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Abstract

Packaging material and the storage temperature on red raspberries (Rubus idaeus L.) were studied
in this paper. Raspberries were stored following their harvesting in different conditions: in the
fridge at 1 °C and in the freezer at —20 °C, using different packaging materials: two Nanoactive
films, Nanoactive A (NA) and Nanoactive B (NB), a biaxially oriented polyethylene terephthalate
(PET) film and some other fruits were stored without any film (WF). Biometrics, color, titratable
acidity, soluble solid content and moisture, were determined during storage. A loss of weight
(24.87%) was found during storage at room temperature from 5.02 g to 4.02 g in two days. During
the freezer storage was found a significant average higher Solid Soluble Content (9.44 °Brix) in
PET, a significant higher Titratable acidity (2.08%) in WF, and no significant differences between
different packaging for Moisture content. The Oz and CO2 concentrations were measured daily in
the refrigerated fruits and the O2 concentration on the 7th day was 5.0% (NA), 19.8% (NB) and
17.1 (PET). CO- percentage increased significantly during storage in the NA package from 9.6 (1st
day) to 20.3 (14th day), whereas an inverse trend was found in the NB package from 4.4 (1st day) to
1.0 (4th day).
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1. Introduction

Red raspberry (Rubus ideaus L.) is a shrub which is widely cultivated in all temperate regions of the
world. Fruit is soft and it is consumed as fresh, frozen, purée, juice and dried. Red raspberry fruit
has a very short shelf life due both to the high respiration rate and to the absence of peel or rind and

as a consequence raspberry rapidly loses water and weight.

For this reason fresh consumption of refrigerated fruits should be within 2-3 days after manual
picking. The visual aspect of quality includes freshness, color and absence of decay or physiological
disorders, plays a key role in primary selection by the consumer. From this point of view the use of
a packaging is often desirable. Over the last two decades, nanotechnologies have revolutionized the
material industry, leading to high performance improvements (Cushen, Kerry, Morris, Cruz-
Romero, & Cummins, 2012), in particular the food packaging industry, the role of nanotechnologies
has been very important in improving overall packaging performance (mechanical, barrier) leading
to functional, intelligent, and active packaging (Yam, Takhistov, & Miltz, 2005). Among the active
functions, one of the most important is antimicrobial (Appendinia & Hotchkissb, 2002; Durango,
Soares, & Andrade, 2006). Other important active functions are oxygen scavenger, that is the
capture of the oxygen that penetrates the outer environment, as well as ethylene scavenger, that is
the capture of the ethylene produced by the degradation of the fruit. The company NanoActive Film
s.r.l. has patented active packaging (Albunia et al., 2012), multilayer films based on the common
polypropylene (PP) and including a core layer of nanoporous syndiotactic polystyrene (s-PS).
Syndiotactic polystyrene (s-PS) is a robust (D'Aniello, Rizzo, & Guerra, 2005), cheap and
commercially available thermoplastic material essential within the polymeric framework

(Schellenberg, 2009, pp. 17-29). Host-guest co-crystalline phases are obtained by solvent procedure
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and, after suitable solvent-extraction procedures, nanoporous crystalline phases named: 6 (De Rosa,
Guerra, Petraccone, & Pirozzi, 1997), € (Petraccone, Ruiz de Ballesteros, Tarallo, Rizzo, & Guerra,
2008), disordered (Rizzo, lannello, Albunia, Acocella & Guerra, 2014) or triclinic (Acocella, Rizzo,

Daniel, Tarallo, & Guerra, 2015) can be easily achieved.

The ability of polymeric nanoporous phases to absorb low-molecular-mass molecules in their
crystalline cavities leading to stable host/guest co-crystalline phases is well-described in the
literature (Albunia, Rizzo, & Guerra, 2013; Guerra, Daniel, Rizzo, & Tarallo, 2012; Musto, Rizzo,
& Guerra, 2005; Pilla et al., 2009). Co-crystalline phases, can be formed with gaseous molecules at
room temperature, such as carbon dioxide (Annunziata, Albunia, Venditto, Mensitieri, & Guerra,
2006), ethylene (Albunia, Minucci, & Guerra, 2008) as well as with liquid guest molecules as
carvacrol, a relevant natural antimicrobial molecule (Albunia, Rizzo, lannello, Rufolo, & Guerra,
2014,

Recent studies based on active packaging films containing s-PS nanoporous-crystalline layer have
shown that these innovative materials are able to prolong the shelf-life of non-climacteric fruits,

such as oranges (Sicari, Dorato, Giuffre, Rizzo, & Albunia, 2017).

A study on oxygen and carbon dioxide concentrations in the environment of packaged non-
climacteric fruits as well as in s-PS nanoporous-crystalline layers has been also recently combined
in order to understand the transport phenomena in active s-PS packaging films that control O2 and
CO2 concentrations in the fruit environment, which are determinant in fruit and vegetable

preservation (Rizzo et al., 2018).

The aim of this study was to highlight the best packaging material for the red raspberries, between
the polyethylene terephthalate (PET) film and two Nanoactive films (NA) and (NB). The

physicochemical evolution of raspberry during storage was also compared between refrigerated

and frozen fruits, with and without film. This is the first paper where raspberry (cv. Erika) and PET,
NA and NB films are related.

2. Materials and methods
2.1. Vegetable material

The red raspberries (cv. Erika) were cultivated in a greenhouse in the Reggio Calabria Province
(Southern Italy) which is characterized by a typical Mediterranean climate, warm to hot, dry

summers and mild to cool, wet winters. Fruits were randomly, manually and carefully picked
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at 7 a.m. on May 27, 2015 at the white stage of color, i.e. when they showed a faint pink color.
2.2. Films

Three-layer films (PP/sPS/PP) with overall thickness of nearly 50 pm made in lab-scale and
composed by isotactic polypropylene (PP) and syndiotactic polystyrene (sPS) in the ratio 80:20
(PP/sPS/PP) were prepared.

Films were co-extruded by blown process: after extrusion, the core layer of syndiotactic polystyrene
is amorphous (NB film) only after a patented treatment (Albunia et al., 2012) the s-PS film core
layer is transformed in the disordered nanoporous crystalline phase (NA film) (Rizzo, lannello,
Albunia, Acocella & Guerra, 2014).

The s-PS used in this study to prepare Nanoactive film was manufactured by Dow Chemical

Company under the trademark Questra 101.

The 13C nuclear magnetic resonance characterization showed that the content of syndiotactic triads
was over 98%. The weight-average molar mass obtained by gel permeation chromatography (GPC)
in trichlorobenzene at 135 °C was found to be Mw=3.2x105 with the dispersity index, Mw/Mn=3.9.

PET film =12 um thick: Biaxially oriented polyethylene terephthalate film presents the following

characteristics: low permeability to water and O, high resistance to acid and basic compounds, high
permeability to alcohols and oils, high aptitude for food packaging use.
2.3. Packaging

After picking, the fruits were placed in disposable PET containers (90 g each) and immediately
brought to the laboratory by a refrigerated vehicle. Packaging utilized three different flexible films
NA, NB and PET with a thickness of =50, 50 and 12 um respectively. The sealing was performed in
the lab using a Multivac Vacuum apparatus (Tecno Pack). After sealing, a silicone rubber disc
(15mm diameter; 2mm thickness) was applied on the film of each package. At this point,
raspberries were put in the fridge at 1 °C. Some other samples were put in the fridge in PET pans
and at the same temperature (1 °C) but without film (WF) and they were used as a control, other
non-film protected fruits were left at room temperature (RT). Daily three PET containers for each
packaging method were taken and analyses were conducted in duplicate on each packaging. The O>
and CO> concentrations were also taken daily before starting the analysis. A complete set of fruits
packaged with NA, NB, PET and WF were put in the freezer at —20 °C after harvesting, these

samples were analysed monthly for 11 months.



133

134
135
136
137

138

139
140
141
142

143

144
145

146

147

148
149
150
151

152

153
154

155

156
157
158

159
160
161

2.4. Titratable acidity (TA)

The value of total titratable acidity is expressed in percentage terms (AOAC 942.15, 2005). A 10 g
aliquot of mashed raspberries was mixed with 100 mL of deionized water. Then, the sample was
titrated with a 0.1 N NaOH solution until a pH 8.1. The results were expressed as % of anhydrous
citric acid.

2.5. Soluble solid content (SSC)

The °Brix is the percentage of total soluble solids calculated in a system previously calibrated with
a sucrose solution at known concentration. The determination was performed at 20 °C in the
refractive index value which rises to the value of Brix degrees by means of the tabular data, via
refractometer ATAGO model DR -Al.

2.6. Moisture content

Twenty grams of the fruit were weighed into a ceramic container and placed in the oven at 102 °C,

until constant weight. The moisture was determined by the following formula: [(Fw -Dw)/Fw]x100,
where Dw: dry weight; Fw: fresh weight.
2.7. Color

This analysis was performed using a colorimeter (Konica Minolta, model CM-A177) measuring L*,
a* and b*. When a color is expressed in CIELAB, L* defines lightness, a* denotes the red/green
value and b* the yellow/blue value. Color determination was conducted on the external side of each

fruit.
2.8. Oxygen and carbon dioxide detection

A PBI Dansensor (Ringsted, Denmark) model Check Point was used to quantify Oz and CO>
percentages in the atmosphere of the package.

2.9. Statistical analysis

Results are the mean + SD of six replicates (2 analyses x each of three PET containers, for each
packaging method). Excel software (Office 2010) was used to calculate the means and the standard

deviation.

Statistical analyses were performed using SPSS software for Windows (SPSS Inc., Elgin, IL,
U.S.A)) 22.0 Version and Tukey test to determine any significant difference among all treatments at
P < 0.05.
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3. Results and discussion

In the following interpretation of the results, the fruits stored at room temperature without film were
not taken into consideration, since they have shown a strong fungal activity the day after the harvest

and from the quality point of view, there is no interest in discussing the findings in these fruits.
3.1. Biometrics

Biometrics have a direct effect on the consumer's choice, fruits which are too small or too large are
usually rejected. All biometrics of raspberries varied during storage. Fruits stored at room
temperature showed a significant decrease in length from 2.64 to 2.41 cm, the fruit diameter
decreased from 1.97 to 1.81 cm whilst weight varied from 5.02 g at the fruit picking to 4.02 g after
two days (Table 1). In Table 2 the results of red raspberries stored in the fridge are listed. NA
allowed the longest storage (14 days) followed by PET, whereas NB showed the worst performance
in terms of duration. At day 7, a significant difference was found and the fruits packaged with the
three films showed the highest values when compared with fruits stored without film in which 2.27
cm (length), 1.79 cm (diameter) and 3.86 g (weight) were the lowest values. This means that film
protection has reduced the loss of water. These results confirm the moisture content data (Table 6)
in which the packaged fruits showed a higher weight if compared with fruits WF. The same trend
was found from day 8 to day 10, also when only NA and PET can be compared with WF in this
period. On the 12" day of storage, only PET and NA can be compared and NA showed the best

performances.
3.2. Color

It has been demonstrated that berries harvested at early stages of color development (white stage)
can become red during storage similarly to commercially ripe fruit (Kalt, Prange, & Lidster, 1993).
This indicates that these fruits harvested at certain stages of maturity can synthesize pigment during
storage under favorable conditions that are temperature dependent (Wang, Chen, & Wang, 2009). It
is common for raspberry fruit to become darker and bluer after storage (Robbins & Moore, 1990).
However, raspberries with a lighter red color and less blue color, such as fruit from controlled
atmosphere storage (Haffner,Rosenfeld, Skrede, & Wang, 2002), are considered to be more

attractive to consumers.
3.2.1. Lightness (L*)

Lightness ranges between 0 (black) and 100 (white). In the present study, for the fruits stored in the
fridge, the highest L* value (40.47) was observed when the fruits were packaged with PET on the
10th day, and the lowest (26.38) was observed in the fruits WFF on the 8th day of storage (Table 4).
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For fruits stored in the freezer, the highest L* value (46.86) was found in the NA film on the 9th
month of storage and the lowest (30.89) in the PET film on the 3rd month of storage. In the
refrigerated fruits, the L* values showed an initial decrease and a subsequent increase; this trend
was mainly pronounced for the WF and PET packaged fruits whereas it was less evident for NA
and NB packaged fruits. There was highly significant difference in L* (P < 0.01) during both
refrigeration and freezing storage methods, when the fruits were packed in the NA, while, this
parameter was not significantly different when the fruits were packed with the NB film.
Considering the fruits packaged with PET film and the fruits stored WF, L* was significantly
different during storage in the fridge (P < 0.01 and P < 0.05) but it was not significantly different
during the storage in the freezer (Tables 4 and 5). If L* is considered daily and films are compared
amongst themselves during storage in the fridge, no significant difference was found until day 4,
where L* was significantly influenced by the type of packaging from day 5 (Table 4). In the frozen
fruits, significant differences were only found between films in the 4th and the 9th months (Table
5). The lightness decreased from day 0O -at harvest- (Table 3), when the fruits were stored in the
fridge (Table 4). When red raspberries were frozen, L* increased slightly except in the fruits
packaged with PET. The color trend based on the storage period in the fridge and the freezer
showed that the lowest peak of L* was observed on the 5" and the 8th day of storage in the fridge
for both NA and PET; on the 3" day for NB and the 8th day for fruits WF. The highest peak was
observed during the 4th and the 6th day for PET and NA respectively (Table 4). Then a decrease
was again observed. When the fruits were frozen, a slight decrease of L* was observed until the 4th
month for NA, NB and WF, then it increased until the 9th month for NA and the 7!" month for NB
and WF (Table 5). The results of the two-way ANOVA analysis are reported in Table 9. L* was not
influenced by the packaging variable when the fruits were stored in the fridge. Packaging, storage

duration and their combination did not influence L* in frozen fruits. Storage duration and its
interaction with packaging produced a significant (P < 0.05) and a high significant effect (P < 0.01)
respectively in the refrigerated fruits.

Peano, Girgenti, Palma, Fontanella, and Giuggioli (2013) in fruits picked at the end of July at red
ripe stage of maturity and used as a control (Himbo Top cv, grown in North Italy), found 27.09 as
L* value and a decrease to 25.38 during the four days of experimentation, i.e. a L* value always
lower when compared to the data obtained in our work. Maro, Pio, Guedes, Abreu, and Moura
(2014) used the same instrument that we used for measurements and in four red raspberry cultivars

studied in Brasil consistently found L* values lower than in our work.

3.2.2. Red/green coordinate (a*)
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This parameter indicates the green-red coordinate. The highest a* value (31.36) was found in the
refrigerated fruits packaged with NB on the 7th day of storage and the lowest (9.89) was found in
the fruits packaged with PET on the 6th day of storage. In the frozen fruits, the highest value
(34.14) was observed in the fruits without film in the 9" month of storage and the lowest (17.36)

was found in the PET film in the 7th month of storage. In comparison to the a* value at harvest

16.93, there was an increase in red color, except for some storage days in the fridge, in the fruits
without film (days 2, 4, 9 and 10), NA film (days 4 and 6) and PET film (days 4, 6, 9 and 10),
(Table 4). There was a highly significant difference between days for the fruits stored in the fridge,
P < 0.01 for NA, NB and PET; a significant difference (P < 0.05) was found in the fruits stored WF
(Table 4). In the frozen fruits, a* showed a significant difference between months (P < 0.05) for the
fruits packed in the NA, and a high significant difference (P < 0.01) for the fruits packaged in the
NB, PET and WF (Table 5).

There was highly significant influence in the a* parameter regarding the packaging method when

the fruits were stored in the fridge (P < 0.01) and significantly influenced (P < 0.05) when the fruits

were stored in the freezer (Table 9). Storage duration and its interaction with packaging, has a

highly significant influence on the a* value.

3.2.3. Yellow/blue coordinate (b*)

The b* parameter indicates the blue-yellow coordinate. There was a highly significant difference (P
< 0.01) during storage in the fridge in all the tested packaging (Table 4); the same significance was
found in the frozen fruits packaged WF and with NB, whereas significant (P < 0.05) and no
significant differences were found in the frozen fruits packaged with NA and PET respectively
(Table 5). The highest b* value was found in the refrigerated fruits packaged in the NB film 12.69

on the 5th day of storage, the lowest value (2.52) was observed in the fruits stored WF in the fridge
on the 9th day of storage (Table 4). Significant differences were found between packaging methods
for fruits stored in the fridge with the exception of day 8, whereas significant differences were
found for frozen fruits in the 5th month (only for NB) and in the 10th months.

The b* values increased from day 0. a* and b* demonstrated the same trend in increasing their
value with fluctuations from the 4th to the 7th day of storage. The lowest b* value was observed on
the 9th day in fruit without film; on the 4h day for NA, on the 1st day for NB and on the 6th day for
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PET. The a* and b* values of fruits stored in the freezer followed a decrease trend until the 7th

month when the values increased until the 9th month.
3.3. Soluble solid content

For some Author, the flavor is derived from the interactive taste and aroma of many chemical
constituents. SSC and TA contribute to fruit flavor. High sugars and high acids are required for
good berry flavour (Kader, 1991).

The SSC showed no significant differences during refrigerated storage (Table 6). If the three films
are compared, raspberries in NA always showed the lowest value until the 10th day. In the frozen
storage, fruits packaged with NB and PET showed no significant differences over 11 months
whereas SSC was significantly different in WF fruits (P < 0.05) with a highly significant difference
(P <0.01) in NA packaged fruits. A decrease in values was observed in frozen fruits from 10.87 at
harvest to the lowest 6.47 which was observed in the fruits packaged in NA in the 11th month of
storage. There was a significant (P < 0.05) and a highly significant (P < 0.01) influence in SSC in
packaging when fruits were respectively frozen or refrigerated (Table 9). The storage duration
effect was not significant in both refrigeration and freezing. The combined variables produced no
significant differences for refrigerated fruits and highly significant differences (P < 0.01) in the
frozen fruits (Table 9). All these values are in accordance with the non-climateric characteristic of
red raspberry, in which SSC has a slight variation after picking. Ali, Svensson, Alsanius, and
Olsson (2011), in red raspberries cv Polka, produced in Sweden in September—October, and stored
for 9 days at 2 °C WF, found a lower SSC with respect to our results, varying from 7.46% (at
harvest) to 6.50% (9th day). Maro et al. (2014) studied raspberries picked at the physiological
maturity stage, of 4 raspberry cultivars each one grown in two Brazilian mountain locations (918—
1628 m above sea-level) and found a SSC ranging from 6.60% to 10.40%, noting that in this case, 7
out of the 8 samples showed (at harvest) a lower SSC with respect to our results, even if our red

raspberries were picked at an earlier stage of ripening.
3.4. Titratable acidity

In fruit juices, citric acid, malic acid and tartaric acid are quantitatively predominant, depending on
the fruit. The TA increased following harvest (1.44) in both refrigerated and frozen raspberries.
Significant differences were found in fruits WF and highly significant differences were found when
NA, NB and PET were used (Table 6). No significant difference was found during freezing for the
four types of packaging compared (Table 7). The highest value was observed in the PET packaged
fruits stored in the fridge (2.72%) on the 9th day of storage, and the lowest was observed in the
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fruits stored WF in the freezer (1.59%) in the 7th month of storage. There was a highly significantly
difference in TA (P < 0.01) during storage in the fridge, in the NA, NB, PET and WF (Table 6), but
it was not influenced by storage in the freezer (Table 7). Two-way ANOVA analysis showed that
TA was not influenced by either the storage period or the packaging method either in refrigerated or
in frozen fruits, but there was a highly significant influence by the interaction of packaging per day
(P < 0.01) and packaging per month (P < 0.05), (Table 9). Mélder, Moor, Tonutare, and P6ldma
(2011), after storage of the fruit at 1 °C from Glen Ample cv, found a TA varying from 2.36% in
the unwrapped fruits to 2.27% in fruits wrapped with polypropylene and to 2.2% in fruits wrapped
with oriented polypropylene. These findings are higher than those we found on the 4th day in our
experiment in fruits refrigerated and packaged WF, with NA and with NB, whereas they are similar
to our results for fruits packaged with PET.

3.5. Moisture

The highest moisture contents were observed in the PET packaged fruits stored in the freezer
(90.58% in the 9th month of storage) and in the NA packaged raspberries (90.35% in the 10th
month of storage), (Table 7); the lowest moisture content was observed in the fruits stored in the
fridge WF (83.88% on the 10th and last day of storage), (Table 6).

The storage period in the fridge did not influence the moisture content when the fruits were
packaged in NA (P > 0.05), whereas significant differences were found in PET packaged fruits (P <
0.05) and high significant differences in NB packaged fruits (P < 0.01), (Table 6). In the fruits
packaged WF a high significant decrease in moisture content was found during storage; from

87.40% to 83.88% (Table 6), which was due to the aerobic respiration of fruits, a biological

process which produces CO2, energy and aqueous vapor which is dispersed in the atmosphere, in

this case the absence of the protective film increased the loss of water.

In the frozen fruits, no significant differences were found in the NA and NB packaged raspberries
during 11 months of storage. Over many months no significant difference was found in the moisture
content between NA and NB stored fruits (Table 7). Frozen fruits in PET packaging showed
significant differences (P < 0.05) and highly significant differences (P < 0.01) were found in WF
frozen fruits (Table 7). Two-way ANOVA analysis demonstrated that packaging and the interaction
packaging per day, produced a highly significant influence in the moisture content (P < 0.01),
whereas no significant influence was found by analyzing the storage duration effect (Table 9); the

exact contrary was found in frozen raspberries (Table 9).

3.6. 02 and CO,
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The initial O, and CO> content was measured immediately after the sealing of the films. The O2
was 20.90% and the CO2 was 0.03% of the detected atmosphere (Table 3). After one day of
storage, the respiration of fruits caused a rapid variation of these values and O, decreased to 9.1%
(NA), 17.3% (NB) 16.3% (PET), whereas CO> increased to 9.6% (NA), 4.4% (NB) and 5.9%
(PET). As expected, the more or less pronounced barrier effect of each film strongly reduced the
gas exchange with the external atmosphere from day 1 and different effects were shown in each
type of packaging in relation to the wrapping film (Table 8). When raspberries are stored in a
modified or controlled atmosphere they are relatively tolerant to high CO.. The recommended
controlled atmosphere storage conditions for raspberry fruit are 15-20% CO> and 5-10% O
(Kader, 2001, pp. 29-70). By comparing the two prototype films that were studied, NA showed the
best O2 and CO2 concentrations: 5.81% for O2 and 15.58% for CO2, which explains the longer
shelf life of the fruits when they were wrapped in this film. The gas concentrations observed in the
NB wrapping (17.31% for O2 and 4.56% for CO2) and in PET wrapping (16.72% for O2 and
5.91% for CO2) were outside of the recommended range (Table 9). CO2 increased significantly
during storage in the NA package, whereas an inverse trend was found in the NB package, this
could be due to the differences in diffusivities of O2 and CO2 in amorphous and nanoporous-
crystalline phases of s-PS that could be relevant in gas concentrations in fruit packaging (Rizzo,
Cozzolino, et al., 2018). Within PET packaging no significant differences were found for either O2
and CO2 contents, this was probably due to the barrier effect of PET. The lowest value observed or
the O2 (1.0%) was in the NA, on the 11th day of storage and the highest value was observed in the
NB, on the 7th day of storage. Alternatively, the lowest CO2 value was observed in the NB 1.0% on
the 7th day of storage and the highest value was observed in the NA, but on the 13th day of storage.
The O2 concentration was not influenced by the storage period in the fridge, the same was true for
CO2 measured in NA and PET packaging (Table 8).

The two-way ANOVA analysis showed that the films used in this experiment had a highly
significant influence on both the O2 and the CO2 concentrations (P < 0.01), no significant effect
was caused by the days of storage (P > 0.05) and a significant effect was found in the film

interaction per day, P < 0.05 (Table 9).

Wang (2003) in the head space of polystyrene sap-on lid containers where raspberries cv Heritage
were stored for 10 days at 10 °C, found a constant O2 concentration (19.36-20.32%) and a
tendency for CO2 to increase from 0.55% to 1.89%.

4. Conclusions
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Red raspberries without refrigeration show a very short shelf-life, maximum one day. The fruits
preserved with Nanoactive A have shown the highest shelf-life (14 days) and maintained valuable
physical-chemical characteristics. When the fruits were stored in the fridge, the packaging method
(with or without wrapping film) had an impact on fruit biometrics, a*, b*, moisture, O2 and CO2.
When the red raspberries were frozen, the packaging method influenced a* and soluble solid
content. Meanwhile, the storage period in the fridge did not influence the soluble solid content, the
titratable acidity, the moisture content, or the O2 and CO2 concentrations. When the red raspberries
were frozen, a*, b* and moisture content, were highly influenced by the storage period. Nanoactive
films have shown good performances, in particular the fruits stored in the fridge and preserved with
Nanoactive A have shown the highest shelf-life (14 days) and maintained valuable physical-
chemical characteristics during storage for: length (2.42 cm), diameter (2.22 cm), weight (4.30 g),
lightness (30.05), red/green coordinate (27.87) and yellow/blue coordinate (11.98), titratable acidity
(2.35% as citric acid). Studies inside packages show that for three-layer active film, exhibiting a
nanoporous-crystalline s-PS core layer (NA), O2 and CO2 concentrations markedly decrease and
increase, respectively, with packaging time. In the same conditions, for reference films (not
activated three layer films (NB) or PET films), smaller variations with packaging time of O2 and
CO2 concentrations are observed. This behaviour is due to a higher barrier to O2 and CO2
diffusion, offered by the activated nanoporous-crystalline phase of s-PS layer (NA). Moreover it is
worth to underline that increase of CO2 concentration inside fruit package can have also a

remarkable positive effect in slowing down the development of molds, due to well-known

anti-microbial properties of carbon dioxide.
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Table 1

Effect of storage period on raspberries (cv. Erika). at harvest (0 day) and left at room temperature

without film, on length, diameter and weight.

Day Length (cm) DMameter (cm) Welght (gl

0 264 + 025" 197 + 0.29* .02 = 1.0
1 260 = 0.21° 1.88 + 011" 469 = 062"
2 241 = 024 191 + 0.29* 402 = 079"

The results are the mean of three replicates + Standard Deviation.

The letters represent the significant difference vertically at P < 0.05.
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Table 2

Effect of storage period on the length, diameter and weight parameters in red raspberries (cv. Erika), stored at 1 °C in the fridge.

-~ .

-~

-~

Day Levgeh (em) Diamga (an) Weble (9

WF NA NB PET WF NA NB PET WF NA NB PET
1 254 + a@” 249+ 027" 259 s oM™ 253+ 028" 192+ 02" 18 015" 181 + 016%" 196+ 013" 462 + a2 445+ a8 485 + 079" 498 + a2
2 232 &£ 0.3 248 + 023" 252 + 024" 254+ 028" 175 £ 015" 185+ 0.1™M 180 + 017 201 £ 032" 405 £ 095%N 43 £ 07PN 456 + QTTM 477 + 092
3 242 + 0.5 255 4+ 024" 243 + 028 245 4 0.27"*% 177 4 006" 182 4 015" 175 4 0.12% LRO £ 0.15" 429 + 0.98"*" 468 + 0.R4*™ 433 + 0.B5%* 428 + 0.80*
4 236 &£ 04N 242 + 019 233 £ Q21N 248 £ 018 178 £ 018%N 182 + QISM™W 188 £ QLA™Y 195 £ 14N 455 & QMY 488 + 050 417 £ QEI™ 457 & 0e0 M
5 237 + 0.2 246 + 0.21"™ 225 4+ 0.17% 235 + 0.8™% 185 4 013" 198 + 016" 191 + 020" 103 + 004%™ 424 4+ 071P* 460 & 063" 410 + 0.65%  4.40 3 0.79M
[3 1.9 + 018" 2+ a7 227 + 023 206+ a2s™ 161 +a18® 191 £ 213" 18 & 010*Y 185+ 011" 38 + 0s6*™ 464+ 020" 452 + a72*Y 403+ o5
? 227 £ 0.6 248 + 020" 247 + 028" 2554+ 021 1.9 £ 0)0%% 207+ 0)0% 194 £ 0,16% 210 + 016 385 + 051%% 450 + 058" 470 &+ 082"™ 507 £ 0.7
H 215 ¢+ 0.4 245 + 016" 2,48 + 018" 1,72 2 0,13% 1.75 + 0,184 1.74 + 010" 386 + 0.63% 508 + 055" 4,54 + 063"
9 2.26 £ 0. 2.9 + 023 2.9 + 022" 161 + 0™ 169 + 0.14% 168 + 010" 396 + 0.50* 4582 + o™ 470 + 059"
10 228 + 0.2bcA 2.44 + 0.25"% 247 ¢ 0.19"% 193 + 0.16% 216 + 019" 2.21 4 017" 358 ¢+ 0.65%  4.41 + 048" 4.99 + 0.69"
11 243 + Q19 227 + st 1.68 + 012 L74 ¢+ 016" 435 ¢ D63 4.80 + 066"
12 208 + 0.30" 194 + 0.50° 1.78 + 0.21*~ 160 + 0.22% 453 + 090 4.30 + 080"
13 257 + o' 233 + o' 434 + ara*
14 2.42 + 0.20™ 2,22 + 015" 4,30 + 079"
Mem 230 = 0.15% 242 #+ 012" 241 2 0% 237 = 020" 178 + 0.* 192 + 0.20%  1.84 2 .07" 1.87 + 0.18" 4.08 + 0.33% 464 + 021" 446 2+ 028" 457 + o.M
Si,g. - s - . - . - . - na, . £

The results are the mean of six replicates = Standard Deviation. ** (P < 0.01); * (P < 0.05); n.s. (not significant). The lowercase letters represent the

significant difference vertically at P < 0.05. The capital letters represent the significant difference horizontally at P < 0.05 between the three films
and the fruits without film for each day of analysis
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Table 3

Physical parameters in red raspberries (cv. Erika), the day of the harvest and O2 and CO2

composition in the headspace of the packaging.

Daxy L* a* - S50 CRrix) T (% cliric ackd)

MSodstune: (H)

Lih]

(3

00 5]

] 38.38 + 1576 1693 + 053 a8 4+ 1.34 T0LET + O.B4 144 = Q13

090 +

000

o3 =

L Leal

The results are the mean of six replicates = Standard Deviation.
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Table 4

Effect of storage period in the fridge at 1 °C on the color parameter in red raspberries (cv. Erika).

ay 1* a b

WF NA NB PET WF NA NB FET WF NA NB FET
1 36+ 351 " }|_A £ 340 /44 + 24 50 £ 208" 1056 £ 09 0T £ 297" 1930 + L9 T + 42" 625 + 052" 752 + 145" 643 s 0 R19 & 248"
2 9650 & 382" W.E & 42N 3455 & 4650 9633 & 527 1169 & 1.25% 2248 & 428" 2335 + SAPM™ 1872 £ 505" 407 £ 10 948 & 133 525 & 19000 678 & 107%™
3 J6A0 4 542" 312 4 3.0 3210 + 066* 3028 + 28274 1830 4 7.21%* 26.61 + 1.B9%* 2745 + 290™*% 287 4 230" 817 4+ A08™% 1121 + L44% 0,62 4 106" B.75 + 0.96"%
4 3640 + 232" D0 4 142V 5] £ 2430 68 £ 447 1181 £ 212% 1417 £ L11*Y 2050 ¢ LerM R £ 2F% 346 & 453N 457 & oM 261 + O8N 486 + L10MM
5 3613 + 539" 280 4 087 3715 2 177" 2686 & 149" 1413 # 3.27% 2374 + A60d® 3082 4 Q66 2235 4 L0 490 £ L9 105 £ 22" 1269 ¢+ 0.81% R36 = 1214
& Z78+ 120% Fw +2a"™ 25 +240" 3:./71 + 198" 1725 + 2249 1494 £ 375" 223 + ;M 259 + LAU® 518 + L™ B4 21 *Y &7 +131Y 365 + oo™
7 ME7 + 231**M NS & 1AM 3455 + 145 2854 4 AETYM IR0 & 456%™ 2615 £ 081" 3185 & 2110 B/A1 4 199" 530 & 1L 1091 &£ 052" 1241 & 255 11,26 & 145"
8 2638 + 084 * 289 & 1.26% 27,90 + 4.48* 2540 4 267" 2347 & 589" 19.15 &+ 421" 041 # L70'*  B.65 2 238" 6.56 + 2,49
2 39.37 + 112" M.® + 3.5%W 3506 + 402" 1083 + 231" 2515 ¢+ 5.3 1530 + 3.55%% 252 + Q8P 803 + 217 498 + 154
10 3450 4 399" T4 + 0. 40.47 + 1.65* 1478 + 1.76"" 2258 + 472" 13.11 # 3.07%% 510 £ L39*™ .06 & 1,019 3,87 + 0.39"
11 BB + 237" 30,40 + 165%™ 2510 + Q13" nes + 5% 1031 + 048 BS6 + 341"
12 3473 & 3.4 290 + 275 2140 &+ a57™ 73 + 505 504 « 154w~ 10,30 + 181
13 HD + 4490 1837 + 1.42"" 665 + 1,.23%
14 36 + 0.59* 787 + 402° 1198 + 345"
Mews 3397 + 435° 39.67 4 3.26% 3497 4 215% 3200 4+ 4.49% 1591 + 445%™ 2235 + 434" 2500 + 489"  19.59 + 5647 543 + 207" 865 4+ 219% 045 + 231" 708 & 2.47%
slx' . .. na. - - . L) . s s s -

The results are the mean of six replicates + Standard Deviation. The lowercase letters represent the significant difference vertically at P < 0.05. The

capital letters represent the significant difference horizontally at P < 0.05 between the three films and the fruits without film for each day of

analysis.
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Table 5

Effect of storage period in the freezer at —20 °C on the color parameter in red raspberries (cv. Erika).

Mon-  L* nt bh*
1 8]

WF NA NB PEY WF NA NB PET Wy NA NB PET
1 3750 + 150" HO2 + 188%* 3087 & 135" a5.21 & 387 2040 + 106™*4 305 + 08I'™* 2684 + 545 27.27 + 3.20%4 1055 £ 066 1041 & 053* 955 & 251°% 1041 & 197
2 37,99 4 301" W22 4 LO1** 4048 + L56*"  37.14 & 103" 208 4 L21™* 3154 2 0754 3007 £ 1.91™  90.26 + 1.99% 084 & 098" 1072 & 0.55* 9082 & LA7M  1LT 2 026"
3 7.29 + 245" B58 + 136" 3785 & 281" 30E0 4 197N W ¢ 452" 7.6 £ 194 27010 £ 266" 2688+ 112 980 £ 178 91 £ 01" 806 & L5 9,45 £ 0.45%
4 35.41 4 095" 3353 4 214% 3703 2 0.66° 3073 4 206" 2822 4+ LO1™ 288 4 027" 3L02 & 1.32"  30.54 4 4.69% 977 & 1.277% 10,07 + 0.39% 90.04 + LO5'* 1087 2 2.40%
5 .33 + 190 RIS + 243%™ 3WE0 + 316N 315 + 082 278 + LM 20228 + AF" 2232 + LY 280 £ LA RT3 + 023 1092 + 053" 7R + L0 780 + L2
6 4,14 + 304 008 + 190%™ 2045 + 124" 3650 & 344 2400 + A53*Y 2872 » 17PN 2494 & 107 073+ 167 708 + 166 8290 & 0.42%% 739 & 1384 737 &+ 1.54%
7 4150 + 147™ 4340 + 376 4425 + 42" T+ 364™ 232 + 1.8% 260 + 3™ 1883 + 438" 1735+ 016" 2+ 1LY 725 2 059* 53 ron™ &40+ 166"
8 88.27 + 426" Q1B £ 266M™ 3792 £ 2620 37,40 ¢+ ANM 247 & 261" 2548 + 460" 2071 £ 1748Y 072+ 437" 693+ 1AM 747 £ 134% 921 £ 120N 657 & 251
9 2571 4 368" 46,86 + 2.79% 3918 2 4648 36,63 4 320" 3414 4 075" 2502 # 450" 2090 + 433" 23204 & 263"" 1241 ¢ 061" 994 + 1.26"% 090 # L13** 11.% # 151"
10 3071 + 247 3394 & 281" 3817 &+ G64% 3823 + 299%™ 2542 & 328%N 5211 & 1M 2036 & 274N 2227 & 607" 821 4 14NN 1124 4+ 174" 579 + 098 7E0 + 2840
11 36.15 + 335'% 3412 + 0.44%*% 3579 + A91*" 3853 + 470" 3134 + 190" 3195 + 280" 3093 + 2.46™ 26,63 + 456 1021 + 035" 10.43 3 247" 10,77 + 0.68° R.90 + 3.14%°

A

Mean 3783 + 196" 3870 + 410% 3904 & 211* 666+ 255% 2768 + 347 04 & 28° 2876 + 404" 2541 ¢+ 45 905+ 188" 955 & 1 W 542 + 174" 591 + 157"
Sk na - na na o e " - - o o na

The results are the mean of six replicates + Standard Deviation. The lowercase letters represent the significant difference vertically at P < 0.05. The

capital letters represent the significant difference horizontally at P < 0.05 between the three films and the fruits without film for each month of

analysis
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Table 6

Effect of storage period in the fridge at 1 °C on the soluble solid contents (SSC), titratable acidity (TA) and the moisture parameters in red

raspberries (cv. Erika).

Titratable Acidity (% citric acld)

Motsture (%)

Day  SolubleSolid Content ("Brix)

WF NA NB VET WP NA NB PET WP NA NB VET
1 1050 & 0.00%% 1006 = 1LEPY 020 & O60M 025 ¢ 015 215+ 10 180 & 000%™ LEZ & 0.04F 103 = 0.04%  E740 & 056 792+ O™ B35 £ 0% EL71 & 0S8
2 982 % 119 920 & 006" 08 & 0.0 000 £ 073 186 £ 0228 171 = 010%™ 208 = 000" 208 £ 018%F @16 £ 0604 E7.49 & OO 863 & 084 743 & (4800
3 963 & 04FY  B13 & L™ 043 £ 032 BT & 1A 28524 022" 192 £ 016%9A 204 £ 0158 212 £ 019 EE T3+ 041PP 744 £ 0429 BATL £ 03N F710 £ 0.44%F
4 057 = 066'% 922 2 0M™ 10403 & 100" 037 & 061" 2052+ a0 185 2 0™ 206 2 004 236 2 0,058™C 623 & 029" W2 4 064" BA39 £ 020" B8 & st
5 1053 + 082" 977 & 022" 000 + 082" 920 + 128" 216 £ 022'™ 109 & 0.06™ 212 + 0.0™ 251 £ 012" B8 & 028" @20+ 0™ pEa & 059" me0u 2 022"
o 1027 + 074" 293 2 074" 950 + 016" 967 £ 012" 199 + 009"™ 146 £ 007" 230 £ 007 213 £ 005" 8493 £ 030" 8789 + 053" 8721 £ 059 46 & 0.5
7 11,50 & 1,10"™ 843 2 09" 823 + 242" 390 £ 050" 232 2 009" 209 £ 013™ 20 2 0n™ 225 2 014" 8472 £ 067 G785 & 057 8604 £ 021" §714 2 0,60
4 1207 = 1.6" 853 4+ 061" 570 £ 024%™ 199 = 019*™ 243 2 03%* 215 = 004" 8517 + 044 97238 2 059" 8325 = 0.24%
9 11,50 & 04397 933 & 0GE%™ Q) + 054 1,99 & QOPM 232 . 000 272 & 019 B4 £ 131N 77 & 0% 798 ¢ O ®
10 1000 & 025 383 & (agW B77 £ 041 2,04 & Q12N 220 & 0,029 1.96 & 0,03 E388 & 126"  B7.25 & (75 769 & 0
11 9,07 + 006% 813 & 2000 214 & 0.14% 2,06 £ 002 10 & 028 E7.60 & 007
12 852 + o LI s 009 222 & 016" 2.5 & 0,14 w7+ a2t w7 & 019"
13 970 + 0" 199 + 0.0e™ 6714 + a28*"
14 953 + 0.66" 235 + 0.10% g709 &+ 0.320%
Man 10463 + 085° 904 2 063% 931 = 058" 9 + 050" 211 2 019*F 207 » 03" 207 = 014" 224 2 025" Al 2 101" 8754 4 0.401° 4628 + 10" 9700 = 0.3°
Sig, n.s n.s. ns ns ® . . b e ns o *
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Table 7

Effect of storage period in the freezer at —20 °C on the soluble solid contents (SSC), titratable acidity (TA) and the moisture parameters in red

raspberries (cv. Erika).

Moo Sobbk Sold Contws ("Hels)

Thmmable Acidiy (% cioric ackd)

Mobnge ()
th
WF NA NB PET WF NA NB PET WF NA NB PET

1 240 + 050" g +ax™ 790 £ 050% axr +058™ 221 + 017" 200+ @™ 200 +020*" L9 +au™ =me2 +a58™ ®m® £ 018" 2812 + 0 mae2 £ O™
2 793 + 1200 930 + 064"  TH + 0.5% 927 + 088 200+ 002" 177+ 007 202 £ 005" 205 + 002" 85585 + 035" 8512+ 024 8593 + 034"  85.13 + 052
3 8.00 ¢+ 037 A53 + 009%™ B 4 0.76% 960 + 04T 216 & 042" 215 4 0,08"™  1.93 £ 0.13* 178 + 0.13* 8634 ¢ 067" A546 + 085" BGRI + 034"  B86.07 £ 0,35
4 973 + OE"Y 920 £ AN 2@ & 053" 987 & 0™ 249 + Q40 196 & O04°%A 204 £ 00ENM 204 + QMY 8679 £ 040 3542 + OSFN 740 + 023N BALT £ O
5 8.73 + 0A2*** 020 4 036"  B.07 4 0.54%% 920 + 0,16 202 + 0.16°"™ 190 4 0.11*™ 194 + 0,07 201 + 0.08*" 8723 ¢+ 035" &7 + 0.2 8654 + 012 B6.43 + 033
6 268 + OM™ 230 +a6l™ oF + 029%™ 830 + 075" 202+ 0M™ 182+ 0™ L2 sal10"™ 180 + A 22+ 0" FX - 0M*™ =67 + 030" =471 + A
7 847 +£ 025" 757 + 0. 94 + 085 053 &£ L& 150+ 015" 202+ 012°*% 185 £ 003" 197 + 0N 8756 £ 072" LS + 0.6 8765 + 014 8705 £ 0094
] 9.87 + 058°% 027 + 058"  B.@ 4 0.24% 10,17 £ 026™ 2,00 £ 0.02*** 219 + 0.02"* 1.87 2 0.19* LAY + 0.06"* 8501 # 055" 8535 % 0.07** 8556 + 1A37* BS5.26 + 0.13%
9 960 £ 014 977 £+ 102" 55 £ 116% 913 £ 037 150 + 021" 2056 £ 007YA 203 £ 004 193 £ 00" 8773 £ 021 LW £ 00FM 8793 £ 0354 9058 &£ 383
10 9.63 & 045™* 763 4+ 1.23%% 77 4 L03* 057 & 092" 230 + 013" 2254 039" 200 £ 0.08** 200 + 0.0 8636 # 0.19"* 0035 + 510" 8778 &+ 05™* 87.14 £ 023*
1 267 + O7IMC  &47 £ Q71N BT + 041%™ 1010 + 038" 201 + 022" 193 + Q01NN 1,99 £ Q16N 207 + O™ B8AES + 041" 2644 + Q18N BA44 + 052N 8642 + 015
Mean 899 + 073, 855 + 099, 8.4 + 065, 9.44 + 051 208 + 0,24, 201 + 0,144 195 + 008, 1.9 + 011, 8570 + 082, 8689 + 1.42, 8500 + 3.48, 8578 + 1.37.
Sk . bl na na o0 na oA na aa 0na [CEN 5
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Table 8

Effect of storage period, from the fruits stored in the different films, on O2 and CO2 concentrations

in red raspberries (cv. Erika), stored at 1 °C in the fridge

Iay 0 [ 00 )
NA NE PET NA NE PET
1 a1 & o™ 17.3 & 20 163 + L™ 6 + oEn 44 £ 20" =g & L7
z 7T & L= 17.7 + 1.2 168 + 1.0°9 1L7 + 120 48 = 1.8 53 + L4t
3 123 = 44™ 142 + B9 17.5 + 1. 03 + s 7.0 = 5o 44 & 17
4 a3 + BE= 143 + 4.3 17.9 + DE™ 121 + 7.5 BE = 4.5™ 38 + 0.E%
5 &7 + BE™ 157 + 31" 17.2 + 11" 130 + 7. 70 o2 44 40 + 1=
& L5 + n.g™ 10.4 + 03" 17.4 + 1.1 180 + 2ot 1.2 = Lot 48 + 1=
7 S0+ 39 19.8 + 03" 17.1 + 1.g"@ 156 + 270 Lo o= 0s™ 52 + 2gh
5 B + ar 168 + o 127 + 348 55 4+ 140
Q 72 o+ 2y 15.3 + = 14.4 + 123t an + 1274
10 20+ L 159 + 25 ME + T4 75 + 1874
11 LD + 1.7 166 + 0.5 128 + &0 &5 + L=t
12 24 + 0t 167 + 1.3 128 + oyl 64 + n7e=t
13 26 4 0.5% 0+ TAF
14 4B 4 0.28° M3 + ad®
Mz 581 + 158 17.31 & 235 1672 + 076 1558 & 420 456 = LIT 501 & 143
Sig. mE. ns nx ns. " mE.
Table 9

Variance analyses on the different parameters, taking into consideration film effect, day or month
effect and the interaction. ** (P< 0.01); * (P<0.05); n.s. (not significant).

Parameter Refrigerated fruits Frozen fruits
Film Days Film*Days Film Months Film*Months

Length (cm) i e T
Diameter (cm) e e X
Weight (g) a o A
L* ns. * o n.s n.s. n.s.
a% L2 % ** - *x **
b* R *% % n.s *k .S.
SSC ("Brix) R I.S. n.s. X n.s. wk
Titratable Acidity ns. ns. ** n.s n.s. A

(% citric acid)
Moisture (%) R n.s. R n.s nE IS
03 (%) i ns. *
CO; (%) bl n.S. o




