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Abstract: The short shelf-life of PDO Tuscan bread limits its distribution to markets close to the
production area, affecting its commercial success and the economic return by supply chain operators.
While the application of MAP to store bread is widely accepted, the suitability of this technique to
extend the shelf life of the PDO Tuscan bread is still to be explored. Furthermore, to the best of our
knowledge no data are available in the literature about the use of argon as filling gas neither in pure
atmosphere nor in combination with CO2. In this context, the aim of this study was to evaluate the
effect of different modified packaging atmospheres on the shelf-life of sourdough bread. Slices of
bread were stored individually in plastic bags at 23 ◦C in five different atmospheres (Ar (100%), N2

(100%), CO2 (100%), Mix CO2/N2 (70% CO2, 30% N2), Mix CO2/Ar (70% CO2, 30% Ar)), and Air was
selected as a control. To select the best storage conditions, both chemical-physical, rheological, and
organoleptic features were evaluated. Results showed that pure gases (CO2, N2, Ar) displayed good
qualities as storage atmospheres compared to Air. In contrast, both Mix CO2/N2 and Mix CO2/Ar
were the best in slowing down the staling process, thus doubling the shelf-life of bread, compared to
other atmospheres. In conclusion, argon, as a preservation atmosphere, seems to be the best solution
to extend the shelf-life of PDO Tuscan bread.

Keywords: modified atmosphere packaging; shelf-life; sourdough bread; staling; PDO Tuscan bread

1. Introduction

Over the last decades, European consumer behavior in the baked goods category
has changed and an increasing demand for products with reduced environmental im-
pact together with symbolic features with ethical values such as naturalness, healthiness,
distinctiveness, and consistency has been observed [1]. These new consumer concerns,
together with the instability of the European/Italian wheat market, has improved the
likelihood of success of rural systems and production strategies associated with traditional
local productions with a cultural identity (i.e., traditional food products, geographical
indications, etc.) [2].

Across Italy, in the last years, a re-localization process based on the establishment
of Protected Designations of Origin (PDO) and Protected Geographical Indications (PGI)
for bread was aimed at closing the gap between producers, processors, and consumers.
The actuation of innovative, localized bread supply chains based on different assumptions
such as variety, production method, baking process, zero-miles consumption models, etc.
represents a possible strategy to sustain the cereal sector giving an economically viable
alternative for Italian smallholders to compete on the market [1,3].

As in many other Italian regions, in Tuscany, bread has evolved as a basic consumption
item in relation to the local history and culture. In order to foster and protect Tuscan bread,
the process for the recognition of the “PDO Tuscan Bread” was promoted from 2002 by
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baker and farmer associations, the milling industry, and other local stakeholders [3]. The
original recipe and the related product specification have been codified, starting from
the specific varieties of wheat traditionally cultivated in Tuscany and to be used for the
milling of wheat.

Some crucial aspects differentiate PDO Tuscan bread supply chains from conven-
tional ones: (a) wheat must belong to a set of soft wheat varieties cultivated in Tuscany;
(b) sourdough leavening is compulsory; (c) no salt can be added to the recipe; (d) flour
must include wheat germ; (e) the final weight must range between 0.45 and 1.10 kg; and
(f) the Consortium label is compulsory.

Thanks to the use of sourdough as leavening agent [4], the PDO Tuscan bread shows a
significantly enhanced flavor complexity and higher savories than a widespread industrial
white bread [5,6], even without any salt added in the formulation. Furthermore, the low
pH together with high concentrations of lactic and acetic acid in the crumb can also explain
the extended shelf life observed, mainly linked to the reduced mold spoilage as well as the
slowing of the staling process [3,7–10].

Nevertheless, despite the improved shelf-life shown by PDO Tuscan bread, the ge-
ographic area of its supply chain appears still limited and a huge quantity of waste is
generated with a consequent loss of economic resources together with a significant environ-
mental impact [11,12].

As the refrigeration of freshly baked bread is not applicable as its texture and taste
are negatively affected by low temperatures [13], the use of a proper modified atmosphere
packaging (MAP) appears the best choice to extend the shelf life of the PDO Tuscan
bread in order to maintain both sensorial features and nutritional value without using any
preservatives [14,15], the use of which is not allowed by the traditional recipe.

Generally, when MAP is utilized to store bakery products, the gas mixture consists of
60% or more carbon dioxide (CO2) with nitrogen (N2) acting as a filler gas [16,17]. Similar
to high-water content foods, CO2 can dissolve in the water of the bakery products to form
carbonic acid, leading to a lowering of the pH. As reported by Smith et al. 1986 [18], the
mold growth could only be delayed up to 5 and 10 days, but not prevented by N2 and/or
CO2. In particular, a necessary condition to prevent mold growth was to maintain the
level of O2 below 0.4%, in accordance with the results showing the reliance between O2
content and fungi growth on other types of products under MAP [19–22]. Nevertheless,
the high concentration of CO2 may determine an increase in the perceived acidity to the
taste [19,23–26]. Furthermore, the conclusive impact of CO2 in the MAP on the bread
quality appears still contradictory [13].

In this context, the aim of this study was to evaluate the effect of different MAP
on the shelf-life of the PDO Tuscan bread. Slices of bread were stored individually in
plastic bags at 23 ◦C in five different atmospheres (Ar (100%), N2 (100%), CO2 (100%), Mix
CO2/N2 (70% CO2; 30% N2), Mix CO2/Ar (70% CO2; 30% Ar)) and Air was utilized as
control. To the best of our knowledge, no data are yet available in the literature concerning
the feasibility to use Argon (Ar) as filling gas in MAP for sourdough bread storage. To
select the best storage conditions, chemical-physical, rheological, and organoleptic features
were evaluated.

2. Materials and Methods
2.1. Raw Materials

The flour (type 0) was obtained by a mix of four varieties (Bolero, Bologna, Verna, and
Pandas) of common wheat (Triticum aestivum) produced by the Department of Agriculture,
Food, Environment, and Forestry of the University of Florence during the 2021 crop
season. The milling process was carried out at the Department of Agricultural, Food, and
Environment (DAFE) of the University of Pisa using a commercial mill (Industry-Combi,
Waldner Biotech, Lienz, Austria).

The chemical composition and the technological features of flour (Table 1) were deter-
mined according to the methods accepted by the International Organization for Standard-
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ization (ISO): humidity [27]; ashes [28]; proteins [29]; total fats [30]; falling number [31];
wet gluten and gluten index [32]; dry gluten [33]; total dietary fiber and sugars (sucrose,
glucose, fructose, maltose) [34]; amylose and amylopectin [35]; total starch [36]; total
polyphenols [37]; Chopin alveogram (W, P/L, P, L, G) [38]; Brabender farinogram (water
absorption corrected to 14% humidity, dough time, stability, softening degree (E10: degree
of softening after 10 min; E(ICC): softening degree 12 min, after max); and FQN: number of
farinographic quality) [39].

Table 1. Chemical composition and technological features of flour. Results are expressed as
mean ± SD (n = 4).

Parameters Units Flour

Chemical

Humidity % w/w 10.90 ± 0.30
Ashes % w/w 1.37 ± 0.05

Proteins % w/w 12.90 ± 0.31
Total fats % w/w 2.53 ± 0.53

Total dietary fiber % w/w 6.72 ± 0.22
Sucrose % w/w 0.96 ± 0.05
Glucose % w/w 0.43 ± 0.02
Fructose % w/w 0.14 ± 0.01
Maltose % w/w 6.28 ± 0.26

Wet gluten % w/w 34.12 ± 2.02
Dry gluten % w/w 10.94 ± 1.64

Gluten index % w/w 75.32 ± 10.01
Amylose % w/w 20.83 ± 0.23

Amylopectin % w/w 79.23 ± 0.23
Total Starch % w/w 83.72 ± 0.52

Total polyphenols mg gallic acid/kg 833 ± 17

Technological

W 10−4 joules 255 ± 29
P/L 3.3 ± 0.8

P mm 152 ± 13
L mm 48 ± 9
G 15.0 ± 1.6

Falling number Seconds 327 ± 26
Water absorption % 68.9 ± 0.7

Dough time Minutes 4.3 ± 1.5
Stability Minute 5.4 ± 2.7

E10 UF 58 ± 5
E(ICC) UF 90 ± 23
FQN 75± 2

E10 = degree of softening after 10 min; E(ICC) = softening degree 12 min after max, FQN = number of farinographic
quality; UF = Farinographic unit.

2.2. Breadmaking Process

The sourdough utilized during the study was obtained by the Consortium for the
protection of PDO Tuscan bread. The maintenance of sourdough was performed through
consecutive back slopping in order to preserve the sourdough’s acidifying and leavening
performances. Starter dough maintenance, back slopping, and baking were carried out
under controlled operating conditions (time and temperature); bread making was carried
out from a pre-ferment leavening agent, according to the two-step method of “biga” [8], as
reported in Figure S1.

All the tests were conducted at the Food Technology laboratory of the Department
of Agriculture Food and Environment of Pisa University; moreover, for each formulation,
three replications were performed.



Foods 2022, 11, 3470 4 of 11

2.3. Bread Packaging and Storage

After baking, bread loaves were cooled for 2 h at room temperature, then sliced with
an automatic slicing machine to 20 mm thickness. Each slice was packed individually in
plastic bags (two plastic layers, outer nylon layer, Food Saver, Moncalieri, Torino, Italy), by
an industrial packing machine (Lavezzini 450 GAS, Fiorenzuola d’Arda, Piacenza, Italy).
During packaging, the composition of the internal atmosphere was modified to obtain
5 different MAP conditions (Ar (100%); N2 (100%), CO2 (100%), Mix CO2/N2 (70% CO2;
30% N2), Mix CO2/Ar (70% CO2; 30% Ar)); storage atmosphere composed by 100% Air
was utilized as control.

Each pack was stored at a controlled temperature (T = 23 ◦C) during the whole
observation period.

2.4. Bread Shelf-Life Assessment

To determine the bread shelf-life as a function of storage conditions, a total of 50 loaves
(1 kg each) were prepared, 1500 slices were packed separately as described above, and
divided into 6 groups as a function of MAP composition (5 different MAPs and Air 100% as
control). To follow both the chemical-physical and sensory evolution of the packed bread
during storage, as well as visible mold appearance on bread surface, four sliced samples
for each storage condition were opened daily and analyzed as described below.

2.4.1. Control of the Gaseous Atmosphere Inside the Packages

A Dansensor® CheckPoint 3 CO2 (infrared sensor) and O2 (electrochemical sensor)
(Ametek Mocon, Brooklyn Park, MN, USA) was used to measure the gas composition
inside each pack during storage. The handheld non-destructive gas analyzer is easy to use,
fast at processing data, and uses an optical sensor to provide the highest level of accuracy
among similar products.

2.4.2. Chemical Characterization of Bread

The moisture content of bread crumbs, taken from the center of each slice, was deter-
mined on approximately 5 g sample drying at 105 ◦C until constant weight, while the pH
value was measured according to the AACC (American Association of Cereal Chemists)
standard method, as previously reported [8]. Total titratable acidity (TTA) was determined
following Gélinas et al. 1995 [40] The concentration of the main fermentative metabolites
was investigated using specific enzymatic kits (Megazyme Ltd., Wicklow, Ireland), as
described in Taglieri et al. 2020 [8].

2.4.3. Weight Loss, Crumb Softness, and Water Activity (aw)

For each experimental run, the slices were weighed daily to assess the weight loss
associated to water evaporation from the slices during storage; the value was expressed as
a percentage reduction compared to the starting value.

aw was measured by a HygroPalm HP23-AW-A equipment (Rotronic AG, Bassersdorf,
Switzerland). The results were expressed as a percentage reduction in water activity
compared to the starting value [41].

To measure the softness of the crumb, its compressibility was determined by a pen-
etrometer PNR-12 (Anton Paar, Rivoli (TO), Italy) as described by Al Omari et al. (2016) [42]
with some modifications: each sample was compressed in five spots by a weight of 90 g for
10 s. The compression spots were identified by holes, on the four corners and in the center,
on a cardboard template, placed on the surface of each sample. The compressibility was
measured in mm of penetration (0.1 mm = 1 penetration unit) and results were expressed
as a percentage reduction in softness compared to the initial value.

2.4.4. Mold Appearance

All the samples were checked daily for the presence of mold; each experimental run
was stopped when 5% of the samples showed mold spoilage.
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2.4.5. Sensory Analyses

The sensory profiles of the bread samples were evaluated by a panel of 8 trained
judges (aged between 23 and 60 years). All the people involved were members of the
“Committee of Experts” of the Department of Agriculture, Food, and Environment Sciences
of the University of Pisa. The tasting was carried out according to the previously developed
protocol [8,43]. Before the tasting sections, a consensus panel was carried out to set
up a sensory card specific for the shelf-life assessment. A final sensory sheet, including
quantitative (visual aspect, olfaction, texture, taste, acidity, evolutionary state) together with
hedonic ones (global pleasantness, overall acceptability), was individuated by agreement
among panelists. Therefore, the overall hedonic index of bread was calculated [8], starting
from the mean of the hedonic indices converted on a scale from 0 to 10, according to the
following equation:

Overall hedonic index = Mean [Hedonic indexes] × 1.11 (1)

The research obtained the approval of the ethical committee of the University of Pisa
(Comitato Bioetico dell’Università di Pisa, protocol n. 0088081/2020).

2.5. Statistical Analysis

The data obtained were processed by statistical analysis and the significance of differ-
ences among means was determined by one-way ANOVA (CoStat, Version 6.451, CoHort
Software, Pacific Grove, CA, USA).

Chemical evaluations were performed at least in triplicate and the data are reported
as average values. Tukey’s HSD test at p ≤ 0.05 significance was used for the separation of
the samples.

The trend of the parameters over time was elaborated with the JMP software package
version 17 (SAS Institute, Cary, NC, USA).

The results of the sensory analysis were processed by the Big Sensory Soft 2.0 software
(version 2018). Sensory data were analyzed by two-way ANOVA with panelists and
samples taken as main factors [44].

3. Results and Discussion
3.1. Weight Loss, Softness of the Crumb, and Water Activity Trend

After baking, the moisture redistribution from the crumb to the crust and the water
loss that causes the decrease of softness of the crumb represent two critical issues deeply
affecting bread shelf-life [7].

As reported in Figures 1 and 2, the decrease of both the weight loss and the softness of
the crumb of the slices during storage showed the same trend as a function of MAP com-
position. When Air was used as storage atmosphere, the fastest decay rate was observed,
while the lowest ones were observed when Mix CO2/N2 as well as Mix CO2/Ar were used,
regardless of MAP composition.

Bread preserved with the three pure gas MAPs (Ar, N2, and CO2) exhibited an in-
termediate quality decay rate when compared to Air and both Mix, and very similar
performances were observed regardless of the pure gas used for storage.

During storage, the free water moves inside the bread, with a flow going from the
crumb to the crust. In the latter, the water tends to evaporate reducing the aw with a
variable intensity depending on the relative humidity present outside. In addition, the
retrogradation of starch is one of the main issues of the staling process. Accordingly, a part
of the water immobilized during the gelatinization of the starch becomes free during the
recrystallization of the starch granules, thus increasing aw [7,10,41]. Finally, in any time
the aw value of stored bread (Figure 3) gives a measure of the balance between these two
opposite phenomena.
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The aw evolution followed the same trend previously reported for weight loss and
crumb softness, with the best storage conditions obtained with both Mix CO2/N2 and
Mix CO2/Ar, followed by the three pure gas MAPs, while Air was confirmed as the worst
preserving atmosphere.

3.2. Mold Appearence

As mold spoilage on the surface of bread deeply affects its organoleptic quality decay
during storage, this parameter (Figure 4) can be used as marker of the acceptability limit as
a function of the storage conditions.
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on 5% of bread samples, for each experimental condition.

As expected, mold spoilage was firstly evident when Air was used as storage atmo-
sphere, thanks to the aerobic conditions provided in this experimental run.

Among the five different MAPs, the use of Mix CO2/Ar delayed the appearance of the
molds, closely followed by Mix CO2/N2. Given the antimicrobial activity showed by CO2,
MAP obtained by pure CO2 was the best one to counteract mold spoilage when compared
with pure Ar and pure N2.

Furthermore, as the packaging utilized for storage did not allow water evaporation, the
higher the water loss from the bread slice, the higher the relative humidity (RH) increasing
inside the bag with consequent higher opportunity for mold development.

3.3. Sensory Evaluation

Panel tests were carried out on the slices of bread before packaging (t = 0) and daily, to
evaluate the impact of different MAPs on the organoleptic profile of stored bread.

Given that the experimental run with Air as preserving atmosphere was stopped at
day 8 because of mold development, data related to the panel test made at day 8 for all the
storage conditions were reported in Figure 5 and further discussed.
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After 8 days of storage, the organoleptic profile of bread was significantly affected by the
different MAPs, with the worst results observed when pure CO2 was utilized as preserving
atmosphere, closely followed by Air. These results are consistent with what was previously
observed [23,26]: the presence of CO2 in the storage atmosphere can significantly increase the
sourness of the stored food with a negative impact on its taste. Furthermore, in all the other
conditions (Air, Ar, N2), the value of the acid taste did not increase if compared to the value of
bread at t = 0, regardless of the composition of filling atmosphere. In the case of sliced bread,
the olfactory parameters were also affected, showing the highest decay. At last, the bread
stored with pure Ar best retained its organoleptic profile when compared with bread at t = 0.

The hedonic quality level of a product is fundamental in determining its acceptability
and overall pleasantness of the product. A value of 6 was taken as a reference point for the
acceptability limit.

The hedonic indexes of bread samples, at time zero and after 8 days of storage in the
different experimental conditions, are reported in Figure 6.
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The slices of bread preserved in Air and CO2 were clearly the least appreciated, while
those preserved in pure argon were described as the most pleasant, closely followed by
samples stored in pure N2. Furthermore, the presence of CO2 in the storage atmosphere,
even in mix with N2 and Ar, reduced the pleasantness of the stored bread.

3.4. Chemical Characterization

Similar to what was reported for the sensory characterization of stored bread, the
chemical composition of the bread samples was reported and discussed at time zero and
after 8 days of storage under different MAPs (Table 2).

Table 2. Chemical composition of the sourdough bread produced at time zero and after 8 days of
storage under different MAPs. Results are expressed as mean ± SD (n = 4).

Parameters p-Value 1 t = 0 Air CO2 N2 Ar Mix CO2/Ar Mix CO2/N2

% of dry matter (% dm) *** 61.63 d 64.23 a 63.48 bc 63.62 b 63.68 b 63.34 c 63.28 c

pH ** 3.89 a 3.81 ab 3.76 c 3.84 ab 3.85 ab 3.78 bc 3.81 abc

Total titratable acidity
(meq lactic acid/g dm) * 0.032 b 0.034 ab 0.036 a 0.035 ab 0.035 ab 0.038 a 0.036 a

Acetic acid (mmol/g dm) * 0.062 b 0.076 ab 0.086 a 0.073 ab 0.072 ab 0.091 a 0.093 a

Lactic acid (mmol/g dm) * 0.052 b 0.057 ab 0.060 a 0.056 ab 0.057 ab 0.061 a 0.059 a

Ethanol (mmol/g dm) n.s. 0.087 0.087 0.088 0.087 0.085 0.082 0.088

In the same row, different letters indicate significant difference among values. 1 Significance level: *** = p < 0.001;
** = p < 0.01; * = p < 0.05; n.s. = not significant (p > 0.05).

The time evolution of the chemical-physical parameters of the stored bread was
significantly affected by the composition of the atmosphere inside the pack. In fact, as
seen in the Table 2, pH, titratable acidity, and the other metabolites are statistically higher
in the slices of bread stored in atmosphere containing CO2. Therefore, we can assume a
dissolution of CO2 in the matrix, that, on a sourdough bread where the acidity is high
results in a sum effect and determines an unacceptability from the sensory point of view.
No significant differences were detected between N2 and Ar. Furthermore, after 8 days of
storage, the evolution over time of the main chemical-physical parameters fully confirmed
what was highlighted by the sensory analysis.

4. Conclusions

While the application of MAP to store bread is widely accepted, the suitability of this
technique to extend the shelf life of PDO Tuscan bread is yet to be explored. Furthermore,
to the best of our knowledge, no data are available in the literature on the use of argon as
filling gas nor in pure atmosphere nor in mixture with other filling gas (i.e., CO2 or N2).

Based on the merging of the chemical-physical, rheological, and organoleptic data
collected daily during this storage trial, it was possible to confirm that MAP is a proficiency
strategy to significantly extend the shelf-life of this product, the worst results being observed
in the control packaging (100% Air as filling gas).

According to the literature [19,23–26], in the storage conditions of this study, the
presence of CO2 inside the package significantly affected the taste of the stored bread
by increasing the perceived acidity. Given that the PDO Tuscan bread is a sourdough
bread, the above-mentioned increase was even more evident due to the high acidity that
characterized the bread before packaging.

All in all, the slowest quality decay rate was observed when 100% argon was utilized as
filling gas. Thanks to the promising results obtained with pure argon, subsequent industrial-
scale experiments will be carried out with different mixtures of Ar/N2, to identify also the
best economic solution.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods11213470/s1, Figure S1: Baking protocol and operating conditions
adopted for the experimental trials.
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