), which were closed thermally. The samples were stored at 5 ◦C and 95% RH for
12 days. The strips potato samples were taken at 4 d intervals for physical, chemical, and
microbiological analysis. Specifically, we used 3 pouches as replicates for each treatment,
so totally we prepared 9 pouches for each treatment.

2.6. Frying of Potato Strips

All samples were deep fried according to Reis et al. [25] in a deep frier (Orbit Pan
2000 Watts, Model: 2724297419595, Turkey) with a capacity of three liters of refined canola
oil (1:6 strips: oil ratio) at 170 ◦C for 4 min. The oil was changed every time each batch
was fried. Finally, the fried strips were allowed to cool and analyzed for oil uptake at
room temperature.

2.7. Determination of Weight Loss, Texture, and Browning Index

Potato strips were weighed immediately after drying and at 0, 4, 8, and 12 days. The
results are shown as the percentage weight loss compared to the initial fresh weight [26].
Ten potato strips from each treatment were used to determine texture using a digital
penetrometer (PCE-PTR 200, PCE Americas Inc., Jupiter, FL, USA), and values are presented
as Newtons (N). The browning index (BI) was calculated according to El-Mogy et al. [3]
using Equation (2).

BI =
[100 (x − 0.31)]

0.17
(2)

where:

x =
(a∗ + 1.75L∗)

(5.645L∗ + a∗ − 0.3012b∗)

A Minolta colorimeter (Model CR-400 Chroma Meter, Konica Minolta, INC, Tokyo, Japan)
was used to measure a* (color change from red to green), b* (color change from yellow to
blue), and L* (lightness) values. A standard white calibration plate was used to calibrate
the colorimeter [27].

2.8. Total Phenolic Compounds (TPC) of Potato Strips

The total phenolic compounds were determined according to the Folin–Ciocalteu
spectrophotometric method described by Awad et al. [3] for potato strips, L. sativum
seedcake and mucilage seed extract (MSE). Five grams of homogenized potato strips
(interval during storage time) were extracted with 50 mL of 80% methanol in a conical flask
with a shaker at 1000 rpm for 1 h at room temperature. The extract was then filtered with
filter paper No 1., and 0.5 mL of potato extract was mixed with 2.5 mL of Folin–Ciocalteu
reagent (1:10 with water), and after 3 min, 2 mL of sodium carbonate (7.5%) was added. The
absorbance was measured at 765 nm after 1 h of incubation in the dark at room temperature.
TPC was expressed as the gallic acid (GAE mg 100 g−1) fresh weight of potato strips.

2.9. Oil Uptake (OU)%

Fat content (FC)% of potato French fries were determined according to a Bligh and
Dyer [28] extraction. The OU% in the coated potato French fries relative to the uncoated
ones was expressed as in Equation (3):

OU (%) =
FCcoated

FCuncoated
× 100 (3)

In addition, the reduction of oil uptake was calculated by Equation (4).

Oil uptake reduction (%) =
FCcoated − FCuncoated

FCcoated
× 100 (4)

where FC = fat content (%).

138



Foods 2021, 10, 1536

2.10. Microbiological Analysis

Ten grams of potato strip samples were crushed and diluted (1:10 w/v) in 0.1%
buffered peptone water, homogenized by hand massaging for 3 min, and serially diluted
with buffered peptone water. The total count was determined using the standard plate
count method described by Shehata et al. [29] using plate count agar media and incubating
plates at 30 ± 1 ◦C for 48 h. Mold and yeast counts were performed in potato dextrose
agar by incubation at 25–28 ◦C for 5–7 days. Escherichia coli was determined according to
ISO 16654 [30]. Microbial counts were expressed as log CFU g−1 of tissue.

2.11. Statistical Analysis

The experiments were performed using a completely randomized design. R version
4.0.2 Statistical Package (Vienna, Austria) was used for data analysis. A two-way ANOVA
(analysis of variance) for measures was conducted with holm-corrected LSD tests for
CLD letters. In addition, a non-metric multidimensional scaling (NMDS) for sensory
parameters was performed having the first two dimensions of meta-MDS (comm = ff, k = 3)
(multidimensional global scaling using mono-MDS).

2.12. Sensory Analysis

Sensory characteristics including color, taste, odor, texture, and overall acceptability
were evaluated for fresh cut and fried potato strips once immediately after treatment by
50 untrained panelists of the Food Science Department (35 females and 15 males, aged
22 to 45 y). A 9-point Hedonic scale (0–2 = dislike extremely, 3–4 = dislike slightly, 5 = fair,
6–8 = like moderately, and 9 = excellent) was utilized for this purpose [31]. The potato strip
samples were served at room temperature on two plates: fresh cut and fried potato strips.

3. Results and Discussion
3.1. Weight Loss, Texture and Browning Index

All treatments lost significantly less weight than the controls, starting from 4 days of
storage until the end of the storage period (Figure 1). The lowest weight loss values were
obtained from MSE + AA treatment. Similar effects of MSE + AA were shown previously
on reducing weight loss in vegetables and fruits such as artichoke heads [3] and plums [32].
The beneficial effects of coating for decreasing weight loss might be due to adjusting
the internal atmosphere and reduced respiration rates [3,29]. In addition, ascorbic acid
contribution to the reduction in weight loss is possible due to the detoxification of active
oxygen species [33].

As shown in Figure 2A, the texture of the control decreased with increasing storage
time. The samples lost about 75% of their firmness after 12 days from the start of the storage.

Blanching led to lower firmness values than all treatments and the control starting
from zero time until the end of storage. Moreover, the firmness of potato strips treated
with MSE coating alone or with AA also decreased, but the decrease was significantly
smaller than in other treatments. The firmness of fresh-cut fruits and vegetables is one of
the most critical factors affecting the quality and shelf life [34]. Previous work reported that
AA carried by chitosan as an edible coating layer significantly reduced firmness during
refrigerated storage of plums fruits [32]. It was suggested that coating and AA application
could reduce the main cell wall-degrading enzyme (such as polygalacturonase and pectin
methylesterase) activity.

Enzymatic browning is one of the most prominent industrial problems in fresh-cut
products due to the oxidation of phenolic compounds [3]. Our results indicated that
browning increased by increasing the storage period (Figure 2B). Blanching showed the
lowest browning index for overall storage periods compared to other treatments and
control. A significantly lower browning index for the MSE + AA treatment was found
during the whole storage period compared to the control. Although ascorbic acid as an
anti-browning agent in fresh-cut vegetables has been reported previously [3], the effect is
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primarily due to the role of ascorbic acid as an oxygen scavenger that prevents oxidation
by polyphenol oxidase [35].

Figure 1. Effect of ascorbic acid (AA), mucilage seed extract (MSE), MSE + A.A, and blanching
on weight loss (%) of fresh-cut potato strips. (Means with the same CLD letter are not statistically
significantly different. Letters come from holm-corrected multiple comparisons across all times
and treatments).

Figure 2. Effect of ascorbic acid (AA), mucilage seed extract (MSE), MSE + A.A, and blanching on firmness (N) (A) and
browning index (B) of fresh-cut potato strips. (Means with the same CLD letter are not statistically significantly different.
Letters come from a holm-corrected multiple comparisons, across all times and treatments).

3.2. Total Phenolic Compound and Antioxidant Activity of Seedcake and MSE

We determined the TPC in the dried garden cress seeds and in the seed mucilage
after soaking in water to define the effect of the mucilage extraction method on the TPC
content and to be sure of the quality of the garden cress that we used in this study. The
aqueous extract contained 0.044 g GAE L−1, and seeds contained 0.441 g GAE kg−1 dry
weight of TPC. Several studies have previously determined the TPC of Lepidium sativum
seeds. Zia-Ul-Haq et al. [36] reported that the aqueous extracts of Lepidium sativum seeds
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contain 0.0120 g GAE kg−1. In addition, Chatoui et al. [17] reported that the TPC of
Lepidium sativum seeds’ aqueous extract contains 0.62 g GAE kg−1 of seed extract.

Meanwhile, the obtained results showed a lower content of TPC in L. sativum seed
extract. The TPC content varies depending on plant variety, agronomic practices, seed col-
lection stage, and climatic and area geological condition of where seeds are harvested [37].
Rafińska et al. [38] indicated that extracting TPC of dried L. sativum seeds with water was
an effective method due to the lowest level of interfering substances with high molecular
masses. In addition, high hydrophilicity characterizes the phenolic compounds present in
the seeds, possibly due to several hydroxyl groups.

The mucilage seed extract of L. sativum showed good antioxidant activity determined
with DPPH, which recorded 90%. Chatoui et al. [17] noticed that the increase in TPC
increases the antioxidant activity of the extract.

3.3. Changes in Total Phenolic Content of Fresh-Cut Potato Stripes

For each treatment, the total phenolic content was determined in fresh-cut potato
strips (Figure 3). The initial level of the phenolic compound ranged from 1827 to 3330 mg
100 g−1; there was no difference between all treatments, except for the blanched sample,
which recorded the lowest initial levels of TPC (0.1827 mg 100 g−1 of potato strips). The
phenolic compounds’ susceptibility to leaching from the plant tissue and degradation of
heat-sensitive phenolic compounds can result in losses [39]. TPC contents of potato strips
were significantly affected by the MSE treatment (Figure 3). MSE coating resulted in a 58%
and 20% higher TPC content than the control sample (MSE + A.A.: 3291 mg 100 g−1, MSE:
2499 mg 100 g−1 fresh weight of potato strips). The most significant effect was observed
when MSE was supplemented with A.A., where the final retention of the TPC after 12 days
of storage was 2315 mg 100 g−1 fresh weight of potato strips. These results are following
El-Mogy et al. [3], who indicated that edible coating with Cordia gum (edible polysaccharide
coating with a high content of phenolic compounds), when supplemented with AA, had
a significant positive effect on TPC of artichoke bottoms during cold storage at 4 ◦C for
9 days. However, the TPC decreased during the storage period in fresh-cut potato strips,
possibly due to oxidative processes [40]. The higher TPC of coated samples suggests lower
phenol oxidation than the control treatment, which can be due to edible coating preventing
contact between food and oxygen, as well as the degradation of phenolic compounds [41].

Figure 3. Effect of ascorbic acid (AA), mucilage seed extract (MSE), MSE + A.A, and blanching
on total phenolic compounds (GAE mg 100 g−1) of fresh-cut potato strips. (Means with the same
CLD letter are not statistically significantly different. Letters come from holm-corrected multiple
comparisons, across all times and treatments).
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3.4. Oil Uptake (OU)%

Several studies have investigated the use of coating and blanching as a pre-treatment of
frying for reducing the oil uptake [42,43]. All coating treatments (MSE and AA) significantly
reduced OU% of fried potato strips compared to the uncoated sample (control, blanching)
(Figure 4). As expected, the effect of coating showed that minimum oil content was related
to MSE and MSE + AA (4.12, 4.08 g oil 100 g−1 potato), respectively.

Figure 4. Effect of ascorbic acid (AA), mucilage seed extract (MSE), MSE + A.A, and blanching on oil uptake (A) and
retention oil uptake (%) (B) of fresh-cut potato strips. (Means with the same CLD letter are not statistically significantly
different. Letters come from holm-corrected multiple comparisons across all times and treatments.

In addition, the highest fat content was related to the blanched sample and control
sample (non-coated) (9.19 and 6.16 g oil 100 g−1 potato, respectively). Previous studies have
reported similar effects of blanching on oil uptakes [44,45]. Pedreschi and Moyano [45]
noticed that blanching for high temperatures and short times (e.g., 97 ◦C, 2 min) before
frying potato strips resulted in higher oil uptake than in control potato strips. This is
because blanching involves the combined application of heat and water, which gelatinizes
the starch on the surface of potato strips. This increase in oil content is undesirable for the
acceptance of the product by the consumer.

The most important characteristics of edible coatings are oil barrier properties and
flexibility because the volume of the food sample frequently changes during frying, and
coating integrity may be compromised [42]. Consequently, hydrocolloidal coatings are used
in various food applications, including adhesion, film shaping, thermal gelling, and non-
charging properties. The form of the film properties of these hydrocolloids has stopped oil
from being absorbed and has helped preserve the natural moisture content of the food. This
may be the explanation for the deep frying of fried products using these hydrocolloids [46].

Therefore, the most effective coating treatments to reduce the percentage of oil uptake
of fried potatoes were MSE + AA and MSE (33.08, 33.08%) at zero time. Moreover, there was
no significant difference between MSE + AA and MSE at zero time or during the storage
period of potato samples on oil content. The obtained results agreed with Garcia et al. [42],
who found that the oil content of fried potatoes coated with 1% methylcellulose (MC) and
0.5% sorbitol was reduced in the range of 35–40%. This is related to the effective barrier
properties of coating, which reduce oil uptake of fried potatoes. In addition, Mallikarjunan
et al. [47] reported a protective layer formed on the surface of the fried products coated
with cellulose derivatives during the initial stages of frying due to thermally induced
gelation above 60◦C. This layer could inhibit the transfer of fat and moisture between the
sample and the frying oil.

To explain oil absorption, two main mechanisms are proposed as follows: conden-
sation and capillary mechanisms; in both, inside the product, the oil penetrates through
the pores. Therefore, the reduction in pore size and quantity can be due to the coating
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barrier limiting the oil uptake after frying. Thermo-gelling such as carboxymethyl cellu-
lose (CMC), xanthan gum, and guar gum could lead to a more robust coating with low
capillary pressures [13]. In addition, it is known that hydrocolloid treatment may alter the
water-holding capacity and, consequently, prevent moisture replacement by oil [44].

3.5. Microbiological Analysis

Figure 5 showed that the microbial load of the fresh-cut potato strips was affected by the
cold storage duration at 5 ◦C for 12 days. All treatments were free from E. coli until the end of
storage and had the same total microbial count, which ranged from 2.01 to 2.06 log CFU g−1

at zero time, except for the control, which had the highest count 3.02 log CFU g−1. At
the end of storage, the lowest microbial count (2.91, 2.92 log CFU g−1) was found in both
the MSE + AA and blanched samples, whereas the highest count (5.40 log CFU g−1) was
observed in the control after 12 days of storage. In addition, at zero-time, the mold and
yeast counts contained in all potato samples were below the detection limit (15 CFU g−1),
except for the control and AA samples (2.81 and 1.69 log CFU g−1, respectively). The
superior samples were MSE and MSE + AA, which remained free from mold and yeast
growth after up to 8 d of cold storage.

Figure 5. Effect of ascorbic acid (AA), mucilage seed extract (MSE), MSE + A.A, and blanching on mold and yeast (log CFU
g−1) (A) and total microbial count (log CFU g−1) (B) of fresh-cut potato strips. (Means with the same CLD letter are not
statistically significantly different. Letters come from holm-corrected multiple comparisons across all times and treatments.).

There was no significant difference between all mold and yeast count treatments at the
end of storage except for the control sample. On day 12, the control presented the highest
count (3.40 log CFU g−1) while all other samples presented a lower count ranging from
2.25 to 2.95 log CFU g−1.

It is understood that microbiological safety is the most crucial factor in storing fresh-
cut fruit and vegetables. Therefore, senescence and maturity reduce firmness, making the
product more vulnerable to microbial attack [48]. In fresh-cut vegetables, both fungi and
bacteria are significant causes of spoilage. The high-water activity of most vegetables and
close neutral pH renders them adequate hosts for all kinds of microorganisms. However,
the faster bacterial growth rate typically helps them to compete with the fungi more
efficiently [49,50]. Cacace et al. [51] observed a more minor increase in the microbial
count of fresh-cut potato treated with different chemicals such as erythorbic acid (5%) and
citric acid (1%) with storage at 5 ◦C and reported a decrease in microbial growth with
an increase in acidity. Dipping treatment using organic acids like ascorbic acid can also
possess bactericidal properties [52]. The antimicrobial activity of organic acids is due to
a decrease in environmental pH, disturbance of membrane transport and permeability,
accumulation of anions, or a decrease in internal cellular pH due to the dissociation of acid
from hydrogen ions.
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Similarly, Licciardello et al. [53] showed that locust bean gum-based edible coating effec-
tively reduced microbial growth. In addition, Barzegar et al. [54] noticed that Lepidium sativum
seed mucilage-based edible coating containing 1.5% Heracleum lasiopetalum essential oil
resulted in a significant increase in microbiological stability of the beef samples stored at
4 ◦C for 9 days, compared to the control. Such edible coating could prevent contact between
food and oxygen. Therefore, incorporating mucilage of seeds such as Lepidium sativum
can improve the barrier properties of the edible films against the transport of moisture
and oxygen. Moreover, they can extend the shelf life of final products with their content
of bioactive components (phenolic compounds), which have an antimicrobial effect [55].
However, the total microbial count and mold and yeast during cold storage is still well
below the critical limits [56]. They mention that the critical limits for total microbial count
and mold and yeast of vegetable were 108 CFU g−1 and 105 CFU g−1, respectively.

3.6. Sensory Evaluation

The most essential factors for consumer demand are sensory quality and nutrient
contents of processed food products [57]. The ANOVA results showed no difference in
the sensory appraisal of color, taste, odor, texture, and overall appearance of the samples
among the different treatments after frying. However, before frying, the treatments showed
an effect on the color and texture of the fresh potato strips, where the color of the control
samples had the least rating, whereas all the treatments had no difference. For texture,
blanched (before frying) samples had the least acceptability, and all other treatments,
including the control, were the same. The color differences were related to the enzymatic
and nonenzymatic browning (oxidation of phenolic compounds). It was expected that
MSE might alter the taste of fried potato strips due to its pungent flavor [17]. However,
the taste scores were highest for MSE samples. In the case of the blanched sample, a low
score of taste and texture (of fresh and fried) regarding its high content of oil, as mentioned
before, and heat treatment, which reduces firmness of the tissue. Reis et al. [24] reported
that hydrocolloid coatings (CMC and xanthan gum) were used to improve the sensory
attributes such as taste, texture, color, and appearance of French fries.

A non-metric multidimensional (NMDS) scaling for sensory parameters using mono-
MDS is presented in Figure 6. Additionally, circular points are replicates, and solid squares
are centroids for the data ellipses by treatment. In comparison, Figure 6B is an arrow plot,
which shows that MSE and MSE + AA centroids lie at a higher level in the multidimensional
spaces of the treatments, which means that the samples with MSE coatings showed higher
rating results in the sensory evaluation. In Figure 6B, the weighing of each sensory
attributes was calculated by the ordination techniques. The weightings for that attribute
are further apart and the arrow from the center points higher, which shows that the total
appearance before frying, color after frying, and odor after frying had the highest impact
on the overall sensory evaluation results.

Figure 6. Non-metric multidimensional (NMDS) scaling for sensory parameters using mono-MDS.
Circular points are replicates, solid square points are centroids for the data ellipses (by treatment) (A).
Arrow plots showing weightings for sensory scores (B).
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4. Conclusions

The novel method of utilizing garden cress seed extract into an edible coating to
incorporate ascorbic acid help reduced the weight loss, browning index and preserve the
firmness and total phenolic compound during storage of fresh-cut potatoes. Moreover, the
coating helped reduce the oil uptake of the potato strips after frying. The sensory evaluation
results showed that the sensory perception of the fried potato fries was enhanced using
these edible coatings. Further research in commercial production and application of the
garden cress seed extract is required for industrial application and testing its applicability
to other fresh fruits and vegetable crops.
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Abstract: The influence of light exposure, bottle color and storage temperature on the quality
parameters of Malvasia delle Lipari (MdL) sweet wine were investigated. Wine samples bottled
in clear-colored (colorless, green and amber) glass were stored under different artificial lighting
conditions, in order to simulate the retail environment (one cool-white, fluorescent lamp) and to
perform an accelerated test (four and six cool-white, fluorescent lamps). The storage temperature was
kept constant (25 ◦C) for the first 90 days of the experiment and then samples were monitored for
up to 180 days at higher temperatures (30, 35 and 40 ◦C). The principal enological parameters, total
phenols, color, 5-hydroxymethylfurfural (HMF) and 2-furaldehyde (2F) contents were studied. The
shelf-life test pointed out minimum variations of the basic chemical parameters, while the quality
attributes most affected by lighting were color, together with HMF and 2F levels which, hence, can
be considered as indicators of the severity of storage conditions.

Keywords: Malvasia; sweet wine; shelf-life; accelerated shelf-life test; 5-hydroxymethylfurfural;
2-furaldehyde

1. Introduction

The primary objective of packaging is to protect and retain, as much as possible,
the quality of foods and beverages. The classical packaging material for wine is glass,
appreciated primarily for its oxygen barrier [1], clarity and inertness: this feature, with
respect to the migration of low molecular weight compounds from the package to the
product and/or flavor scalping by the packaging material is of the utmost importance [2,3].
Wine has traditionally been stored in glass bottles of different colors and shapes, whose
selection is often driven from market forces in the attempt to make the wine readily
identifiable and more attractive to the consumer.

Wine shelf-life is defined as the time that it remains stable, in terms of its chemistry,
microbiology and biochemistry as well as its sensory properties [4], however chemical
changes may occur during storage, improving some quality parameters. Color is among
the main sensory attributes determining consumers’ preference and it is considered a major
feature for the assessment of red wine quality [5]. The color of white wines tends to brown
after bottling [6], due to the effect of oxidation of the phenolic compound and to enzymatic
reactions [7,8]. Thus, during storage and ageing, the chemical composition of wine is
subjected to continuous changes, which may be desired or not, depending on the type of
wine. Phenolics and volatile compounds as well as color and nutrients could be influenced
by the lighting and temperature of the retail shops, and the optimization of packaging
variables could contribute to wine quality preservation, from production to consumption.

Many authors have studied the effects of time, temperature and storage conditions on
the phenolics composition and color of red wines [9–11]. A significant decrease of phenolics
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content and a change in the color of the white wine from pale yellow to yellow brown
during storage, was reported. Time of storage seems to influence the color parameters and
the total phenols content more with respect to temperature and light exposure [12]. Other
authors [13] did not find color change, and total phenols decreased up to nine months of
storage of Hellenic varietal white wine.

The deteriorative effect of light depends on other factors, such as the duration of
light exposure, light spectra and intensity and the composition of the food product. It
is well known that the exposure of some foods to ultraviolet radiation and visible light
accelerates oxidative deterioration. In alcoholic beverages, the aroma, flavor and color
easily deteriorate for light-induced oxidative processes. The effect of light can be explained
by both photolytic autoxidation, which corresponds to the production of radicals during
exposure to UV light, and photosensitized oxidation, that occurs in the presence of pho-
tosensitizers and ultraviolet or visible light. The roles of light, temperature and, more
frequently, also the color of the glass bottle in white wine, have been extensively analyzed
in order to evaluate their impact on light-induced oxidative degradation, changes on pig-
ment, phenolic compounds, and mainly on enological parameters [14–18]. Clark et al. [19]
discussed the specific determination of the critical wavelengths for photoactivation, leading
to the formation of glyoxylic acid, considering the capacity of two types of glass bottles
(clear and dark green) to protect or limit the photodegradation of tartaric acid to glyoxylic
acid. It is well known that darker colored bottles tend to give greater protection to wine
from the influences of light exposure on the assumption that dark colors do not allow the
transmission of UV radiation. More recently, environmental groups have proposed that
the wine industry should move away from dark green to flint or amber glass bottles as a
contribution towards reducing recycling costs and energy demands [17].

The Malvasia delle Lipari DOC wine (MdL) produced in the Aeolian Islands (Italy) as a
liqueur wine, with minimum developed alcoholic strength of 20% v/v, is one of the most
ancient and aromatic wines of Sicily. The art. 6 of the Regulation D. P. R. 20/09/1973
“Assignment of the denomination of controlled origin of “Malvasia delle Lipari” wine” [20]
describes the main characteristics of the MdL wine when it is released for consumption.
The attention is also focused on the color, which must be golden yellow or amber yellow,
underlining the importance of such a factor. Considering how the color could change
during the storage, we focused on different colored glass bottles and different storage
conditions during the shelf-life of the product.

According to production techniques, the grapes (Malvasia delle Lipari and Corinto
Nero 95% and 5% respectively, as defined in D.P.R. 20/9/1973 [20]) are gathered when they
are fully ripe and then sun-dried for 10–15 days on large mats made of bamboo canes, to
reduce moisture and increase the sugar level (up to 32%) to obtain a much more aromatic
white wine [21].

In MdL, the high level of sugars and the low pH value suggest the possibility to
develop sugar degradation products, such as 5-hydroxymethylfurfural (HMF) and 2-
furaldehyde (2F), generally considered as indicators of heat processing and/or the pro-
longed storage of foods [21].

Both HMF and 2F are the most important intermediate product of the acid-catalyzed
degradation of hexose and pentose, respectively, and HMF derived also from the decom-
position of 3-deoxyosone during the early stage of Maillard reaction [22]. HMF is used
as a quality parameter in several processed foods [23–29]. In fortified wine with different
sweetness levels, the concentrations of HMF were strongly dependent on time and temper-
ature used during winemaking, and strictly related to the sugar content of the wine [30].
Moreover, both HMF and 2F are involved in the aroma of sweet, fortified white wines aged
in oxygen-free conditions [31].

In recent years, several papers have debated on the safety of these compounds. HMF
has been shown to be converted, in vitro and in vivo, into 5-sulfoxymethylfurfural, which
has been reported to be cytotoxic, mutagenic and carcinogenic [32–34], and can be a poison
for the nervous system [35].
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The aim of this work was to study the influence of different lighting conditions, bottle
color and storage temperature on the quality parameters of MdL wine: moreover, for the
first time, the kinetics parameters, k and Ea, were determined for HMF and 2F formation in
sweet wine.

2. Materials and Methods
2.1. Characterization of Coloured Wine Bottles

Clear glass bottles (200 mL) in three different colors (colorless, green and amber)
were characterized in terms of light transmission properties, measuring on five glass
samples exposed to a cool-white, fluorescent lamp (Osram Lumilux® 36W/840, Munich,
Germany) by a digital handle photo-radiometer (Delta OHM HD 2102.2, Delta OHM
S.r.l., Caselle di Selvazzano (PD), Italy) equipped with probes for the measurement of
illuminance (lux) (400–800 nm) and irradiance (W m−2) in the UVA (315–400 nm) and
UVB (280–315 nm) regions. The light shielding effect offered by the packaging materials,
expressed as percentage of irradiance, was calculated as:

Light shielding = Isample/Iair × 100 (1)

where Isample: irradiance recorded in the presence of sample; Iair: irradiance recorded in
the absence of sample [36].

2.2. Sampling

Malvasia delle Lipari DOC wine (MdL) produced in Sicily was kindly provided by a
local manufacturer. The analytical parameters (pH, ◦Brix, total acidity, volatile acidity,
alcoholic strength, total phenols, CIE Lab color parameters, HMF and 2F) were determined
on the wine as received, before dispensing into the previously described clear-colored glass
bottles (defined as Time “0”).

Bottles were fulfilled (200 mL with 7 mL headspace), then stoppered with crown
corks and stored horizontally up to six months: three months under different lighting
conditions and three months under different temperature conditions. Overall, 144 bottles
were considered for the study of shelf-life, according to the experimental plan reported in
Table 1.

Table 1. Experimental design.

Storage Conditions Bottle Color Storage Time

CWF Lamp Temperature

n = 4 n = 4 n = 3 n = 6
0 (control) 25 ◦C (control) Colorless 30

1 30 Green 60
4 35 Amber 90
6 40 120

150
180

During the first three months, the storage temperature was 25 ◦C. Samples were
divided into three batches and exposed to different lighting conditions: (a) under constant
illumination produced by one cool-white, fluorescent (CWF) lamp (Osram Lumilux®

36W/840, Munich, Germany), as to simulate the retailers conditions; (b) under constant
illumination produced by four CWF lamps and (c) under constant illumination produced
by six CWF lamps, in order to perform an accelerated test, by exposing the sweet wines
to extreme conditions. Lamps were placed 30 cm above samples. Table 2 reports the
illuminance (lux) and UVA and UVB irradiance (W m−2) values recorded for each selected
lighting condition.
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Table 2. Measurements of illuminance (lux) and irradiance in the UVA and UVB regions (W m−2)
recorded by digital handle photo-radiometer (values are mean of five measurements).

Storage Condition Illuminance (lux) UVA (W m−2) UVB (W m−2)

1 CWF lamp 2671 ± 9 101.4−3 ± 0.1 10.71−3 ± 0.03
4 CWF lamps 9028 ± 16 284.5−3 ± 0.6 31.53−3 ± 0.06
6 CWF lamps 16127 ± 13 478.2−3 ± 0.8 53.91−3 ± 0.07

After, for the next three months, MdL samples were stored under constant illumination,
one cool-white, fluorescent (CWF) lamp, at three different temperatures: 30, 35 and 40 ◦C.
Data loggers (Smart Reader SR04, ACR Systems Inc., Vancouver, BC, Canada) were used to
monitor the storage temperatures throughout the trial.

MdL samples were periodically withdrawn at 30, 60, 90, 120, 150 and 180 days from
being bottled and analyzed.

2.3. Analytical Parameters

Total acidity and volatile acidity, ◦Brix, pH and alcohol content were determined
according to the OIV official methods [37]. Chromatic characteristics (CIE Lab) were
determined according to Method OIV-MA-AS2-11 [37] using a spectrophotometer (Cary
1E, Varian, Leinì (TO) Italy) with a 1 cm quartz cell. The CIE parameters (L*, a*, b*, C, h)
were determined by the “Color Calculations” spectrophotometer software (Cary WinUV
1.3, Varian, Leinì (TO) Italy).

All analyses were carried out in duplicate, using chemicals (Sigma-Aldrich, Milan,
Italy) and solvents of analytical grade (J. T. Baker, Deventer, The Netherlands) and HPLC
grade (Merck, Milan, Italy).

2.4. HMF and 2-Furaldehyde

Aliquots of MdL sample were opportunely diluted with water (JT. Baker, Deventer,
Holland), filtered through a 0.45-µm filter (Albet) and injected into an HPLC system
(Shimadzu Class VP LC-10ADvp) equipped with a DAD (Shimadzu SPD-M10Avp, Kyoto,
Japan). The column was a Gemini NX C18 (150 mm × 4.6 mm, 5 µm) (Phenomenex,
Torrance, CA, USA), fitted with a guard cartridge packed with the same stationary phase.
The HPLC conditions were the following: isocratic mobile phase, 90% water (Riedel-
de Haën, Seelze, Germany) at 1% of acetic acid (Merck, Darmstadt, Germany) and 10%
methanol (Scharlau, Sentmenat, Spain); flow rate, 0.7 mL/min; injection volume, 20 µL [26].
The wavelength range was 220–660 nm and the chromatograms were monitored at 285
nm. HMF and 2F were identified by comparison of the UV spectra and the retention time
with those of HMF and 2F standard (p ≥ 99 % Sigma-Aldrich, St. Louis, MO, USA) and
quantified using an external calibration curve. All analyses were performed in duplicate,
including the sample dilution procedure, and the reported HMF and 2F concentration is
therefore the average of four values.

Kinetic parameters for HMF and 2F formation in MdL stored under different lighting
conditions and at different temperatures were calculated as reported by Arena et al. [25].
The activation energies Ea (kcal mol−1) values of HMF and 2F were calculated from rate
coefficients at different temperatures by applying the Arrhenius equation.

2.5. Total Phenols

The total phenols (TP) analysis was performed as reported by Di Stefano et al. [38].
Briefly, 10 mL of wine was diluted 1:2 with 1 N H2SO4. Then, the diluted sample was

passed through Sep Pack C18 cartridges (Waters Chromatography Europe BV, Etten-Leur,
The Netherlands) previously activated with methanol and distilled water (2 and 5 mL, respec-
tively). Adsorbed phenols were washed with 2 mL of 0.1 N H2SO4 and then desorbed with
methanol (3 mL). The TP were assessed by the colorimetric Folin–Ciocalteu method at 700 and
760 nm, with gallic acid as calibration standard. Results were expressed as mg L−1.
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2.6. Chemicals and Reagents

All reagents and solvents HPLC grade were purchased from Merck (Darmstadt,
Germany). HMF, 2F and gallic acid standards were from Sigma (Milano, Italy).

2.7. Statistical Analysis

Statistical analyses were performed to assess the effect of packaging and storage
conditions on the analytical parameters. The significance of differences was estimated by
analysis of variance (ANOVA). The statistical significance level was set to 0.05. Statistical
analyses were performed using SPSS® Statistics 13.0 (IBM, Armonk, NY, USA).

Results are presented as mean value ± standard deviation. Data were analyzed
through Spearman’s correlation to have a measure of the strength and direction of the
association or relationship between the concentrations of analytical parameters and time of
storage under different CWF lamp, and time of storage under different temperatures. All
pairwise comparisons were run at 95% confidence intervals and p-values were Bonferroni
adjusted through the statistical package SPSS® Statistics 13.0 (IBM, Armonk, NY, USA).

3. Results and Discussion
3.1. Light Transmission Properties of Clear Glass Bottles

Figure 1 shows the light shielding expressed as percentage. As expected, the clear,
colorless bottles offered a lower shielding effect in all spectra regions considered. In
particular, shielding increased in the following order: colorless (10%), green (26.7%) and
amber (49%) bottles for the illuminance parameter. A similar trend was observed for the
UVA irradiance, while the shielding effect in the UVB region was 100% for both colored
bottles and close to 90% for the clear bottle. This result is in agreement with results of
Maury et al. [17], who compared the transmission spectrum of clear and green bottle colors
and found that the former was capable of transmitting all visible and some UV light.
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Figure 1. Light shielding (%) of clear glass bottles (colorless, green, amber).

3.2. Effect of Light Exposure and Bottle Color on the Quality of Malvasia Delle Lipari Wine

MdL was characterized by the following base analytical parameters: pH = 3.79;
◦Brix = 1.35; total acidity = 5.4 g L−1; volatile acidity = 0.95 g L−1; alcohol content = 15.8%
(v/v); TP = 247.10 mg L−1; HMF = 1.16 mg L−1; 2F = 1.11 mg L−1; L* = 94.90; a* = −2.99;
b* = 17.63; C = 17.88; h = 0.17.

Table 3 reports the changes in the quality parameters, as influenced by light exposure
and glass bottle color over 90 days of storage.
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Comparing the values of volatile acidity and pH at time “0”, both parameters showed
the same course in all clear-colored glass bottles under all lighting conditions, with a
slight decrease for volatile acidity up to 0.82 ± 0.02 g L−1. Total acidity ranged between
5.40 ± 0.34 g L−1 and 5.23 ± 0.06 g L−1 in all clear-colored glass bottles; samples bottled in
clear colorless glass showed the same trend under 1, 4 and 6 CWF lamp lighting. Overall,
small variations were observed during the shelf-life tests for pH, volatile and total acidity,
but no statistical significance was observed (p > 0.05). Similarly, Revi et al. [18] as well
as Hopfer et al. [39] found no differences (p > 0.05) in total and volatile acidity, pH and
ethanol content of Chardonnay wine between bag-in-box containers and glass screw cap
bottles after three months of storage at 20 ◦C.

Arapitsas et al. [40], studying white wine light-strike fault in flint and green glass
bottles, reported any statistically significant difference among pH, titratable acidity and
volatile acidity, and as the last one was not affected by time or packaging choice.

The trend for the TP during storage was the same for all clear-colored glass bottles and
lighting conditions tested, reaching a mean value of 249.11 ± 18.66 mg L−1 after 90 days.

These results are discordant with previous observations where we noticed a reduction
in TP during wine ageing, explained by the transformation and/or precipitation of phenolic
material as oxidation reactions progress [41].

In MdL, this parameter did not change significantly, neither with different light
exposure, nor with storage time (p > 0.05).

Color is one of the major attributes that affects the consumer perception of quality.
Small changes in CIE parameters were observed. In particular, C, hue and b* progressively
increased at each lighting condition, from 0 to 90 days of the study. For instance, C
changed during the storage time by a percentage of 11, 39 and 79% after 30, 60 and 90 days,
respectively, in amber bottles under 4 CWF lamps. Similarly, the change ranged to about 7,
37 and 67% after 30, 60 and 90 days, respectively, in green bottles under 4 CWF lamps and up
to 100% for colorless bottles under the same lighting. The b* value increased proportionally
through the storage period with the increasing number of CWF lamps, with R2 0.87, 0.90
and 0.95 after 30, 60 and 90 days, respectively. The increase in b* values represents a
higher intensity of yellow and the main increase is always in amber bottles, with only the
exception of colorless bottles observed after 90 days and exposed under 4 CWF lamps. The
L* values, which give a value of the brightness of the samples, slightly decrease during
90 days of storage, until the 2–3% of reduction from the initial value for clear green and
clear amber bottles under 6 and 1 CWF lamps respectively, while the decrease is near the
8% in colorless bottles exposed at 4 CWF lamps. The a* value, which represents the degree
of one component of green color, had a reduction during the first 30 days, and then an
increase was observed after 60 days of storage under illumination, especially in clear amber
bottles stored under 4 CWF lamps, according to Refsgaard et al. [42], while MdL stored in
clear green bottles did not show any particular differences from the beginning. Hue (h), the
attribute of appearance by which a color is identified according to its resemblance to red,
green, yellow or blue, slightly decreases from 30 to 90 days. An increase in the yellow color
(b*) and hue is usually associated with wine aging, as well as a decrease in a*, measured in
light-exposed samples [43].

The HMF content showed a similar trend for the clear amber, green and colorless
bottles, while some differences were observed when MdL was stored under different
lighting conditions, mostly at 4 and 6 CWF lamps. In these cases, a rapid HMF increase was
observed in the first 60 days, up to 18.56 ± 0.37 mg L−1, with a progressive increase over
the following 30 days, up to 36.43 ± 0.97 mg L−1 (Table 3). Based on two-way ANOVA,
the interaction effect of bottle color × lighting conditions on HMF concentration was not
significant, while a significant effect (p < 0.001) was found for the lighting conditions, as
expressed with different letters in Figure 2. It is well known that several factors influence
the formation rate of this compound, such as temperature, time and storage conditions [26],
as well as sugar concentration and water activity [44]. HMF reacted with ethanol to form
5-(ethoxymethyl) furfural, a compound founded in sweet fortified white wine, with a
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concentration above of the perception threshold, after 6 months of aging, in the absence of
air [45].
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Figure 2. HMF concentration at constant temperature of 25 ◦C influenced by the number of CWF
lamps (0, 1, 4, 6) and the color of clear glass bottles (amber, colorless, green); different letters represent
significant differences (LSD test, p ≤ 0.05).

As concerns 2F, produced by breakdown of pentose and/or Maillard reaction, from
the starting value of 2F (1.11 mg L−1), an increase in the 2F concentration was observed in
samples kept under 4 and 6 CWF lamps, until the final values were 3.3 ± 0.3 mg L−1 and
2.9 ± 0.2 mg L−1, respectively. Similarly to HMF, a statistically significant effect of lighting
on 2F concentration was observed F (3.30 = 5.473, p = 0.007, partial η2 =0.477).

A two-way ANOVA was conducted to examine the effects of the exposure to a different
number of CWF lamps, and the color of the glass bottles on each dependent variable
examined (total and volatile acidity, TP, HMF, 2F, color parameter and pH). Residual
analysis was performed to test for the assumptions of the two-way ANOVA. Outliers were
assessed by inspection of a boxplot, then data were verified for the non-normality and
homogeneity of variances. Normality was assessed using Shapiro–Wilk’s normality test for
each cell of the design, and the homogeneity of variances was assessed by Levene’s test.

The interaction effect between CWF lamps and bottle color (Table 3) on volatile acidity,
TP, Chroma, Hue and pH, was not statistically significant (F-test—degrees of freedom for
the interaction term 6 in (6, 69)). Finding a non-statistically significant interaction does
not mean that an interaction effect does not exist. Therefore, an analysis of the main effect
for a kind of lighting (number of CWF lamp) was performed, which indicated that the
main effect was not statistically significant (p > 0.05). All pairwise comparisons run where
reported 95% confidence intervals and p-values are Bonferroni-adjusted.

At constant temperature, a Spearman’s rank-order correlation (2-tailed) was run to
assess the relationship between HMF and 2F concentration, with storage time under 1,
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4 and 6 CWF lamp. Preliminary analysis showed the relationship to be monotonic, as
assessed by the visual inspection of a scatterplot. There was a strong positive correlation
between HMF and the number of CWF lamps, rs = 0.846, p < 0.01 (Figure 2); as well as a
positive correlation between 2F and storage time, rs = 0.429, p < 0.05.

Table 4 reports the kinetics parameters of both HMF and 2F formation in MdL wine
stored under different lighting conditions. All systems fit a pseudo-first-order equation [46]
well, and k values for HMF formation were always higher respect to those determined for
2F formation, regardless of bottle color and lighting conditions.

The MdL samples stored under 1 CWF lamp showed the lowest k values for HMF
formation (about 0.017 days−1) independently from the bottle color. As the light exposure
increases from 1 to 4 CWF lamps, the k value for HMF formation increases up to about
0.034 days−1 and was similar to those determined for MdL stored under 6 CWF lamps
(about 0.031 days−1).

Similarly to HMF, 2F shows the lowest k value under 1 CWF lamp, while it increased
by 2.6 fold under the lightening of 4 and 6 CWF lamp, independently of the bottle color.

Table 4. Kinetics parameters for HMF and 2-furaldehyde formation in MdL stored in clear-colored
glass bottles (amber, green, colorless) under different lighting condition (at constant temperature
T = 25 ± 2 ◦C). (Control was a sample kept in the dark).

5-Hydroxymethylfurfural

1 CWF Lamp 4 CWF Lamps 6 CWF Lamps

k (min) R2 k (min) R2 k (min) R2

Control 0.0116 0.91296 0.0116 0.91296 0.0116 0.91296
Amber 0.0164 0.95525 0.0363 0.98405 0.0316 0.99903
Green 0.0183 0.95012 0.0333 0.98975 0.0315 0.99805

Colorless 0.016 0.90128 0.0333 0.98967 0.0312 0.99953

2-Furaldehyde

1 CWF Lamp 4 CWF Lamps 6 CWF Lamps

k (min) R2 k (min) R2 k (min) R2

Control 0.0044 0.7529 0.0044 0.7529 0.0044 0.7529
Amber 0.0048 0.9999 0.0115 0.9855 0.013 0.8765
Green 0.0056 0.967 0.0125 0.8969 0.0111 0.9769

Colorless 0.0054 0.8776 0.0125 0.9878 0.0101 0.9429

3.3. Effect of Storage Temperature on Quality Changes of Malvasia Delle Lipari Wine

After the first 90 days, samples were stored up to 180 days under constant illumination
(one CWF lamp) at three different temperatures: 30, 35 and 40 ◦C (Table 5).

The pH value was stable during the first 90 days of the study, showing a slight
decrease, reaching 180 days, especially at 30 ◦C and 35 ◦C, reaching values of 3.31 and
3.29 respectively; in addition, volatile acidity showed only slight changes and limited
standard deviation.

The TP content at the end of the study was practically coincident with the initial
values, notwithstanding the oscillations observed during the trials.

The Chroma (C) is the measure of a stimulus judged relative to the white. Chroma,
hue and b* followed the same path. Initial C value was 35.10 and its value increased from 90
to 180 days until an average value of 46.00 ± 8.30 among the three temperatures. C values
increased with storage temperature, in the order: 30, 35 and 40 ◦C. No significant change
was observed for L*. The a* value was stable for the first 150 days to increase in samples at
35 ◦C and 40 ◦C. From 150 to 180 days, an increase was also monitored in MdL stored at
30 ◦C, exceeding the values of all the other samples. As previously reported, an increase in
color parameters is linked to light-exposed samples [43].
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Table 5. Evolution of quality parameters of MdL wine samples at different storage temperatures (30, 35, 40 ◦C) (HMF:
5-hydroxymethylfurfural; 2F: 2-furaldehyde; TP: total phenols; C: chroma; h: hue; L*: lightness) from 90 to 180 days.

Time
(Days)

T
◦C

HMF
mg L−1

2F
mg L−1

TP
mg L−1 C h L*

90
30 8.69 ± 1.10 h 1.73 ± 0.07 e 259.12 ± 1.62 bc 31.95 ± 0.70 g −0.14 ± 0.00 a 92.15 ± 0.27 a

35 26.92 ± 0.40 fgh 3.27 ± 0.30 cde 263.92 ± 9.23 bc 37.61 ± 2.97 de −0.12 ± 0.00 bc 91.13 ± 0.49 a

40 33.64 ± 2.84 fg 2.95 ± 0.12 de 250.02 ± 9.06 c 35.75 ± 3.46 e −0.12 ±0.00 bc 90.88 ± 0.86 ab

120
30 17.60 ± 0.56 gh 2.10 ±0.54 e 257.62 ± 26.1 bc 33.19 ± 0.15 ef −0.13 ± 0.01 ab 91.98 ± 0.49 a

35 55.86 ± 2.19 de 3.71 ± 0.33 cde 249.62 ± 10.6 cd 41.82 ± 0.41 c −0.10 ± 0.01 cd 90.00 ± 0.39 ab

40 68.23 ±3.50 d 4.71 ± 0.31 bcd 284.77 ± 0.90 a 38.47 ± 0.31 d −0.11 ± 0.01 c 90.13 ± 1.33 ab

150
30 29.70 ± 1.18 fg 1.88 ± 0.19 e 231.00 ± 4.53 ef 34.62 ± 1.11 ef −0.13 ± 0.02 ab 91.64 ± 0.48 a

35 101.43 ± 3.0 c 5.24 ± 0.45 abc 234.76 ± 30.48 e 50.58 ± 1.94 ab −0.06 ± 0.02 e 87.89 ± 1.13 bc

40 107.25 ± 9.7 bc 5.07 ± 0.32 abcd 246.72 ± 3.44 cd 41.04 ± 4.32 c −0.09 ± 0.00 d 89.86 ± 0.28 b

30 37.13 ± 1.86 ef 2.02 ± 0.31 e 238.42 ± 10.37 d 40.76 ± 7.42 cd −0.06 ± 0.11 e 87.24 ± 8.10 bc

180 35 124.49 ± 15.54 b 7.17 ± 1.76 a 269.92 ± 16.60 ab 55.57 ± 5.52 a 0.05 ± 0.12 e 76.26 ± 15.5 d

40 152.81 ± 12.18 a 6.32 ± 1.69 ab 239.00 ± 6.00 d 41.67 ± 4.92 c −0.10 ± 0.02 cd 89.60 ± 1.34 b

Different letters within the same parameter and main factor show significant differences (LSD test, p ≤ 0.05).

The HMF levels changed considerably, mostly when MdL was stored at the highest
temperature. At 30 ◦C, the HMF content increased from about 9 mg/kg up to 37 mg/kg at
180 days of storage. At 35 ◦C, the HMF content increased up to about 125 mg/kg at the
end of storage. The effect of temperature on HMF formation, obviously, was more evident
at 40 ◦C. At this storage, the HMF increases rapidly, even after 120 days, and at 180 days of
storage, reached the highest levels, about 153 mg/kg.

During MdL storage at 30 and 35 ◦C, 2F increased slowly and important changes were
only founded at 40 ◦C. At this temperature, after 180 days of storage, the 2F concentration
was about 3 times higher than that determined at 30 ◦C.

Moreover, HMF levels were always higher than 2F. The first furanic compound was
derived from glucose and fructose, while 2F comes from pentoses present in wine, in minor
amounts. This trend was reported by other authors in sweet wine [30].

To underline changes related to different storage temperatures, a Spearman’s rank-
order correlation was carried out to assess the relationship between color parameters, HMF
and 2F concentration, with storage time under different temperatures. Preliminary analysis
showed the relationship to be monotonic, as assessed by visual inspection of a scatterplot.
There were strong positive correlations (p < 0.01) between: HMF and 2F, rs = 0.972; HMF
and temperatures, rs = 0.798; 2F and temperatures, rs = 0.739 as reported in Table 6 (the
correlation between C and all the color parameters was significant for p < 0.01).

Table 7 shows the kinetic parameters k (days−1), and the activation energy (Ea), both
for HMF and 2F formation, in MdL wine stored at different temperatures. Concerning
HMF, the lowest k value was determined at 30 ◦C (0.0144 days−1), and the highest was
found at 40 ◦C (0.0167 days−1).

The kinetics for 2F formation exhibited a k value lower than those of HMF, ranging
from 0.0038 to 0.0088 days−1, at 30 and 40 ◦C, respectively.

Cutzach et al. [45] studied the formation of some compounds, including HMF and 2F,
during the aging of sweet fortified wines at the temperature of 37 ◦C. Data reported in this
work concerning HMF and 2F were used to determine k value, in order to compare our
data with those reported in literature. Furthermore, in this case, k value was lowest for 2F
formation and highest for HMF formation and kinetic parameters were very similar to our
data (2F, k = 0.0099 days−1, R2 = 0.987; HMF, k = 0.0136 days −1, R2 = 0.992), suggesting a
similar mechanisms of reactions.

As concerns the activation energy (Table 7), the lowest value was determined for
HMF (11.7 kJ mol−1), and the highest, about 5.7-fold higher than HMF, for 2F formation
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(66.4 kJ mol−1), suggesting that a small increase of temperature induced a fast increase of
the formation of these compounds, mostly for HMF.

Table 6. Spearman’s rho T = 30-35-40 ◦C from 90 to 180 days of storage (N = 12). (HMF: 5-hydroxymethylfurfural;
2F: 2-furaldehyde: C: chroma; h: hue; L*: lightness; a*: redness; b*: yellowness).

HMF 2-Furaldehyde C h L* a* b*

Time
(days) Correlation coefficient 0.518 * 0.497 0.626 * 0.718 ** −0.777 * 0.791 ** 0.626 *

Sig. (2-tailed) 0.084 0.101 0.029 0.009 0.003 0.002 0.029

T ◦C Correlation coefficient 0.798 ** 0.739 ** 0.414 0.313 −0.0325 0.312 0.414

Sig. (2-tailed) 0.002 0.006 0.181 0.322 0.302 0.324 0.181

HMF Correlation coefficient 0.972 **

Sig. (2-tailed) 0.000

C Correlation coefficient 0.919 ** −0.902 ** 0.804 ** 1.000 **

Sig. (2-tailed) . 0.000 0.000 0.002

h Correlation coefficient −0.982 ** 0.942 ** 0.919 **

Sig. (2-tailed) 0.000 0.000 0.000

L* Correlation coefficient −0.951 ** −0.902 **

Sig. (2-tailed) 0.000 0.000

a* Correlation coefficient −0.804 **

Sig. (2-tailed) 0.002

** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed).

Table 7. Kinetic parameters for 5-hydroxymethylfurfural (HMF) and 2-furaldehyde (2F) formation in
MdL stored under different temperatures (30, 35, 40 ◦C).

HMF 2F

T
(◦C)

k
days−1 R2

Ea
kJ mol−1

(kcal mol−1)

T
(◦C)

k
days−1 R2

Ea
kJ mol−1

(kcal mol−1)

30 ◦C 0.0144 0.9538
11.7 (2.8)

30 ◦C 0.0038 0.6275
66.4 (15.9)35 ◦C 0.0150 0.9448 35 ◦C 0.0070 0.9010

40 ◦C 0.0167 0.9872 40 ◦C 0.0088 0.9488

In recent years, much research has been focused on the influence of light exposure
to wine composition, in particular, on white wine, but also on red wine [41,43]. The
phenomenon of light-induced off-flavors in wine, called “light-struck taste” (LST) [40,46],
together with bottle color, storage condition and temperature effect were studied to im-
prove the quality maintenance of wine during its storage [40,43,47–49]. To the best of our
knowledge, no one has studied light interactions and bottle’s color, or the temperature’s
effect on HMF and 2F, during a prolonged storage of 90 and 180 days, respectively.

4. Conclusions

The study was conducted in order to assess the changes in some quality attributes of
MdL wine as a function of clear-colored glass bottles, lighting and temperature. Overall,
the quality parameters of MdL wine were not significantly altered with the exposure to
different lighting conditions and under different storage conditions, however, some changes
in the color parameters occurred in every tested condition. In contrast with common beliefs,
the bottle color did not play a significant role in the quality maintenance of this sweet
wine. The significant increase in the levels of HMF and 2F was mainly dependent on the
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intensity of lighting and on the storage temperature, as confirmed by the activation energy,
without noticeable effects of the bottle color. Results suggest that retailers have a higher
responsibility in the product quality maintenance compared to the company’s choices of
bottle color, which, in the specific case of MdL wine, can be merely driven by marketing
consideration. Finally, HMF and 2F levels can be considered as global quality indicators
for MdL wine during storage, offering a tool for detecting unsuitable storage conditions.

In conclusion, the quality maintenance of wine can be achieved by controlling envi-
ronmental factors, such as light exposure and temperature, during its storage guaranteeing
profits for wine producers and satisfaction for consumers.
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