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Preface

The food industry faces the task of satisfying increasing consumer demands
for food that keeps as long as possible while maintaining the required quality.
The development of effective scientific and commercial strategies for meeting these
goals is not easy. Various technologies and ingredients are used to meet levels of
product quality, but it is difficult to test them for the purpose of assessing how food
quality will be maintained over the products’ intended shelf life. Packaging can
play a key role in food product preservation. Therefore, efforts to improve the
performances of packaging solutions and preserve food freshness have been
spearheaded in diverse fields. Packaging is usually a composite item meeting
various needs, and its design is clearly a fundamental part of new products.
Considering the importance of packaging in determining product shelf life, the
correct approach entails considering, on the same level of importance, product
development and its packaging system. This book addresses important issues
associated with the nature of packaging and the shelf life characteristics of some
important food types. Such information must be organized and made accessible to
the target audience.

Three main topics of food packaging are presented and discussed. In particular,
a complete overview of mass transport phenomena in polymers intended for
food packaging applications is discussed in depth in the first section. With a strong
emphasis on principles, this section provides a solid and comprehensive framework
for students and practitioners in that it covers the basic concepts of packaging
permeation and provides references commonly used to teach packaging. Students
will find the first three chapters an excellent base on which to build their under-
standing of other, more complicated, explanations of the theory of permeation.
The second section describes the most relevant approaches to developing
eco-friendly active packaging, including recent fabrication methods and technical
information on the advantages and limits of techniques, and the underlining systems
that could find application in food. The last section surveys how packaging can help
prolong shelf life. The strategies are described using different case studies of
various food categories. Much of the content relates to the key issues of the
microbial and chemical stability of foods and of the sensory changes that occur in
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foods in storage. The last four chapters of the book carefully examine issues related
to how the quality of raw materials, process conditions, the internal environment
created by the packaging system, and the external environment in which food is
stored come together to influence the changes that occur in food during storage.

We sincerely hope that this book will help researchers and workers in the many
fields related to food packaging, to understand the relevant issues and stimulate
further insights.

Foggia, Italy Matteo Alessandro Del Nobile
Foggia, Italy Amalia Conte
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Part I
Shelf Life Modeling of Packaged Food

The purpose of this section is to review the basic concepts of shelf life (SL)
modeling. First, the general approach will be provided. Direct and mechanistic
models will be presented and discussed separately. In particular, the elements of a
mechanistic model will be analyzed in detail by presenting the main information
available in the literature. Models related to package mass transport properties and
the process of food degradation will also be reported. The last part of this chapter
will be focused on how package mass transport properties and food degradation
process equations can be combined to predict food shelf life.

What is SL modeling about? It is generally recognized that a SL model is a
useful tool either for predicting or simply calculating the SL of packaged foods.
To do these things, first, a quantitative measure of food quality is needed, then a
threshold value for it must be set, but what is needed most is a function that relates
food quality to storage time. This section will be concerned with finding the
relationship between food quality and storage time.

Actually, there are two possible ways to approach this problem. The fastest way
to derive a SL model is to directly provide an equation that relates the packaged-
food quality to storage time (i.e., direct model). Several types of direct models
appear in the literature. Polynomial equation (I.1), exponential equation (I.2), and
power law function equation (I.3) reported, in what follows, are a few examples:

FQ(t) =ap+aj-t4ay -2 +........ +a, - t", (L.1)
FQ(t) = ap - exp(—ay - t), (1.2)
FQ(t) = ap - t" (1.3)

where FQ(t) is the packaged-food quality, a; are the fitting constants, and t is the
storage time. Generally, the direct model’s parameters (i.e., a;) do not have any
particular physical meaning since these models are not based on a specific picture of
the phenomena involved in food degradation.
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The mechanistic approach is the other way to find the relationship between food
quality and storage time (i.e., to derive a SL model). It consists in first identifying
all the phenomena involved in the deterioration process that affect the packaged
food during storage, then in providing a quantitative description for each of them,
and finally in combining all this information into a single set of equations, which are
generally differential equations. The phenomena involved in packaged food degra-
dation can be clustered into two main groups: mass transport properties of the
package and food deterioration mechanisms. As an example, the equation used to
determine the amount of low molecular weight compound exchanged between
the inside and outside of a flexible package under steady-state conditions has the
following form:

Ap

Je« = P - =X 1.4
ss 7 (L4)

where Jgg is the steady-state permeant mass flux, P is the permeability coefficient of
the packaging film, Ap is the permeant partial pressure across the packaging film,
and ¢ is the packaging film thickness. As an example of a packaged-food deteriora-
tion mechanism, the extent of the oxidation reaction rate, Ext(t), of dry foods is
reported as a function of the extent of oxidation reaction, water vapor partial

pressure, pi(t), and oxygen partial pressure, pi(‘)‘2 (t), in the package headspace
(Labuza 1971):

dExt(t)
dt

in t
Cmp | B MUEMe X EXUO) | ( Pg, (1) ) L3)

RS0 o 100 M = My P, (1)
i

W

where mp is the mass of packaged food, py is the equilibrium water vapor pressure,
and M; are the model’s parameters.

Generally, the aforementioned elements are integrated by means of balance
equations, usually mass balance equations, which combine the package mass
transport properties with the packaged-food deterioration mechanisms. Actually,
the SL model is a set of equations, usually differential equations, composed of
relationships describing the package mass transport properties, the food deteriora-
tion mechanisms, and the balance equations, where the food quality indices are
unknown functions. Continuing with the example of dry foods, the oxygen and
water mass balance equation in the package headspace is as follows:

dnins t
dno. (V) _ A x Jo, — Ro, (1.6)
dt -
dni"™, (t
L() = A x Jy,o0, 1.7)

dt
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where n§(t) and n{f,(t) are the number of oxygen and water moles inside the
package, respectively; Jo, and Jy,0 are the oxygen and water mass flux through the
package, respectively; A is the surface area of the package; and R, is the oxidation
rate given by Eq. 1.5. In this specific case, the SL model is composed of Egs. I.5, 1.6,
and 1.7 and has unknown functions such as Ext(t), pjj o(t), and pg (t). The former
two functions are the packaged-food quality indices. Solving the aforementioned
set of differential equations it is possible to find the relationship between food
quality [i.e., Ext(t), pi‘%o(t)] and storage time.

As expected, advantages and disadvantages are associated with these two
approaches. Normally direct models are simple and empirical and are usually
used to calculate SL by means of either data interpolation or small-scale extrapola-
tion. The model’s parameters are usually obtained through an experimental data
fitting procedure. The other approach is generally more complex since mechanistic
models are difficult both to derive and to handle. The most important feature of
these types of model is that they are generally predictive and can be used for design
purposes. It is worth noting that these models are generally derived by giving a
quantitative description of each involved phenomenon. Therefore, they also pro-
vide insight into each event occurring during storage.

References

Labuza TP (1971) Kinetics of lipid oxidation in foods. CRC Crit Rev Food Technol 2:355-405



Chapter 1
Direct Models for Shelf Life Prediction

1.1 Introduction

It is often necessary to study various packaging strategies to preserve a specific
commodity. To this aim, shelf life (SL) tests are run to determine the effectiveness
of certain packaging solutions. In these cases, a model that either extrapolates or
interpolates the experimental data (e.g., by a simple data fitting) is generally used to
calculate the SL and, consequently, the effectiveness of a given packaging strategy.
To get an idea of what these types of models are about, two cases will be presented:
one where the quality of the packaged food can be described by means of a single
quality index, as is the case with many kinds of fresh-cut produce, and another
where the quality depends on more than just one quality index, such as dairy
products.

1.2 Single Quality Index Models

Predictive microbiology is a useful tool for determining the SL of food products
whenever the microbial cell load is the sole packaged-food quality index. Several
attempts have been made to develop a predictive model of spoilage growth inside or
on the surface of foods as a function of time. These models may be analytical
expressions (direct models), such as the Gompertz or the logistic curve (Zwietering
et al. 1991) that exhibit the typical sigmoidal trend of a bacterial growth curve, or
are sets of ordinary differential equations (mechanistic models) (Baranyi and
Roberts 1995).

The empirical sigmoidlike analytical expressions used in predictive food micro-
biology are very appealing mainly due to their simplicity. The accuracy in
predicting growth depends on the number of parameters used in the sigmoidal
model. Modified versions of the Gompertz equation can include three or more
parameters to describe the behavior of the bacterial growth curve. For example,

M.A. Del Nobile and A. Conte, Packaging for Food Preservation, 5
Food Engineering Series, DOI 10.1007/978-1-4614-7684-9_1,
© Springer Science+Business Media New York 2013
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a modified version of the Gompertz model to describe a bacterial population was
proposed by Zwietering et al. (1990). The kinetic parameters derived by the
Gompertz equation have often been used to calculate the SL. of numerous mini-
mally processed vegetables (Corbo et al. 2004; Lanciotti et al. 1999; Riva et al.
2001; Sinigaglia et al. 2003). In fact, the SL of these products was calculated by
setting the maximum acceptable contamination level to 5 - 10’ CFU/g, as deter-
mined by French regulations (Ministere de I’Economie des Finances et du Budget
1988). The method adopted by Zwietering et al. (1990) consists in estimating the
Gompertz parameters by fitting the following expression to the experimental data:

log[N(f)] = K +A - exp{— exp{ [(ymax .2.7182) AT_I} + 1}} (1.1)

where N(t) is the viable cell concentration (CFU/g) at time 7, K is related to the
initial level of the viable cell concentration (log CFU/g), A is related to the
difference between the decimal logarithm of maximum bacteria growth attained
at the stationary phase and the decimal logarithm of the initial value of viable cell
concentration, i, is the maximal specific growth rate, and 4 is the lag time. Once
the modified Gompertz function parameters are estimated, the SL of the packaged
produce is calculated through the following expression:

ARG B

1.2
-2.7182 ’ 12)

ﬂmax

where Np,.x is the microbial threshold (CFU/g), which, as reported previously, is
equalto 5 - 107 CFU/g for minimally processed vegetables. It is worth noting that,
even when it is possible to use Eq. 1.1 for estimating the confidence interval of each
Gompertz parameter, it is not possible to directly estimate the confidence interval of
the SL because it does not appear explicitly as an equation parameter. The difficulty
of estimating the SL confidence interval is the main drawback of using the forego-
ing approach to estimating the SL of fresh produce.

An alternative method for estimating the SL of fresh-cut products was proposed
by Corbo et al. (2006). It consists in rearranging Eq. 1.1 in such a way that the SL
parameter appears in the equation, relating the log (CFU/g) to the storage time:

1og[N ()] = 10g(Nimax) — A - exp{—exp{ {(Mm -2.71) ATSL} + 1}}

+ A -exp{—exp{ [(,umax -2.71) }L;t} + 1}} (1.3)

It is worth noting that SL is the time at which the microbiological threshold is
reached [i.e., the time at which N(¥) is equal to Nyax].
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O Sample A

—— Best fit to sample A data
A Sample B

T — — Best fit to sample B data

Cell Load [Log(CFU/g)]
=y

0 ' 5 ' 10 ' 15
Time [days]

Fig. 1.1 Evolution of mesophilic bacteria as a function of storage time for fresh-cut lettuce. The
curves are the best fit of Eq. 1.3 to the experimental data. Sample A: treated lettuce with a solution
containing 150 ppm of free chlorine; sample B: treated lettuce with a solution containing 100 ppm
of free chlorine and washed after cutting

By fitting Eq. 1.3 to the experimental data it is possible to estimate the equation’s
parameters and their confidence interval. Therefore, Eq. 1.3 can be used in place of
Egs. 1.1 and 1.2 to determine both the SL and the confidence interval. The model
proposed by Corbo et al. (2006) was used for the mesophilic bacteria cell load of
different packaged minimally processed vegetables (fresh-cut lettuce, fennel, and
shredded carrots). As an example, Fig. 1.1 shows the evolution during storage of the
microbial population in samples of packed fresh-cut lettuce, as reported by Corbo
et al. (2006). The curves shown in the figure were obtained by the authors by fitting
Eq. 1.3 to the experimental data. Table 1.1 reports some examples of SL values for
ready-to-eat produce, obtained according to the approach proposed by Corbo et al.
(2006). As pointed out earlier, using Eq. 1.3 it is possible to estimate the SL
confidence interval, which in turn makes it possible to establish whether or not
there is a significant difference in the SL among the packaged products.

1.3 Multiple Quality Index Models

Whenever the quality of a given packaged food depends on various quality indices,
its SL is, by definition, the time at which one of the food quality indices reaches its
threshold. Packaged fresh dairy products can serve an example of food whose
quality has been reported to depend on more than one single quality index. In
fact, the numerous works reported in the literature dealing with fresh dairy product
SL have determined that food quality is related to both microbial and sensory
quality (Conte et al. 2009a; Del Nobile et al. 2009b; Gammariello et al. 2008b;
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Table 1.1 Shelf life values obtained according to mathematical model proposed
by Corbo et al. (2006). The 95 % confidence intervals of the calculated shelf life
values, calculated on the basis of 200 converging interactions, are shown in
square brackets

Product® Shelf life (days)

Shredded carrots Cl 6.42 [4.65, 7.15]
Cc2 6.92 [6.34, 7.69]
C3 6.30 [5.65, 7.00]
C4 4.56 [4.27, 4.86]

Fresh-cut lettuce L1 12.63 [11.5, 14.7]
L2 _°
L3 9.69 [8.47, 11.7]
L4 4.51 [3.62, 5.41]

Cl1, C2, C3, C4: shredded carrots produced according to processing lines I, II,
III, and IV, respectively; L1, L2, L3, and L4: fresh-cut lettuce produced
according to processing lines I, II, IIT and IV

I: treatment with solution containing 150 ppm of free chlorine

II: treatment with solution containing 100 ppm of free chlorine

III: treatment with a solution containing 100 ppm of free chlorine and washing
after cutting for lettuce or shredding for carrots to reduce the residual chlorine
concentration

IV: pause of 12 h at room temperature (15-18 °C) before treatment with a
chlorine solution (100 ppm of free chlorine) and washing

"Mesophilic bacterial count that did not attain 5 - 10" CFU/g

Papaioannou et al. 2007; Pintado et al. 2001). Generally, for assessing dairy
microbial quality Pseudomonas spp. and coliforms are used as target microbial
groups (Conte et al. 2009a; Del Nobile et al. 2009b; Gammariello et al. 2008b).
In several cases, the quality of fresh-cut produce has also been described by means
of more than one quality index (Mastromatteo et al. 2009; Watada and Qi 1999).
Various studies dealing with ready-to-use vegetables (lampascioni, artichokes, and
zucchini) also took into account microbial and sensory quality for the purpose of
assessing SL (Conte et al. 2009b; Del Nobile et al. 2009a; Lucera et al. 2010).

The way the aforementioned quality indices are described through mathematical
models depends on the trend of the experimental data. In fact, it must be recalled
that direct models are empirical in nature, and usually their parameters have no
particular physical meaning; they are only used to interpolate data by means of a
fitting procedure. Therefore, the choice of model should be based solely on its
simplicity and its ability to fit the experimental data. Several empirical models can
be found in the literature to describe packaged-food quality. For instance,
Gammariello et al. (2008a) proposed a first-order kinetic type of equation to
quantitatively determine the influence of chitosan on the sensory quality decay of
Apulia spreadable cheese during storage. To derive the model, the authors started
from a first-order equation:

de)
I k- x,

(1.4)
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where £ is the normalized dependent variable, x is the generic independent variable,
and £k is the kinetic parameter; £ is defined as follows:

&(x) = Yo~y (1.5)

where y(x) is the generic dependent variable, y° is the initial value of y(x), and y™ is
the asymptotic value of y(x). The solution of Eq. 1.4 is as follows:

E(x) = & - exp(—k - x). (1.6)
Substituting Eq. 1.5 into Eq. 1.6 one obtains
() =y + (" =) exp(—k - x). (1.7)

Equation 1.7 can be further rearranged to incorporate as a parameter the thresh-
old value of the dependent value y:

_ YTy exp(—k - aT)

y(x) T oxp (k)
T _ 0 r
o Y —y -exp(—k-x)| o
TP 1 —exp(—k - xT) exp(—k - x), (1.8)

where y” is the threshold value of y(x), and x” is the value of the independent
variable at which y(x) reaches y’.

Equation 1.8 was used by the authors to interpolate the sensory data of Apulia
spreadable cheese. The authors introduced the concept of sensory acceptability
limit, rewriting the preceding equation in the following form:

_ OSQuin — 0SQo - exp(—k - SAL)
0se() = 1 — exp(—k - SAL)
OSQOmin — OSQy - exp(—k : SAL)
* (OSQO 1 — exp(—k - SAL)

> -exp(—k-1), (1.9)

where OSQ(?) is the packaged-food overall sensory quality at time ¢, OSQ,, is the
initial value of the packaged-food overall sensory quality, OSQ ., is the packaged-
food overall sensory quality threshold, SAL is the sensorial acceptability limit
[i.e., the time at which SA(?) is equal to SA,i,]. It is worth noting that in all cases
where the food quality depends on several indices, the time at which one of its
quality indices reaches the threshold does not necessarily coincide with food
SL. Consequently, Gammariello et al. (2008a) used the term sensory acceptability
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Table 1.2 Appearance, texture, flavor, and overall acceptability of spreadable cheese samples
studied by Gammariello et al. (2008a)

Samples Appearance Texture Flavor Overall acceptability
CTRL 13.58 &+ 1.79* 1.67 + 0.32¢ 12.06 + 1.48* 10.56 + 0.65*

C12 8.55 + 0.88" 3.64 + 1.25° 9.81 + 1.64° 8.10 + 0.52°

Cc24 >18 10.18 + 1.29* >18 >18

C36 7.33 + 0.81° 446 + 1.32° 7.63 + 0.8° 3.71 + 0.86°

Data are presented + standard deviation

““Data in each column with different superscript letter are statistically different (p < 0.05)
CTRL Apulia spreadable cheese without chitosan, C/2 Apulia spreadable cheese with
chitosan — final concentration in working milk 0.012 % (wt/vol), C24 Apulia spreadable
cheese with chitosan — final concentration in working milk 0.024 % (wt/vol), C36 Apulia
spreadable cheese with chitosan — final concentration in the working milk 0.036 % (wt/vol)

limit (SAL) to indicate the time at which the sensory quality reaches its threshold.
If this attribute is the sole packaged-food quality index, the SAL value would
coincide with the product SL. The calculated values of each sensory attribute are
reported in Table 1.2. As can be inferred, the SAL of the most studied Apulia
spreadable cheese samples is mainly affected by texture characteristics.
Gammariello et al. (2008a) took into account two quality indices, microbial and
sensory ones, to evaluate the SL of dairy products. Considering that the monitored
viable cell counts of target spoilage microorganisms were found to be below the
threshold for the entire observation period, the authors assessed that the SAL values
coincided with the SL of the Apulia spreadable cheese.

A Weibull type equation can also be used to interpolate the experimental data
and calculate the quality acceptability limit of a packaged food. The Weibull
equation was originally used to describe the cumulative density function (Park
1979), which has the following form:

ol )]

where a and f are shape and scale parameters, respectively. Equation 1.10 is an
increasing sigmoid function ranging between 0 and 1. To use Eq. 1.10 to interpolate
a packaged-food quality index, such as the sensory one, it must be modified to a
decreasing function ranging between two arbitrary limits:

y:K1+K2-exp[—C—3) } (1.11)

where K| and K are fitting parameters. Equation 1.11 is now a decreasing function
ranging between (K; + K5) and K. Equation 1.11 can be further rearranged to make
the quality index acceptability limit (i.e., the time at which the quality index reaches
its threshold value) appear directly as a parameter of the equation relating the
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O Control sample
’_/' —— Best fit to control sample
R A Samplc A
4'_ T ---- Best fit to sample A
® Sample B
- = Be?t fit to sample B .

Cell Load [Log(CFU/g)]
N

o 2 4 6 8
Time [days]

Fig. 1.2 Evolution of Pseudomonas spp. as a function of storage time for fior di latte cheese. The
curves are the best fit of Eq. 1.13 to the experimental data. Sample A: coated cheese sample with
sodium alginate (8 %) and 0.25 mg/ml of lysozyme/EDTA; sample B: coated cheese sample
with sodium alginate (5 %) and 0.25 mg/ml of lysozyme/EDTA

quality index to the storage time. In the specific case where the sensory quality must
be interpolated, Eq. 1.11 can be rearranged as follows:

0SQ(t) = OSQOmin — K> - exp [— (SATL> “} + K, - exp [— (é) a} . (1.12)

A different equation was used by Del Nobile et al. (2010) to quantitatively
determine the efficiency of alginate gel loaded with lysozyme and ethylenediami-
netetraacetic acid (EDTA) in controlling microbial growth in fior di latte cheese.
The authors used the Gompertz equation as reparameterized by Corbo et al. (2006)
to interpolate the microbial growth curve:

og[N(1)] = l0g(Nuay) — A - exp{— exp{ [(ﬂmax 271 -J‘A%MAL} + 1}}

+ A exp{eXp{ |:(ﬂmax +2.71) AA_t] + 1}}

where MAL is the microbial acceptability limit, i.e., the time at which the
microbiological threshold is reached [i.e., the time at which N(¢) is equal to
Nmax]- It is worth noting that the term microbial acceptability limit (MAL) has
been used in place of shelf life, which was used in Eq. 1.3. Figure 1.2 presents an
example of the fitting ability of Eq. 1.13. The figure shows the evolution during
storage of Pseudomonas spp. viable cell concentration in some fior di latte cheese
samples along with the best fit of Eq. 1.13 to the experimental data. The authors set

(1.13)
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Table 1.3 Shelf life of fior di latte cheese samples evaluated as lowest value between MAL and
SAL, calculated as fitting parameters

Sample Shelf life (days)
Control sample 1.33 + 0.12*
0.25 mg ml~" lysozyme and 50 mm Na,~EDTA in brine 3.37 + 0.14°
0.50 mg ml~" lysozyme and 50 mm Na,~EDTA in brine 3.16 + 0.15°
1.00 mg ml~" lysozyme and 50 mm Na,~EDTA in brine 271 £+ 0.29°
0.25 mg ml~" lysozyme and 50 mm Na,~EDTA in alginate (8%) coating 2.74 £+ 0.52°
0.50 mg ml~! lysozyme and 50 mm Na,—EDTA in alginate (8%) coating 2.72 + 0.00°
1.00 mg ml~" lysozyme and 50 mm Na,~EDTA in alginate (8%) coating 2.51 + 0.05%
0.25 mg ml~" lysozyme and 50 mm Na,—~EDTA in alginate (5%) coating 235 £ 0.07°
0.50 mg ml~! lysozyme and 50 mm Na,—EDTA in alginate (5%) coating 2.16 + 0.24%¢
1.00 mg ml~" Lysozyme and 50 mm Na,~EDTA in alginate (8 %) coating 1.91 £ 0.09°

Data are presented =+ standard deviation
““Data in column with different superscript letters are significantly different (p < 0.05)

the value of Ny, for Pseudomonas spp. at 10° CFU/g because at this contamination
level alterations of the product start to appear (Bishop and White 1986). The authors
used the Gompertz equation as reparameterized by Corbo et al. (2006) also to
quantitatively determine the efficiency of the packaging system in slowing down
the quality loss of fior di latte cheese in terms of sensory quality preservation:

AQ

22 —1
+ A¢ -exp{—exp{ [(ﬂan -2.71) A—Q] + 1}}»

0 _
0SQ(t) = OSQmin — A? 'exp{—exp{ [(ﬂgax -2.71) '1SAL} + 1}}

(1.14)

where A9 is related to the difference between the packaged-food overall sensory
quality attained at the stationary phase and the initial value of packaged-food
overall sensory quality, u?.x is the maximal rate at which OSQ(7) changes, and
1€ is the lag time. Values of SL were calculated as the lowest value between the
MAL and the SAL values (Table 1.3).

A further example of the use of empirical equations to calculate the SL of
packaged food is provided by Gammariello et al. (2011), who conducted a study
on the effects of the addition of chitosan during cheese making, combined with
modified atmosphere packaging (MAP) to prolong the SL of stracciatella cheese
stored at 4 °C. The authors calculated the stracciatella cheese SL using three quality
parameters, two related to the growth of two spoilage microbial groups, Pseudomo-
nas spp. and total coliforms, and the third related to the sensory quality of packaged
food. Equations 1.13 and 1.14, used by Gammariello et al. (2011), interpolate the
experimental data in a quite acceptable way. The SAL and MAL values calculated
by the authors were compared to determine stracciatella cheese SL (Table 1.4).
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Table 1.4 Shelf life of stracciatella cheese samples evaluated as lowest value between MAL and
SAL, calculated as fitting parameters

Sample SAL (days) MAL (days) Shelf life (days)
Cnt 43 +£0.2° 3.4 +0.2° 3.4 +02°
Chl 5.2 + 0.3 4.0 £ 0.2° 4.0 £ 0.2°
Ch2 4.9 + 0.2 3.9 £0.3% 3.9 +0.3°
Ch3 6.0 £ 0.4%¢ 3.7 +£02° 37 £02°
Cnt-MAP 7.5 £+ 0.3¢ 5.8 £ 0.3° 5.8 £+ 0.3°
Ch1-MAP 5.8 + 0.3° 6.5 £ 0.2° 58 +0.3°
Ch2-MAP 6.9 + 1.1%¢ 7.0 + 0.6° 6.9 + 1.1°
Ch3-MAP 5.6 £ 1.0° 6.8 £ 0.5° 5.6+ 1.0°

Data are presented =+ standard deviation

*%Data in column with different small letters are significantly different (p < 0.05)

Cnt chitosan-free stracciatella packaged in tubs, Chl stracciatella with chitosan added to 0.010 %
and packaged in tubs, Ch2 stracciatella with chitosan added to 0.015 % and packaged in tubs, Ch3
stracciatella with chitosan added to 0.020 % and packaged in tubs, Cnt-MAP chitosan-free sample
packaged under MAP, Chl-MAP stracciatella with chitosan added to 0.010 % and packaged under
MAP, Ch2-MAP stracciatella with chitosan added to 0.015 % and packaged under MAP,
Ch3-MAP stracciatella with chitosan added to 0.020 % and packaged under MAP

MAL microbiological acceptability limit

SAL sensorial acceptability limit
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Chapter 2

Influence of Mass Transport Properties
of Films on the Shelf Life of Packaged Food

2.1 Introduction

The barrier properties of flexible films play a major role in determining the shelf life
(SL) of packed foodstuffs (Quast and Karel 1972; Talasila and Cameron 1997).
In fact, polymeric films controlling the rate at which small molecular weight
compounds permeate into or outside a package can slow down many of the
detrimental phenomena responsible for the packaged product’s unacceptability.
Generally, the mass transport properties of polymeric films are simply determined
by evaluating the permeability coefficient of a given polymeric-diffusant system
(Del Nobile et al. 1996a, b). This approach can be successfully used wherever the
permeability coefficient does not depend on the packaging film boundary
conditions. For instance, this is the case with gas permeation through rubbery
films such as polyethylene. In fact, in these cases, the coefficient is constant because
the permeating molecules do not change, to a great extent, the free volume of the
polymeric matrix.

The foregoing approach fails wherever the permeability depends on the diffusant
partial pressure at the upstream and downstream sides of the film, as in the case of
water vapor transmission through moderately hydrophilic polymers. In fact, water
molecules acting as plasticizers increase the macromolecular mobility of the poly-
mer. As a consequence, both the solubility and diffusivity coefficients, and conse-
quently the permeability coefficient, depend on water activity. In these cases, the
permeability coefficient cannot be determined by a single measure; in its place, a
more accurate analysis of the permeation process is necessary to properly determine
the barrier properties of the film. In the following paragraphs, mathematical models
to predict the barrier properties of single multilayer systems as a function of the
water activity at the upstream and downstream sides of a film will be presented and
discussed.

M.A. Del Nobile and A. Conte, Packaging for Food Preservation, 15
Food Engineering Series, DOI 10.1007/978-1-4614-7684-9_2,
© Springer Science+Business Media New York 2013
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2.2 Single Layer Structures

Several works are reported in the literature dealing with the influence of water on
the permeability of gases through water-sensitive packaging film. Gavara and
Hernandez (1994) described oxygen permeability experiments by a bimodal diffu-
sion mechanism. The two processes were called fast and slow, and the total perme-
ability was expressed as a linear combination of these two mechanisms; from the
values of permeability and diffusion, the solubility of oxygen in nylon-6 was
calculated for both mechanisms. The change in the oxygen permeability as a
function of polymer moisture content was controlled by the change in oxygen
solubility as a function of moisture, which was related to the state of water in
the polymer matrix. The authors assumed that this dependency was caused by the
formation of a water cluster and the consequent molecular competition between
water and oxygen for the polymer active sites. Del Nobile et al. (2003b) proposed
a mechanistic approach to describing the water barrier properties of nylon as a
moderately hydrophilic polymer in which both solubilization and a diffusion process
were separately described. The proposed mathematical model was validated by
successfully predicting the water permeability coefficient of a nylon film. However,
models that describe separately the main phenomena involved in the mass transport
process are somewhat complex to handle from a calculative point of view. More-
over, they need a rather complex and expensive experimental procedure to obtain the
values of the model parameters. An alternative to this approach is represented by
empirical mathematical models that are generally easier to handle and the
parameters are simply determined. These mathematical systems can be applied to
several moderately hydrophilic polymeric films, and in some circumstances they can
also be advantageously used for packaging-design purposes.

In what follows, both mechanistic and empirical approaches to predicting the
barrier properties of single-layer structures as a function of water activity at the
upstream and downstream sides of a film are presented and discussed separately.

2.2.1 Empirical Models

Regarding the dependence of low molecular weight compound permeability on
relative humidity at film boundaries, it either increases or decreases, or it shows an
upward concavity. A steady increase in the permeability coefficient with relative
humidity might be found when water molecules acting as a plasticizer increase the
macromolecular mobility of a rubbery polymer. On the other hand, the permeability
coefficient might steadily decrease with relative humidity whenever water
molecules competing with the permeating compound reduce the frozen microvoid
capacity of a glassy polymer to host the permeating substance (Del Nobile et al.
1997a, 2003a). An upward concavity of the permeability coefficient plotted as a
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function of relative humidity at the boundaries can be encountered in the case of
glassy polymers. In these cases, water molecules can reduce the low molecular
weight compound solubility coefficient by reducing the frozen microvoid capacity
to host the permeating compound; on the other hand, they can act as a plasticizer
and increase the macromolecular mobility, thereby increasing the low molecular
weight compound diffusivity. In fact, an upward concavity means that the former
effect prevails at a lower relative humidity, whereas the latter one prevails at
higher values.

An example of an empirical model is presented by Mastromatteo and Del Nobile
(2011), who proposed a simple approach to predicting the oxygen permeability
coefficient of two films made up of polyethylenterephthalate (PET) and oriented
polyamide (OPA) as a function of the relative humidity at the boundaries. The
authors proposed the following two empirical equations to account for all
the aforementioned possible dependence of the permeability coefficient on relative
humidity:

Po, (7RH) = P3;, + (PY, — P3; ) - exp(—bo - %RH). @.1)

Po, (%RH) = P)_ by - %RH + b, - %RH, 2.2)

where %RH is the average relative humidity across the film, PO02 is the film oxygen
permeability at zero %RH, Pg is the hypothetical film oxygen permeability reached

at an infinite value of %RH, and b; are constants that account for the dependence of
oxygen permeability on the average relative humidity across the film. In fact,
Eq. 2.1 is a first-order kinetic-type equation and can be used whenever the oxygen

permeability steadily either increases or decreases with %RH. On the other hand,
Eq. 2.2 is a second-order polynomial function to be used whenever an upward
concavity is found.

As reported earlier, Mastromatteo and Del Nobile (2011) used PET and OPA
films to validate Eqs. 2.1 and 2.2. Figure 2.1 shows the oxygen permeability
coefficient plotted as a function of the average relative humidity across the film
for PET and OPA, respectively. The curve shown in each picture of Fig. 2.1 was
obtained by fitting Egs. 2.1 and 2.2 to the experimental data. The model parameters
calculated from the fitting are as follows: Pg = 1.90 - 107" £ 1.46 - 107'%
Py =297-107""£4.87-10"; by =1.93-10"> £ 544 - 10 for the PET
film; P) =1.82-107"" £2.15-107 "% b; = —6.75- 107> £9.39 - 10~ %, b, =
9.08 - 107> £9.91 - 10~ '° for the OPA film.

As can be inferred from the figure, the empirical expression proposed by
Mastromatteo and Del Nobile (2011) interpolate the experimental data in a quite
acceptable way; however, other insights into the mechanism of low molecular
weight compound permeation through the polymeric film are possible.
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Fig. 2.1 Oxygen permeability coefficient plotted as function of average relative humidity across
film for PET (a) and OPA (b). The curve shown in each picture was obtained by fitting Eqs. 2.1 and
2.2, respectively, to the experimental data

2.2.2 Mechanistic Models

A mechanistic approach to this problem needs to start from the phenomena
involved in the permeation of low molecular weight compounds through polymeric
films. It is generally accepted that this mechanism consists of three steps: (1) the
absorption of the low molecular weight compound at the high partial pressure side
of the film, (2) its diffusion through the polymeric matrix, and (3) its desorption at
the low pressure side of the film. Therefore, the permeation through a polymeric
matrix is a combination of two distinct processes: solubilization and diffusion.
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Normally, low molecular weight compound diffusion through a film is described
by Fick’s model, which for a plane sheet has the following form:

J= —D(C)- 2.3)

g )
where J is the low molecular weight compound mass flux, D(C) is the diffusion

coefficient, C is the low molecular weight compound local concentration, and X is
the spatial coordinate. Integrating Eq. 2.3 across the film thickness one obtains

1 G
Jos - 1= —J <D(C) . g(x:) -dx = J D(C) -dC, 2.4)
0

C

where C; and C, are the permeant concentration at the upstream and downstream
sides of the film, respectively. Equation 2.4 was derived by setting the origin of the
spatial coordinate at the high partial pressure side of the film (i.e., upstream side of
the film) and assuming that steady-state conditions are obeyed. Comparing Eq. 2.4
with Eq. 2.3 one obtains

q Ci(p1)
. D(C) -dC, (2.5)
P1 —P2

Ca(py)

P(p;,p,) =

where p; and p, are the permeant partial pressure at the upstream and downstream
sides of the film, respectively. It is worth noting that Eq. 2.5 provides the relation-
ship between the permeability coefficient and the permeant partial pressure at the
film sides, and it is derived directly from the assumption of permeation as a three-
step process.

Water vapor is one of the most important low molecular weight compounds of a
specific group of flexible films intended for food-packaging applications that can
make the permeability coefficient dependent on its partial pressure at the film
boundaries. Therefore, in what follows, the focus of this paragraph will be on the
dependence of the permeability coefficient on the water vapor partial pressure at the
film sides. In the specific case of water permeation, Eq. 2.5 can be rewritten as follows:

Cw (P{V)
J Dw(Cyw) - dCy, 2.6)

Cw(py)

1

P l’ 2 - = .
W(Pw Pw) P\IN_P%V

where Pyy is the water vapor permeability coefficient, pi, and p, are the water vapor
partial pressure at the upstream and downstream sides of the film, respectively, Cy
is the water concentration, and Dyy is the water vapor diffusion coefficient.
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To use Eq. 2.6, the following information must be obtained: (1) the relationship
between the water concentration in the polymer at equilibrium and its partial
pressure, which is a quantitative description of the solubilization process, and (2)
the dependence of water diffusivity on the local water concentration, which is a
quantitative description of the diffusion process. These two distinct aspects of water
permeation through moderately hydrophilic polymers will be described for two
distinct cases: (1) where the polymer matrix swelling can be neglected and (2)
where the polymeric swelling and polymeric matrix relaxation must be taken into
account. Finally, a third case study will be presented in which the relationship
between the oxygen permeability and the water vapor partial pressure at the
boundary is also considered.

2.2.2.1 Water Permeability: Negligible Polymeric Swelling

Water sorption in moderately hydrophilic polymers is a rather complex phenome-
non due to specific interactions between water molecules and hydrophilic sites on
the polymer backbone. Consequently, the absorbed water molecules are in part
randomly dispersed into the polymer matrix (dissolved water or free water) and in
part physically bonded to the hydrophilic sites (adsorbed water or bound water)
(Netti et al. 1996). As first approximation it can be assumed that the amount of
adsorbed water is negligible if compared to the amount of dissolved water. As long
as the preceding hypothesis is valid, the equation proposed by Flory (1953) to
describe the mixing of a linear polymer with a low molecular weight compound can
be used to relate water concentration to water activity:

CW CW CW :
1 =In|——— l]l—-— 1l - 2.7
n(aw) n(Pw + CW) - ( pw + CW) i ( pw + CW) @7

where ay is the water activity calculated as the ratio between the water vapor partial
pressure and the equilibrium water vapor, p,, is the water density, and y is the Flory
interaction parameter that measures the affinity between the polymer and the
dissolved low molecular weight compound. Generally, p,, is either directly
measured or taken from the literature, whereas y is obtained by fitting Eq. 2.7 to
the sorption isotherm data. The fitting process has two main objectives: to prove
that the equation is able to interpolate the experimental data and to determine the
model parameter (y).

Del Nobile et al. (2002) used the approach illustrated earlier to describe
the solubilization of water in cellophane film. As an example, Fig. 2.2 shows the
equilibrium water concentration in cellophane plotted as a function of water
activity. In the same figure the best fit of Eq. 2.7 to the experimental data is also
reported. The value of the calculated y parameter was 0.654. As is evident, the
model proposed by Flory (Eq. 2.7) satisfactorily fits the data, suggesting that in
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Fig. 2.2 Equilibrium water concentration plotted as function of water activity. The curve in the
figure represents the best fit of Eq. 2.7 to the experimental data

certain cases, as in this one of a water/cellophane system, the amount of adsorbed
water can be neglected if compared to the amount of dissolved water.

Water diffusion through moderately hydrophilic polymers is generally described
using Fick’s model having a water-concentration-dependent diffusion coefficient.
For water diffusion through a plane sheet, Fick’s model can be converted into this
expression:

aC
J = —Dw(Cw) .a—:’. 2.8)

Many equations can be found in the literature to describe the dependence of a
water diffusion coefficient on the local water concentration, and most of them are
empirical in nature. In what follows, the relationship proposed by Del Nobile et al.
(2002) to describe water diffusion in cellophane is reported:

_(Cw\™
Aj

where A; are constants without any specific physical meaning and are to be regarded
as fitting parameters. Analogously to what was done to determine the y value
(Eq. 2.7), the A; values are determined by data fitting. Wherever the polymer
swelling can be neglected, the approach proposed by Del Nobile et al. (2002) to
calculated the A; values is one of the most widely used because it combines
simplicity and accuracy of results. It consists in measuring the water sorption
kinetics by increasing stepwise the water vapor partial pressure. The difference
between the initial and final water vapor partial pressures must be sufficiently small
to ensure the constancy of the water diffusion coefficient during each water sorption
test. Afterward, the water sorption kinetic data are fitted using the following
expression:

Dw(Cw) = A; — A, - exp , (2.9)
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Fig. 2.3 Sorption kinetic curves of water in cellophane film plotted as function of time. The
curves are the best fit of Eq. 2.10 to the water sorption kinetic data
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where M(t) is the amount of water absorbed into the polymer at time t, M, is the
amount of water absorbed into the polymer at equilibrium, and 1 is the film
thickness. Equation 2.10 is the analytical solution of Fick’s second law solved
under the following conditions: (1) plane sheet geometry, (2) uniform initial
conditions, (3) same water concentration at the plane sheet sides, and (4) constant
boundary conditions. As an example, Fig. 2.3 shows some of the sorption kinetic

curves of water in cellophane film as measured by Del Nobile et al. (2002), where

% is plotted as a function of time. In the same figure the best fit of Eq. 2.10 to the

water sorption kinetic data is also presented. Equation 2.10 demonstrates the ability
of the model to interpolate the data and, on the other hand, represents a way to
calculate the water diffusion coefficient, which is the sole fitting parameter.

Once the water diffusion coefficient is calculated for each of the water sorption
kinetics, its value is associated to the average water concentration of the
corresponding water sorption kinetic test, which in turn is defined as the average
between the initial and final water concentration in each water sorption kinetic test.

As an example, Fig. 2.4 shows the water diffusion coefficient, calculated by the
same Eq. 2.10, as a function of average water concentration. In this figure the best
fit of Eq. 2.9 to the data is also presented. As can be observed, the interpolative
ability of Eq. 2.9 is fairly acceptable. The calculated constants are as follows:
Ay =412-107 < A, =373.107° 9 Ay =431-10° Ml A, =244,

As long as the parameters appearing in Eqs. 2.7 and 2.8 are known, the water
permeability coefficient can be predicted by means of Eq. 2.6. Del Nobile et al.
(2002) obtained a good agreement between measured and predicted data for the
water permeability of cellophane film, thus assessing the predictive efficacy of
the proposed mechanistic model.
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Fig. 2.4 Water diffusion coefficient (D) plotted as function of average water concentration. The
curve is the best fit of Eq. 2.9 to the experimental data

2.2.2.2 Water Permeability: Polymer Matrix Relaxation

As reported earlier, due to the presence of specific interactions between water
molecules and hydrophilic sites on the polymer backbone of moderately hydro-
philic polymers, the absorbed molecules are partially dissolved and partially
adsorbed (Netti et al. 1996). Wherever the adsorbed water cannot be neglected,
the total amount of absorbed water must be expressed as follows:

Cw = Ch + Ci, (2.11)

where Cyy is the total amount of absorbed water, Ce\, is the amount of dissolved
water, and C%g is the amount of adsorbed water. As noted previously, the equation
proposed by Flory (1953) to describe the mixing process of a linear polymer with a
low molecular weight compound can be successfully used to relate C\,Dv to water
activity:

P cP e\’
Infaw) = In[ ——Y _|_(1_—W)+ .(1_7\’\/)_ 2.12
(aw) (pW+C\]?\/> pw + C o pw +C 212

The literature reports the Langmuir equation as a simple way to describe the
dependence of C{‘,S on water activity (Netti et al. 1996):

C/'b'aw
cw ="M~ "7 2.13
Vo l+boaw’ 13)

where Cj; is the hydrophilic site adsorption capacity, and b is a measure of the
affinity between water molecules and hydrophilic sites.
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Combining Egs. 2.7 and 2.8 it is possible to relate Cy to water activity.
However, due to the structure of Eq. 2.7, it is not possible to combine the preceding
equations to obtain a relationship where Cyy is an explicit function of ay. In fact, for
a given ay the corresponding value of Cy must be evaluated by first numerically
solving Eq. 2.7 to determine Cy,, then evaluating C3 through Eq. 2.8, and finally
summing these two terms.

Del Nobile et al. (2003b) used the approach illustrated earlier to describe the
solubilization process of water in nylon film. The values of parameters appearing
in Egs. 2.12 and 2.13, obtained by fitting Eq. 2.11 to the experimental data, are Ci;

=323-1073 eWaer .y 475 » — 1.81. Del Nobile et al. (2003b)

cm? Dry Polymer °
evaluated the goodness of fit by means of the relative percentage difference (Boquet
et al. 1978), which is defined by the following expression:

_Mp

_ 100 S |M;
E% =—- 2.14
%=x ; Y (2.14)

where E% is the relative percentage difference, N is the number of experimental
points, and M; and M, are the experimental and predicted values, respectively. The
authors obtained a value of E% equal to 3.22. The good agreement between
predicted and experimental data allowed the authors to conclude that the sorption
process of water into a nylon film can be described in terms of the hypothesized
dual sorption mechanism. Although it is not the easiest way to describe the
solubilization process of water in moderately hydrophilic polymers, it is a good
compromise between simplicity and rigor of physical frame to derive it.

The diffusion of low molecular weight compounds in polymers is generally
governed by two simultaneously occurring phenomena. One is a substantially
stochastic process (related to Brownian motion), where the compound flows exclu-
sively driven by a concentration gradient. Another one is the relaxation phenome-
non, driven by the distance of the local system to equilibrium (Del Nobile et al.
1994). When a mass transfer takes place in a substantially unperturbed matrix, as in
the case of gas diffusion in rubbery polymers (or wherever the solvent-induced
polymer swelling is negligible), the diffusion process is largely controlled by a
stochastic phenomenon. The other limiting behavior is encountered when a very
thin slab of polymer is put in contact with a swelling low molecular weight
compound. In this case the characteristic diffusion time is much lower than the
polymer relaxation time; hence, the relaxation becomes the limiting phenomenon
controlling the solvent uptake kinetic (Del Nobile et al. 1994). In the case of water
diffusion in moderately hydrophilic polymers, the experimental observations range
between these two limiting phenomena. To better illustrate these two distinct
aspects, stochastic diffusion and polymer relaxation will be presented separately.

Water diffusion related to Brownian motions is generally described by means of
Fick’s model with a diffusion coefficient depending on the local water concentra-
tion (Eq. 2.8). As reported by Del Nobile et al. (1997b), a simple expression to
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relate DW to the local penetrant concentration can be obtained by rearranging the
relationship proposed by Fujita (1961) to describe the dependence of the thermo-
dynamic diffusion coefficient on the local penetrant volume fraction:

-1

where the B; are constants without any specific physical meaning and regarded as
fitting parameters.

The literature contains several approaches to describing solvent-induced poly-
mer relaxation (Del Nobile et al. 1994). Among them, one of the simplest is that
proposed by Long and Richman (1960). They assumed that when the external water
activity is suddenly changed, the solvent concentration at the polymer surfaces does
not instantaneously reach the equilibrium value (as it would if only stochastic
diffusion were considered), but it first rapidly increases to a value lower than the
equilibrium one, and at a later stage it continues to increase, gradually reaching
equilibrium. The instantaneous response of the system to the increase in the outside
water activity represents the elastic response of the polymer matrix to an external
perturbation. The value of the initial water concentration at the film boundaries,
CVBV(O), depends on both the initial macromolecular mobility and the extent of
perturbation. In turn, the former depends on the initial water concentration in the
film, Cw(0). Otherwise, the extent of perturbation is related to the difference
between the final Cyw(oco) value and the initial water concentration at the film
boundary, [Cw(co) — Cw(0)]. Due to the complex phenomena involved, the fol-
lowing empirical relationship was proposed by Del Nobile et al. (2003b) to relate
C%/(0) to Cw(0) and [Cyw(c0) — Cw(0)]:

_ 1 [Cw(0)]*" - exp[-K2 - Cw(0)]

¢ exp{K3 - [Cw(0) — Cw(oo)]z}

(2.16)

where K is the normalized initial water concentration at the boundaries of the film

defined by the equation K = % , which ranges from zero to one; the K; are

constants to be evaluated by fitting the model to the experimental data.

The rate at which the water concentration at the boundaries gradually increases
is directly related to the polymeric matrix relaxation kinetic. In the work of Del
Nobile et al. (2003b) the following empirical expression is proposed to describe the
boundary condition relaxation rate:

da(t)
dt

— {a-exploc - CRO] - Vo - {1 —expl-(1 — )]}, 217)

where a(t) is the normalized water concentration at the boundaries of the film at time
Cy ()-CR (0)

t defined through the equation a(t) = Cw(oo)—CE(0)*

which ranges from zero to one;
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the a; are constants to be evaluated by fitting the model to the experimental data. It is
worth noting that a(t) represents the driving force of the polymer relaxation. As

shown by Eq. 2.17, d‘flit) is expressed as the product of two terms. The first one, which
prevails at the early stage of the sorption process, is the kinetic constant of the
polymer relaxation and increases as the polymer macromolecular mobility
increases. The second term, which prevails at the later stage of the sorption process,
is a measure of the extent of the driving force of the polymer relaxation (i.e., the
distance of the system from equilibrium). Therefore, it is a decreasing function of
alt).

The evolution during hydration of the water concentration profile (alternatively,
the water uptake kinetic) can be calculated by solving the water mass balance
equation. The differential equation reported in the following expression was
derived using Eqs. 2.8 and 2.15 to describe the stochastic diffusion and Egs. 2.16
and 2.17 to describe the polymer matrix relaxation kinetic:

e { [B‘ o (Bz _— cm)] | acgjc(t)}' =

Equation 2.18 needs to be solved numerically with the following initial and
boundary conditions:

2.19
Cw=Ch(t)=Vx=0,x=1. @19)

{CW:CW(O):>t:O;O<x<1,

The model illustrated earlier to describe water diffusion in the moderately
hydrophilic films consists of Egs. 2.16, 2.17, 2.18, and 2.19 and is referred to as
the anomalous diffusion model (Del Nobile et al. 2003b). For the sake of complete-
ness, the same authors named the model reported earlier to describe water diffusion
in cellophane films as the nonideal Fickian model.

As an example, Fig. 2.5 shows the water uptake kinetics of the nylon film at
different water activity values as measured by Del Nobile et al. (2003b). In the same
figure the curves representing the best fit of the anomalous diffusion model to the
experimental data are also shown. The authors simultaneously fitted the anomalous
diffusion model to the available sorption kinetic to prove the model’s ability to
describe the experimental data and to evaluate the model parameters. It must be
emphasized that the two approaches proposed by Del Nobile et al. (2002, 2003b)
not only differ in the way the model is derived (only the former one accounts for
polymer relaxation), they also differ in the way the parameters used to relate the
water diffusion coefficient to local water concentration are calculated. The model
parameters obtained to describe water diffusion in nylon are listed in Table 2.1 (the
authors calculated E% values for each sorption kinetic). As can be inferred from
the data shown in Fig. 2.5 and listed in Table 2.1, to properly describe the
water sorption kinetic in moderately hydrophilic polymers, the superposition of



2.2 Single Layer Structures 27

12¢

M(t)/ M(s)
o
o0

<
~

080 30000 60000 90000

Time [s]

Fig. 2.5 Water uptake kinetics of nylon film at water activity from 0.7 to 0.8 (O) and from 0.8 to
0.9 (©). The curves are the best fit of the anomalous diffusion model to the experimental data

Table 2.1 Values of model

. btained by fitt Parameter Anomalous diffusion model
parameters obtained by fitting
the anomalous diffusion 2.22 5
model to the experimental Kz [g D;y\,‘}:;’tlgrmer] 2.67-10
data to describe water « Dry Polymer 62.8
diffusion in nylon film K; [ gyWatcyr ] '
a [4 3.87-107°
o [g Dry Polymer] 9.45
2 ¢ Water
Bl [ ] 137-107*
8.03 - 1072
B [g Dry Polymer] 0.196
3 ¢ Water

polymer relaxation to stochastic diffusion must be taken into account, especially at
higher water activity. It is also worth noting that by fitting the anomalous diffusion
model to the experimental data it is possible to quantitatively resolve each sorption
kinetic curve into the two phenomena controlling the sorption process (i.e., sto-
chastic diffusion and polymer matrix relaxation). In this way the parameters
appearing in the relationship between the water diffusion coefficient and the local
water concentration can be determined with a higher accuracy.

Similarly to cellophane film, once the parameters appearing in Eqgs. 2.11 and
2.15 are evaluated, Eq. 2.6 can be used to predict the water permeability coefficient.
Figure 2.6 shows the water permeability of nylon film, as determined by means of
permeation tests, with the curve obtained using Eq. 2.6 and data listed in Table 2.1.
As can be inferred, the ability of the anomalous diffusion model to predict the
experimental data is quite acceptable (E% equal to 5.43).



28 2 Influence of Mass Transport Properties of Films on the Shelf Life. . .

— o

E 109

= 610

@

™

g

_—

410

Q

=

Q_B
109 ° . L
210 04 0.6 0.8

aw

Fig. 2.6 Water permeability of nylon film, as predicted by anomalous diffusion model

2.2.2.3 Oxygen Permeability

In what follows, a mathematical model to predict the oxygen barrier properties of
moderately hydrophilic films as a function of the water activity at the upstream and
downstream sides of the film is presented. As will be discussed subsequently, to
determine the oxygen permeability coefficient, first the steady-state water concen-
tration profile must be evaluated. To this end, both water solubilization and
diffusion need to be quantitatively described. According to what was reported
earlier, the oxygen permeability coefficient and the steady-state oxygen mass flux
are related through the following equation:

APo2
l b)

Jo, = Po, (piy: Pw) - (2.20)

where Jo, is the steady-state oxygen mass flux, Po, (pl,v7 p%v) is the oxygen

. . A . . .
permeability coefficient, and Iioz is the oxygen partial pressure gradient across

the film. The oxygen mass flux can be related to the oxygen concentration gradient
assuming that the oxygen diffusion process can be described by means of Fick’s
model, with an oxygen diffusion coefficient depending only on the local water
concentration:

dCo,

Joz = _DOZ(CW) : dx

2.21)

where Do,(Cw) is the oxygen diffusion coefficient, and Cp, is the oxygen
concentration. Substituting Eq. 2.20 into Eq. 2.21 and rearranging, the following
expression is obtained:
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Ap, )
dCo, _ _Po,(pw; PY) -+ 22)
dx Do, (Cw)

Integrating the left- and right-hand sides of Eq. 2.22 over the film thickness, and
assuming that the solubilization process of oxygen into the matrix can be described
by means of Henry’s law, one obtains

1
1

[——
0So, - Dg*(Cw)

Po, (Py: Pw) =~ 7 (2.23)

where So, is the oxygen-solubility coefficient. To relate Do, (Cw) to Cw, the simple
expression illustrated earlier to relate the water diffusion coefficient to the local
water concentration (Eq. 2.15) can be used:

. -1
Do, (Cw) = B; - exp (g ) 2.24)
2 3

where the B} are constants without any specific physical meaning and considered
fitting parameters. Substituting Eq. 2.24 into Eq. 2.23 one obtains

1
Po, (pw» Pyv) = 1 . (2.25)
- dx

JOSO2 B -exp (B—')

2+B3Cw

As can be inferred from Eq. 2.25, to determine the oxygen permeability coeffi-
cient, first it is necessary to evaluate the steady-state water concentration profile.
Thus, an expression similar to Eq. 2.22 can be obtained for ‘f—x‘” by assuming that the
water diffusion process can be described by means of Fick’s model with a water
diffusion coefficient dependent on the local water concentration:

Apw
dx Dw(Cw) ’ )

where A% is the water vapor partial pressure gradient across the film. To integrate
Eq. 2.26 (i.e., to calculate the steady-state water concentration profile), both the
relationship relating the water permeability to the upstream and downstream water
vapor partial pressure [i.e., Pw (p\l,v, p%v)] and the expression relating the water
diffusion coefficient to the local water concentration [i.e., Dw(Cw)] must be
determined. As discussed earlier, whenever Fick’s law holds, the water permeabil-
ity coefficient is related to the water vapor partial pressure at the film sides through
Eq. 2.6, even though both solubilization and diffusion processes are needed. There
are several ways to approach these two distinct problems. In fact, water
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solubilization can be described either by taking into account the adsorbed water
molecules (Eq. 2.11) or by considering only the dissolved water molecules
(Eq. 2.7). Regarding the dependence of water diffusion on the local water concen-
tration, either Eq. 2.9 or Eq. 2.15 can be used. Moreover, to calculate the water
diffusion model parameters, the polymer relaxation process could either be taken or
not taken into account.

A possible way to model oxygen diffusion through moderately hydrophilic film
was proposed by Del Nobile et al. (2003c), who focused their attention on the
particular case of oxygen diffusion through nylon film. The authors used Eq. 2.11 to
describe the water solubilization process, whereas Eq. 2.15 was used to relate
the water diffusion coefficient to the local water concentration. Moreover, the
researchers took into account polymer relaxation to calculate the water diffusion
model parameters. Under the preceding hypothesis, Eq. 2.26 can be rewritten as
follows:

CW(p\IV)
1 ‘ - Apy
B;-e dC —_—
Pw — Py J : p(Bz+Bs 'Cw) v 1
dCW _ CW(P%N) (2 27)
dx B:.ex -1 ’ )
Loexp B, + B3 - Cw

The set of equations consisting of Eqgs. 2.25 and 2.27 is the mathematical
approach used by Del Nobile et al. (2003c) to predict the oxygen barrier properties
of a nylon film. To validate the model, the authors used known model parameters.

When the water vapor partial pressure at the upstream and downstream sides of
the film is equal, Eq. 2.25 becomes

—1
1 e . . -
Po, () = So, - Bi exp(B2 +B3-c;V>’ (2.28)

where Cj, is the water concentration in the film.
The values obtained for the parameters appearing in Eq. 2.28 are as follows:

cm?(STP) - cm

So, - By = 4.39 - 1059{ ] . B,=628-10%; B3=1.05-1073

cm? - s - atm
g dry polymer
{ g water
(2003c) is 7.04. It is worth noting that the value of Cj, was evaluated by means
of Eq. 2.11 using data previously reported in the literature (Del Nobile et al. 2003b).
As can be inferred from the E%, the ability of the proposed model to interpolate the
experimental data is quite satisfactory, and it corroborates the assumptions used by
the authors to derive it.
To further confirm the validity of this approach, the model was used by the same
authors to also predict the oxygen permeability of the investigated film when the

] . whereas the value of E% calculated by Del Nobile et al.
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water activity at the upstream and downstream sides of the film is different.
As reported earlier, to determine the oxygen permeability coefficient, the steady-
state water concentration profile must first be evaluated. In the study of Del Nobile
et al. (2003c¢), the steady-state water concentration profile inside the nylon film in
the case of a permeation test is calculated using Eq. 2.27 with data reported in the
literature (Del Nobile et al. 2003b). The authors conducted permeation tests by
setting the water activity at the downstream side of the film equal to 0.35 (the water
activity at the upstream side of the film ranged from 0.3 to 0.9) and predicted the
oxygen permeability coefficient using Eq. 2.25. Also in this case the goodness of
the model was found to be satisfactorily adequate (E% equal to 8.45).

2.3 Multilayer Structures

In many cases flexible films intended for food-packaging applications are made by
combining, laminating, or coextruding several polymeric layers. These types of
film are usually referred to as multilayer systems. The prediction of the barrier
properties of a multilayer film has an additional difficulty besides that encountered
in predicting the mass transport properties of a single-layer structure. In fact, one
must generally know the permeability and the thickness of each layer. Two differ-
ent cases can be encountered: (1) where the permeability coefficient of each layer
does not depend on the water vapor partial pressure at the layer boundaries and (2)
where the multilayer has at least one moderately hydrophilic layer whose perme-
ability coefficient depends on the relative humidity at its boundaries. In what
follows, these two cases will be illustrated separately.

2.3.1 Constant Permeability Coefficient

This is the case where a multilayer structure is made up of polyolefin layers such as
polyethylene (PE) and polypropylene (PP). The hydrophobic nature of polyolefin
makes these layers insensitive to water vapor. Therefore, their permeability coeffi-
cient does not depend on the water activity at layer boundaries; consequently, the
permeability coefficient of the corresponding multilayer structure does not depend
on the relative humidity at the film sides.

Assuming that the barrier properties of adhesive between layers are negligible, it
can be easily demonstrated that the permeability coefficient of a multilayer film is
related to the permeability coefficient of its constituent layers and their thicknesses
through the following equation:

1
Tot __
P _il T (2.29)
=it P
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Table 2.2 Values of oxygen permeability of monolayer OPP, PPcast, and PPcoex and multilayer
films. Tests were conducted at 23 °C and 0 % relative humidity

Film O, Permeability [molecm/(cm>eheatm)]
OPP (40 pm) 8712 - 107 £ 599 . 1072
OPP (40 pm) 8776 - 107" £ 1.10 - 1072
OPP(40 pm)-OPP(40 pm) 1.043 - 107% + 4.57 - 107!
PPcoex (30 pm) 9.870 - 1071 + 4.10 - 107"
PPcast (30 pm) 1.394 - 107 + 249 . 107"
PPcoex(30 pm)-PPcast(30 pm) 1.369 - 107 + 6.66 - 107!

where P is the multilayer film oxygen permeability, Ao is the multilayer
thickness, P! is the ith-layer oxygen permeability, and 1; is the ith-layer thickness.

Mastromatteo and Del Nobile (2011) tested the reliability of Eq. 2.29 in the case
of two different laminated multilayer structures: the first was made up of two
oriented PP layers [OPP(40 pm)-OPP(40 pm)], the second one was made up of a
layer of coextruded PE and PP and a layer of PP cast (PPcoex30/PPcast30). In fact,
the two authors first measured the oxygen permeability of each layer and subse-
quently the oxygen permeability of the entire multilayer structures. The results
obtained in the work are summarized in Table 2.2. The values predicted by Eq. 2.29
for the two multilayer films are 8.74 x 107" mol - cm - em™2 - h™' - atm™'] for
OPP40/OPP40 and 1.194 x 10~? [mol - cm - cm > - h™' - atm™ '] for PPcoex30/
PPcast30. In particular, the authors used the permeability data listed in Table 2.2 for
the constituent layers to predict the oxygen permeability of the corresponding
hydrophobic multilayer films. E% values calculated to quantitatively determine
the goodness of prediction were 16.17 and 12.76 for OPP(40 um)—-OPP(40 pm) and
PPcoex(30 pm)-PPcast(30 pm), respectively. As can be inferred from Table 2.2,
the values predicted are close to the experimental ones. In fact, E% values were both
lower than 20 %. Differences between predicted and experimental values might be
attributed to both material variability and the presence of adhesive between layers.
To sum up, the results obtained in the work of Mastromatteo and Del Nobile (2011)
suggest that Eq. 2.29 is a reliable simple tool for predicting the mass transport
properties of multilayer films made up of hydrophobic polymers.

2.3.2 Relative-Humidity-Dependent Permeability Coefficient

The conventional approach to producing barrier films for food-packaging
applications is to combine different material in a multilayer structure. In fact, the
strategy of combining different polymers with various gas or water vapor barrier
properties is also a useful means of reducing the sensitivity of layers to low
molecular weight compounds and to improve multilayer performance (Buonocore
et al. 2005; Chumillas et al. 2007). Generally, commercially available multilayer
films have one moderately hydrophilic film, such as PET, ethylene-vinyl alcohol
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(EVOH) or polyamide (PA), which serves as a barrier layer. It is usually placed
between two hydrophobic films, such as polyolefin. In these cases Eq. 2.29 must
take into account the dependence of film mass transport properties on upstream and
downstream water vapor partial pressure. Several researchers have investigated
these aspects; in what follows, the mathematical approach proposed by Del Nobile
et al. (2004) to predict the water barrier properties of a multilayer structure will
be illustrated. In particular, a six-layer film composed of five polyolefin layers and
one layer of EVOH was used to validate the model.

The water permeability coefficient of a multilayer structure is related to the
permeability and the thickness of each layer through the following expression:

P (ol ) = 230

where P} (p{,v, p%v) is the multilayer film water permeability, py, and py, are the
water vapor partial pressure at the upstream and downstream sides of the multilayer
film, respectively, 1; is the total thickness of the polyolefin layers at the upstream
side of the water-sensitive layer, L, is the thickness of the water-sensitive layer, 15 is
the thickness of the polyolefin layers at the downstream side of the water-sensitive
layer, 1is the total thickness of the multilayer film, P{V is the total water permeability
of the polyolefin layers at the upstream side of the water-sensitive layer, P%, x
(p\lN’ 2 p% 3) is the water permeability of the water-sensitive layer, P3, is total water
permeability of the polyolefin layers at the downstream side of the water-sensitive
layer, and pyy % and p3; > are the water vapor partial pressure at the upstream and
downstream sides of the water-sensitive layer, respectively. As can be seen, in
Eq. 2.30 there are four unknown physical quantities, Py, Py, py 2, p3 >, and one
unknown function, P{ (pi2,p%>). To make this expression operative, both
physical quantities and function must be determined.

An approach similar to that illustrated earlier was used by Del Nobile et al.
(2004) to find the P%V (p\lN’ 2, p%,j 3) function. In particular, the authors modified the
equation proposed by Flory (1953) to describe the mixing process of a linear
polymer with a low molecular weight compound to relate Cyy to the water activity:

Cw CW
1 =In| ——— l—-—
n(aw) =In <Pw + CW) - ( Pw T CW)

C 2
+ (o +x1 - aw) - <1 — ; +WCW> . (2.3D)
W

It is worth noting that Eq. 2.31 was derived by Del Nobile et al. (2004) from
Flory’s equation assuming that the Flory interaction parameter was a linear function
of the water activity. This hypothesis is reasonable since the bound water could
change the affinity between the free water and the polymeric matrix. Del Nobile
et al. (2004) measured the water sorption isotherm at 25°C for the EVOH film.
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Fig. 2.7 Water sorption kinetics of EVOH film at 25 °C. (O) water activity = 0.6; (A) water
activity = 0.8. The curves are the best fit of the model to the experimental data

By fitting Eq. 2.31 to the experimental data the following fitting parameters were
obtained: yo = 2.34 and y; = —0.293. The same authors calculated the E% value to
determine the goodness of the model. A value of E% equal to 16.6 was obtained,
which is not as good as that obtained by Del Nobile et al. (2003b), even if it can be
also considered quite acceptable. The authors concluded that the equation proposed
by Flory (1953) with the interaction parameter dependent on water activity could be
advantageously used to describe the sorption process of water into moderately
hydrophilic polymers such as EVOH.

In the same work (Del Nobile et al. 2004) the water diffusion related to
Brownian motion was described by means of Fick’s model, with a diffusion
coefficient depending on the local water concentration (Eq. 2.8). As reported in
the literature (Schwartzberg 1986), for many polymer/penetrant systems the rela-
tionship between the water diffusion coefficient and the local water concentration
can be expressed through an exponential type equation:

Du(Cw) = by -expd - (Cw)'] 232)

where ¢; and ¢, are constants to be regarded as fitting parameters.

To account for the water-induced polymer relaxation, the authors followed the
same approach illustrated earlier. In particular, Eq. 2.16 was used to describe the
elastic response of the system to the external perturbation, that is, to related K,

the normalized initial water concentration at the boundaries of the film, to Cw(0)
and [Cyw(oo) — Cw(0)]. In contrast, the boundary condition relaxation rate, d‘é(tt) , was
expressed through Eq. 2.17. As an example, the results obtained in the work of Del
Nobile et al. (2004) are shown in Fig. 2.7, where the water uptake kinetics of the EVOH
film at different water activities are reported. In the same figure the curves representing
the best fit of the model are also shown. Also in this case the authors simultaneously fitted

the model to all the measured sorption kinetics. The following model parameters were




2.3 Multilayer Structures 35

g water
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the values of E% calculated in the study for each sorption kinetic curve were lower than
10. The authors were able to quantitatively express the relationship between the water
diffusion coefficient and local water concentration (¢; and ¢,).

Finally, the EVOH water permeability was related to the water vapor pressure at
the film sides through Eq. 2.6, which can be rearranged as follows using Eq. 2.32 to
describe the dependence of the water diffusion coefficient on the local water
concentration:

Cw(ry)
Pw (ply- P%v):m' | {orexo(ecar)} . e
Cw(riy)

A good agreement between the measured and predicted water permeability of
EVOH film by Eq. 2.33 (E% equal to 5.74) was recorded.

The water permeability coefficient of the polyolefin layers does not depend on
the external humidity. Therefore, in this case the water barrier properties of the film
can be determined by a single water permeation test. The average water permeabil-
ity coefficients of each polyolefin layer used by Del Nobile et al. (2004) were
calculated by averaging the values measured at different water activity levels.
The following values of p%' [-§%"—] were obtained: 5.07 - 10710 +£7.13 - 10712,
553-107°4+1.29-107'° and 1.14 - 1073 +3.35 - 1077 for the first three poly-
olefin layers closest to the packed food and 1.73 - 10~ £ 7.44 - 10~!! for the sixth
polyolefin layer that was the outer film of the multilayer system. The values of P{N
and P%V were calculated by Del Nobile et al. (2004) by applying Eq. 2.29 to the
upstream and downstream polyolefin layers, respectively. Finally, the water vapor
partial pressure at the upstream and downstream sides of the water-sensitive layer
(ie., pyy 2 and p%v’ 3, respectively) were calculated by Del Nobile et al. (2004) by
numerically solving the following set of nonlinear equations:

1 1-2
Pw — P
J=Py - Wl W
1
p1*2—p2*3
T =Py (ay % ay") - wliw (2.34)
2
2-3 3
Pw” —P
J=P - W1 W
3

The value of E% relative to the prediction of the water permeability coefficient
of the multilayer film measured by Del Nobile et al. (2004) as a function of the
water activity at the upstream side of the film (the water activity at the downstream
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side of the film was set to zero) is 7.05 %,suggesting that the approach proposed to
predict the water permeability coefficient of a multilayer film from a knowledge of
the water transport properties of each constituent layer can be successfully utilized.

A much simpler mathematical model was proposed by Matromatteo and Del
Nobile (2011) to predict the oxygen permeability coefficient of multilayer films
with one water-sensitive layer. It is based on the observation that generally, water-
sensitive multilayer films are made of hydrophobic polymers, such as polyolefin,
and moderately hydrophilic polymers, such as PA and EVOH; this feature makes
the water concentration gradient across moderately hydrophilic polymers very
small, making the assumption of constant water concentration across this type of
layers reasonable. According to this assumption, Eq. 2.30 becomes

I
M 1 3
P (P P) = (2.35)
: P})2 Péz (g) sz

—I5

—|s

where Py (ply, pyy) is the multilayer film oxygen permeability, P(, is the total
oxygen permeability of the polyolefin layers at the upstream side of the water-

sensitive layer, P%)Z (g) is the oxygen permeability of the water-sensitive layer,
P%z is the total oxygen permeability of the polyolefin layers at the downstream side

of the water-sensitive layer, and p% is the average water vapor partial pressure
across the water-sensitive layer.

Mastromatteo and Del Nobile (2011) tested the model with two water-sensitive
multilayer structures: PET/PPcast and OPA/OPA/PE. Moreover, the authors ran
two different permeation tests: the same water vapor partial pressure at the film
sides and different water vapor partial pressure at the film sides. Regarding the
dependence of oxygen permeability of the single layer on the average water vapor
partial pressure, the authors used Eqgs. 2.1 and 2.2 for PET and OPA, respectively
(Fig. 2.1). The oxygen permeability of PPcast50 and PE110 films, measured at

23 °C and 0 %RH, were found to be equal t0 2.09 - 10" and 3.97 - 10~ _melem_|
respectively. Figure 2.8 shows the oxygen permeability coefficient, as measured by
Mastromatteo and Del Nobile (2011), plotted as a function of water vapor partial
pressure for PET12/PPcast50 and OPA15/0OPA15/PE110 multilayer films, respec-
tively. In this case the permeability tests were run setting the same water vapor
partial pressure at the film sides. The curves shown in each graph were predicted by
means of Eq. 2.35. It is worth noting that both of the multilayers used by the authors
are bilayer structures. Therefore, Eq. 2.35 can be simplified by taking into account
only one polyolefin layer. The authors calculated the E% for both tested multilayer
structures and obtained 14 and 20 for PET12/PPcast50 and OPA15/OPA15/PE110,
respectively. The E% values calculated in the work were not as low as that found by
Del Nobile et al. (2004). However, considering the simplicity of the model pro-

posed, the E% found still seems to be quite acceptable.
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Fig. 2.8 Oxygen permeability coefficient plotted as function of water vapor partial pressure for
PET12/PPcast50 (a) and OPA15/0OPA15/PE110 multilayer film (b). The curves shown in each
graph were predicted using Eq. 2.35

Equation 2.35 was further tested by the same authors by running permeation
tests simulating the real working conditions of a flexible packaging film. This
second step was run maintaining a constant relative humidity gradient across the
multilayer for the entire period of the permeation test. In other words, different
values of water vapor partial pressure were set at the film sides. Figure 2.9a shows
the PET12/PPcast50 multilayer oxygen permeability plotted as a function of water
vapor partial pressure at the PPcast side. As one would expect, when the relative
humidity is changed at the PPcast side, the average relative humidity across PET12
film is practically constant. Therefore, the PET12/PPcast50 oxygen permeability
does not change much. The curve shown in Fig. 2.9a was predicted by means of
Eq. 2.35; the average water vapor partial pressure across the PET12 layer was set



38 2 Influence of Mass Transport Properties of Films on the Shelf Life. . .

1510710~

HOH
O

1010°10F @

5.0.10—11 1 1 1 L |

1310710~

1.2:10°10p

Oxygen permeability [moliscm/(cm2+heatm)]

1.1-10710F

-10-10 I I 1 1 |
1010 40 50 60 70 80

Water vapour partial pressure (%)

Fig. 2.9 Oxygen permeability coefficient plotted as function of water vapor partial pressure at (a)
PPcast side and (b) PET side for PET12/PPcast50 multilayer film. The curves shown in the figure
were predicted using Eq. 2.35.

equal to the water vapor partial pressure at the PET12 side. The value of E% found
by the authors was 1.7, which is an adequate value. Figure 2.9b shows the oxygen
permeability of PET12/PPcast50 multilayer film plotted as a function of the water
vapor partial pressure at the PET12 side. In this case a decrease in the oxygen
permeability with an increase in the relative humidity was detected. This is because
the average water vapor partial pressure across the PET12 layer is practically equal to
that at the PET12 film side; consequently, a decrease in the latter coincides with
a decrease in the former. According to the data shown in Fig. 2.1, a decrease in the
water vapor partial pressure across PET12 causes a decrease in its oxygen permeabil-
ity and, consequently, a decrease in the oxygen permeability of the PET12/PPcast50
multilayer film. Also in this case the prediction of Eq. 2.35 is shown in the figure.
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Fig. 2.10 Oxygen permeability coefficient plotted as function of water vapor partial pressure at
(a) PE side and (b) OPA side for the OPA15/0PA15/PE110 multilayer film. The curves shown in
the figure were predicted by using Eq. 2.35

The calculated E% value was 0.79, which seems to be excellent also considering the
simplicity of the model used to predict the gas permeability.

Figure 2.10 shows the OPA15/0OPA15/PE110 multilayer film oxygen permeabil-
ity plotted as a function of relative humidity at the PE110 and OPA sides, respec-
tively (Mastromatteo and Del Nobile 2011). When the water vapor partial pressure at
the water-sensitive layer side is kept constant, the multilayer oxygen permeability
does not change much, whereas if the relative humidity at the water-sensitive layer
side is changed, then the multilayer oxygen permeability also changes. The curves
shown in both figures were predicted using Eq. 2.35. The E% values were 6.7 and
18.9 for the data shown in Fig. 2.10. Both E% values suggest that the model proposed
by Mastromatteo and Del Nobile (2011) is a good compromise between accuracy of
prediction and model simplicity.



40 2 Influence of Mass Transport Properties of Films on the Shelf Life. . .
2.4 Food Deterioration Modeling

The deterioration of packaged food during storage is the other element of a
mechanistic SL model. In fact, several equations have been reported in the literature
to describe the detrimental phenomena responsible for food quality loss during
storage. For instance, Eq. 1.5 was proposed by Labuza (1971) to relate the extent of
oxidation of a dry food to the extent of oxidation reaction, the water vapor partial
pressure, and the oxygen partial pressure in the package headspace. Other examples
are water sorption isotherms, useful for indicating the loss of crispiness in cereal-
based dry products during storage. In this section, modeling the respiration rate of
minimally processed produce will be discussed since it is related to fresh produce
deterioration.

Minimal processing of fresh produce generally consists in washing, cutting,
treating with sanitizing agents, packaging, and storing under refrigerated conditions
(McKellar et al. 2004). Peeling and cutting in particular can cause damage to
vegetable tissues, such as breakage of the cell walls and loss of intracellular
substances and enzymes. Minimal processing gives additional value to fruits and
vegetables in terms of convenience and time saving; however, it causes rapid
deterioration by increasing the respiration rate, the transpiration, the enzymatic
activity, and microbial proliferation (Nguyen-the and Carlin 1994), thereby reduc-
ing the SL of the packaged product to a few days. The respiration rate of minimally
processed crops, which is an index of their quality decay, increases 1.2- to 7.0-fold
depending on the produce, cutting grade, and temperature (Ahrenainen 1996).

Fresh-cut produce is usually stored under MAP. Low O, and elevated CO,
atmospheres, together with low storage temperature, reduce the product respiration
rate (Watada et al. 1996), thereby limiting losses in fresh weight and in dry matter
(Bottcher et al. 2003). Such modified atmospheres can be achieved either actively,
by filling the packages with specific gas mixtures, or passively, as a consequence of
the respiratory activity of the packaged produce, O, consumption and CO, produc-
tion, and gas transfer through the packaged film (Jacxsens et al. 1999). A proper
combination of product characteristics and film permeability results in the evolution
of an appropriate atmosphere within packages (Smith et al. 1987). In addition to the
permeability, the gas selectivity of a film must also be considered. The equilibrium
gas concentrations of packaged produce also depend on packaged product weight,
respiring surface area, and storage temperature.

As the quality loss of minimally processed fruit is mainly determined by
physiological events (i.e., increased respiration), it is of paramount importance to
create conditions in the packages that could slow down the respiration process.
Several models are available in the literature to describe the produce respiration
rate, and most of them are based on the Michaelis—Menten equation. Chevillotte
(1973) introduced Michaelis—Menten kinetics. Lee et al. (1991) included uncom-
petitive inhibition by CO, and tested the model on cut broccoli. Peppelenbos and
Van’t Leven (1996) proposed four types of inhibition to model the influence of CO,
levels on O, consumption of fruits and vegetables, as compared to cases where



2.4 Food Deterioration Modeling 41

there is no influence of CO, on the respiration rate (i.e., no inhibition). They
introduced an equation to describe the O, consumption rate as inhibited by CO,
both in a competitive and in an uncompetitive way. Hertog et al. (1998) described
and discussed multiple facets of the formulation for the combined types of
inhibition of the O, consumption rate by CO, concentration. The related mathe-
matical equations based on the Michaelis—Menten kinetic for no-inhibition, com-
petitive inhibition, and uncompetitive inhibition are presented in the following
expressions:

_ Vmoz ) [02]

= e 5 0] (2.36)
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where 1o, is the produce oxygen consumption rate, [O,] and [CO,] are the oxygen
and carbon dioxide package headspace concentrations, respectively, Vmo, is the
maximum O, consumption rate, Kmg, is the Michaelis constant for oxygen con-
sumption, Kmcco, is the Michaelis constant for the competitive inhibition of the
oxygen consumption rate by carbon dioxide, and Kmuco, is the Michaelis constant
for the uncompetitive inhibition of the oxygen consumption rate by carbon dioxide.

As an alternative to the models described above, an empirical approach was
proposed by Del Nobile et al. (2006), where it is assumed that the oxygen con-
sumption rate depends linearly on the headspace oxygen concentration:

To, = o - [02], (239)

where @ is the kinetic constant of the entire respiration process. The parameter ®
depends on temperature and, in some cases, on the carbon dioxide concentration. In
the work of Del Nobile et al. (2006) it was assumed that @ depends on the carbon
dioxide concentration through an exponential-type expression:

@ = @ - exp{—®; - [CO,J}, (2.40)
where @, is the preexponential term and is the maximum oxygen consumption rate,
@, is the exponential factor and accounts for carbon-dioxide-induced respiration

inhibition. Substituting Eq. 2.40 into Eq. 2.39 one obtains

I‘o2 = 431 . exp{—Cbz . [COz]} . [02] (241)
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It is generally assumed that moles of carbon dioxide produced are equal to those
of oxygen consumed (Lee et al. 1991; Makino et al. 1997). To describe the carbon
dioxide consumption rate, Del Nobile et al. (2006) assumed that the ratio between
carbon dioxide produced and oxygen consumed that corresponds to the respiratory
quotient (RQ) is constant, but not necessarily equal to 1 (1 is the theoretical value);
a change in the RQ can indicate the nature of the respiratory substrate and whether
anaerobic respiration is occurring (Joles et al. 1994):

Ico, = lP] . {q)l . exp{—@z . [COz]} . [02]}, (242)

where 1o, is the carbon dioxide production rate, and ¥, is the ratio between the
moles of carbon dioxide produced and the moles of oxygen consumed.

To describe the time course during storage of oxygen and carbon dioxide
concentration in a package, the mass balance on these two substances in the
package headspace is written as

est _ N0, ()RT
d(no.(1) _ g p . o5t — "
- 2

+
dt 1
—mp-4.615-107° - {®, - [0,] - exp{—D; - [CO,]}}, (2.43)
t Nco, (I)RT
d(nco,(t)) _ ¢ p [pecsoz Va }
dt 02 1

+mp-4.615-107° - {¥; - {®; - [0,] - exp{—D, - [CO,]}}},
(2.44)

where no, (t) is the mole of oxygen in the package headspace at time t, S is the
package surface area, Po, is the package oxygen permeability, p%szt is the external
oxygen partial pressure, mp is the mass of the packaged produce, V; is the volume of
the package headspace, T is the temperature, R is the universal gas constant, nco, (t)
is the mole of carbon dioxide in the package headspace at time t, Pco, is the package
carbon dioxide permeability, and pecs(‘)2 is the external carbon dioxide partial pressure.

Equations 2.43 and 2.44 are a set of two ordinary differential equations, which
can be numerically solved with the appropriate initial conditions providing the
evolution during storage of the headspace oxygen and carbon dioxide concentration.

Del Nobile et al. (2007) tested both the fitting and predictive ability of the model
illustrated earlier with three different fresh processed fruits: prickly pear, banana,
and kiwifruit. The authors used two different films to validate the model: (1) a
laminated high barrier film made up of a PE layer, aluminum foil, and a PET layer,
henceforth referred to as laminated film; (2) a coextruded high-gas-permeability
polyolefin film, henceforth referred to as coextruded film. As an example, Fig. 2.11a
shows the variation in headspace gas composition during storage as measured by
Del Nobile et al. (2007) for kiwifruit. The tests were run using the laminated film,
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Fig.2.11 Headspace gas composition during storage in packages of kiwifruit. Data were obtained
in a laminated high barrier film made up of PE, aluminum, and PET. The curves were obtained by
fitting the set of ordinary differential Eqs. 2.43 and 2.44 to the experimental data relative to
different batches of fruit [(a) first batch (b) second batch, and (c¢) third batch]

which was considered by the authors to be impermeable to low molecular weight
compounds. In fact, the carbon dioxide permeation test run on a package made up
of laminated film revealed no passage of CO, through the package during
28 days of monitoring. As expected, the graph shows a decrease in the headspace
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oxygen concentration along with an increase in the headspace carbon dioxide
concentration. The curves shown in the figure were obtained by Del Nobile et al.
(2007) by fitting the set of ordinary differential Eqs. 2.43 and 2.44 to the experi-
mental data. The following fitting parameter values were obtained for kiwi: 0.44 for
@, (mL/Kg*h), 4.21 x 1072 for ®,, and 1.97 for V. It is worth noting that Del
Nobile et al. (2007) simultaneously fitted the set of ordinary differential Egs. 2.43
and 2.44 to both the oxygen and carbon dioxide concentration data. The ability of
Eqgs. 2.43 and 2.44 to fit the experimental data was evaluated by the E%. In the
specific case of kiwi data a value of E% equal to 11.1 was obtained, thus
demonstrating that despite the simplicity of the model proposed by Del Nobile
et al. (2007), its ability to interpolate the experimental data is satisfactory.

To test the predictive ability of Egs. 2.43 and 2.44, a second set of tests was run.
In particular, Del Nobile et al. (2007) used a different batch of fruits and the same
laminated film used to run the first set of tests. Figure 2.11b shows the evolution of
the headspace gas composition during storage for this second set of tests. The
curves shown in the preceding figure were predicted by means of Eqs. 2.43 and
2.44, using the calculated values of the fitting parameters. The effectiveness of
prediction was slightly lower compared to the first test (E% = 13.4). However,
considering the variability associated with the packaged produce, the results
obtained can be considered fairly acceptable.

To make the validation test even more rigorous, a third set of tests was run by
Del Nobile et al. (2007). In particular, another batch of fruit was packaged using the
coextruded film, which is characterized by a high gas permeability compared to
the laminated film. Figure 2.11c shows the evolution during storage of the head-
space gas composition during storage for the third set of tests. Also in this case, the
curves shown in the figure were predicted by means of Eqgs. 2.43 and 2.44, using
the fitting parameters reported earlier. Despite the deviation of the experimental
data from the model prediction (E% = 39.7), the model proposed was considered
reasonable by Del Nobile et al. (2007) in light of the changeability associated with
fresh-cut produce and the error associated with the measurement of the package gas
permeability.
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Chapter 3
Mechanistic Models for Shelf Life Prediction

3.1 Introduction

In this chapter the models illustrated and discussed in previous chapters to describe
both the package barrier properties and the food deterioration processes are com-
bined to derive mechanistic models. There are several ways to cluster the models,
and the way the mass flux is calculated is one of the possible modes of gathering
them. In fact, there are two methods for calculating the mass flux of low molecular
weight compounds through a package: (1) under pseudo-steady-state conditions,
i.e., the mass exchanged during the transient state can be neglected; (2) under
unsteady-state conditions, i.e., the mass exchanged during the transient state must
be taken into account. These approaches are profoundly different, and consequently
the way to derive the shelf life (SL) model is different. Therefore, they will be
presented and discussed separately in what follows.

3.2 Pseudo-Steady-State Conditions

The simplest way to calculate the amount of low molecular weight compound
exchanged between the inside and outside of a package assumes that the pseudo-
steady-state conditions are obeyed. As reported in the literature, this is a quite
reasonable assumption for flexible packages (Conte et al. 2009; Del Nobile et al.
2008a, b, 2009; Lucera et al. 2010; Rai et al. 2008). In these cases the mass flux can
be calculated using Eq. 4 of part I. As was reported earlier, one of the most important
approximations made using Eq. 4 of part I is that the mass exchanged during the
transient state is neglected. As will be shown subsequently, this approximation is
reasonable for flexible packaging but not for rigid containers such as plastic bottles.

M.A. Del Nobile and A. Conte, Packaging for Food Preservation, 47
Food Engineering Series, DOI 10.1007/978-1-4614-7684-9_3,
© Springer Science+Business Media New York 2013
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Two examples of a SL model derived according to a mechanistic approach will be
discussed separately in what follows. In the first example, the packaged-food quality
is expressed by means of a single quality index, whereas in the second one, two
different quality indices are used to describe the packaged-food quality.

3.2.1 Cereal-Based Dry Products

The quality of cereal-based dry products, such as biscuits and crackers, is strictly
related to their water content. Usually, when these products are packaged, the water
activity inside the package is as low as possible. Afterward, during distribution and
storage, water molecules permeate through the package due to the difference
between the water activity inside and that outside the package, leading to an
increase in the internal water activity. This causes an increase in water content
and, consequently, a decrease in product quality.

The decay kinetic of these types of food depends on several factors, of which
the most important are the characteristic of the packed product (i.e., the affinity
between food and water) and the water barrier properties of the package. An
experimental evaluation of the optimal packaging conditions (in terms of pack-
age and food properties) is usually avoided because it is time consuming;
instead, a rough estimation is generally made by means of empirical methods.
As an alternative to this latter methodology, the optimal packaging conditions
can be determined by means of mathematical models that are able to predict the
SL of the packed product. This approach was first introduced by Heiss (1958),
and later researchers proposed various mathematical models in which the
moisture sensitivity of the food and the package performances were combined
in different ways (Iglesias et al. 1979; Labuza and Contreras-Medellin 1981;
Tubert and Iglesias 1985; Fava et al. 2000).

Del Nobile et al. (2003b) proposed a mechanistic mathematical model that was
able to predict the SL of cereal-based dry products by taking into account the
dependence of the water barrier properties of the packaging film on the water
activity inside and outside the package. In particular, the authors first described
the sole packaged-food quality index by means of the water sorption isotherm, then
expressed the water permeability coefficient of the package as a function of the
water vapor partial pressure at the film sides, and finally combined the preceding
information using the water mass balance equation inside the package. In what
follows, this mechanistic model will be illustrated and discussed in detail.

The water sorption isotherm of a given food is generally used to quantitatively
determine its affinity with water. In the particular case of foods whose quality
depends only on the amount of absorbed water, such as cereal-based dry products,
the sorption isotherm is also used to relate the quality of the product to the water
activity in the package headspace. Several models have been reported in the
literature to describe the water sorption isotherm of foods (Bell and Labuza
2000). In this case the Guggenheim-Anderson-de Boer (GAB) equation,
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Fig. 3.1 Equilibrium water concentration plotted as function of water activity (a,,) for salted
crackers. The curve was obtained by fitting Eq. 3.1 to the experimental data

which was recommended by the COST Project to fit moisture sorption isotherms
(Wolf et al. 1985) and had already been used to successfully describe the water
sorption isotherms of several foods (Saravacos 1986), has been used to fit the
experimental data:

My-A-T-aw
l—F-aW)-(l—F-aw—i—A-F-aw)’

ew =1 3.1)

where c,, is the food water concentration at equilibrium [calculated according to the

%H,0
. . W¢—Wij ) +Wj—ra— . .
following expression: cw = “1017,/,12(}”0, where wy is the final product’s weight,

Wi—T00

w; the initial product’s weight, %H,0 the initial moisture content (g/100 g) of the
food product on a wet basis], Mg, I', and A are constants to be regarded as fitting
parameters, and a,, is the water activity. Del Nobile et al. (2003b) used Eq. 3.1 to
interpolate data of three different cereal-based products: unsalted and salted crack-
ers and dry cookies. As an example, in Fig. 3.1 c, is plotted as a function of a,,
for salted crackers. The curve shown in the same figure are the best fit of Eq. 3.1
to the experimental data; results from fitting are also reported in the figure, along
with E%, as calculated by Del Nobile et al. (2003b). As can be inferred, the GAB
equation successfully interpolated the experimental data.

As reported earlier, multilayer structures are the most widely used flexible films
for food-packaging applications. Del Nobile et al. (2003b) proposed a bilayer
structure to package a cereal-based dry product made of a polyolefinic and a
polyamide layer; the former layer is put in contact with the packaged food and
used as a sealable layer, whereas the polyamide layer was used as a barrier film.
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Fig. 3.2 Water sorption isotherms at 25°C of a polyamide. The curve is the best fit of Eq. 2.11 to
the experimental data. The model’s parameters are also reported, along with the relative E% value

Equation 2.30, used for a multilayer system, can be rearranged for a bilayer film
as follows:

1
Py (aw,ay) = 77—
7

(3.2)

where al, and a, are the water activity at the upstream and downstream sides of the
film, respectively, al; ? is the water activity at the interface between the two layers,
and P{V (a{,v, aw 2) is the water permeability of the polyamide film. The water
activity was calculated as the ratio between the water vapor partial pressure and
the water vapor pressure at equilibrium. The authors followed a mechanistic
approach similar to that reported earlier to express the polyamide water permeabil-
ity as a function of water activity at the film sides. Therefore, the function
Py, (ay, aly %) was expressed using Eq. 2.6, which can be rewritten as follows by
substituting the water vapor partial pressure with the water activity:

fC\lV (a{v)

CI—Z al—2
Pl (al.aly?) = )

Dw(Cw) - dCw

33
Py - (aly —ay?) e

The polyamide water isotherm was described using Eq. 2.11. The dissolved and
adsorbed water were expressed by means of Eqs. 2.12 and 2.13, respectively. For
example, Fig. 3.2 shows the water sorption isotherms at 25 °C of a polyamide as
measured by Del Nobile et al. (2003b). The curves shown in the figure are the best
fit of Eq. 2.11 to the experimental data; the model parameters calculated are also
reported in the figure, along with the relative E% value. Also in this case there is a
good agreement between the predicted and experimental data, suggesting that the
sorption process of water in moderately hydrophilic polymers can indeed be
described in terms of the dual sorption mechanism.
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Fig. 3.3 Water sorption isotherms at 25 °C of a polyamide. (O) from a,, = 0 to a,, = 0.05; (®)
from a,, = 0.3 to a,, = 0.4. The curves are the best fit of Eq. 2.10 to the experimental data

In the same work by Del Nobile et al. (2003b) water diffusion through moderately
hydrophilic polymers was described using Fick’s model with a diffusion coefficient
dependent on the local water concentration (Eq. 2.8). The authors used Eq. 2.15 to
express this dependence. To calculate the parameters appearing in Eq. 2.15, the fitting

of Eq. 2.10 to the water sorption kinetic data was carried out. Figure 3.3 shows two

examples of sorption kinetic curves of water in polyamide film, where 1\1\//[1_([) is plotted

as a function of time. In the same figure the best fit of Eq. 2.10 to the water uptake
kinetic data is also reported. To quantitatively determine the ability of Eq. 2.10 to
interpolate the water uptake data, the authors calculated the E% values for all the
sorption tests conducted, concluding that the water diffusion coefficient could indeed
be considered constant during each sorption test.

As illustrated earlier, once the water diffusion coefficient is calculated for each
of the water sorption kinetics, its value is associated to the average water concen-
tration of the corresponding water sorption kinetic. In Fig. 3.4 the water diffusion
coefficient, calculated by fitting Eq. 2.10 to the water sorption kinetic data, is
reported as a function of the average water concentration. In the same figure the
best fit of Eq. 2.15 to the data is also reported, along with calculated model
parameters and relative E% values. Also in this case the agreement between the
model predictions and the experimental data seems to be satisfactory.

Finally, the water activity at the polyamide/polyolefin interface (i.e., aly %) was
calculated by numerically solving the following set of nonlinear equations:

1-2

al, —a

_pl (a1 a1 W~ Aw
J*Pw(aWaaw ) 2 )

NPT 34

R gz_aw.
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Fig. 3.4 Water diffusion coefficient reported as a function of average water concentration. The
curve is the best fit of Eq. 2.15 to the data, along calculated model’s parameters and relative E%
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Fig. 3.5 Water permeability coefficients of two different bilayer structures plotted as function of
water activity at upstream side of polyamide film. Each structure was intended as a bilayer
structure made up of a layer of polyethylene (10 pm thick) and a polyamide layer

Figure 3.5 shows the calculated permeability coefficients of two different
bilayer structures plotted against water activity at the upstream side of the polyamide
film. Each structure was intended as a bilayer structure composed of a layer
of polyethylene (10 pm thick) with a water permeability coefficient equal to
30.14 - 10712 C‘;;‘;?g;;;*;], as reported in the literature (Myers et al. 1961), and a
polyamide layer. In the work of Del Nobile et al. (2003) the permeability coefficients
were calculated by considering the water activity at the downstream side of the
bilayer films (i.e., the polyethylene side) equal to zero and applying Eq. 3.2 with the
calculated fitting parameters. It is worth noting that the curves shown in Fig. 3.5
represent the water permeability coefficient of films as measured by a permeability
test where the polyamide film is placed at the upstream side and the polyethylene at
the downstream side. As one would expect, the data shown in Figs. 3.2 and 3.4
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highlight a marked difference between the water permeability coefficients of the
studied polyamide bilayer systems.

The last element of the model proposed by Del Nobile et al. (2003b) is the water
mass balance equation inside the package. In particular, the authors used the
following assumptions to derive the water mass balance equation: (1) the water
vapor present in the package headspace is always in equilibrium to the water
absorbed into the packaged product and (2) the water vapor present in the package
headspace behaves as an ideal gas. These two assumptions were experimentally
tested in several works reported in the literature (Quast and Karel 1972; Bell and
Labuza 2000). On the basis of the foregoing assumptions, the water mass equation
can be written as follows:

dnT (t) S in * aeSt - ain (t)
% - pw (aiv‘vaw(t)) .S - ply .%7 (3.5)

where nty(t) is the total number of moles of water present inside the package at
time t, P}y (a$y!, aly (1)) is the water permeability coefficient of the bilayer film, alf ()

is the water activity inside the package at time t, a§y' is the external water activity,

and S is the surface area of the package. Pl (a$y,aly(t)) was evaluated using
Eq. 3.2. nyy(t) is the sum of two contributions: the moles of water present in the
package headspace and the moles of water absorbed into the packed cereal-based

dry product:

nTol(t) = nsl(t) + Nyss (t)7 (36)

where ng(t) is the number of moles of water present in the package headspace at
time t, and n,(t) is the number of moles of water absorbed into the packaged
product at time t. ng(t) depends on the water activity inside the package determined
through the following expression:

V. . _ain t
ny(t) = = %WTW(), (3.7)

where V is the volume of the package headspace. According to Eq. 3.1, the moles
of water absorbed into the packaged food depend on the internal water activity
through the following expression:

_mp M- A-T-all (1)
18 (1—T-aly(t))- (1-T-alf(t)+T-A-all(t)’

Nyes(t) (3.8)

where mp is the mass of the packaged product. Substituting Eqs. 3.7 and 3.8 into
Eq. 3.5 one obtains
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d {mp Mo - A-T-ag (1) Vi - py - aw ()
dt [18 (1 —T-all(t)) - (1 —T-all(t) + - A-all(1)) R-T

(3.9)

es aeﬁ_a (t)
— PG (0) -5 -y - E O,

It can be easily demonstrated that Eq. 3.9 can be rearranged in the following form:

est __qin

dayy(t) _  PW(ai,af(0) -S by - aw_?wm (3.10)
dt Vapl mpMo-AT- [ 14 (K-l (1)) (A1)

RT 8 [(1-raig (1)) (1-T-aly (1) +AFd'" (1) )]

Equation 3.10 is an ordinary differential equation where the unknown function is
aw(t). It was numerically integrated by Del Nobile et al. (2003b) using a fourth-
order Runge—Kutta formula (Press et al. 1989a). Once the function aw(t) is known,
the amount of water absorbed into the packaged product during storage (i.e., the
sole quality index of the packaged cereal-based dry product) can be easily deter-
mined using Eq. 3.1. As highlighted by the authors of this study, the major
limitations to an extension of the proposed model to a general case is that an
instantaneous equilibrium between the water vapor present in the package head-
space and the water absorbed into the packaged product was hypothesized. Wher-
ever this assumption is satisfied, the proposed model can be advantageously used to
predict the SL of cereal-based dry foods or to properly design their package.

As an example, the model proposed by Del Nobile et al. (2003b) (i.e., Eq. 3.10) is
used to simulate the storage behavior of two different dry foods packaged with the
two hypothetical bilayer films. The characteristics of the package used to run
the simulations of storage and packaging conditions are as follows: storage temper-
ature 25 °C, water activity 0.70, initial water activity inside package 0.08, package
surface 1,600 cm?, package unfilled volume 500 cm?, product mass 500 g. As
reported by these authors, the critical moisture content reported earlier corresponds
to a water activity value of approximately 0.4, an intermediate value between 0.35
and 0.5, arange indicated as critical for many dry, crispy foods that become soft and
texturally unacceptable (Labuza and Contreras-Medellin 1981). The SL of food/
material combinations, as predicted by Del Nobile et al. (2003b) using Eq. 3.10,
using the calculated fitting parameters ranged from 3.7 to 19.1 days, clearly
underlining that the predicted SL strongly depends on the type of packaged food,
whereas the type of bilayer used for the package has only a slight influence.

The model proposed by Del Nobile et al. (2003b) was also used to estimate the
error made if the dependence of the water permeability coefficient on the water
activity inside and outside the package was neglected. In particular, the authors also
predicted the SL according to the following expression:

i )

dawt) _ PWav oS piy =7 (3.11)
dt VaPy mp-Mo-A-T [1+(K aly(©)"(A ] ’
RT 18:[(1-T-ay (1)) (1-T-aiy (1) +Ara{§,<))]’
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Fig. 3.6 Water permeability coefficients plotted as function of water activity at downstream side
of polyamide film. Horizontal line: average water permeability coefficient obtained by averaging
data reported in Fig. 3.5

where P{‘,/IV Ay 18 the average value of the water permeability coefficient of the bilayer
films in the interval a,, = 0.1, a,, = 0.7. P&, Ay, Was evaluated according to the
following expression:

aw:0.7

fo Py (ay', alfy(t))daw
aw=0.1

Py Ay, = (3.12)

0.6

Equation 3.12 was numerically solved by Del Nobile et al. (2003b) using the
extended Simpson’s rule (Press et al. 1989b). A marked difference between data
predicted using Egs. 3.10 and 3.11 was found. In particular, the SL predicted by
neglecting the dependence of the water permeability coefficient on the water
activity inside and outside the package (Eq. 3.11) is approximately 90 % greater
than the SL predicted using Eq. 3.10. To find the reasons for the observed large
difference, Del Nobile et al. (2003b) plotted the water permeability coefficient of a
bilayer film as a function of the water activity at the downstream side of the film
(Fig. 3.6). The curve shown in the figure was predicted by means of Eq. 3.2, using
the calculated fitting parameters. In particular, Del Nobile et al. (2003b) set the
water activity at the upstream side of the film to 0.7 (i.e., the value of the water
activity outside the package), whereas the water activity at the downstream side of
the film is that reported on the abscissa. It is worth noting that data represent the
water permeability coefficient of the investigated films in real working conditions.
In Fig. 3.6 the value of P%’ Ay, for the investigated bilayer film is also reported. It is

evident that there is a substantial difference between the average water permeability
coefficient of the bilayer film and its water permeability coefficient in real working
conditions. This difference is responsible for the marked discrepancy between the
SL predicted by Eq. 3.10 and that predicted by Eq. 3.11. It is worth noting that if the
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permeability coefficient of the packaging film depends on the partial pressure of the
permeating substance inside and outside the package, as was the case for the
polymers investigated by Del Nobile et al. (2003b), then the permeation tests can
give misleading information (Fig. 3.6). In these cases, a more accurate analysis of
the permeation process, like that proposed earlier, is in order.

3.2.2 Potato Chips

Potato chip packaging systems are designed to keep the oxygen and water partial
pressure in the package headspace as low as possible during storage. This is because
the quality of this product depends on two quality indices: the extent of lipid
oxidation and the amount of absorbed water (this latter is inversely related to the
crispness of the product) (Quast et al. 1972; Quast and Karel 1972). To satisfy
the preceding conditions, potato chips are currently packaged using nitrogen as the
inert gas and polymeric films characterized by a low permeability to both oxygen
and water vapor. As will be discussed in more details subsequently, an increase in
the initial value of the oxygen partial pressure in the package headspace, increasing
the lipid oxidation rate, leads to a decrease in the product SL. On the other hand, an
increase in the initial value of water vapor partial pressure in the package headspace
can yield either an increase or a decrease in the product SL, depending on the
quality index responsible for its unacceptability. In fact, the SL increases if rancid-
ity is responsible for the unacceptability of the product, whereas it decreases in the
other case. Del Nobile (2001) provided an estimation of the potato chips’ optimal
headspace gas composition (in terms of nitrogen and water vapor) based on the use
of a mechanistic model able to describe the product quality decay kinetic. In
particular, in this study, the author first describes lipid oxidation and crispiness as
the main packaged-food quality indices, by means of empirical equations reported
in the literature, then he combines the preceding information through the water and
oxygen mass balance equation inside the package.

Lipid oxidation is a rather complex phenomenon with an evolution rate that
depends on the oxygen partial pressure, water partial pressure, and extent of the
lipid oxidation reaction. Quast and Karel (1972) proposed an equation to predict the
lipid oxidation reaction rate of potato chips. The equation was also reported in a
previous chapter, but for the sake of simplicity it is also reported below:

dExt(t M, + M, - Ext(t o (t

;‘t():mp. Ext(t) + lf 2 Exi(t .<M pl\(/’[z()mt>, (3.13)
P 100 3+ Ma - pg, (1)

P

t
*
W

where Ext(t) is the extent of the oxidation reaction rate at time t, pi\,‘},(t) is the
. . in .
package headspace vapor partial pressure at time t, pg, (t) is the package headspace
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oxygen partial pressure at time t, mp is the mass of the packaged food, and the M;
are to be regarded as fitting parameters with no particular physical meaning.
Crispiness is inversely related to the amount of water absorbed by the product.
Quast and Karel (1972) also reported that the water sorption isotherm of potato
chips can be described through Khun’s isotherm:

Ms
100 - In (P'V"«(‘))

Py

cw(t) = + M, (3.14)

where the M; are fitting parameters.
Creating a mass balance on the oxygen and the water vapor contained in the
package headspace, the following equations are obtained:

dpﬁzO(t) o A PW e _/PW(t) (3 15)
dt B Vy _ Ms-mp ’ ’
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w100

Pw
where pyy' is the water vapor partial pressure outside the package, p%i‘ is the oxygen
partial pressure outside the package, and Pw and Po, are the water vapor and oxygen
permeability of the packaging film. Equation 3.15 was derived assuming that (1) the
water vapor present in the package headspace is always in equilibrium with the
water absorbed into the packaged product and (2) both the water vapor and oxygen
present in the package headspace behaves as an ideal gas.

Equations 3.13, 3.15, and 3.16 are a set of three ordinary differential equations
with three unknown variables [i.e., the two packaged-food quality indices: Ext(t),
pit(t), and pg‘z (t)]. Once the initial packaging conditions are known, the differential
equations can be numerically solved (Press et al. 1989a). In this way, it is possible
to predict the kinetic decay of the two packaged-food quality indices and, conse-
quently, the product SL.

This model was used by Del Nobile (2001) to simulate potato chip quality loss
during storage. The author calculated the potato chip SL on the basis of the
simulated quality decay kinetic curve. Moreover, the influence of the initial water
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vapor partial pressure in the package headspace and the barrier properties of the
packaging film on the SL of the packaged product were also addressed. In particu-
lar, the storage simulations were made for a bag-type package with the following
characteristics: the area of the package exposed to the mass flux was equal to
400 cmz, the headspace volume was equal to 1,435 cm3, and the weight of the
product was equal to 65 g. The study conducted by Del Nobile (2001) was carried
out using a multilayer film commercially used for packaging potato chips, obtained
by laminating two films of PE coated with polyvinylidene chloride (PVdC). The
author assumed that the water and oxygen permeability coefficient of the afore-
mentioned bilayer flexible film did not depend on the water vapor partial pressure at
the film sides and calculated the water and oxygen permeability coefficient of the
packaging film using Eq. 2.29. The single-layer permeability coefficients were
taken from the literature (Myers et al. 1961; Rogers et al. 1956; Yasuda and Stannett
1975). The storage and packaging conditions considered for the simulations were as
follows: storage temperature 37 °C, oxygen partial pressure outside the package
0.21 atm, water vapor partial pressure outside the package 24.8 x 1072 atm
(i.e., 40 % relative humidity), gas flushed into the package composed by humidified
nitrogen with a humidity ranging between 0.1 % and 32 %, and initial value of
Ext(t) of zero.

Since the quality of potato chips depends on the amount of absorbed water and
on the extent of lipid oxidation reaction, Del Nobile (2001) proposed expressing
the total quality of the product through two normalized quality indices defined
as follows:

Qw() =1- ‘;ﬁi? ; (3.17)
A\
E
Qol) = 1 - a0, (3.18)

where Qw(t) is the normalized quality index related to the absorbed water at time t,
Qo(t) is the normalized quality index related to the extent of lipid oxidation at
time t, p*™ is the threshold value for pjj (t), and Ext™ is the threshold value for

max

Ext(t). As reflected by literature data, the value of py™* is equal to 20 - 1072 atm
(Quast and Karel 1972), whereas that of Ext™* is equal to 1,200 w (Quast

and Karel 1972). The product becomes unacceptable whenever either one of the
two quality indices exceeds its threshold value or one of the two normalized quality
indices reaches zero.

In the hypothetical case where the packaged product quality is related only to
Qw(t), the SL of the product would decrease with the initial value of the water vapor
partial pressure in the package headspace (pifiel). On the other hand, if the
packaged product quality were related only to Qp(t), then the SL of the product
would increase with pifiil, The curve representing the “true” SL versus pintia was
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Fig. 3.7 Shelf life as function of p,, ™. PE layers were 40 um thick; PVdC was 4 pm thick

obtained, by definition, by superimposing the two trends, as shown in Fig. 3.7. As
can be inferred, the curve presents a maximum (114.5 day) at piv'{,i‘ial equal to
0.0146 atm, suggesting that pi\;‘,itial can be used as a packaging design variable to
prolong the SL of potato chips. In fact, according to the data reported in Fig. 3.7,
and considering that nitrogen used to package potato chips has only small traces of
water vapor, substituting nitrogen with a mixture of water vapor and nitrogen,
characterized by a value of p{,‘{}“a' equal to 0.0146 atm, yields an increase in the

product SL. The value of pi\,’{}‘ial corresponding to the maximum of the curve is
the optimal headspace water vapor partial pressure ([pi\;}“ial] Opl). Its value depends

on the storage conditions and on the permeability and selectivity to the water vapor
and oxygen of the packaging film. To evaluate the influence of the film barrier
properties on [piy] op» D€l Nobile (2001) calculated its value changing the PVdC

thickness, fpvqac, from 1 to 6 pm. Increasing the value of fpyqc, the film permeability
decreases, while its mechanical properties and perm-selectivity to oxygen and
water vapor are substantially unmodified. In particular, the aforementioned authors
calculated the SL of the product when piv‘t,“ia' was equal to 62-10~° atm (percentage
relative humidity equal to 0.1 %, i.e., technical nitrogen) as a function of Zpyqc;
the optimal shelf life (OSL) of the product when piyi*! was equal to [piyie!] opt 852

function of fpyq4c; the percentage difference between the SL and OSL (ASL%),
calculated as ASL% = % - 100as a function of /py4c. It was noted that OSL
was always higher than SL. Moreover, a value of ASL% as high as 48 % was
obtained for a value of /py4c equal to 4.4 x 10~* cm. In addition, contrary to what
one would expect, the curve representing SL versus ¢pygc showed a minimum. In
fact, increasing the value of /py4c the water vapor and oxygen permeability reduced
by about the same amount. This reduced the rate at which both substances
penetrated into the package and, consequently, decreased the rate at which
their respective partial pressures increased inside the package during storage.
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As previously reported, a reduction in the water vapor and oxygen partial pressure
can cause either an increase or a decrease in the lipid oxidation rate, as is evident
from Eq. 3.13. In fact, it is not possible, on the basis of simple intuition, to predict
the effect of an increase in ¢ pygc on the lipid oxidation rate. According to
simulations by Del Nobile (2001) for values of #py4c lower than 2.5 pm, the effect
related to water vapor was dominant, whereas for higher values of /pygc the
contrary was true.

3.3 Unsteady-State Conditions

There are certain circumstances where the mass exchanged during a transient state
cannot be neglected for SL modeling. In these cases the mass flux between the
inside and outside of the package cannot be calculated using Eq. 1.4. To introduce a
new approach to calculating the mass exchanged during a transient state, two
distinct cases will be presented in what follows: the SL prediction of a carbonated
beverage stored under fluctuating temperature conditions and the SL prediction of
extra virgin olive oil. However, before illustrating these specific cases, the need to
change the way in which the mass exchanged between the inside and the outside of
a package is calculated will be addressed. To this end, the simple case of carbonated
beverages stored under constant temperature conditions will be considered.

The quality of a carbonated beverage is simply related to the carbon dioxide
concentration inside the bottle. The carbon dioxide molecules inside the bottle are
in turn partially dissolved in the liquid phase and partially dispersed in the bottle
headspace. It is generally assumed that the amount of carbon dioxide dissolved in
the liquid phase is proportional to the headspace carbon dioxide partial pressure,
i.e., Henry’s law is obeyed:

ngo, = H-p&),, (3.19)

where ng, is the number of carbon dioxide moles dissolved in the liquid phase at
equilibrium, picngz is the carbon dioxide partial pressure in the bottle headspace, and
H is the carbon dioxide partition coefficient.

Due to the difference between the carbon dioxide partial pressure inside and
outside the bottle, carbon dioxide permeates through the bottle wall. As a first-order
approximation it can be assumed that the amount exchanged can be calculated
using the same equation used for flexible packaging (i.e., Eq. 4 of part I), which
implicitly neglects the transient state:

ins ext

JE9* = Peg, - P02 PO (320)

where J (Sj;) ? is the steady-state carbon dioxide mass flux, p‘é’gz is the external carbon

dioxide partial pressure, and Pco, is the carbon dioxide permeability coefficient.
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It can further be assumed that the external carbon dioxide partial pressure is equal
to zero:

ins

p
I =Peo, -~ (3.21)

Formulating the carbon dioxide mass balance equation inside the bottle in the
same way it was done earlier for flexible packaging films, assuming that pseudo-
steady-state conditions hold, the following expression is obtained:

dnco, (t A-Pco,
Cg’;()=— 7P, (1), (322)

where nco, (t) is the total number of carbon dioxide moles inside the bottle at time t.
The left-hand side of Eq. 3.22 is the accumulation term, whereas the right-hand side
is the rate at which carbon dioxide is lost from the inside of the bottle. Since the
moles of carbon dioxide inside the bottle are partially dissolved in the liquid phase
and partially dispersed in the bottle headspace, it can be written as

nco, (t) = nge, (1) + o, (1), (3.23)
where nff} (t) is the number of carbon dioxide moles in the bottle headspace at
time t, and n2, (t) is the number of carbon dioxide moles dissolved in the liquid
phase at time t. Itis generally assumed that carbon dioxide in a bottle’s headspace
behaves as an ideal gas; if this is true, then the following expression is obtained for
the moles of carbon dioxide in the bottle headspace:

Vs .pins (t)
S (1) = tRi.C(T)Z' (3.24)

It can be further hypothesized that the carbon dioxide in the bottle headspace is

always in equilibrium with gas in the liquid phase. In this case the dissolved moles
are directly proportional to the gas headspace partial pressure:

ngo, (t) = H-pi (1) (3.25)

Substituting Egs. 3.23, 3.24, and 3.25 into Eq. 3.22 and rearranging, the follow-
ing expression is obtained:

dpco, (1) e
T 1CAO) (3.26)

R-T
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Fig. 3.8 Shelf life defined as intercept of quality decay curves with horizontal line at pgionz

Equation 3.26 is an ordinary differential equation whose unknown function is the
headspace carbon dioxide partial pressure (i.e., the only packaged-food quality
index). The solution of Eq. 3.26 is as follows:

A- PC02

ped, (1) = p&o, (0) - exp fmw , (3.27)
R-T

where pi(‘}(s)2 (0) is the initial carbon dioxide partial pressure in the bottle headspace.

ins

By plotting 5, (t) as a function of storage time as predicted by Eq. 3.27, the carbon
dioxide depletion rate decreases as the bottle wall thickness increases. To determine
the carbonated beverage SL, a threshold value for the packaged-food quality index

[i.e., pic"gz (t)] must be generally set. For the sake of simplicity, it was assumed that

the aforementioned threshold was equal to pglglz . The SL can be easily found from
the intercepts of the quality decay curves reported in Fig. 3.8 with the horizontal

min

line at pggy,. Alternatively, this is the expression that relates carbonated beverage SL

to bottle thickness:
min
SL = { In|—DC0:
po, (0)

min

P okH) | . .
Because the term < In | ——2-| - % is a constant, Eq. 3.28 can be rewritten
pCOZ (0) €Oy

Va
: (R'T +H) } 4. (3.28)

as follows:

SL=0-/, (3.29)
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Fig. 3.9 Carbonated beverage SL increases with bottle thickness. According to Eq. 3.29, SL
would linearly increase with bottle thickness; real carbonated beverage SL first increases with
thickness, then reaches plateau

B s, | (rH)
where © = {ln [Pic"f)z (20)] APco, }

A hypothetical test, in which it is possible to increase the bottle thickness as
much as desired, is now taken into account. According to Eq. 3.29 the carbonated
beverage SL would linearly increase with bottle thickness (Fig. 3.9). In fact, the real
carbonated beverage SL first increases with thickness and then reaches a plateau.
The fact that there is a difference between what is predicted by Eq. 3.29, which was
derived assuming pseudo-steady-state conditions, and the reality is due to the fact
that the pseudo-steady-state-conditions hypothesis does not hold for thicker pack-
age structures. In fact, neglecting the transient state, the amount of permeant, such
as carbon dioxide in the case illustrated earlier, dissolved in the package structure
wall is neglected. In conclusion, it is generally reasonable to neglect the amount of
permeant dissolved inside a package wall for thinner packages, such as flexible
films, but not for thicker packages, such as plastic bottles.

3.3.1 Carbonated Beverages: Fluctuating Temperature
Conditions

As highlighted earlier, there are many cases where the SL of a packaged product is
strictly related to the transport of small molecules provided by the film or the
container wall. A typical example of this situation is represented by soft drinks and
beer bottled in polymeric containers. The carbonation level of these beverages
decreases with time due to gas sorption into the bottle wall and to the subsequent
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diffusion through it. Their sensory quality is strongly affected by their gas content
and in most cases a decrease in the carbon dioxide content as low as 10 % causes
their taste to become flat and, hence, unacceptable to the consumer (Fenelon 1973).

In principle, the prediction of the SL of carbonated beverages bottled in a plastic
container is easy. It can be obtained by simply modeling the dynamics of carbon
dioxide leaving the container. There is a considerable practical interest in solving
this problem because it represents the only rational way to design a plastic bottle, in
particular its thickness. However, to reduce the difficulty of the calculations, the
modeling procedure is often oversimplified and gives unrealistic results (Masi and
Paul 1982). To theoretically estimate gas loss from inside pressurized plastic
containers, it is necessary to solve the differential mass balance equation under
appropriate boundary and initial conditions. Three issues are relevant in this
connection. Concerning the first issue, as was reported earlier, the use of simple
pseudo-steady-state conditions is not adequate in quantifying the mass exchanged
by thicker containers such as plastic bottles (Barrer et al. 1958; Michaels et al.
1963; Vieth et al. 1966; Paul 1979). Regarding the second issue, it has been
demonstrated that the mass transport model used to describe the barrier properties
of bottle materials has a great influence on SL prediction of carbonated beverages.
The simple approach, which is usually used in practical applications, assumes that
Henry’s law describes gas partitioning between the gas phase and the polymer and
that mass transfer inside the bottle wall is governed by Fick’s model. This gives rise
to the underestimation of the barrier properties of the materials generally used for
this application, and consequently the predicted SL of carbonated beverages is
much shorter than in reality (Masi and Paul 1982). The third issue concerns the
temperature conditions used to simulate bottle storage. In fact, in predicting the SL
of biologically stable products, their thermal history is generally not taken into
account. In many cases, however, this approximation is not appropriate, and the
predicted SL can be quite different from the real one. Commonly, carbonated
beverages are bottled at low temperatures in order to favor gas retention during
this operation. Once the bottle is capped, no specific precautions are taken during
storage and distribution. Because of the large storage volumes required, distributors
and grocery stores often store pallets of bottles of carbonated beverages outdoors
without paying any attention to temperature rises due to sunlight exposure. Since
most carbonated beverages are stable from a biological point of view, it is rare for
the thermal history experienced by the bottled beverage during storage and distri-
bution to be taken into account in design applications. However, this approximation
may lead to wrong conclusions.

The study conducted by Del Nobile et al. (1997) was aimed at showing the error
that is possible by underestimating the importance of the bottle thermal history. In
particular, three cases were considered by the authors: (1) the SL of the bottled
beverage was estimated assuming that the storage temperature was constant and
equal to room temperature for the entire storage period; (2) the temperature of the
bottle varied during the storage period, but for the sake of simplicity, in performing
the calculation the temperature was kept constant and equal to the average temper-
ature of the storage period; (3) the temperature of the bottle of the carbonated
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Fig. 3.10 Mechanism for
CO;, loss in typical 2L plastic
soft-drink bottle
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beverage varied during the storage period and during the day was examined. In
what follows, these three cases will be illustrated and discussed in detail.

For the simulation Del Nobile et al. (1997) used a typical 2-L plastic soft-drink
bottle made up of PET. To facilitate mathematical analysis, the authors made the
following assumptions: (1) the bottle was considered an equivalent cylinder of
constant thickness, €, with approximately the same total capacity and exposed area
as a real bottle; (2) the carbon dioxide mass diffusion through the bottle wall is
monodimensional and occurs only in the radial direction; (3) such a container
represents a closed system where carbon dioxide dissolved in the liquid phase,
whose volume is Vy, is supposed to be at all times in equilibrium with the carbon
dioxide in the gas phase, whose volume is Vg; (4) the driving force for carbon
dioxide permeation is assumed to be uniform over the container’s internal surface
and, at all times, equal to the partial pressure of carbon dioxide in the container
headspace (the partial pressure of carbon dioxide in the external atmosphere was set
equal to zero), which is a decreasing function of storage time; (5) the equilibrium
existing between the phases can be described by Henry’s law:

Cco, = H-p&,, (3.30)

where Cco, is the carbon dioxide molar concentration in the liquid phase.

The mechanism proposed by Del Nobile et al. (1997) for gas loss is shown in
Fig. 3.10. The gas loss from the interior of the bottle was evaluated via the solution
of the nonlinear parabolic differential equation derived from the gas mass balance
made inside the bottle wall. Accordingly, the concentration profile Cco, (t,x) was
evaluated at each time and from it the total flux of gas leaving the inside of the
bottle was estimated through Fick’s first law with a diffusion coefficient dependent
on the local carbon dioxide concentration. To write the gas mass balance equation,
the solubilization and diffusion processes through PET, which is a glassy polymer
at room temperature, must be addressed first. As reported in the literature, many
investigators have demonstrated that the most appropriate way to describe gas
transport through glassy polymers is the so-called dual sorption—dual mobility
model (Vieth et al. 1966; Koros 1980; Chern et al. 1983; Koros and Hellums 1990).
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The dual sorption—dual mobility model is based on the assumption that a glassy
polymer can be envisaged as a polymer matrix at equilibrium in which frozen
microvoids are uniformly dispersed. The presence of frozen microvoids is used to
take into account the state of being out of equilibrium of a glassy polymer. In fact,
the volume of frozen microvoids accounts for the excess free volume present in a
glassy polymer. As a consequence, the total gas concentration absorbed into a
glassy polymer, such as PET at room temperature, is the result of two independent
contributions. One mode is related to the gas dissolution into the polymeric matrix
at equilibrium, and it corresponds to the expectation for liquids and rubbery
polymers, that is, that the gas molecules are randomly dispersed in the polymeric
matrix at equilibrium. Gas dissolved according to the mechanism described earlier
follows Henry’s law. The additional mode is related to gas adsorption onto the
surface of the frozen microvoids; the hypothesized adsorption mechanism is ana-
logous to that generally used to describe gas and vapor adsorption in zeolites.
It is generally expressed through the Langmuir adsorption isotherm. Therefore,
the relationship between the carbon dioxide adsorbed at equilibrium in a glassy
polymer and its partial pressure is

C,-b-p
crt — By, 4+l =kp - H_ O 3.31
O, co, T Lco, = Kb - Peo, T7 D peo, | (3.3D

where CE‘SZ is the carbon dioxide adsorbed at equilibrium in the polymeric matrix,

the superscripts H and D identify the two different populations of molecules, one
that is adsorbed into holes and another that is dissolved into the polymer matrix,
respectively, kp is the partition coefficient relative to the gas population dissolved
according to Henry’s law, b is a parameter that describes the gas—polymer affinity,
and Cj; is the adsorption capacity of the frozen microvoids.

According to the dual sorption—dual mobility model, the two populations of
permeating molecules have different mobilities and are always in local equilibrium
with each other. The modified version of Fick’s first law for gas diffusion in glassy
polymers is

9C dCL
Jeo, = =Dgo, - —5 = = Do, -5 > (3.32)

where Jco, is the total carbon dioxide mass flux, DBOZ and Dgoz are the diffusivities
of the dissolved and adsorbed molecules, respectively, and x is the spatial
coordinate.

The assumption of local equilibrium between the two adsorbed populations
allows to write Eq. 3.32 in a more useful way:

aCTot
Jco, = —Desr - 8C02 ) (3.33)
X
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where D is the effective diffusion coefficient; it is a concentration-dependent
coefficient given by the following expression:

H
(DC02> (C;_l-b)
pb | '\
co
+
(H'b‘Pcoz)
J
Cyb
kp
Y
(l+b-pco2)

D = Dg, - (3.34)

The equation describing the differential mass balance on CO, made inside the
bottle wall has the following form:

aCEy (tx) (D = aCeR (t, x)>

= 5 (3.35)

ot ox

According to the scheme proposed by Del Nobile et al. (1997) to describe carbon
dioxide loss from plastic bottles, the appropriate boundary and initial conditions
that apply to the preceding carbon dioxide mass balance equation are as follows:

tZO, 0<x<l = pCOQ(t):07

t>0, x=1 = pgo,(t) =0, (3.36)
Tot

nco, (t)

t>0, x=0 = V=3 v v’
> Pcoz() %—FH-VL

where nig (t) is the total number of moles inside the container given by the sum of

the moles of CO, in the bottle headspace (i.e., the gas phase) and the moles of CO,
dissolved in the liquid phase.

Del Nobile et al. (1997) numerically solved Eq. 3.34 with appropriate initial and
boundary conditions (Eq. 3.36) using an implicit finite-difference discretization
scheme. The package conditions as well as bottle characteristics are as follows:
temperature 5 °C, initial headspace pressure 4 atm, gas phase CO,, liquid phase
carbonated water, container made up of PET, container thickness 0.04 cm, surface
area of container 55 cm?, volume container 119 cm®, surface area of liquid phase
931.7 cm?, liquid phase volume 2,000 cm’. Del Nobile et al. (1997) calculated

nggz (t) by subtracting from the initial number of moles the amount of carbon dioxide

that left the interior of the container. In the case where the simulation was carried out
by considering that the temperature varied continuously at any step, the parameters
needed to describe gas sorption and transport into the polymer wall were updated by
considering their dependence on temperature.

The material parameters used by the authors were taken from the literature
(Koros and Paul 1978). To facilitate the updating of the parameters in the computer
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routine, it was necessary to represent in a mathematical form the dependence of the
transport and sorption parameters relative to water—CO, and PET-CO, systems on
temperature. For the sake of simplicity, the mathematical equations used to predict
the aforementioned parameters are reported as follows:

H=4.9976- 1077 - exp(

1134.3
kp = 7.8354 - 1073 -exp( T ),

1.7951 - 10* +4.8595 - 10°
T T? ’

b=2.4638-1073 - exp (&;6),

2626.1)

Cy = 13.252 —
(3.37)

—4470.
D2y, = 6.5148 - 1073 - exp (ﬂ)

T
—5406.5
T .

D, = 8.2863-107 - eXp(

To calculate the SL of the carbonated beverage, Del Nobile et al. (1997) assumed
that the soft drink was capped at 5 °C. It was hypothesized that carbon dioxide was
the only gas present in the bottle headspace, and immediately after capping its
pressure was equal to 4 atm. It was also assumed that the bottle was opened for
consumption at a temperature of 5 °C, while the temperature during distribution and
storage was variable. The headspace carbon dioxide pressure predicted by the
authors, pcg, (t, T), is a function of time and temperature. Since simulations were
performed at several temperatures, all pressure decay data were rescaled properly.
Accordingly, the number of moles of carbon dioxide inside the container was
converted to the equivalent carbon dioxide pressure at 5 °C.

To reproduce the thermal history experienced by a bottle during transportation
and outdoor storage without any protection, Del Nobile et al. (1997) assumed that
the daily average temperature of the soft drink changed during the year according to
a sinusoidal function having an average value equal to 17.5 °C, a fluctuation
amplitude of £12.5 °C, and a period of 365 days. It was further assumed that the
temperature varied during the day around the average temperature according to an
asymmetric sine function with a period of 24 h and amplitude of 25 °C. The
asymmetry was introduced to account for thermal spikes due to exposure to
sunlight. Figure 3.11 shows the thermal history of the soft-drink bottle as described
by the following equation:

) 2.7t (27t (2wt
T17.5+12.5~sm(m> +12.5-sm(8640 )+7.5~sm<86400>-
(3.38)
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Fig. 3.11 Thermal history of soft drink bottle as described by Eq. 3.38
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Fig. 3.12 Pressure decay inside plastic bottle in three different cases: (a) temperature was
assumed to fluctuate according to Eq. 3.38; (b) temperature of carbonated beverage was consid-
ered to be constant during entire storage period and set equal to 20 °C; (c¢) temperature varied
according to Eq. 3.38; however, for sake of simplicity it was averaged over a period of 70 days,
obtaining a value equal to 28.9 °C

Del Nobile et al. (1997) considered two other cases in addition to the one where
the storage temperature was assumed to fluctuate according to Eq. 3.38. In the first
case, the temperature of the carbonated beverage was considered constant
during the entire storage period and was set equal to 20°C; in the other case, the
temperature varied according to Eq. 3.38; however, for the sake of simplicity
the temperature was averaged over a period of 70 days, obtaining a value equal to
28.9 °C. This value was then used in the calculation that was carried out with a
constant temperature. Figure 3.12 shows the pressure decay inside a plastic bottle as
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predicted by Del Nobile et al. (1997) in the three cases mentioned earlier. As can be
inferred from the data, there is a remarkable difference in the SL relative to the three
situations. This confirms the concern about the adequacy of some assumptions
regarding the storage temperature that are generally made in designing
carbonated-beverage containers. In particular, if one assumes that the temperature
of the soft drink remains constant and equal to room temperature for the entire
period of time between bottling and consumption, the simulation made by this study
predicts a SL value longer than 1 year. Therefore, on this basis one would conclude
that PET bottles commonly used for this application could provide an adequate
protection to the carbonated beverage over a period of time that is more than
enough for a normal distribution cycle. One would arrive at a similar conclusion
under the assumption that the temperature is constant and equal to the average
temperature of the distribution and storage period. The temperature used to perform
the calculations in the second case was 9 °C higher than the temperature used in the
first case, and the SL of the carbonated beverage decreases from 352 to 206 days.
Although the SL reduction is quite significant, it may not be considered relevant
from a practical point of view. In fact, a SL of 7 months is still more than adequate
for commercial purposes. However, both results are based on approximations that
are false, and the predicted SL is overestimated. In the first case, the fact that during
storage and distribution the temperature of soft drinks can often fluctuate in a
significant manner is not taken into proper account. Secondly, the influence of
temperature on the sorption and transport parameters is underestimated. In fact, by
averaging the temperature and using in the calculations the corresponding
parameters one implicitly assumes that the transport and sorption parameters
change linearly with temperature, but this is far from reality. When the thermal
history of the bottle is considered and the proper relationships that describe the
dependence of the physical parameters on the temperature are used, one finds that
under conditions comparable to those occurring during distribution and outdoor
storage, the SL of a carbonated beverage is less than 2 months, which is remarkably
smaller than that predicted in the other two cases. Moreover, the SL predicted by
Del Nobile et al. (1997) in this last case is comparable to the time that is usually
required to distribute and sell soft drinks. Therefore, the results obtained by these
authors suggest that there is a real risk that many bottles of soft drinks may reach the
consumer at the very end of their SL.

3.3.2 Virgin Olive Oil

The SL of bottled vegetable oil is limited by the auto-oxidation of unsaturated fatty
acids with the formation of hydroperoxides. The decomposition of hydroperoxides
gives rise to different compounds, some of which are volatile and responsible for
the sensory degradation of the oil (Frankel 1998). Among vegetable oils, virgin
olive oil (VOO) shows the highest oxidation stability due to its low content of
polyunsaturated fatty acids and the presence of natural antioxidants, such as
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tocopherols and, mainly, phenol compounds (Papadopulos and Boskou 1991;
Tsimidou et al. 1992; Blekas et al. 1995; Satue et al. 1995).

Glass containers are generally preferred to plastic for bottling virgin olive oil.
This is due in part to marketing aspects and in part to the better performance of glass
containers compared to their plastic counterparts. Del Nobile et al. (2003a) presented
a work to demonstrate the limits, in terms of performance, related to the use of
plastic containers and to evaluate the efficiency of innovative containers in
prolonging the SL of VOO by simulating the behavior of bottled oil using a
mechanistic approach. In particular, in this work the influence of both oxygen
diffusivity and wall thickness of the plastic container on the quality decay kinetic
of bottled VOO was addressed. The innovative packaging solutions tested by Del
Nobile et al. (2003a) were based on the use of oxygen scavengers that, by reacting
with oxygen, reduce the rate at which oxygen permeates through the bottle wall.
In fact, it has often been reported in the literature (Vermeiren et al. 1999) that
oxygen scavengers can be successfully used to prolong the SL of foods whose
quality decay kinetic depends on the oxygen concentration inside the package. The
behavior of two bottles containing oxygen scavengers was simulated: a plastic
bottle in which the oxygen scavenger is uniformly dispersed into the bottle wall
and a glass bottle internally coated with a polymer in which the oxygen scavenger is
uniformly dispersed. For comparative purposes Del Nobile et al. (2003a) also
assessed the effect of a reduction in the amount of oxygen dissolved in the oil
prior to bottling on hydroperoxide evolution during storage. The mathematical
model used by the authors to determine the effectiveness of the containers in
prolonging the VOO SL was derived assuming the average hydroperoxide concen-
tration as a measure of the oil quality. It was obtained by combining the mass
balance equations of oxygen and hydroperoxides with that describing the rate of
hydroperoxide formation and decomposition. To validate the model, the authors
monitored the average hydroperoxide concentration of the product bottled in
glass, PET, and in an experimental polymeric container composed of a starch/
polycaprolactone (PCL) blend stored at 40 °C. In what follows, the mechanistic
model proposed by Del Nobile et al. (2003a) is presented in detail.

During storage of bottled virgin olive oil hydroperoxides are formed through the
oxidation of unsaturated fatty acids and consumed by hydroperoxide breakdown
reactions. In the first stage of oxidation, when the oxygen concentration is close to
saturation, the rate at which hydroperoxides are consumed is lower than the rate at
which they are produced through the auto-oxidation of unsaturated fatty acids,
leading to an increase in hydroperoxide concentration. As the lipid oxidation
reaction proceeds, oxygen is consumed to form hydroperoxides. This causes, first,
the formation of an oxygen concentration gradient in the bottled oil, which in turn
brings about the permeation of external oxygen through the wall of the plastic
container, and, second, an increase in the rate at which the hydroperoxides break
down. As a result of these phenomena, concentrations of both local oxygen and
hydroperoxides decrease. Given the foregoing scenario during oil storage, to
properly describe the quality decay kinetic of bottled virgin olive oil, it is therefore
necessary to develop a mathematical model that can predict the time course of
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oxygen and hydroperoxide concentrations in the bottled oil during storage. To this
end, the authors of the work assumed that the bottle could be represented by a
cylinder composed of an outer shell made of plastic or glass and of an internal oil
core, that oxygen mass diffusion was monodimensional and occurred only in the
radial direction, and that the diffusive mass flux of hydroperoxides through both the
olive oil and the container wall was considered negligible.

Under the foregoing restrictions the mass balance equation of the
hydroperoxides dissolved in bottled oil is as follows:

=Rp — Rp, (3.39)

where Croop 15 the local hydroperoxide concentration in the bottled oil, Rg is the
rate at which hydroperoxides are formed, and Rp is the rate at which they are
decomposed.

Several models have been reported in the literature to describe the rate at which
hydroperoxides are formed through the oxidation of unsaturated fatty acids (Quast
and Karel 1972; Quast et al. 1972); the model adopted by Del Nobile et al. (2003a)
to design a plastic oil bottle was derived from that proposed by Quast et al. (1972) to
describe lipid oxidation in potato chips. Assuming that the relative humidity is
constant during storage, the model proposed by Quast et al. (1972) is further
simplified to the following relationship:

Oil

p
Rr = (Ki + K> - Croon) - <K3‘H242VPOH>7 (3.40)
0,

where the K; are constants to be regarded as fitting parameters, and pgil is the
oxygen partial pressure, which, assuming that the solubilization process of oxygen

into oil is governed by Hanry’s law, is related to the oxygen concentration in the oil
Oil

(C3!) through the relationship pg!' = %, where Sg! is oxygen solubility in the
2
virgin olive oil.

Hydroperoxides break down, giving rise to several secondary products (Labuza
1971). Many reactions are involved in this process; each of them is characterized by
a particular mechanism and should be described by a specific equation. For the sake
of simplicity, Del Nobile et al. (2003) assumed that at a given temperature the
overall rate at which hydroperoxides decompose depends only on their concentra-
tion according to the following expression:

Rp = K5 - Croon, (3.41)

where K5 is a constant to be regarded as a fitting parameter.
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Substituting Eqs. 3.40 and 3.41 into Eq. 3.39 the following expression is
obtained:

OCrooH PO,
—=(K;+K,:-C | —2—] K5 -C . 3.42
o (K; + K3 - Croon) K 1 K pg! 5 - Croon (3.42)

The mass balance on the oxygen dissolved in the bottled oil has the following

expression:
ac9! D8i21 o anizl pgil
> . |22 2 _(Ki+K,-C 0
ot 5 r Or\ Or (K + Kz - Croon) K3 + Ky -pgl )’

(3.43)
where 1 is the spatial coordinate, Dgil is the oxygen diffusivity through the oil, and {
is a constant equal to 1 for plastic containers and to O for glass containers. The term
on the right-hand side of Eq. 3.43 enclosed in square brackets is related to the
oxygen diffusive mass flux and was obtained by Del Nobile et al. (2003a) assuming
that the oxygen diffusion and solubilization processes in the oil were governed by
Fick’s first law and Henry’s law, respectively.

In the case of gas-permeable containers, like plastic containers, to evaluate the
amount of oxygen permeating through the container wall, it is necessary to write
the mass balance equation for the oxygen dissolved in the container wall, which, in
the case investigated by Del Nobile et al. (2003a), has the following expression:

Polym. Polym.
0Co,™ 1.0 (r.DP"‘ym‘ -—8C02ym>

(3.44)

ot r Or 02 or

where nglym' is the concentration of the oxygen dissolved in the container wall, and
Dg(;lym' is the diffusivity of oxygen through the plastic container wall. As reported
earlier, for gas diffusion through a glassy polymer Dgzlym‘ depends on the oxygen

partial pressure according to Eq. 3.35 (Paul and Koros 1976), which can be

rearranged as follow:
1 + ]332—1(])

Polym. 2
Dy ™ =Dg, - | —————|, (3.45)
14—

2
(prg‘;lym-)
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where pgflym' is the oxygen partial pressure in the container wall. At low oxygen

partial pressure, as in the case investigated by Del Nobile et al. (2003a), Eq. 3.45
becomes

(3.46)

In this case Dg‘;lym‘ is constant, and hence Eq. 3.44 can be rewritten as follows:

(3.47)

8Cgtzlym. B Dl(’)(;lym. P N 8Cgt;lym.
ot r or '

or or

Interfacial conditions were imposed to ensure equilibrium conditions at the
interface between oil and plastic. In fact, both the oxygen mass flow and the oxygen
partial pressure of the juxtaposed substances were required to be equal at the
interface:

[Jgozlym} int. - [Jg;l:| int7 (348)

[pg(;lym} int. - [p821:| inl.7 (349)

where [Jgozlym} ~is the oxygen mass flux at the interface in the container wall, and
nt.

{Jg?] is the oxygen mass flux at the interface in the oil.
int.

Equations 3.42, 3.44, and, only for gas-permeable containers, Eqs. 3.47, 3.48,
and 3.49 form a set of differential equations that, using the proper initial and
boundary conditions, were numerically solved by Del Nobile et al. (2003a) to
predict the evolution of oxygen and hydroperoxides inside bottled oil during
storage. The average hydroperoxide concentration (C%OH) was obtained by
averaging Croon over the volume of the bottled olive oil.

The illustrated model was tested by the authors using three different bottles: (1) a
commercially available glass bottle with a capacity of 500 cm?, henceforth referred
to as the sample VOO/Glass; (2) a commercially available PET bottle with an
average wall thickness of 0.035 cm, a diameter equal to 6 cm, and a capacity of
480 cm®, henceforth referred to as the sample VOO/PET; (3) a prototype bottle
obtained by using an experimental material based on a starch/PCL blend with a wall
thickness of 0.076 cm, a diameter of 5 cm, and a capacity of 200 cm’, henceforth
referred to as the sample VOO/Blend.
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The following oxygen transport parameters were obtained by Del Nobile et al.
(2003): S¢! [ﬂ} — 0.15; D¢l [&} =272 x 107 SFET [““ (STP )} — 0.078:

cm3-atm cm3-atm

S cm3-atm

107",

To evaluate constants K;, K», K3, K4, and K5, Del Nobile et al. (2003a) fitted
Egs. 3.42 and 3.44 to data relative to the sample VOO/Glass.

The results of ﬁtting parameters were: K; = 8.52 - 10 ~° CmS(STP)' »=2.47-10"19;
K; =732-10 % atm; K, = 1.02; K5 = 3.28-10 % 1 As hlghhghted by Del
Nobile et al. (2003a), although the model satlsfactorlly interpolated the experi-
mental data, due to the limited number of available experimental data, the K;
values should only be regarded as a rough estimation of these parameters.

To assess the predictive ability of the mechanistic model, Del Nobile et al.
(2003a) used the previously reported oxygen transport parameters and K;
parameters to predict the evolution of average hydroperoxide concentrations in
the samples VOO/PET and VOO/Blend. Despite the restrictions imposed to derive
the model, its predictive ability appeared to be quite satisfactory.

The major limitations to extending the proposed model to more general cases are
the use of empirical Eqgs. 3.40 and 3.41 to describe hydroperoxide formation and
breakdown reactions and the fact that the oxygen mass flux in the bottle axial
direction is considered negligible. Wherever these assumptions are satisfied, the
previously described mechanistic model can be suitably adopted to interpolate or
predict the quality decay kinetic of bottled oil.

Del Nobile et al. (2003a) also used the model to show the limit, in terms of
performance, of the use of plastic containers and to evaluate the benefits arising
from the use of innovative packaging solutions. In the examples reported below, a
cylindrically shaped bottle with 8 cm diameter was used by the authors to run all
simulations. The rate of hydroperoxide formation and breakdown was evaluated
using the K; values reported earlier, whereas the oxygen transport parameters were
used, unless otherwise specified, to describe the diffusivity and solubilization of
oxygen in the olive oil, PET, and starch/PCL blend. Figure 3.13a shows the
predicted average concentration of hydroperoxides plotted against storage time.
The curves refer to virgin olive oil bottled in plastic containers made of polymers
that differ in the value of the oxygen diffusion coefficient. For comparative
purposes, the curve representing the behavior of the sample VOO/Glass as
predicted by the model is also reported in the same figure. Figure 3.13b also
shows the predicted average concentration of hydroperoxides plotted against stor-
age time, but for virgin olive oil bottled in PET containers differing in the thickness
of the wall container. Also in this case the curve representing the predicted behavior
of the sample VOO/Glass is reported for comparative purposes. From the data
shown in the two graphs of Fig. 3.13 it emerges that by reducing the oxygen
diffusivity of the plastic container it is possible to slow down the quality decay
kinetic to that of the sample VOO/Glass. In contrast, the same result cannot be
obtained by increasing the thickness of the plastic container. In fact, the amount of

D"f‘? o] = 8.8 x 1077 sigrenPAL[mS] — 0,081; DgrehPeL o] — 1,26
€ . ) 2 S .
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Fig. 3.13 Predicted average hydroperoxide concentration versus time. (a) (—) Glass; PET

bottles with same thickness (0.35 cm) and different oxygen diffusion coefficient (— — —) D =
5.107% ecm¥s; (---) D = 8.8 - 107° cm?s. (b) (—) Glass; PET bottles with same oxygen
diffusion coefficient (8.8 - 1078 cmz/s) and different thickness (— — —) 0.55 cm; (---) 0.15 cm

oxygen that diffuses through the plastic container, causing an increase in the
average hydroperoxide concentration, comes partially from outside the bottle and
partially from the oxygen dissolved in the bottle wall. As the wall thickness
increases, only the former term vanishes while the latter does not change
substantially.

To demonstrate the benefits of using an oxygen scavenger, this mechanistic
model was used by Del Nobile et al. (2003a) to predict the quality decay kinetic of
virgin olive oil bottled in an innovative plastic container, the oxygen scavenger
being uniformly dispersed in the container wall. In the presence of an oxygen
scavenger, Eq. 1.2 becomes


http://dx.doi.org/10.1007/978-1-4614-7684-9_1
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aCPolymA DPolymA P aCPolymA
2= r-—2— | —Ros, (3.50)

ot or Or

where Rg g is the rate at which oxygen is consumed by the oxygen scavenger. In
principle, Rp 5. depends on the concentration of oxygen and oxygen scavenger in
the plastic, temperature, and humidity. Since there are no data reported in the
literature on the relationship between R 5. and the physical quantities, the empiri-
cal equation used by Del Nobile et al. (2003) is reported as

Ros. = Kg - Co"™ - Cod™, (3.51)

where K is a constant that depends on the temperature and humidity, and Core™

is the oxygen scavenger concentration in a plastic container. The authors set

Polym.

the value of K¢ equal to 1.58 - 1077 W’“sz)q but the initial value of Cg¢

equal to 14 w

If oxygen scavengers are used in the bottle, a lower average hydroperoxide
concentration can be obtained. In fact, in the work cited, plastic bottles containing
the oxygen scavenger differing in the oxygen diffusion coefficient were used. By
comparing the trend of hydroperoxide evolution in the presence of oxygen
scavengers to the behavior in glass, PET, or blend, a slower quality decay kinetic
was found. Interestingly, by using oxygen scavengers in the starch/PCL blend, a
useful container was obtained, with better performance than glass and characterized
by a low environmental impact.

Figure 3.14a shows the predicted average hydroperoxide concentration plotted
as a function of storage time for olive oil stored in glass bottles internally coated
with a polymeric film in which oxygen scavengers are uniformly dispersed. The
curves differ in the oxygen diffusivity of the polymeric coating. For comparative
purposes, the curve representing the predicted behavior of the sample VOO/Glass is
also given in the same figure. The coated bottles show a slower quality decay
kinetic compared to glass packaging. Moreover, using a polymer with the highest
oxygen diffusivity yields the slowest quality decay kinetic. In fact, for this type of
bottle the oxygen scavenger is used to remove the oxygen dissolved in the bottled
oil. Therefore, by increasing the oxygen diffusivity of the polymeric coating, the
rate at which the oxygen dissolved in the oil diffuses into the polymeric coating
increases, leading to a slowdown in the quality loss kinetic. Figure 3.14b shows the
predicted average hydroperoxide concentration plotted as a function of storage time
for virgin olive oil bottled in PET containers. The reported curves refer to virgin
olive oil with a different initial concentration of dissolved oxygen. For comparative
purposes, the behavior of the samples VOO/Glass and VOO/PET as predicted by
the mechanistic model illustrated earlier is also reported. As would be expected,
reduction of the amount of oxygen dissolved in the oil led to a slowdown in the
quality decay. In particular, when the oxygen concentration was equal to 10 % of
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Fig. 3.14 Predicted average hydroperoxide concentration versus time for olive oil stored in glass
bottles internally coated with a polymeric film in which oxygen scavengers are uniformly dispersed.

(a) (—) Glass; PET with oxygen diffusion coefficient (— — —) D = 8.8 - 1072 cm?¥s. (b) (—)
Glass sample; PET bottles with same oxygen diffusion coefficient (8.8 - 10~ cm?/s), same thickness
(0.35 cm), and different initial concentration of dissolved oxygen (— — —) 90 %; (-----) 50 %

the equilibrium concentration (i.e., oxygen concentration in virgin olive oil
equilibrated at an oxygen partial pressure of 0.02 atm), the slowest decay kinetic
among those examined by Del Nobile et al. (2003a) was obtained.
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Part I1
Low-Environmental-Impact
Active Packaging

This section will consider the most relevant research dealing with green polymers
with active properties. The modification of a polymeric matrix intended for food
applications aimed at preventing microbial contamination or spoilage growth is
highly desirable. Thus, the interest in developing materials with antimicrobial
properties for biomedical, food, and cosmetic applications is very high. The
active agents should combine the potential bactericidal or fungicidal effect to
characteristics of environmental safety, low toxicity, and low cost. Impregnated
packaging films and coatings that release natural compounds to extend food shelf
life and active packaging systems where the preservative is completely
immobilized to polymeric anchor groups and acts directly from the material without
being released into the packaged foodstuff will be discussed. Due to the growing
interest in environmental pollution, attention will be also focused on active films
produced by renewable sources. In this context, numerous research efforts have
been made to develop active systems intended for food-packaging applications
based on renewable polymeric materials. The incorporation of stiffening material
(biofibers) in protein-based film-forming solution will also be presented and
analyzed using a response surface methodology analysis.



Chapter 4
Different Approaches to Manufacturing
Active Films

4.1 Introduction

Active packaging is a novel typology of materials for food applications that has
great industrial and research relevance. These films have additional functions
compared to traditional passive systems, which generally have the sole utility of
passively protecting packaged products from external detrimental phenomena.
With active materials it is possible to increase substantially the shelf life (SL) of
packaged products by acting on specific mechanisms that bring about their unac-
ceptability. Antimicrobial or antioxidant packaging, or systems that scavenge
oxygen or ethylene from the package headspace of course represent the most
diffuse and interesting active packaging solutions (Coma 2008). Even though
dipping or spraying of these compounds on food can improve its quality, direct
application on the product is generally not recommended due to the potential
diffusion of active substances in the food matrix (Appendini and Hotchkiss 1997,
2001). The use of active packaging for food storage could represent a more suitable
system to allow for a slow migration of active agents from polymeric material to
food surface, thereby making it possible to maintain the quality of the packaged
food (Joerger 2007). Promising active packaging systems are based on the
incorporation of antimicrobial substances in the packaging material to control
undesirable growth of microorganisms on food surfaces (Lopez-Rubio et al.
2006). Antimicrobial compounds embedded in polymers can act based on two
different mechanisms. The preservative can be covalently immobilized into the
polymer matrix and act directly from the film when the food is brought into contact
with the active material. Under the second mechanism, the preservative is embed-
ded into the matrix in the dry state. When the active material is brought into contact
with a moist food or a liquidlike food, the preservative is released from the material
and acts directly on the food. The choice of active system depends on various
factors; the nature of the active compound, the type of polymeric material, and the
food to be protected represent the main elements to be taken into account when
creating a suitable device (Fernandez et al. 2008). For example, the inclusion of an
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agent in a film could result in a lower effectiveness than that recorded after its
application on the film surface. However, agents bound to the film surface are likely
to be limited to enzymes or other proteins because their molecular structure must be
large enough to retain activity on the microorganism cell wall while being bound to
the plastic (Quintavalla and Vicini 2002).

The components of active antimicrobial systems can be either organic or
inorganic. Inorganic systems are based on metal ions such as silver, silver zeolite
particles, copper, and platinum, which are approved as additives in food contact
polymers, especially in the USA and Japan (Brody 2001; Cutter 2002). Organic
acids, bacteriocins, enzymes, and spice extracts have been studied as natural,
organic food preservatives and alternatives to synthetic compounds because of
their ability to prolong the SL of packaged food and for their potential safety for
humans (Lee et al. 2003; Vermeiren et al. 2002). In the case of immobilized
systems, a non-food-grade antimicrobial substance could also be utilized due to
the absence of a diffusing mass transfer. The number of preservatives with potential
antimicrobial properties that could be used in these types of packaging is very high
(Suppakul et al. 2003). However, the limitation of such a system is the direct
contact between the packaging and the food (Coma 2008). Ionic bonding of
antimicrobials onto polymers allows slow release into the food. However, diffusion
to the product is less of a concern when the antimicrobial is covalently bonded to
the polymer, unless conditions within the product promote reactions such as
hydrolysis. This may occur, for example, during the heating of a food with a high
acid content (Appendini and Hotchkiss 2002).

Traditional packaging materials derived from petroleum oil are neither readily
recyclable nor environmentally sustainable and impose a number of health risks
associated with, for instance, the migration of harmful additives. Thus, it would be
highly desirable to develop biodegradable (including edible) and sustainable matri-
ces capable of safe and long SL integration of bioactive substances (Siracusa et al.
2008). This chapter surveys antimicrobial packaging materials with immobilized
active compounds. The potential of these technologies is evaluated with a view to
extending the SL and assure the innocuousness and preservation of fresh food.

4.2 Immobilization by Chemical Retention

Both ionic and covalent immobilization requires the presence of functional groups
on both the antimicrobial molecule and the polymer. Examples of antimicrobials
with functional groups are peptides, enzymes, polyamines, and organic acids. On the
other hand, polymers with functional groups more commonly used for food packag-
ing are ethylene vinyl acetate (EVA), ethylene methyl acrylate (EMA), ethylene
metacrylic acid (EMAA), ionomer, nylon, polyvinylidene chloride (PVdC),
ethylene vinyl alcohol (EVOH)/polyethylene (PE) copolymer, and polystyrene
(PS) (Appendini and Hotchikiss 2002). Among the biomaterials, carrageenan
(Van de Velde et al. 2002), chitosan (Agullo et al. 2003; Chang and Juang 2005),
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gelatin (Nagatomo et al. 2005), alginate (Roy and Gupta 2004), polylactic acid, and
polyglycolic acid (Lazzeri et al. 2005) are very promising materials for the immobi-
lization of enzymes due to their natural, biodegradable, biocompatibile, nontoxic,
and ready availability.

The most important problem that one encounters with respect to covalent
immobilization is the choice of a suitable spacer molecule [dextrans, polyethyle-
neglycol (PEG), ethylenediamine, and polyethyleneimine] that is able to bind the
bioactive agent to the polymer surface, thereby avoiding a reduction in antimicro-
bial activity that might result from immobilization (Conte et al. 2006a). An effort to
increase the activity of an immobilized agent was carried out with naringinase, an
enzyme that reduces juice bitterness by hydrolysis of naringine (Del Nobile et al.
2003; Soares and Hotchkiss 1998). The protection of active sites during film
formation and the incorporation of dendrites to increase the surface area of the
supports were tested with success.

The binding of an agent to the surface of a package would require a molecular
structure large enough to retain activity on the microbial cell wall even though
the agent is bound to the plastic. According to Quintavalla and Vicini (2002),
such agents are likely to be limited to enzymes or other antimicrobial proteins.
The covalent union between the polymer and the enzyme is based on the chemical
activation of a surface and the attachment of nucleophilic groups of the proteins.
This union transforms the polymer into a stable carrier that, in the best case, does
not leach the protein to the surroundings, thereby avoiding the arrival of undesirable
compounds to a potential food matrix that has been put in contact with the activated
polymer (Goddard and Hotchkiss 2007). Lysozyme, chitinase, glucose oxidase,
Peta-galactosidase, lactoferrin, lactase sulthydril oxidase, and bile-salt-stimulated
lipase are the most diffuse enzymes covalently immobilized onto different support
materials (Appendini and Hotchkiss 2002; Goddard et al. 2007; Fernandez et al.
2008; Vartiainen et al. 2005). Due to the presence of amino and carboxylic groups,
peptides were also used as valid candidates for covalent immobilization (Appendini
and Hotchkiss 2001). The advantage is that the peptide was built directly on the
resin by protecting the amino acid functional groups. Via covalent attachment to
the sole histidine amino acid, the immobilization of hen egg white lysozyme onto
inert soluble PS beads was also achieved. This single-point immobilization may
minimize the stearic interference between the support and the immobilized enzyme
(Wu and Daeschel 2007). Chemical immobilization of bacteriocins was also
investigated. Scannell et al. (2000) studied the immobilization of various bacte-
riocins on PE/polyamide materials, showing that the immobilized nisin maintained
its activity for 3 months in various storage temperatures, even if a certain decrease
occurred in the activity. To protect nisin from denaturation, Millette et al. (2007)
elaborated nisin covalently linked to activate alginate beads to be used in meat
products. The alginate activation was carried out with sodium periodate to generate
dialdehyde residues that, following reaction with nisin amine groups, formed a
Schiff base linkage. After 14 days of storage, in ground beef samples containing
active beads, a substantial reduction in microbial count was observed, demon-
strating the effectiveness of the bioactive packaging.
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Fig. 4.1 Amounts of immobilized lysozyme (mg) determined after washing films obtained by
bulk and surface immobilization. Statistically significant differences (p < 0.05) between samples
are identified by different letters

The cross-linking technique to chemically bind active compounds to a polymer
involves the use of chemical compounds often unsuited for food applications
(Conte et al. 2006a, 2007; Del Nobile et al. 2003). A comparison between bulk
and surface immobilization on polyvinyl-alcohol (PVOH) films, obtained by cast-
ing technique, was carried out by Conte et al. (2006a). Lysozyme was immobilized
to PVOH by spraying glutaraldehyde onto the polymer surface or by mixing the
enzyme and the chemical compound in the film forming solution. After washing of
the films and monitoring of the unbound lysozyme released, the immobilized
enzyme was quantified (Fig. 4.1). The amount of lysozyme bound to the polymeric
matrix increased as the loaded lysozyme/binding agent ratio decreased. The authors
ascribed the difference between the two types of film to the fact that glutaraldehyde
can act both as binding agent for lysozyme and as cross-linking agent for a
polymeric matrix. For this reason, in the case of bulk immobilization, glutaralde-
hyde was involved to a great extent in these two reactions compared to surface
immobilization. As a consequence, the antimicrobial effectiveness of both active
systems increased, with a linear dependence, as the amount of immobilized lyso-
zyme increased; however, the activity of the films with surface immobilization was
higher than bulk films, with lysozyme being active by contact. In the case of surface
immobilized lysozyme, the amount of enzyme available to microbial cells was
much higher than in the other films, suggesting that surface immobilization is more
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desirable for packaging purposes compared to a bulk system containing the same
amount of active agent. Due to the obtained results, in a subsequent work, the same
authors tested with success lysozyme immobilized onto a PVOH surface against
Alicyclobacillus acidoterrestris in apple juice (Conte et al. 2006b). As was the case
earlier, the active films were obtained by spraying a water solution of lysozyme
(2 %), with a proper amount of glutaraldehyde, onto the PVOH surface in order to
uniformly distribute the antimicrobial compound and the bonding agent; glacial
acetic acid was also added as a reaction catalyst. The microbiological tests were
performed on various volumes of juice, ranging from 150 to 600 ml, previously
inoculated with both a single strain and a culture cocktail of microbial suspension.
The authors found that the developed active film maintained its efficacy at different
film surface/juice volume ratios. The same microbial tests were also conducted on
viable spores of A. acidoterrestris, thereby demonstrating an enhanced efficacy of
the active PVOH in inhibiting viable spores.

To overcome the problem of toxic compounds to activate the polymer surface,
mineral supports, such as inorganic nanocarriers, could be added to biopolymer
materials to promote enzyme binding by cation exchange, physical adsorption, or
ionic binding. Alpha-amylase, glucoamylase, and invertase were immobilized
through adsorption and grafting onto clays generally used as nanofillers in polymers
to reinforce mechanical and barrier properties to low molecular weight compounds
of packaging films (Gopinath and Sugunan 2007).

4.3 Immobilization by Polymer Surface Modification

To prevent the transfer or migration of antimicrobial substances from polymer to
food, modification of polymers has been also investigated as a means to render
surfaces antimicrobial (Haynie et al. 1995). Modifying surface composition of
polymers by electron irradiation in such a way that the surface contains amine
groups has also been shown to exhibit antimicrobial activity that inactivates
microorganisms by contact. Exposure of nylon yarn or fabric to light from an
excimer laser in air caused an apparent conversion of amides to amines, which
are still bound to the polymer chain and were proved active against various spoilage
and pathogen microorganisms (Shearer et al. 2000). UV irradiation, like that
produced by a UV excimer laser at an appropriate wavelength, was also used to
oxidize O,, previously absorbed on a modified surface layer, to O3 by photochemi-
cal means (Rooney 1995). The authors proved that even a small amount of the
formed O3 desorbed from the polymer matrix to the interior of the package was
sufficient to inhibit microbial growth without direct contact between food and
antimicrobial film.

Not only electron irradiation or UV treatments can be used to modify film
surfaces: plasma treatments are under development as well (Favia et al. 2005).
Low-temperature plasma modification techniques, in deposition and grafting
modes, are widely used to modify the surface chemistry and properties of materials
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for microelectronics, packaging, textiles, biomaterials, and many other industrial
applications (d’Agostino et al. 2005). Plasma modification processes make it
possible to produce surfaces characterized by different types of functionalities
(e.g., COOH, OH, NH,), which can be used as anchor groups for the immobiliza-
tion of various molecules at surfaces. Plasma-treated surfaces have been largely
and successfully employed for the immobilization of various compounds to be
used for biomedical and sensor applications (Dai et al. 2000). The possibility of
immobilizing a wide range of molecules with conventional chemical organic
reactions also opens the door to many possible applications for developing active
packaging systems. Moreover, the technique gained considerable attention in the
food packaging area as an effective method to improve the adhesion, sealability,
and wettability of polymers (Gancarz et al. 2003). Low-pressure plasma processes
(107>=10 Torr) allow surface chemical and physical modifications of the topmost
layers of materials with no alteration of the bulk. Conte et al. (2008) tested the
antimicrobial activity of PE films, modified by means of plasma processes,
followed by the chemical surface immobilization of lysozyme. For the purposes
of the work, PE films were grafted with O-containing chemical groups by means of
radio frequency (RF) glow discharges fed with H,O vapors, in order to activate
the polymer surface for the immobilization of lysozyme from water solutions.
To reduce the mobility of the groups grafted later on, and to limit considerably
the aging of the resulting surface, the films were pretreated in RF glow discharges
fed with H, to crosslink their surfaces before grafting O-groups with H,O
discharges. Then, plasma-treated PE films were reacted in lysozyme solutions at
different concentrations in order to achieve immobilization at the film surface. The
samples obtained in this way were thoroughly rinsed in distilled water to remove
any adsorbed/unbound lysozyme and analyzed by means of X-ray Photoelectron
Spectroscopy (XPS) to check whether the enzyme was immobilized on plasma-
treated substrates. A drastic change in the surface chemical composition was
observed compared to the untreated samples. In particular, after immersion in the
lysozyme solution, the N/C and O/C surface ratios of the samples were found to
have considerably increased, and approximately 1 % of sulfur was detected. The
amino acidic sequences in the enzyme structure confirmed the immobilization. The
most accredited hypothesis to explain the lysozyme immobilization was based on
the formation of ionic and electrostatic bonds, rather than covalent links, between
the polar functional groups (e.g., -NH,) of the enzyme and O-groups grafted at the
surface of the PE films after the plasma processes. Surface analysis data also
revealed no correlation between the surface composition of plasma-treated samples
and the density of the immobilized lysozyme. At the same time, there was no clear
effect of the increased power of plasma treatment on the antimicrobial activity of
the processed films, even if all treated PE films resulted in effective antimicrobial
surfaces. Bearing in mind that further work is still necessary to fully understand
both the nature of the surface-lysozyme binding interactions and the mechanism of
antibacterial action of the immobilized enzyme, the authors concluded that the
plasma processes proved to be effective at producing enzyme-loaded antimicrobial
surfaces that might find practical application in the field of active food packaging.
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Chapter 5
Bio-Based Packaging Materials
for Controlled Release of Active Compounds

5.1 Introduction

Release packaging systems offer significant potential for extending the shelf life
(SL) of foods by releasing antioxidants and antimicrobials over time, to replenish
consumed active components originally present. Generally, active compounds are
incorporated into food formulation. A limitation of this traditional method is that
once the active compounds are consumed in reaction, the protection ceases and the
quality of the food degrades at an increasing rate. Another limitation of the release
systems is the inability to selectively target the food surface where most spoilage
reactions occur; as a result, an extra amount of active compound is also unneces-
sarily added to the food product. Controlled release packaging can overcome these
two limitations by continuously replenishing active compounds to the food surface,
compensating for the consumption or degradation of active molecules, so that a
predetermined concentration of compound is maintained in the food to achieve
a desired SL (Mastromatteo et al. 2010). The incorporation of an antimicrobial
substance into a food packaging system can take several approaches. One is to put
the antimicrobial material into the film by adding it to the extruder when the film or
the coextruded film is produced. The disadvantage of producing films containing
active agents is the poor cost effectiveness since antimicrobial material not exposed
to the surface of a film is generally not totally available to the antimicrobial activity.
An alternative is to apply the antimicrobial additive in a controlled matter; for
example, it can be incorporated into the food-contact layer of a multilayer packag-
ing system (Quintavalla and Vicini 2002). Several factors, such as the chemical
nature of film/coating, the process conditions, or the residual antimicrobial activity,
must be taken into account in the design or modeling of the antimicrobial film
(Suppakul et al. 2003b).

The migration of a substance may be achieved by direct contact between food
and packaging material or through gas-phase diffusion from packaging layer to
food surface (Coma 2008; Quintavalla and Vicini 2002). The theoretical advantage
of volatile antimicrobials is that they can penetrate the bulk matrix of the food and
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the polymer does not necessarily need to be in direct contact with the packaged
food. Antimicrobial vapors or gases are appropriate for applications where contact
between the required portions of the food and the packaging does not occur, as in
ground beef or cut produce. Among the release device categories, a further division
can be made between controlled and uncontrolled release systems. Even though
uncontrolled delivery packages intended for food applications are the most abun-
dant, controlled release systems are of industrial relevance due to their ability to
prevent sensory or toxicological problems or system inefficiency caused by a too
high or a too low concentration of a delivered substance. It is a challenge to apply
the knowledge gained from pharmaceutical applications of drugs to the food
industry. In fact, the design of controlled release systems is usually intended to
optimize therapeutic regimens by providing for the slow and continuous delivery of
a drug over the entire dosing interval while also providing greater patient compli-
ance and convenience (Cooney 1972). Mathematical modeling of mass transfer is
necessary for an in-depth understanding and optimization of active systems.
Although data about numerical methods to describe controlled release mechanisms
exist, most studies have been carried out using food-simulating systems, without
taking into account the potential effects of such a release system on real food cases.
Even though appropriate polymer films and information about factors controlling
active compound release are available, release rates attainable with many current
packagings are indeed too fast or too slow for practical use. Moreover, the devel-
opment of a controlled migration of active compounds has been hampered by a lack
of information about the real benefits deriving from the application to food of
controlled release packaging systems compared to direct addition of active
compounds or uncontrolled release systems. Reducing the amount of active com-
pound in food may also provide improved flavor quality since many additives give a
burning or off-flavor (Mastromatteo et al. 2010).

The release rate of an active compound from packaging to food can be realized
by means of two mechanisms: a reservoir system and a swelling system. The former
consists of an active agent contained within a rate-controlling microporous, macro-
porous, or nonporous barrier. The release rate from a reservoir system depends on
the thickness, the area, and the permeability of the barrier. In a reservoir containing
an excess of active agent, the constant release rate follows a zero-order kinetic.
According to Pothakamury and Barbosa (1995), the principal steps in the release of
an active ingredient from a reservoir system are (1) the diffusion of the active agent
within the reservoir, (2) the dissolution or partitioning of the active agent between
the reservoir carrier fluid and the barrier, (3) the diffusion through the barrier and
partitioning between the barrier and the elution medium (i.e., the surrounding food),
and (4) transport away from the barrier surface into the food. The rate-limiting
step in the release of the active ingredient is diffusion through the polymeric barrier.
On the other hand, in a swelling-controlled system, the active agent, dissolved or
dispersed in a polymeric matrix, is unable to diffuse to any significant extent within
the matrix because of its low diffusion coefficient. When the polymer matrix is
placed in a thermodynamically compatible medium, the polymer swells owing to
absorption of fluid (penetrant) from the medium. The active agent diffusion
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coefficient in the swollen part of the matrix increases and then diffuses out. In a
diffusion-controlled system the matrix is assumed to be stationary during the
release process, whereas in swelling-controlled systems, the membrane undergoes
a transition from a glassy to a rubbery state upon interaction with the penetrant. The
polymer chains in the rubbery state, being more mobile than in the glassy state,
allow the active agent to diffuse out of the matrix more rapidly. The release rate is
determined by the glassy-to-rubbery transition process (Buonocore et al. 2003a, b;
Flores et al. 2007).

Among the abundant information dealing with release packaging systems, the
current chapter focuses on eco-friendly active solutions obtained by the simple
dispersion of antimicrobial/antioxidant compounds in the polymeric matrix and by
the development of multilayer films.

5.2 Biopolymeric Active Systems by Direct Incorporation
of Compounds

Today there is a growing interest from organizations, governments, and companies
around the world to give sustainable development useful and practical meanings.
In particular, sustainable packaging is a target vision for creating “a world where all
packaging is sourced responsibly, designed to be effective and safe throughout its
life cycle, meets market criteria for performance and cost, made entirely using
renewable energy, and once used is recycled efficiently to provide a valuable
resource for subsequent generations” (Lee et al. 2008). Actually, there are six
ways to manage packaging wastes, usually combined to be more effective. The
first three (reduce, reuse, and recycle) are aimed at minimizing the existence of
postconsumer packaging materials. The remaining three ways (composting, incin-
eration, and landfill) are aimed at disposing packaging wastes in an efficient and
eco-friendly manner (Marsh and Bugusu 2007). In this context, numerous efforts
have been made by researchers to develop active systems intended for food
packaging applications based on renewable polymeric materials containing natural
compounds with antimicrobial or antioxidant properties. A variety of bio-based
materials have been shown to prevent moisture loss, reduce lipid oxidation,
improve flavor, retain color, and stabilize the microbial characteristics of foods
(Cutter 2006). Antimicrobial substances are defined as biocidal products under EU
directives but would be permitted in food packaging only if there were no direct
impact on the packaged-food quality. This requires that agent migration into food
must not allow for the selection of biocide resistance in the microorganisms
(McMillin 2008). Organic-based materials may be anaerobically degraded, while
biodegradable polymers from agricultural feedstocks, animal sources, marine food
processing industry wastes, or microbial sources are being developed (Marsh and
Bugusu 2007). Biopolymer films may be potential replacements for synthetic films
in food packaging applications to address strong marketing trends toward more
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environmentally friendly materials, but hydrophilicity is a central limitation on the
replacement and full-scale commercial utilization of biodegradable films
(McMillin 2008). Polysaccharides, proteins, and lipids are natural sources with
film-forming properties that present numerous advantages such as biodegradability,
edibility, biocompatibility, aesthetically pleasing appearance, and barrier properties
against oxygen and physical stress. These polymers and their combinations are
soluble in water, ethanol, and many other solvents compatible with antimicrobials
(Ruban 2009; Tharanathan 2003). In particular, polysaccharides such as pectin,
starch, cellulose, alginates, and other hydrocolloids have good performance in film
forming due to their chemical nature. The addition of a plasticizer like glycerol or
sorbitol increases the mobility of polymer chains because it reduces intermolecular
forces, improving the flexibility and extensibility of the film (Ledn et al. 2009).
Bacterial cellulose is another source of bio-based packaging (Weber et al. 2002).

The poor water vapor resistance and their lower mechanical strength in compar-
ison with synthetic polymers still limit the applications of bio-based systems as
packaging films. Several studies have been carried out to improve the performance
of protein films by incorporating hydrophobic compounds, by cross-linking poly-
mer chains through chemical, enzymatic, or physical treatments, and, finally, by
adding stiffening material in the film-forming solution to develop a biocomposite
material (Mastromatteo et al. 2008, 2009b). The biocomposites consist of biode-
gradable polymers with biodegradable fillers, usually biofibers, such as cellulose
fibers, cellulose whiskers, jute fibers, abaca fibers, pineapple fibers, flax fibers,
wheat straw fibers or lignocellulosic flour, kenaf, spelt, and wheat-bran- or starch-
based materials. High improvements in the performances (e.g., tensile and impact
tests results) of biocomposite films have been found due to the effects of fiber
addition that induces variation in film properties. Recently, film properties (rheo-
logical properties of film-forming solution and color, mass transport, and mechani-
cal properties of films) of whey protein isolate (WPI) with different levels of
glycerol and spelt bran were investigated using a response surface methodology
to point out the individual and interactive effects of the selected variables
(Mastromatteo et al. 2009b). Rheological investigation suggested that WPI
solutions with a lower bran concentration behaved as a Newtonian fluid; as the
bran concentration increased, the solutions demonstrated a non-Newtonian behav-
ior. In addition, results on film properties highlighted that the water vapor perme-
ability (WVP) was significantly affected by the spelt bran concentration. When the
spelt bran concentration increased, the WVP decreased, whereas the converse
happened with glycerol concentration. The elastic modulus (Ec) and complex
modulus (E*) of the composite films increased with a decrease in the glycerol
content and an increase in bran concentration.

Numerous studies have also been conducted from the late 1960s onward to
improve the mechanical and physical properties of zein-based films by incorporating
cross-linking agents, highly stable silicate complexes or fatty acids (Giigbilmez
et al. 2007; Kim et al. 2004; Liu et al. 2005; Wang et al. 2003; Wu et al. 2003).

Relevant overviews were conducted to classify the numerous active bio-based
systems, based on controlled or uncontrolled release; it is worth noting that most of
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them are devoted to describing applications to meat products (Aymerich et al. 2008;
Coma 2008; Kerry et al. 2006; Mastromatteo et al. 2010; Quintavalla and Vicini
2002). The reason for this could be that the rationale for incorporating
antimicrobials into packaging is the prevention of surface growth in foods where
a large portion of spoilage and contamination occurs. In fact, intact meat from
healthy animals is essentially sterile, and spoilage occurs primarily at the surface.
The use of an active film can reduce the addition of larger quantities of
antimicrobials that are usually spread on the food surface. The gradual release
of an antimicrobial from a packaging film to the food surface may have an
advantage over dipping and spraying. In the latter processes, antimicrobial activity
may be rapidly lost due to inactivation of the antimicrobials by food components or
dilution below the minimum active concentration as a result of migration to the bulk
food matrix (Appendini and Hotchkiss 2002). Chitosan, alginate, and cellulose
containing various bacteriocins, enzymes, essential oils, and organic acids are
very diffuse examples of bio-based materials with antimicrobial and antioxidant
properties. Lysozyme has been widely studied around the world (Fernandez et al.
2008). It is a lytic enzyme found in foods such as milk and eggs, and it is a
muraminidase that hydrolyzes p1—4 linkages between N-acetylmuramic acid and
N-acetylglucosamine. It is known to inhibit some Gram-positive bacteria, but alone
it is ineffective against Gram-negative bacteria. The first example of physical
retention of lysozyme was carried out by Appendini and Hotchkiss (1997) that
entrapped the enzyme on polyvinyl alcohol (PVOH) beads, nylon 6.6 pellets, and
cellulose triacetate (CTA) films, producing the best results on M. lysodeikticus
when it was bound to CTA. Buonocore et al. (2003a, b) reported the suitability of
highly swellable polymers to modulate the release kinetics of lysozyme and nisin by
changing the degree of the chemically induced cross-linking. LaCoste et al. (2005)
proposed the use of smart blending for developing novel controlled release pack-
aging materials with active properties. Interesting results on the controlled release
of lysozyme were also obtained by Mecitoglu et al. (2006), who worked on the
feasibility of controlling the release rate of partially purified lysozyme incorporated
into zein films containing salts of ethylenediaminetetraacetic acid (EDTA). The
disadvantage of using partially purified lysozyme, which provoked a nonho-
mogenous distribution of the hydrophilic enzyme in hydrophobic zein films at
high concentrations, was solved by the addition of edible ingredients to minimize
structural changes and to obtain more uniform antimicrobial films. Hence, in a
subsequent step the authors evaluated the efficacy of the partially purified lysozyme
with EDTA incorporated into zein films, in combination with chickpea albumin
extracts and bovine serum albumin against Bacillus subtilis and Escherichia coli,
demonstrating the benefits of using functional protein extracts to control the
lysozyme release rate and, consequently, its activity (Giicbilmez et al. 2007). The
authors reported that Gram-negative bacteria are protected due to their outer mem-
brane surrounding the peptidoglycan. Indeed, lysozyme exhibits antimicrobial activ-
ity by splitting the bonds between N-acetylmuramic acid and N-acetylglucosamine
of the peptidoglycan in the cell wall of bacteria. The destabilization of the outer
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membrane by EDTA, potentially used in combination, could increase the activity on
Gram-negative bacteria.

Another recent example of enzyme entrapment was given by Del Nobile et al.
(2009a). These authors developed active films by extrusion to incorporate various
polymeric matrix concentrations of thymol, lemon extract, and lysozyme, respec-
tively. For the purposes of the work, low-density polyethylene (LDPE), polylactic
acid (PLA), and polycaprolactone (PCL) were used as environmentally friendly
polymeric matrices, the first one being recyclable and the latter two biodegradable.
PLA is a degradable aliphatic polyester that can be produced synthetically or from
renewable corn or whey resources and has food packaging applications thanks to
its mechanical stability in ambient to chilled temperatures (Conn et al. 1995). PCL,
a linear-polyester manufactured by ring-opening polymerization of e-caprolactone,
with a rather low glass transition temperature and melting point (65 °C), is an
example of a petroleum-based biodegradable polymer (An et al. 2001). Del Nobile
et al. (2009a) found that processing temperatures played a major role in determining
the antimicrobial efficiency of active substrates. In particular, antimicrobials
incorporated into PLA and LDPE retained slight antimicrobial effects, having lost
some activity due to the high processing temperature. On the other hand, PCL,
processed at a lower temperature, allowed less degradation of compound efficacy.
Among the natural agents studied, lysozyme showed a higher thermal stability.
From an industrial point of view, active films obtained using classical polymer
technological processes, such as extrusion, are generally preferred. However,
despite the great interest, few works have been reported (Nam et al. 2007), probably
due to the deterioration that can occur during extrusion using high temperature,
high shear rates, and, thus, high pressure. In fact, theoretically, thermal polymer
processing methods, such as extrusion and injection molding, may be used with
thermally stable antimicrobials, such as silver-substituted zeolites. For heat-
sensitive antimicrobials like volatile compounds, solvent compounding may be a
more suitable method for their incorporation into polymers. In solvent
compounding, both the antimicrobial and the polymer need to be soluble in the
same solvent; therefore, biopolymers are good candidates for this type of film-
forming process (Appendini and Hotchkiss 2002).

A category of compounds that is attracting great interest in the field of food
packaging is that of metallic nanoparticles, such as copper, zinc, titanium, magne-
sium, gold, and silver. The attention being given to the use of eco-friendly
polymeric materials from natural sources or produced by synthesis, characterized
by packaging with a low encumbrance, a low weight/volume ratio, and, where
possible, a low cost, obliges us to solve the limitations of their scarce thermal,
barrier, and mechanical properties. These materials, loaded with nanometric
particles, appear extremely interesting as possible solutions to these problems.
Moreover, it is possible to modify conveniently nanometric particles to make
them active, thereby obtaining new materials with additional properties to
be used for prolonging the SL of packaged commodities. Among the available
nanoparticles, silver nanoparticles have attracted significant interest due to their
effectiveness against a wide range of microorganisms. For this reason silver has
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been used as either an additive or coating in/on various polymers to demonstrate
antimicrobial properties (An et al. 2008; Del Nobile et al. 2004; Fernandez et al.
2009). The mechanism of the antimicrobial activity of silver is well known: in the
presence of water and oxygen, elemental silver particles release small amounts of
silver ions, according to the following reaction:

Oz(aq) + 4H30+ + 4Ag(s) — 4Ag+(aq) + 6H20

Silver ions form complexes with sulfur-, nitrogen-, and oxygen-containing
functional groups of organic compounds present in bacteria. This may result in
defects in cell walls so that plasma is lost. A complex formation between silver ions
and proteins may disturb the metabolism of the bacterial cells. Both effects lead to
death of bacterial cells (bactericidal activity of silver). Moreover, silver ions can
interact with the DNA of bacteria, preventing cell reproduction (bacteriostatic
activity of silver). Inorganic phyllosilicate clays have been used as support for
silver nanoparticles to generate a new class of antimicrobial systems from which
silver ions can be released into media (Choudalakis and Gotsis 2009; Dong et al.
2009). In this context, Incoronato et al. (2010) obtained Ag*-montmorillonite
(Ag-MMT) nanoparticles by allowing silver ions from silver nitrate (AgNOj3) to
replace the exchangeable Na™ counterions in the natural sodium montmorillonite
and without using any reducing agent. Bearing in mind that the release of Ag* ions
into a medium may be ruled by weak electrostatic interactions that are established
through Ag ions and surface platelets of MMT, the release kinetics of silver ions
could be delayed. Antimicrobial nanocomposites have been obtained by embedding
various amounts of Ag*™-MMT in agar, zein, and poly(e-caprolactone) (PCL) as
biopolymer matrices. In vitro tests were carried out on a microbial cocktail of three
strains of Pseudomonas spp. to prove their antimicrobial effectiveness. UV-visible
analyses confirmed that silver ions were not reduced to metal silver, whereas X-ray
diffraction analysis proved that MMT clays lose their layered structure, giving rise
to nanoparticles with a collapsed or exfoliated structure. The results related to
antimicrobial efficacy showed that the hydration level of the organic matrix played
a key role in exerting a good antimicrobial effect. In fact, due to the circumstance
that agar hydrogel contained the highest water content, agar-based nanocomposites
presented the highest activity against the selected microorganisms. As can be
observed in Fig. 5.1, the cell loads attained at the stationary phase are much
lower for the active systems based on agar, compared to the respective control
samples. No antimicrobial effects were recorded with active zein and PCL, proba-
bly due to the different hydrophilicity of the polymer matrix compared to the
polysaccharide-based layer. In fact, previous studies on silver-based antimicrobial
nanofiller embedded into polymer matrices determined that the amount of the
released active species (Ag*) strongly depends on the hydrophilic nature of the
polymeric matrix and on the boundary conditions of the outer solution, such as pH
and ionic strength. Of the outer solution (Klasen 2000; Yoksan and Chirachanchai
2009).
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Fig.5.1 Cell load attained at stationary phase in microbial suspension with no film, with a control
film, and with three active systems releasing silver ions. The value of the cell load is calculated by
fitting the Gompertz equation to the experimental data. Statistically significant differences
(p < 0.05) between samples of each group are identified by different letters. Control film system
with film free of nanoparticles, Film-10 system with 10 mg of silver-montmorillonite
nanoparticles, Film-15 system with 15 mg of silver-montmorillonite nanoparticles, Film-20
system with 20 mg of silver-montmorillonite nanoparticles

An alternative to incorporating antimicrobial compounds by extrusion or solvent
compounding is to apply an additive as a coating (Appendini and Hotchkiss 2002;
Chung et al. 2003). This has the advantage of placing specific antimicrobials in a
controlled manner without subjecting them to high temperature or shearing forces.
In addition, the coating can be applied at a later step, minimizing the exposure of
the product to contamination (Coma 2008). The coating can serve as a carrier for
antimicrobial compounds in order to maintain high concentrations of preservatives
on the surface of foods. Bioactive activity may be based on migration or release by
evaporation in the headspace (Lee et al. 2004; Skandamis and Nychas 2002).
A valid polymeric structure with a significant controlled release of lysozyme,
intended for internal food packaging applications, was represented by an asymmet-
ric porous cellulose acetate-based film containing lysozyme, developed by Gemili
et al. (2009). Other works showed the advantage of using asymmetric-membrane
capsules and asymmetric coatings on drug tablets to control the release rate of drugs
(Altinkaya and Yenal 2006). However, the work of Gemili et al. (2009) represents
the first tentative step toward clearly demonstrating that porous films can be used as
novel internal food packaging systems with controlled release properties and could
be tailored by changing the composition of the initial casting solution. Further
studies are still needed to test the effectiveness of these active structures on real
food systems.



5.2 Biopolymeric Active Systems by Direct Incorporation of Compounds 99

Another possibility for realizing bio-based systems with active properties is to
incorporate the antimicrobial compound into an edible coating, directly applied by
dipping or spraying onto the food surface (Conte et al. 2009; Del Nobile et al.
2009b, c; Coma 2008). Edible coatings applied on food surfaces could help to
alleviate the problem of moisture loss during storage; separate incompatible zones
and ingredients of a food matrix; form a barrier against oxygen, aroma, and oil; hold
the juices of fresh-cut food; reduce the rate of rancidity; reduce nonenzymatic
browning; reduce the load of spoilage and pathogenic microorganisms on food
surfaces; and restrict volatile flavor loss and foreign odor pickup (Appendini and
Hotchkiss 2002; Cutter 2006; Coma 2008). The selection of the incorporated active
agents is limited to edible compounds because they are consumed with edible
film/coating layers and food together. A large number of scientific articles and
reviews dealing with the antimicrobial activity of edible coatings is available in the
literature (McMillin 2008; Aymerich et al. 2008; Coma 2008, Hernandez-Izquierdo
and Krochta 2008; Matromatteo et al. 2010). However, it is difficult to compare
the results of these studies because of the substantial variations in bioactive
compounds, polymeric materials, test microorganisms, and test methods. Among
the bio-based materials, chitosan represents a particular case due to both antimicro-
bial activity and film-forming properties. Chitosan consists of polymer composed
principally of 1,4 linked 2-amino-2-deoxy-b-D-glucose and, although more active
against spoilage yeasts, it also inhibits some Gram-negative and particularly Gram-
positive bacteria. It has been affirmed as GRAS by the U.S. FDA, thus removing
some of the regulatory restrictions on its use in foods. Due to its nature, it can be
used as an active compound or as carrier of other natural preservatives (Devlieghere
et al. 2004; No et al. 2007; Wang et al. 2007). For example, Pranoto et al. (2005)
showed that the incorporation of garlic oil into chitosan film improved the antimi-
crobial efficacy of chitosan against food pathogenic bacteria. Vanillin incorporated
into chitosan/methyl cellulose films provided an inhibitory effect against E. coli
and Saccharomyces cerevisiae on fresh-cut cantaloupe and pineapple stored at
10 °C (Sangsuwan et al. 2008). Ponce et al. (2008) found that the use of chitosan
coatings enriched with oleoresins applied to butternut squash did not produce a
significant antimicrobial effect. However, it improved the antioxidant protection of
minimally processed squash, offering a great advantage in the prevention of
browning reactions that typically result in quality loss in fruits and vegetables.
Some interesting applications of chitosan as a coating for fruits and vegetables have
been also cited in the review of Mastromatteo et al. (2009¢c) dealing with preserva-
tion techniques of fresh-cut produce.

Modeling bioactive substance diffusion is crucial for understanding or
modulating film activity and for investigating what type of food could be protected
efficiently using these systems of active films. Several approaches have been
reported in the literature that quantitatively take into account the stochastic diffu-
sion (related to Brownian motion) and the relaxation phenomenon involved in mass
diffusion (Del Nobile et al. 1996). To this end, Buonocore et al. (2003a, b) proposed
a complex approach that can predict the compound release kinetic from cross-
linked PVOH into aqueous solution. The model was developed taking into account
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the diffusion of water molecules into a polymeric film and the counterdiffusion of
the incorporated antimicrobial agent from the film into the aqueous solution, also
considering the dependence of the water diffusion coefficient on the degree of
cross-link. Therefore, two models, one describing the water uptake kinetic and
the other describing the enzyme release, were taken into account (Crank 1955). The
first model was fitted to the water sorption data, and the obtained parameters were
used in the second model to fit the release data. The mass balance for the penetrant
and the active substance was numerically solved by means of the finite-element
method. Flores et al. (2007) proposed a simple mathematical model that can
describe the release of sorbate from tapioca starch edible film. The authors
suggested that, despite the complexity of the phenomena involved during the
release of an active compound from a polymeric matrix, the adopted model can
be used to obtain useful information on the release mechanism of low molecular
weight compounds from films. The model was based on the assumption that a linear
superimposition of stochastic diffusion and relaxation phenomenon occurs, thereby
combining both mechanisms. Mass transport related to Brownian motion was
described by means of Fick’s second law (Langer and Peppas 1983), while polymer
relaxation was driven by the distance of the system from equilibrium and was
quantitatively described through a first-order kinetic-type equation. More recently,
Del Nobile et al. (2008) studied the antimicrobial properties of a controlled release
system based on a zein film containing different concentrations of thymol. The
release kinetic of the selected preservative from the biopolymer to a liquid medium
was also monitored to investigate the dependence of the diffusion coefficient on the
loaded agent concentration. Also in this case the swelling phenomenon was taken
into account. Thus, the two mechanisms considered were the penetration of water
molecules into the matrix and the active compound diffusion through the matrix
into the outer solution until reaching a thermodynamic equilibrium between the
two phases. According to the approach previously described by Buonocore et al.
(2003a, b), both water diffusion and macromolecular matrix relaxation were
assumed to be much faster than the active compound diffusion through the swollen
network. Therefore, the active compound release kinetic was described by means of
Fick’s second law, intended for a plane sheet with constant boundary condition and
uniform initial concentration. The equation was also reported in Chap. 2; for the
sake of simplicity it is also reported below:

8 n=0oo t
Many (1) = M { K2 Z 2 n+1) eXp{_D'(z'”H)Z'”zﬁ}}
0
(5.1)

where Myy,(t) is the amount of thymol released at time t, M;’,’I'y is the amount of
thymol released at equilibrium, D is the thymol diffusion coefficient through the
swollen polymeric matrix, and £ is the film thickness. The thymol diffusion coeffi-
cient slightly increased with thymol concentration (Fig. 5.2). From the figure it is


http://dx.doi.org/10.1007/978-1-4614-7684-9_2

5.3 Multilayer Films to Control Active Agent Release 101

1,60E-05

1,40E-05

1,20E-05 |

1,00E-05

8,00E-06 |

6,00E-06

Diffusion coefficient

4,00E-06 |

2,00E-06 |

0,00E+00 <

5% 10% 20% 35%

Loaded Thymol

Fig. 5.2 Thymol diffusion coefficient through swollen zein polymeric matrix, calculated as fitting
parameter. Statistically significant differences (p < 0.05) between samples are underlined by
different letters

possible to infer that the release kinetic does not depend much on the thymol
concentration. In addition, the results obtained from the released thymol were
compared to those obtained by direct addition of the active compound to a
Pseudomonas microbial suspension. Either when thymol was released from the
film or when it was directly added to the media, a complete microbial growth
inhibition was observed. However, considering that essential oils could impart
off-odors to the food, their incorporation in a polymeric matrix could be a strategic
solution to exert the desired antimicrobial function without altering the sensory
characteristics of the food (Suppakul et al. 2003a).

5.3 Multilayer Films to Control Active Agent Release

A multilayer system represents a solution to achieve a controlled release of active
compounds from packaging system to food surface (Floros et al. 2000). A multi-
layer design has the advantage that the antimicrobial can be added in one thin layer
and its migration is controlled by the thickness of the film layer or coating. As was
reported earlier, the control of the release rate and amount of antimicrobial
substances is very important. A mass transfer model of the migration phenomenon
can be used to describe the concentration profile in the film/coating layer and food
over the storage time. Han (2000) summarized traditional mass transfer systems and
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proposed models that may be used to describe the migration of active agents
through food packaging systems consisting of single, double, or triple layers.
Using mass transfer models it is possible to calculate the storage periods to maintain
the active agent concentration above the critical effectiveness concentration,
allowing for the calculation of the food’s safety SL.

Moreover, it could be considered that multilayer systems represent a need for
recycled plastics. Recycling is becoming more common, requiring functional
barriers in multilayer structures to be used between the recycled plastic and food
to prevent food contact by any contaminants in the recycled plastics (Feigenbaum
et al. 2005).

The system can be constituted by control layer/active matrix layer/barrier layer.
The outer layer is the barrier to prevent loss of active substances to the environment,
the matrix layer contains an active substance and has a very fast diffusion, and the
control layer is the key layer to control the flux of penetration; it has a tailored
thickness and diffusivity with respect to the characteristics of microbial spoilage of
food products.

Taking into account the preceding structure, Buonocore et al. (2005) developed
two multilayer films, both composed of two external control layers and an inner
layer containing lysozyme. A comparison between the release rate attained with
these multilayer films and by a monolayer cross-linked PVOH film studied in a
previous work (Buonocore et al. 2003a) was also carried out. Results showed that
by means of the multilayer structure it is possible to control the rate at which
lysozyme is released from a swellable PVOH film; comparing the behavior of
monolayer films cross-linked with glyoxal with multilayer films, it was pointed
out that the latter system was more effective in slowing down the lysozyme release
rate. Moreover, the findings highlighted that the amount of lysozyme released at
equilibrium was strongly influenced by the total amount of cross-linking agent and
by the layer that coincided with the active layer in the monolayer structure and with
the external layers in the multilayer system. As regards the antimicrobial effective-
ness of the released lysozyme, similar effects were recorded with the active films on
the microbial target microorganism. The observed decrease in optical density
shows that the incorporation of lysozyme into PVOH did not lead to a loss of
activity of the enzyme, regardless of the technique used to control its release from
the polymeric film.

More recently, Mastromatteo et al. (2009a) developed zein-based mono- and
multilayer films loaded with spelt bran and thymol (35 % w/w) to obtain edible
composite materials to control thymol release. To this end, the thickness of the film
layers and the amount of biodegradable fibers were varied. Considering the
difficulties in modeling thymol release, due to the numerous phenomena involved,
a very simple approach was used assuming that (1) both water diffusion and
macromolecular matrix relaxation are faster than active compound diffusion
through a swollen network, (2) the increase in the film size due to swelling is
negligible, and (3) thymol diffusion takes place in an homogeneous and symmetric
medium. As a consequence, the active compound release kinetic was described by
means of Fick’s second law (Eq. 5.1). Because of the numerous hypotheses made
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Fig. 5.3 Percentage of Sitophilus granarius that entered cartons with different coatings activated
with propionic acid. Statistically significant differences (p < 0.05) between samples of each group
are identified by different letters. PCL monol. monolayer film based on PCL, PCL-multil. multi-
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for deriving Eq. 5.1, the value of Dy, must be considered as an apparent diffusion
coefficient and not as the thymol thermodynamic diffusion coefficient. For this
reason, the ratio DThy/E2 was determined in place of Dy, with the advantage that
the new term was directly related to the rate at which thymol was released from the
film into the outer water solution. Results highlighted that the release rate decreased
with the increase in film thickness for both mono- and multilayer films, without the
addition of spelt bran. Conversely, a significant increase in the thymol release rate
with an increase in bran concentration was recorded for both mono- and multilayer
films, probably due to the fact that the addition of spelt bran promoted the creation
of the microchannels interconnected with the thymol phase, bypassing the zein
matrix and leading to an increase in the active compound release rate.

An interesting work dealing with the effectiveness of multilayer systems was
presented by Germinara et al. (2010). The authors developed a biodegradable
carrier material to control insect pests in cereal products. To that end, propionic
acid, a known repellent of stored-product insects, was incorporated into biodegrad-
able coatings made up of different layers of corn zein and policaprolactone (PCL),
respectively. The bio-based multilayer coatings were applied to cartons intended
for packaging cereal goods. To simulate extreme infestation conditions, the bioas-
say was carried out over a 2-week period with a high number of insects confined in a
small space and damaged cartons imitating breakdown or poorly sealed packaging.
As can be seen in Fig. 5.3, at the end of the aging period, the percentage of insects
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found in cartons coated with propionic-acid-loaded mono- and multilayer PCL and
zein was only 13.1, 11.3, 18.0, and 10.7 % of the total number of insects used in
the bioassay, respectively. In contrast, coating materials or solvents used for
coating preparation had no effect on the insects’ ability to enter the cartons since
the percentages of insects found in coated cartons without propionic acid and in the
uncoated cartons were almost identical.
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Part 111
New Strategies to Prolong Food Shelf Life

Product shelf life is defined as the period of time during which the quality of the
packaged food remains acceptable. This period may range from a few days to over a
year, depending on product characteristics, food processing, packaging, and storage
conditions. Conventional food preservation methods often result in a number of
undesired changes in foods, such as loss of smell, color, flavor, texture, and nutri-
tional value. In addition, consumers from developing countries are more concerned
with the nutritional and sensory aspects, as well as the safety, of the food they eat.
Therefore, a more differentiated food product assortment and novel preservation
strategies are necessary for today’s increasingly demanding consumers. Consider-
ing the importance of packaging in determining product shelf life, the correct
approach allows considering on the same level of importance product development
and packaging system. Food is packaged to preserve its quality and freshness.
Packaging acts as a physical barrier to gas, moisture, external compounds, and
microorganisms that could be detrimental to food. The preservation role is a
fundamental requirement of food packaging since it is directly related to consumer
safety. Numerous variables play a significant role in establishing package perfor-
mance, such as the initial food quality, processing operations, size, shape and
appearance of the package, distribution method, and package disposal. Generally
speaking, packaging properties can be grouped into mechanical, thermal, optical,
and mass transport properties, but the extent to which packaging plays a preserva-
tion role is largely dependent on the barrier of the material to environmental factors
that cause spoilage. There are occasions when the transport of gases is desirable,
as happens in fresh-cut produce where the exchange of gas through the package is
necessary to accommodate respiration and transpiration, and cases where high-
barrier properties are preferred. Similarly, if the package is too permeable to water
vapor, it causes a moisture-sensitive food to have less crispness and, consequently,
a shorter shelf life; on the other hand, water vapor escaping from the package can
provoke undesirable textural changes in wet food. For a specific shelf life package
characteristics can be determined from the interactions between food, packaging,
and environment. The current section aims to review a number of case studies
related to various food categories where the proper selection of packaging
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conditions may greatly prevent product deterioration, thereby promoting a
significant shelf life prolongation. Liquid foods, minimally processed products,
dairy food, and meat- and fish-based goods will be taken into account as main
food categories. The main spoilage changes that affect these products, as well as the
traditional processing and preservation techniques, are reviewed. Additionally,
the various chapters focus on the keys to the production of safe foods and, in
particular, on some successful combinations of inhibitory processes based on the
application of various mild treatments that take advantage of the synergisms among
the different preservation hurdle technologies.



Chapter 6
New Packaging for Food Beverage
Applications

6.1 Introduction

Liquid foods include different types of products, fruit juices, soft drinks, beers,
wines, milk, water, oils, etc. Each category of food has its specificity in quality
attributes, storage conditions, expected shelf life (SL), and packaging tools applied
(Dalpasso 1991). The quality deterioration mode differs with food type, and the
prevailing mode of a food may also be determined by the storage and packaging
conditions. The protection provided by packages includes the proper evaluation of
physical, chemical, and biological factors interacting with the package and the
environment. Therefore, packaging requirements can be estimated by applying a SL
model to the expected conditions (Robertson 1993). For example, a small plastic
package size for oil may reduce the span of storage in use; however, it could
increase the ratio of surface area to oil volume and enhance the rate of oxygen
ingress by permeation through the package wall. The incorporation of oxygen
scavengers in containers was found to be an interesting solution to protecting oil
from oxidation (Del Nobile et al. 2003a), as assessed in detail in Chap. 3 of the
modeling section. In the case of fruit juice, major quality deterioration modes are
the destruction of ascorbic acid and carotenoids, nonenzymatic browning, and other
oxidative reactions of flavors. Packages of glass, metal cans, plastic bottles, and
paper cartons laminated with aluminum foil provide a proper barrier to oxygen,
preventing ascorbic acid depletion. However, some differences exist between the
various packaging systems. Canned juice of high acidity may suffer from the
corrosion of tin; therefore, lacquered cans must be used to avoid this problem. In
turn, ascorbic acid retention is higher for plain cans than lacquered cans because of
oxygen consumption by tin dissolution. Glass and plastic bottles are transparent to
light and thus contribute to juice deterioration. Moreover, for juice packaged in
plastic materials, just as for other drinks in plastics, there is a concern about flavor
adsorption on plastic walls, the so-called phenomenon of scalping that further
degrades sensory quality (Nielsen and Jagerstad 1994; Licciardello et al. 2009).
The most numerous studies concern flavor scalping by low-density poly(ethylene)
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(LDPE) and particularly the sorption of limonene and other aroma compounds from
fruit juice (Fayoux et al. 1997; Askar 1999). LDPE is frequently used for contact
with beverages and has been proven to be very prone to sorption of such molecules.

Flavor degradation and loss of carbon dioxide are the two main concerns that
affect the sensory characteristics of carbonated soft drinks. For improved protection
of color and flavor, colored glass is generally used for soft drinks. In the case of
plastic bottles an additional layer with an ultraviolet ray barrier may be employed.
To minimize carbon dioxide loss, a small ratio of surface area to volume is advised.
Del Nobile et al. (1997) demonstrated that temperature control is very important to
attain the desired retention of carbon dioxide in packages. Beer is similar to
carbonated soft drinks in the required properties for packaging, but it is more
sensitive to flavor deterioration stimulated by oxygen and light, thus limiting
packaging systems to barrier metal cans and glass bottles (Kuchel et al. 2006).
Devices for easy opening and dispensing (snap-on caps, peelable lids, or tear-away
strips) have also been recently emphasized for the convenience of drink usage.

This chapter analyzes the quality change aspects of various liquid foods and
presents a method for designing the packaging. Due to the numerous differences
between the various food categories and to the impossibility of dealing with all the
food types in one chapter, two typical Apulian foods were chosen, olive oil and
wine. In particular, the chapter focuses on the scientific progress aimed at designing
proper packaging and presents an overview dealing with the most recent packaging
systems intended for olive oil and wine applications.

6.2 Packaging of Olive Oil: Quality and Shelf
Life Prediction

Olive oil is one of the most important and ancient oils in the world. It contains
56.3-86.5 % monounsaturated fatty acids, 825 % saturated fatty acids, and
3.6-21.5 % polyunsaturated fatty acids, thus justifying its reputation as being the
most monounsaturated vegetable oil (IOOC 1984). Olive oil has a high biological
value due to its high ratio of vitamin E to polyunsaturated fatty acid content and to the
high content of phenolic substances that act as antioxidant compounds (Baldioli et al.
1996; Tsimidou et al. 1992; Viola 1970). It is the most widely used oil in those
countries that border the Mediterranean Sea. As a matter of fact, the incidence of heart
disease is relatively low in Mediterranean countries due to the diet rich in monoun-
saturated fats (olive oil) (Keys 1970; Keys et al. 1986). It is used almost entirely for
edible purposes as a cooking and salad oil (Tawfik and Huyghebaert 1999).

To package vegetable oil, glass, metals, and various plastic packages are used
with different effects on the product, depending on the barrier properties against
moisture, oxygen, and interactions of food constituents with the packaging
materials. Glass containers are generally preferred to plastic ones for bottling virgin
olive oil, in part due to marketing considerations and in part due to the fact that glass



6.2 Packaging of Olive Oil: Quality and Shelf Life Prediction 113

containers prevent the permeation of oxygen into bottles, thereby slowing down the
rate at which the oxidation reaction of unsaturated fatty acids proceeds in glass
bottles compared to their plastic counterparts. It is well known that the SL of olive
oil is limited by the oxidation of unsaturated fatty acids with the formation of
hydroperoxides, which in turn give rise to a complex mixture of compounds
responsible for oil degradation (Frankel 1998; Kanavouras et al. 2004;
Mastrobattista 1990). The rate of oxidation depends mainly on storage conditions,
such as temperature and presence of light, as well as on the availability of soluble
and reactive oxygen in the oil’s mass (Angelo 1996; Labuza 1971).

Due to the low weight, easier handling, and competitive costs, more effort has
been made to replace glass containers with plastic materials (Franz et al. 1996;
Kiritsakis et al. 2002). However, plastics offer limited protection regarding their gas
barrier properties and migration of compounds compared to steel and glass (Riquet
et al. 1998). Kiritsakis and Dugan (1984, 1985) studied the oxidative stability of
olive oil stored in glass and poly(ethylene) (PE) plastic bottles and concluded that
glass provides better protection from oxidation than plastic bottles. Kaya et al.
(1993) studied the effect of permeability and transparency of glass and polyethyl-
ene terephthalate (PET) bottles on the SL of sunflower and olive oil by monitoring
the peroxide values. The authors concluded that colored glass was superior to clear
glass and PET in terms of the protection provided for packaged olive oil. Tawfik
and Huyghebaert (1999) also evaluated the effects of various plastic films [PET,
polyvinyl chloride (PVC), polypropylene (PP), and polystyrene (PS)] on the stabil-
ity of various vegetable oils compared to glass packaging. Besides the type of
packaging material, different storage conditions (time and temperature) and the
presence of antioxidants, either in the oils or in the plastics, were taken into account.
The research highlighted that preservation in glass was better than in plastics after
20 days of storage, while after 2 months of storage the plastic bottles completely
altered an oils characteristics. The ranking of oxidative stability in olive oil was
glass > PVC = PET > PP > PS at both temperatures. Oxygen permeability, the
level of natural antioxidants in oils, time, and storage temperature were found to be
the main characteristics affecting oil stability. This study also proved that natural
compounds directly incorporated into oils retarded the extent of oxidation, more
than antioxidants in polymeric materials, even though a migration of the preserva-
tive agents from the packaging to the product was recorded.

Mass transport phenomena are of great importance to food packaging with
plastics since a polymeric matrix is permeable to moisture, oxygen, carbon dioxide,
nitrogen, and other low molecular weight compounds. Glass and metal packaging
materials are not permeable to low molecular weight compounds. Hence, these last
types of material do not allow the designer to optimize the barrier properties for
various applications. Polymers can provide a wide range (by three or four orders of
magnitude) of permeability for various applications, thus justifying studies aimed at
ensuring adequate barrier protection (Masi and Paul 1982). For foods like olive oil
that are sensitive to oxygen or moisture, barrier protection against low molecular
weight compounds is the major function of packages in providing adequate protec-
tion (Brown 1992).
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As was widely discussed in the overview presented by Kanavouras et al. (2006)
on the packaging of olive oil, the use of mathematical modeling for the prediction of
packaged olive oil SL is highly desirable. The validation of the simulations against
known experimental results confirmed the value of the mathematical approach for a
quick and accurate prediction of the SL of oxidation-sensitive products. However, a
limited number of valuable mathematical models have been presented in the
literature to predict the SL of packaged olive oil and to suggest new package
designs after taking into consideration the role of oxygen, the geometrical and
structural characteristics of plastic containers, and the volume of the oil (Coutelieris
and Kanavouras 2006; Del Nobile et al. 2003a; 2003b; Dekker et al. 2002;
Gambacorta et al. 2004; Kanavouras et al. 2004; Kanavouras and Coutelieris
2006). Del Nobile et al. (2003a) worked to design a plastic bottle to package
olive oil using a mathematical approach that could predict the evolution of the
profile of hydroperoxide and oxygen concentration in bottled virgin olive oil. The
approach used by these authors was described in detail in Chap. 3 of the modeling
section; see Chap. 3 for an exhaustive explication of the argument. Briefly, Del
Nobile et al. (2003a) used two bottles containing oxygen scavengers: a plastic
bottle in which the oxygen scavenger is uniformly dispersed through the bottle
wall and a glass bottle internally coated with a polymer in which the oxygen
scavenger is uniformly dispersed. The model was derived assuming the average
hydroperoxide concentration as a measure of virgin olive oil quality (Satue et al.
1995), without considering the diffusion of the flavor compounds in the oil phase.
The mathematical model was obtained by combining the mass balance equations
of oxygen and hydroperoxides with that describing the rate of hydroperoxide
formation and decomposition, by using a simplified version of the model proposed
by Quast and Karel (1972) to describe lipid oxidation in potato chips. To derive
the model, three main assumptions were made: (1) the bottle containing virgin
olive oil can be represented by a cylinder composed by an outer shell (made of
plastic or glass) and by an internal oil core, (2) oxygen mass diffusion occurs only
in the radial direction and through the lateral surface, and (3) the diffusive mass
flux of hydroperoxides through both the olive oil and the container wall were
considered negligible. The developed model assessed the effect of oxygen diffu-
sivity, the thickness of the plastic container, the presence of an oxygen scavenger
in the container wall, and the concentration of oxygen in the oil prior to bottling on
the quality decay kinetics of packaged olive oil. In particular, it was established
that it is possible to obtain a quality decay kinetic as slow as that obtained for olive
oil bottled in glass by increasing the barrier properties of the polymer used to
manufacture the bottle. The same result cannot be obtained by increasing the
thickness of the container wall due to the oxygen dissolved in the container wall.
A quality decay kinetic slower than that found with glass bottles can be obtained
by combining the oxygen scavenger with a biodegradable plastic blend based on
starch-poly(caprolactone) or by bottling the oil in PET containers and reducing
the oxygen concentration prior to bottling to 10 % of the equilibrium value, the
oxygen’s dissolution in oil prior to bottling the main factor causing quality decay
during storage.
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Even though the aforementioned model was used to demonstrate several
advantageous aspects related to the design of plastic bottles for packaging virgin
olive oil, it has some limitations. The limitations are a direct consequence of the use
of empirical equations to describe hydroperoxide formation and breakdown
reactions, and the consideration that oxygen diffusion takes place only in the radial
direction (monodimensional model). Consequently, the proposed model cannot be
used to predict the quality decay kinetics of small containers or to assess the
influence of a bottle’s geometrical factors on the quality decay kinetics of bottled
oil. Therefore, to further assess the influence of some of the bottle’s geometrical
factors on the quality decay kinetics of virgin olive oil bottled in glass and plastic
containers, a two-dimensional model was proposed (Del Nobile et al. 2003b). To
that end, five geometrically different bottles were investigated. The first three
differed in the volumetric capacity (i.e., 1, 1/2, and 1/4 L), while the latter two
contained the same amount of oil (1 L) but differed in the capacity of bottle
headspace. By simulating the behavior of bottled virgin olive oil, the mathematical
model was able to predict the evolution of hydroperoxides and oxygen concentra-
tion profile inside bottled virgin olive oil during storage and to assess the influence
of the bottle’s shape and size on the quality decay kinetic of virgin olive oil in glass
and plastic containers. The approach proposed by Del Nobile et al. (2003b)
demonstrated that the extent to which the geometrical factors of packaging affect
the quality loss of oil depends on the material used to make the bottle and on the
initial value of the oxygen partial pressure in the bottle headspace. To control the
oxidation kinetics during the storage of bottled oil, it may be useful to use well-
designed plastic bottles and innovative plastic materials containing an oxygen
scavenger. Moreover, it could be highly advisable to perform the bottling
operations under a nitrogen atmosphere to reduce the oxygen pressure in the bottle
headspace. By comparing the monodimensional with the two-dimensional model,
the authors observed that the two mathematical approaches had a similar predictive
ability in the case of the bottle with a volumetric capacity of 1 L; most probably this
is due to the fact that during the first stage of storage the oxidation reaction rate
depends primarily on the oxygen dissolved in the oil prior to bottling. The
differences between the quality decay kinetics predicted by the two models was
ascribed to the fact that the two-dimensional model takes into account the axial
mass flux coming from the top and the bottom of the PET bottle, as well as the
presence of the oxygen in the packaging headspace, whereas in the case of glass
bottles, the difference between the predictions of the two models is less marked than
that observed in the case of plastic bottle because for glass bottles there is no mass
flux from the bottom of the bottle.

Coutelieris and Kanavouras (2006) proposed an advanced approach to describ-
ing the mass transport from and to the oil phase through various packaging
materials under several temperatures and light conditions. Contrary to previous
predictive models also reported in the literature, the authors incorporated the mass
transport of the most oxidation-characteristic compounds due to diffusion, as well
as the interactions of the packaging materials with flavor compounds. The model
was developed by considering a set of mass transport equations describing the
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chemical reactions occurring in the oil phase, as well as the diffusion of oxygen in
the oil phase and through the packaging material. In addition, the lack of probability
that the packaged olive oil would reach the end of its SL during a certain time was
also estimated and proposed as a quality reduction indicator. The essential data
employed to validate the proposed model focused on the oxidative deterioration of
extra virgin olive oil, packaged in 0.5 L glass and plastic containers (PET and PVC)
and stored at 15, 30, and 40 °C under fluorescent light or dark conditions for 1 year.
The evolution of hexanal over time was used as the main indicator of the oxidative
alterations taking place inside the oil phase over time. Results highlighted that
olive oil stored at the lowest temperature under light contained the lowest amounts
of hexanal, while when stored in the dark using any packaging material it had
comparable amounts of hexanal. The model satisfactorily fits the experimental data,
except in oil stored in the dark due to the very low concentrations of hexanal, thus
representing a valid instrument for SL. modeling of packaged oil.

6.3 Packaging of Wine

Wine is one of the most ancient fermented beverages. It is an alcoholic product made
from fermentation, mainly sustained by yeasts of Saccharomices spp. of must. The
must is generated by the mechanical compression and filtration of Vitis vinifera
berries. The extent of the fermentation process and, consequently, the ethanol
content are defined on the basis of the amount of sugar in the grape used. The
wine color depends mainly on the pigments of the berry skin and on the winery
technology (maceration process), while the flavor is affected by the grape cultivar
and the fermentation process. According to the European Committee (EEC Regula-
tion 822/87), table wine is defined as “wine other than quality wine,” excluding those
wines with an appellation of origin. The term designates inexpensive, mild-flavored
wines, with a SL generally limited to 6 months. Wines are not perishable products,
but their organoleptic properties can be seriously affected by oxygen and light
(Escudero et al. 2002). When wine is not well protected through sufficient
sulfitation, the presence of high oxygen content could promote an acetic bacteria
attack and the subsequent development of acetic acid and ethyl acetate. However,
chemical oxidation can also produce significant sensory modifications in wine flavor
and color, mainly consisting of a loss of aromatic freshness and the appearance of
brown precipitates of condensed phenolic material (Singleton 1987; Cheynier et al.
1989; Zurbano et al. 1995; Simpson 1982). The capacity of wine to take up oxygen
and to withstand oxidation is roughly measured by the total content of phenols,
phenols being the major substrates for oxidation in wine. Obviously, phenol content
decreases as a consequence of oxidation. Finally, wine oxidation can also involve
the appearance of aldehydes, such as (E)-2-hexenal (Culleré et al. 2007), methional,
and phenylacetaldehyde (Ferreira et al. 2003), which affect product quality.

Glass containers sealed using a cork are usually preferred for bottling all types
of wine because glass is a material with a high barrier to gases and vapors and is
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stable in time, transparent, and highly recyclable. However, glass’s use as long-
lasting package for short-lived products and its high cost make it less than ideal,
which has prompted an increasing demand for inexpensive and alternative solutions
for wine bottling. Synthetic plastic corks with an elastic property and low oxygen
permeability are one of the most innovative developments of wine packaging
(Lopez et al. 2007).

To date, the substitution of glass with plastic materials for wine packaging has
been proposed. Pasquarelli (1983) evaluated the permeability to water, moisture,
and oxygen of PET, PVC, PS, and PP of various grades, suggesting that some grade
of these polymers or polymer-coated cardboard could replace aluminum-based
multilayer structures for wine packaging. Due to its transparency, excellent
mechanical properties, low price, low weight, and good oxygen barrier properties,
PET is the most investigated plastic material for food applications (Del Nobile et al.
2003a; Gambacorta et al. 2004; Ros-Chumillas et al. 2007; Zygoura et al. 2004).
Moreover, PET serves as a relatively good barrier against permeation of flavor
compounds due to the biaxial orientation of its molecules (Van Lune et al. 1997).
Ough (1987) reported a study on the use of PET containers for wine, showing that
4 L PET and 3 L PET with an extra high barrier Saran layer were as effective in
wine preservation as glass up to 10 months. No significant change in the content of
some volatile esters was detected, although the esters did tend to be slightly lower in
samples stored in PET containers. Boidron and Bar (1988) revealed that the quality
decay of PVC-packaged wines was higher than that packaged in PET bottles.
Buiatti et al. (1996, 1997) compared red and white wine preservation in PET,
wine boxes, multilayer cartons, and glass by monitoring the amount of oxygen
dissolved, the total phenols, the value of absorbance at 420 and 520 nm, the sulfur
dioxide, and the volatile acidity, showing that multilayer cartons were particularly
efficient at preserving wine. Recently, due to increasing interest in enhancing
packaging functionality (Brody et al. 2001; Smith et al. 1995; Verimeiren et al.
1999), active systems were also applied with success to wine. Giovanelli and
Brenna (2007) experimented with the use of PET with an oxygen scavenger and
found that active plastic bottles could be very effective against oxidative processes
in young wines and could replace glass containers for the entire storage period.
Mentana et al. (2009) also studied the quality decay of Apulia table wines as
affected by PET with a 4 % oxygen scavenger package (OxSc-PET, 1 L monolayer
PET with thickness 0.3 mm). Oxygen transfer through the plastic bottles into the
wine, flavor sorption on the package, and migration from the packaging generally
represent the three main factors affecting wine quality. Obviously, when food-grade
packaging is used, only the gas barrier properties and scalping phenomenon must be
taken into account to assess product acceptability (Giovanelli and Brenna 2007,
Macias et al. 2001; Sajilata et al. 2007). For this reason, in the work of Mentana
et al. (2009), classic enological parameters, including the anthocyanin fraction and
the volatile fraction, together with sensory properties were monitored over 7 months
on red and white local table wines, stored at 15-18 °C in the dark, to assess the
chemical changes related to oxidation and flavor scalping. The results showed that
PET with oxygen scavenger demonstrated a behavior much closer to that of glass
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bottles in preserving wines than PET without scavenger. In particular, red wine
bottled in PET showed significant losses in most of the volatile compounds, includ-
ing alcohols, acids, and esters. OxSc-PET containers showed scalping effects on a
smaller number of products and to a lesser extent, probably due to the presence of the
oxygen scavengers that affect packaging material properties, both decreasing its
polarity and preventing oxygen permeation. In white wine bottled in both PET and
OxSc-PET plastic packages, a smaller number of compounds were involved in
scalping. From a sensory point of view, all wines were acceptable up to 7 months,
although the ranks assigned to each wine revealed statistically significant differences
between PET and OxSc-PET containers in favor of the active packaging.

The increasing consumer demand over the last decade for low-environmental-
impact polymeric materials (An et al. 2001; Petersen et al. 1999) has justified the
numerous efforts to investigate applications of transparent, cheap, and effective
biodegradable or recyclable materials to foodstuffs (Conte et al. 2009; Del Nobile
et al. 2009; Haugaard et al. 2002, 2003; Frederiksen et al. 2003; Holm and
Mortensen 2004). In this context, biodegradable packaging has also been proposed
for wine applications. In particular, polylactic acid (PLA), a material currently
obtained from renewable resources and considered a safe form of food packaging
with regard to the migration of harmful components, has been used (Pati et al. 2010;
Conn et al. 1995; Ljungberg et al. 2002). In the work of Pati et al. (2010), the
authors evaluated the quality of carbonic maceration wines packaged in PLA
bottles compared to PET and glass. Carbonic maceration is a preyeast fermentation
treatment of intact products: grapes stored in a closed container consume O, and
produce CO, by respiration. The anaerobic treatment, lasting for up to 2 weeks or
longer, causes intracellular fermentation before starting conventional yeast fermen-
tation. Carbonic maceration yields light red wines with low tannins, intense color,
and fresh, fruity flavors, which are not suitable for aging and should be consumed
early (Jackson 2000). As previously reported, the SL of a wine is directly related to
the oxygen content to which it is exposed (Escudero et al. 2002) and to the sensory
modifications to flavor, color, and appearance (Benitez et al. 2006; Gomez et al.
1995). Therefore, classic enological parameters, including volatile fraction, and
sensory attributes were monitored by the aforementioned authors over a 4-month
storage period. Total acidity, pH alcoholic grade, and total phenol values were
shown to be unaffected by packaging; no statistically significant difference between
wine packaged in polymeric containers and wine packaged in glass was observed.
As expected, total SO, content decreased during storage in all packages but was
significantly higher in the control and in the PET-bottled wine than in the PLA,
most probably due to the higher permeability to oxygen of PLA, which provoked a
more pronounced SO, depletion. Volatile acidity showed values in PLA-stored
samples that were significantly higher compared to PET and glass. Oxidation
phenomena were also shown to be more relevant in PLA-bottled wine than in
wine stored in bottles of PET and glass, as suggested by the changes recorded in
terms of volatile fraction. From a sensory point of view, glass, PET, and PLA were
preferred in this order (95 % confidence level). Figure 6.1 shows a comparison of
scores obtained at 3 and 4 months of storage in terms of appearance, taste, and odor
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Fig. 6.1 Spider diagram relevant to sensory analysis performed with 35 untrained judges. Scores
of appearance, odor, taste, and total acceptability were given ratings from 1 to 5: 1 very good,
2 good, 3 acceptable, 4 poor, 5 very poor. Samples were considered unacceptable when the mean
score was above 3. Glass (@), PET (A), and PLA (B) packaged wines for (a) 3-month storage and
(b) 4-month storage

of the differently packaged carbonic maceration wine. The PLA container, although
causing a faster wine quality loss compared to PET and glass, was judged to be
suitable as a replacement for glass or traditional plastic for up to 3-months in
storage, and PLA has the additional advantage of being an eco-friendly material.
The action of the Productive Activities Ministry on March 24, 2005, published in
the ministry’s official journal on April 5, which authorizes the bottling of waters in
small 125, 250, or 500 mL containers, has opened a window not only on the use of a
new typology of packaging material but also on the volume of the container. Life
outside the home, lunches in cafes, and business trips have forced people to think
about possible uses for monodose containers in cafes and on airplanes. To make
small plastic materials suitable and acceptable in wine packaging, instead of heavy
and fragile glass containers, further study is necessary (Boidron and Bar 1988).
The information gained from earlier works dealing with the packaging of wine in
plastic bottles was not entirely applicable to monodose applications due to changes
in the surface-to-volume ratio, as observed with respect to oil storage by Del Nobile
et al. (2003b). For this reason the Department of Food Science at the University
of Foggia, in cooperation with PET Engineering, a company in Treviso that
manufactures PET packaging, carried out a research project on the sensory impact
on a young wine preserved for 4 months in glass, PET, and PET with extra barrier
properties in 200 mL monodose bottles (Mentana et al. 2008). This research
demonstrated the need to broaden the application of economically viable and
well-accepted plastic materials to wine and to replace heavy and fragile glass
containers with different materials. The project started outwith a study conducted
by PET Engineering on the feasability of the container. After monitoring
the sensory properties of packaged novello wine, the research group assessed the
plastic bottles had an efficay similar to that of glass. The authors summed up



120 6 New Packaging for Food Beverage Applications

the results stating that the success of wine in PET packaging depends on consumer
demand and on the specific needs of a given wine. A single solution for all types
of wine is inconceivable, but cooperation with customers is key to finding the best
solution for each specific need.
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Chapter 7
Minimally Processed Food: Packaging
for Quality Preservation

7.1 Introduction

Minimally processed crops consist of washed, cut, and packaged fruits and
vegetables. Consumer preferences are increasingly geared toward ready-to-use
fruits and vegetables, thus implicating a great effort of research in this area. Food
marketplace evolves new products and changing trends, and fresh-cut products
remain at the top of the list of products meeting the needs of busy consumers. The
value of fresh-cut products lies in the primary characteristics of freshness and
convenience. However, operations such as peeling, cutting, shredding, and slicing
greatly increase tissue damage of fresh-cut produce (Soliva-Fortuny and Martin-
Belloso 2003; Martin-Diana et al. 2007; Olivas et al. 2007) and may result in
several biochemical deteriorations such as browning, off-flavor production, and
loss of texture and degraded nutritional value and microbial quality of products
(Giménez et al. 2003; Watada and Qi 1999). Among the various alterations in
transpiration, enzymatic activity, water loss, flavor, aroma, volatile profiles, and
microbial proliferation, for most products the accelerated respiration rate represents
the main factor that provokes food unacceptability (Ragaert et al. 2007; Rico et al.
2007). Thus, strategies aimed at slowing down respiration activity are generally
successful for such food (Fonseca et al. 2002). Usually, a relevant aspect to be taken
into account for maintaining the quality of horticultural commodities is the choice
of appropriate packaging system (Del Nobile et al. 2008a; 2009a). Various head-
space conditions can be achieved in a package depending on the interactions
between the respiratory activity of the packaged produce and gas transfer through
the polymeric film. The superposition of both processes leads to an increase in CO,
and a reduction in O, in the package headspace. In fact, Smith et al. (1987) reported
that, as a result of produce respiration, matching of commodity characteristics to
film permeability could result in the passive evolution of an appropriate atmosphere
within a sealed package. Therefore, the choice of film mass barrier properties is a
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key factor in obtaining optimum modification of the atmosphere and avoiding
extremely low levels of O, or high levels of CO,, which could induce anaerobic
metabolism with the possibility of off-flavor generation or the risk of anaerobic
microorganism proliferation (Beaudry 2000; Watkins 2000). Various predictive
models of the respiration rate of minimally processed food have been developed
to optimize packaging characteristics or optimal gas composition (Rocculi et al.
2006; Del Nobile et al. 2007). A modified atmosphere in a package (MAP) can be
created either passively by the product (passive MAP) or intentionally, introducing
gas mixtures into the package (active MAP). In passive MAP, the respiring product
is placed in a polymeric package and sealed hermetically. Only the respiration of
the product and the gas permeability of the film influence the change in gaseous
composition of the environment surrounding the product. If the product respiration
characteristics are properly matched to the film permeability values, a beneficial
modified atmosphere can be passively created within the package. Conversely, in
the case of active MAP, the atmosphere surrounding the product is removed or
replaced before the package is sealed. The gas headspace may change during
storage in MAP, but there is no additional manipulation of the internal environment
(Mastromatteo et al. 2010). The selection of a proper gas combination that avoids
the usual transient state before reaching the equilibrium state of the gas in the bag
can reduce the respiration rate during the transient state, thereby promoting product
preservation and, consequently, shelf life prolongation (Lee et al. 1996; Rodriguez-
Aguilera and Oliveira 2009). MAP can be interpreted as a dynamic system with two
gas fluxes, the respiration rate of the fresh product and the gas exchange through the
barrier (Van de Velde and Kiekens 2002). In general, gas compositions inside a
MAP package are low in O, and high in CO,, depending primarily on temperature,
product weight, respiration rate, O, and CO, transmission rates, and total respiring
surface area (Mahajan et al. 2007). The natural variability of raw material and its
dynamic response to processing and storage conditions may render it impossible to
identify a truly optimal atmosphere using general empirical methods, suggesting
that significant advances in the packaging of minimally processed food may require
the development of complex mathematical models that incorporate the dynamic
response of products to the environment (Jacxsens et al. 1999; Saltveit 2003). MAP
and low-temperature storage are usually not sufficient to extend the shelf life of cut
produce because the excessive physiological stress and increased susceptibility to
microbial spoilage caused by processing operations reduce significantly the shelf
life (Mastromatteo et al. 2010). Under natural conditions, the outer layer of plant
tissue consists of a hydrophobic surface, providing a natural barrier to
microorganisms (Lund 1992). Due to damage to the surface, nutrients are released
from the plant tissue and can be used by microorganisms. It is well established that
fresh produce may contain a high contamination level after harvest. It may range
between 3 and 7 log units depending on the season and type of produce. Pathogenic
microorganisms associated with fresh vegetables can cause severe foodborne dis-
ease outbreaks. For this reason, pretreatment with antimicrobial or antioxidant
compounds is highly advised to further contribute to product preservation. In recent
years there has been considerable pressure by consumers to reduce or eliminate
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chemically synthesized additives in foods. Thus, efforts have been made to find
natural alternatives to the currently used additives to prevent bacterial and fungal
growth in minimally processed fruits and vegetables. Antimicrobial compounds
can be incorporated into the packaging material, coated on the surface of the
packaging film, or added in a sachet into the package to be released during storage
(active packaging). Another possibility for natural carrier compounds is to incorpo-
rate the compound into an edible coating, either by dipping or spraying the food
or by adding the active compounds directly in the food-making process
(Mastromatteo et al. 2009, 2010; Siracusa et al. 2008). Natural antimicrobials can
be defined as molecules of natural origin that are nontoxic for humans, environ-
mentally safe, inexpensive, and widely available (Burt 2004). The main sources
of these compounds are plants (e.g., plant secondary metabolites in essential oils
and phytoalexins), microorganisms (e.g., bacteriocins and organic acids) and
animals (e.g., lysozyme from eggs, chitosan from crab and shrimp shell wastes,
and transferrins from milk) (Bari et al. 2005; Meyer et al. 2002).

The variability of raw materials and the dynamic response to processing and
storage conditions may render it impossible to deal with all crop types in a single
chapter. Some case studies were taken into account as examples of three important
minimally processed categories: (1) fruit with a hydrophobic skin resistant to
microbial attack (grape), (2) a vegetable very susceptible to the browning process
(lampascioni), and (3) a vegetable with a high susceptibility to yellowing (broc-
coli). The approaches, which are based on scientific principles, were presented and
widely discussed in each case study.

7.2 Table Grape

Table grape is a nonclimacteric fruit with severe problems during postharvest. Gray
mold, caused by Botrytis cinerea, is the principal cause of decay of table grapes
both in the field and after harvest. Additionally, the deterioration during storage is
also attributed to water loss, stem drying, browning, and softening of berries
(Valero et al. 2006). Grape quality depends on numerous factors, such as harvest
period, climatic and soil conditions, cultural practices, degree of ripening, variety,
and sanitary conditions (Conte et al. 2012; Palacios et al. 1997; Keller et al. 1998).
Like many other nonclimacteric fruits, grape has a relatively low rate of physiolog-
ical activity that generally increases with the respiration rate. In fact, the pattern of
respiration can be divided into two typologies: climacteric and nonclimacteric. This
latter pattern of respiration belongs to some fruits like grape and to most vegetables
and maintains a relatively constant level throughout storage, whereas for climac-
teric fruit, respiration increases to a maximum with storage time (Lee et al. 1996).

Fungicides, and in particular SO,, are the primary means to control postharvest
diseases, but due to the side effects of synthetic chemicals on human health, their
use has been limited (Zoffoli et al. 1999; LaTorre et al. 2002; Lydakis and Aked
2003). Numerous effective, safe, and environmentally sound alternative strategies
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have been developed and applied to various table grape cultivars for reducing
quality losses. Hot water immersion treatments (Fallik 2004) and dips in ethanol
(Lichter et al. 2002, 2003; Karabulut et al. 2004; Pesis 2005) or in chlorinated water
(Ahvenainen 1996; Soliva-Fortuny and Belloso 2003) are the most widespread
approaches in the literature. Del Nobile et al. (2008b) compared all three of these
treatments on minimally processed table grape (Vitis vinifera cv. Italia). In particu-
lar, the effects of hot water at 55 °C for 5 min and dip in ethanol (50 % solution) for
5 min and in chlorinated water (20 ml L") for 15 min were tested on the quality
decay of packaged fruit. Due to increased emphasis on environmentally friendly
films and the need for commercial breakthroughs in green polymers, the grape
clusters were packaged in biodegradable bags made up of polyesters (F1, thickness
18 pm, and F2, thickness 25 pm). The quality decay of fresh table grape stored at
5 °C was assessed by monitoring the respiration rate, the cell load of the main
spoilage microorganisms (total mesophilic viable count, acid lactic bacteria, yeasts,
and molds), and the product appearance for a period of approximately 30 days. The
respiration rate was calculated using a mathematical approach proposed by the
same authors also for other minimally processed food (Del Nobile et al. 2006,
2007), as described in detail in Part II of this book. Microbiological quality of fruit
was monitored by plate count, and visual quality was evaluated by image analysis
(Image Pro Plus v. 6, Media Cybernetics, Silver Spring, MD, USA) of grape
clusters at different storage times. The results of principal component analysis
revealed differences between samples in terms of respiration rate. The grape treated
in hot water showed a higher respiration rate than the other two treated samples,
regardless of packaging adopted. In fact, the total amount of oxygen consumed by
the packaged produce treated in hot water was higher than that of the other samples.
Considering that oxygen depletion is directly related to the extent of metabolic
activities (senescence level) associated with product respiration (Bdttcher et al.
2003), it was possible to underline the differences between the three treatments
applied to clusters prior to packaging. As regards the effects on microbial quality,
all strategies appeared effective in controlling spoilage, even though a very slow
contamination was recorded on the grapes during storage. This experimental
evidence could be ascribed to the very hard and smooth skin of berries, which
protects the inner tissue from yeasts and fungal invasion and prevents the discharge
of the inner juice, thus limiting the availability of nutrients for the natural micro-
flora (Thournas and Katsoudas 2005). Trivial differences between color parameters
of grape samples were also recorded. As an example of images analyzed to assess
the visual quality, Fig. 7.1 reports a picture of various grape clusters at 1 day of
storage. Results underlined a lack of specific trend at each sampling time, thus
suggesting that differences could be attributed to the natural evolution of raw
material (Nunan et al. 1998); the process conditions adopted in the work cannot
be considered responsible for retaining visual quality. To sum up, both packagings
exerted the same protection, while ethanol seemed to be a slightly better solution
for minimally processed table grape compared to the other two treatments.

The use of natural compounds of plant origin also appears to be a very promising
means to control the postharvest decay of grape. Among the natural compounds,
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Fig. 7.1 Images of clusters of untreated and treated table grape in ethanol, hot water, and
chlorinated water, packaged in two different bio-based films (F1, thickness 18 pm and F2,
thickness 25 pm), after 1 day of storage. Cnt = control sample without any treatment; ethanol =
samples treated with ethanol; hot water = samples treated with hot water; chlorinated water =
samples treated with chlorinated water

ethanol hot water  chlorinated water

plant essential oils (EOs) are attracting interest for their potential as natural food
preservatives (Lanciotti et al. 2004; Tripathi and Dubey 2004). They are generally
recognized as safe (GRAS), and many of them display a wide spectrum of antimi-
crobial activity, with a capacity to control foodborne pathogens and spoilage
bacteria associated with ready-to-eat vegetables (Mastromatteo et al. 2009). EOs
also show antioxidant activity due to a number of mechanisms, such as free-radical
scavenging, hydrogen donation, singlet oxygen quenching, metal-ion chelation, and
acting as substrates for radicals (Mastromatteo et al. 2010). Various attempts to
apply active compounds (eugenol, thymol, menthol, and eucalyptol) to cultivars of
table grapes have been made (Guillén et al. 2007; Valverde et al. 2005; Valero et al.
2006). The EOs were placed on a sterile gauze inside bags, preventing contact with
fruit, and the bags were rapidly sealed to minimize vaporization. Fruit quality
parameters highlighted that samples treated with eugenol, thymol, or menthol
showed benefits in terms of reduced weight loss, delayed color changes, and
maintenance of fruit firmness compared to the control. Stems remained green in
treated samples but became brown in the control. Conversely, samples packaged
with eucalyptol behaved worse than untreated grape, generating off-flavors, loss of
quality, and stem browning.

Among the nontoxic replacements of synthetic fungicides, hypobaric treatments
(Romanazzi et al. 2001), storage with high CO, (Retamales et al. 2003), and
biocontrol agents (Wilson and Wisniewski 1989; Schena et al. 2002) have also
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Fig. 7.2 Values of general visual quality of minimally processed table grape at end of observation
period (35 days) (Qend). The values were calculated by fitting Eq. 7.1 to the sensory data.
Statistically significant differences (p < 0.05) between samples are indicated by different letters.
OPP = grape sample packaged in oriented polypropylene, thickness 20 pm; NP = grape sample
packaged in a multilayer film obtained by laminating a nylon layer with a polyolefin-based film,
thickness 95 pm; F1 = grape sample packaged in a biodegradable film, thickness 100 pm; F2 =
grape sample packaged in a biodegradable film, thickness 50 pm; F3 = grape sample packaged in
a biodegradable film, thickness 35 pm

attracted considerable attention. However, due to a lack of consistency in the
application of these last-named methodologies as standalone treatments and due
to injuries to grape barriers, their use is very limited (Valero et al. 2006).

The effects of headspace packaging conditions (passive MAP) for retaining the
quality of grape are well known in the literature (Artés-Hernandez et al. 2006; Kou
et al. 2007; Del Nobile et al. 2008b, 2009a). In various scientific researches, table
grapes were packaged in several plastic nonperforated and perforated films, espe-
cially based on polyethylene and polypropylene, giving rise to a wide range of
modified headspace gas concentrations, depending on the respiration rate of the
grape cultivar and on the mass transport properties of the selected polymeric film
(Martinez-Romero et al. 2003). Films with lower gas permeance generate a lower
headspace oxygen concentration and a higher headspace carbon dioxide concen-
tration, which in turn allow reducing the respiratory activity of the product and,
consequently, the senescence level, with a positive effect on the visual quality (Del
Nobile et al. 2009a). For example, Fig. 7.2 shows the values of the visual quality
recorded on table grape packaged in five different films, three biodegradable films
(F1, thickness 100 pm; F2, thickness 50 pm; F3, thickness 35 pm), an oriented
polypropylene film (OPP, thickness 20 pm), and a multilayer film obtained by
laminating a nylon layer with a polyolefin-based film (NP, thickness 95 pm) (Del
Nobile et al. 2009a). To quantitatively determine the influence of film permeability
on grape sensory decay, a first-order-type equation was fitted to the preceding data:
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where Q(¢) is the grape general visual quality at time ¢, Q.,q is the packaged grape
general visual quality at the end of the observation period, Q;, is the initial value of
the packaged grape general visual quality, £ is the kinetic constant, f.,q4 is the time at
the end of the experimental observation (35 days), and ¢ is the storage time. As can
be inferred from Fig. 7.2, Q.4 values are all close to 3 (the acceptability limit), thus
suggesting that all tested films successfully preserved grapes for at least 35 days.
However, a slight higher score was observed for the two films with the highest gas
barrier properties, thus allowing the authors to conclude that the headspace reached
in carbon dioxide played a major role in preserving the packaged grape quality
(Crisosto et al. 2002; Retamales et al. 2003).

Sometimes, the protective effects of the packaging materials were further
enhanced by the combination with antimicrobial or antioxidant compounds directly
incorporated into the packaging system (Lurie et al. 2006; Moyls et al. 1996; Valero
et al. 2006; Valverde et al. 2005; Zoffoli et al. 1999).

Although the beneficial effects of the active MAP technique for retaining the
quality of fruits and vegetables are well known (Rodriguez-Aguilera and Oliveira
2009), studies dealing with the packaging of grapes under active MAP conditions
are lacking. To the best of our knowledge, the sole experimental work on active
MAP of table grape is the study of Costa et al. (2011). The authors compared the
effects of passive and three active modified headspace conditions (5:3:92, 10:3:87,
and 15:3:82 0,:CO,:N,) on fruit packaged in three types of bags, based on OPP,
with different thicknesses (20, 40, and 80 pm, respectively). During a prolonged
storage period at refrigerated temperature (5 °C), the headspace gas concentrations,
mass loss, microbiological stability, and sensory acceptability were assessed. By
means of a proper data elaboration, the SL of the unpackaged minimally processed
produce and of grape packaged under the tested conditions was calculated. Results
are displayed in Fig. 7.3, where it is possible to observe that all packaging films
significantly prevented grape decay compared to unpackaged product. The best
results were recorded in the thickest OPP sealed in air, which assured a SL of more
than 2 months. It is worth noting that the active MAPs were not found to be
effective for SL prolongation due to the fast equilibrium of gas reached in the
bags and due to a more pronounced product dehydration. Active MAP, theoreti-
cally, offers the possibility of improving the product quality and freshness and
increasing the SL. However, as stated earlier, fruits and vegetables are unlike other
foods because they consume oxygen and produce carbon dioxide when packaged,
giving rise to a modification of the headspace gas composition. In both cases the gas
headspace may change during storage, but there is no additional manipulation of the
internal environment. The selection of an initial gas combination different from air
might only succeed at avoiding the transient state, which is usually generated before
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Fig. 7.3 Values of shelf life (day) of packaged and unpackaged minimally processed table grape.
Statistically significant differences (p < 0.05) between samples are indicated by different letters.
Cnt = unpackaged sample; OPP-20 passive = grape sample packaged in oriented polypropylene,
thickness 20 pm; OPP-20 MAP1 = grape sample packaged in OPP 20 pm under 5:3:92 O,:CO,:
N, MAP conditions; OPP-20 MAP2 = grape sample packaged in OPP 20 pm under 10:3:87 Oy:
CO;:N, MAP conditions; OPP-20 MAP3 = grape sample packaged in OPP 20 pm under 15:3:82
0,:C0O,:N; MAP conditions; OPP-40 passive = grape sample packaged in oriented polypropyl-
ene, thickness 40 pm; OPP-40 MAP1 = grape sample packaged in OPP 40 pm under 5:3:92 O,:
CO,:N; MAP conditions; OPP-40 MAP2 = grape sample packaged in OPP 20 pm under 10:3:87
0,:CO,:N, MAP conditions; OPP-40 MAP3 = grape sample packaged in OPP 40 pm under
15:3:82 0,:CO,:N, MAP conditions; OPP-80 passive = grape sample packaged in oriented
polypropylene, thickness 80 pm; OPP-80 MAP1 = grape sample packaged in OPP 80 pm under
5:3:92 0,:CO,:N, MAP conditions; OPP-80 MAP2 = grape sample packaged in OPP 80 pm
under 10:3:87 0,:CO,:N, MAP conditions; OPP-80 MAP3 = grape sample packaged in OPP
80 pm under 15:3:82 0,:CO,:N, MAP conditions

gas equilibrium in the bag is reached. By reducing the transient state it is possible to
reduce the respiration rate, thereby promoting product preservation and, conse-
quently, SL prolongation (Lee et al. 1996). Due to the variability of raw materials, it
is impossible to generalize the effects of active MAP on fresh-cut produce; a
dedicated study is necessary for each specific product (Saltveit 2003).

7.3 Lampascioni (Muscari comusum)

Lampascioni (Muscari comosum) is a typical product of the Apulia region in
southern Italy. The edible portion is a walnut-sized bulb of a wild hyacinth, not
an onion, with a characteristic bitter taste (Chiej 1984). Figure 7.4 shows an
example of lampascioni after peeling. The cooked bulbs, preserved in oil, are also
used as a relish. Lampascioni is a highly perishable vegetable that deteriorates
rapidly after peeling due to the browning process and weight loss. The rate of
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Fig. 7.4 Example of peeled
lampascioni

browning determines its sensory SL (Jacxsens et al. 2002, 2003); therefore, the
understanding of the processes leading to product changes is essential in developing
better approaches to minimizing detriment and, hence, improving quality and SL
(Toivonen and Brummell 2008). Enzymatic browning is a particular problem in
fruit with a white flesh. It is generally assumed to be a direct consequence of
polyphenol oxidase (PPO) and peroxidase (POD) action on polyphenols to form
quinones, which ultimately polymerize to produce the browning appearance of
fresh-cut produce. Browning is associated with the loss of membrane integrity,
which occurs during tissue deterioration and senescence. Thus, membrane stability
is potentially a major factor controlling browning of fruit and vegetable slices.
Based on the working mechanisms, browning inhibitors can be categorized into six
groups comprising reducing agents, acidulants, chelating agents, complexing
agents, enzyme treatments, and enzyme inhibitors (McEvily et al. 1992; Lamikanra
and Watson 2001; Rojas-Graii et al. 2008; Saltveit 2000). Among all inhibitors
tested, reducing agents (e.g., ascorbic acid and its derivatives, cysteine and gluta-
thione, citric acid alone or in combination, as a substitute for sulphites) have been
proven effective in controlling browning (Albanese et al. 2007; Cocci et al. 2006;
Gimenez et al. 2003; Lee et al. 2003; Rocculi et al. 2004). It has been suggested that
ascorbic acid provides protection by acting as an oxygen scavenger, thus inhibiting
PPO reactions, and by self-oxidation to prevent oxidation by phenol compounds
(Mayer and Harel 1979; Rico et al. 2007). In contrast, citric acid may have a dual
inhibitory effect on PPO by reducing the pH and by chelating the copper to the
enzyme-active site (McEvily et al. 1992). A calcium-ascorbate-based formula has
been widely used by the fresh-cut-apple industry (Mastromatteo et al. 2009). The
incorporation of antioxidant agents such as N-acetylcysteine and glutathione into
alginate- and gellan-based coatings has helped to prevent fresh-cut apples, papayas,
and pears from browning (Oms-Oliu ET AL. 2008; Rojas-Graii et al. 2007).
Alginate-based edible coating formulated with citric acid (1 %) was used to prolong
the SL of fresh-cut Madrigal artichokes packed in a polyester-based biodegradable
film (Del Nobile et al. 2009b). Among the renewable sources available to produce
edible coatings, the polysaccharide-based materials are the most widespread
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because they are abundant, cheap, and easy to use (Devlieghere et al. 2004;
Lee et al. 2003).

Conte et al. (2009) implemented a technique for keeping lampascioni ready to
cook based on a combination of a treatment applied to the product prior to
packaging and the selection of a proper polymeric film. To accomplish the aim of
the work, two different treatments were tested: dipping in a solution containing
citric acid (1 %) and calcium chloride (8 %) and coating with sodium alginate (5 %)
in combination with citric acid (1 %) and calcium chloride (8 %). Treated and
untreated samples were packaged in two types of polymeric film: a commercially
available OPP film and a polyester-based biodegradable film. The environmentally
friendly films may represent suitable materials for ready-to-use products due to
their low barrier properties. However, their use is still very limited due to the high
conversion cost and small amounts available (Del Nobile et al. 2006, 2008a;
Muratore et al. 2006). Packaged lampascioni samples were stored at 5 °C for
approximately 20 days. During refrigerated storage, respiration rate, microbial
populations, pH, weight loss, and visual quality were monitored. Results showed
that coated lampascioni packaged in the biodegradable film were preserved best,
thus confirming the suitability of the active coating, combined with the gas barrier
properties of film, in controlling the detrimental phenomena involved in product
deterioration. In particular, it was found that both dip and coating reduced the
respiration activity of lampascioni, even if the coating treatment was more effec-
tive. In fact, it was also found in the literature that edible coatings based on whey
protein concentrate, carrageenan, or polysaccharide/lipid formulation, in combina-
tion with antibrowning agents, reduced the respiration rate of sliced apples (Lee
et al. 2003; Wong et al. 1994). Conte et al. (2009) also determined that coating
treatment, more than packaging, affected microbial proliferation and reduced water
loss, as reported in the literature for other vegetables (Park 1999; Ragaert et al.
2007). To assess product visual quality, the experimental data, recorded by a
sensory analysis carried out with a trained panel of judges, were fitted with the
following Gompertz equation, as reparameterized by Corbo et al. (2006). The same
approach was also described in Chap. 8 for dairy products (mozzarella cheese):

VO(1) = VQyiy — A -exp{—exp{ [(umax 271) %} ; 1}}

ol 270 257 411}

where VQ(?) is the lampascioni visual quality at time ¢, VQ,;, is the minimum value
of VQ(#) to consider the packaged lampascioni still acceptable from a general
appearance point of view, A is related to the difference between the initial VQ(¢)
value and that attained at equilibrium, .« is the maximal decay rate, 4 is the lag
time, VQAL is the lampascioni visual quality acceptability limit [defined as the
storage time at which VQ(¢) reaches its acceptability limit (VQO,in)], and ¢ is the
storage time. Results from the fitting procedure are displayed in Fig. 7.5. The data

(7.2)
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Fig. 7.5 Mean values of visual quality acceptability limit (VQAL) of lampascioni, obtained by
fitting Eq. 7.2 to the experimental data of the sensory analysis. VQAL is defined as the time (day)
at which lampascioni visual quality reaches its acceptability limit (score = 3). Statistically
significant differences (p < 0.05) between samples are indicated by different letters. Cnt-OPP =
control sample packaged in OPP; Dip-OPP = dipped sample packaged in OPP; Coat-OPP =
coated sample packaged in OPP; Cnt-BIOFILM = control sample packaged in bio-based film;
Dip- BIOFILM = dipped sample packaged in bio-based film; Coat- BIOFILM = coated sample
packaged in bio-based film

underline the fact that no substantial differences were found between the VQAL
values of uncoated samples, whereas the coating treatment significantly improved
visual acceptability in both types of packaging, with a slight better effect in the
biodegradable polymeric matrix. The reason for these findings could be the lower
headspace oxygen concentration recorded in the eco-friendly bags that, combined
with the action of citric acid and the protection of the coating, further contributed to
slow down the browning process, thereby prolonging product acceptability.

7.4 Broccoli

Broccoli is composed of a number of immature floral buds (florets) and thick, fleshy
flower branchlets or stalks attached to the central plant axis, which is collectively
named the head. For consumption, heads are harvested while they are totally
immature. Whole broccoli is available to consumers wrapped in 10—14 pm thick-
ness PVC films and generally have a SL of 3—4 weeks in air at 0 °C (Makhlouf et al.
1989) but only a few days at 20 °C (Wang 1977). The yellowing of florets is the
most evident sign of broccoli deterioration, resulting from the degradation of
chlorophyll (Ceponis et al. 1987). As expected, fresh-cut broccoli has a shorter
SL than whole broccoli; this is due to the high respiration rate of the vegetable.
The quality loss is mainly caused by surface dehydration and loss of green color with
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yellowing and opening of florets, loss of stem firmness, development of undesirable
odors, and soft rots (Shewfelt et al. 1984; Berrang et al. 1990; Forney et al. 1993).
In response to the plant tissue alterations, microorganisms proliferate, further
contributing to product SL reduction (Nguyen and Carlin 1994; Brackett 1989).
Broccoli has been intensively studied by various researchers who used several
techniques to extend its postharvest life; however, most works deal with intact
broccoli. Refrigeration (Gillies and Toivonen 1995), modified atmosphere (Lipton
and Harris 1974; Makhlouf et al. 1989; Rai et al. 2008), heat (Costa et al. 2005),
ethanol (Suzuki et al. 2004), UV-C radiation (Costa et al. 2006), and the use of 1-
methylcyclopropene (1-MCP) (Able et al. 2002) are examples of preservation
methods applied to the whole product. On the other hand, modified atmosphere
(Rakotonirainy et al. 2001), UV-C (Lemoine et al. 2007), and ethanol vapor (Han
et al. 2006) were used to delay the postharvest senescence of fresh-cut broccoli.
The scientific literature dealing with this topic shows that broccoli can benefit
from 1 % to 2 % O, and 5 % to 10 % CO, at low temperatures. A low O, level
(0.5-2 %) or an excess of CO, concentration, combined with temperature
fluctuations, may result in off-odors (volatile compounds containing sulfur) that
make the product unmarketable (Forney and Rij 1991; Makhlouf et al. 1989).
Consequently, the choice of film mass transport properties is a key factor in
obtaining the optimal atmospheric modification and in avoiding extremely low
levels of O, or high levels of CO, (Conte et al. 2008, 2009; Del Nobile et al.
2009a). Depending on the interactions between the respiratory activity of the
packaged produce and gas transfer through the polymeric matrix, different head-
space conditions can be achieved in the package, thus exerting different effects on
the product. For this reason, Lucera et al. (2011) investigated the suitability of
packaging films with different gas barrier properties on the quality decay of fresh-
cut broccoli (Brassica oleracea L., var. Italica). The authors first made screened
several polymeric matrices to choose the most appropriate one for packaging
minimally processed broccoli; then the effects of the selected films on the main
quality indices of the fresh-cut produce were investigated. In particular, amounts of
about 100 g of broccoli florets were first packaged in films composed of OPP with
three different thicknesses (20, 40, and 80 pm) and of PP (thickness 30 pm) with
different microperforations (50, 20, 12, 9, and 7 p holes per package, with diameter
70 pm). During refrigerated storage conditions, changes in the headspace gas
composition were monitored in all the filled packages to evaluate the ability of
the nonperforated and microperforated packaging films to create the optimum
headspace conditions surrounding the fresh-cut crop. The gas permeability of all
the films was calculated following a procedure similar to that proposed by Larsen
et al. (2000, 2002). For more details on modeling concerns, the reader is invited to
refer to the publication of Lucera et al. (2011). The recorded values of permeability
were found to span two orders of magnitude, thus covering a wide range of
mass transport properties. The results obtained from the headspace monitoring
agreed with the gas transport properties of films. In fact, the OPP-based bags
were found to serve as a high barrier for fresh-cut broccoli because they provoked
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Fig.7.6 Mean values of shelf life (day) recorded on fresh-cut broccoli packaged and unpackaged.
The shelf life values were obtained by matching the microbiological and sensorial acceptability
limits (MAL and SAL). Statistically significant differences (p < 0.05) between samples are
indicated by different letters. Cnt = unpackaged control sample; Cnt-PVC = sample wrapped
in PVC; MP-20 = sample packaged in microperforated package with 20 p holes; MP-7 = sample
packaged in microperforated package with 7 p holes

a complete depletion of oxygen. In contrast, in the bag with the highest number of
holes, gas concentrations remained fairly constant and florets appeared less green,
browner, and noncompact. Therefore, among the various packaging systems, two
microperforated films (with 7 and 20 holes per package) were chosen for the second
trial. This last step was intended as a fine optimization, aimed at assessing the
influence of the packaging film mass transport properties on the SL. To this end,
approximately 100 g of broccoli florets were packaged in the two selected
microperforated films. In addition, unpackaged fresh-cut florets of broccoli
(CNT) and intact broccoli wrapped in PVC (thickness 12 pm) (CNT-PVC) were
also stored in the same conditions as the controls. Headspace gas concentration,
mass loss, and microbiological and sensory quality were monitored. The
unpackaged product was affected by a significant mass loss (40 % in 10 days)
compared to all other packaged samples. From a microbiological point of view, no
substantial differences were recorded between the samples, whereas considerable
differences were found on the sensory acceptability, odor and color being the main
quality attributes for broccoli acceptability. Microbiological and sensory data were
both fitted with a modified version of the Gompertz equation to calculate the
microbial and sensory acceptability limits (MAL and SAL, respectively), according
to the approach proposed in Chap. 8 for dairy fresh food. Results highlighted that all
samples recorded a MAL higher than the storage time because during the entire
observation period the threshold for microbial acceptance was never reached.
Conversely, different SAL values were obtained. Since SL depends on both micro-
bial and sensory quality, SAL coincided with product SL as the microbial load was


http://dx.doi.org/10.1007/978-1-4614-7684-9_8

136 7 Minimally Processed Food: Packaging for Quality Preservation

always found below the threshold (Fig. 7.6). According to findings recorded on
mass loss, the firmness was the main factor influencing the acceptability of
unpackaged broccoli. A pronounced tissue yellowing was manifested on samples
wrapped with PVC, thus compromising product acceptability after 10 days of
storage. In contrast, fresh-cut broccoli packaged in microperforated films, espe-
cially film with seven holes per package, retained the green color characteristic of
freshly harvested broccoli, with no symptoms of off-flavors at the moment of bag
opening. The outcomes recorded by Lucera et al. (2011) suggest that the selection
of the proper packaging is of crucial importance in creating headspace conditions
able to guarantee the maintenance of sensory characteristics and delaying degrada-
tion processes.
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Chapter 8
Innovations in Fresh Dairy Product
Packaging

8.1 Introduction

Cheese is obtained by coagulation of milk by bacterial fermentation, rennet, or acid.
There are many cheese varieties, and they can be grouped on the basis of moisture
content into three main categories: hard cheese (moisture content 20-42 %),
semihard cheese (moisture content 44-55 %), and soft cheese (moisture content
approximately 55 %). The shelf life (SL) of cheese varies from a few days to several
months, depending on the variant. In particular, the SL of high-moisture fresh
cheese is very short due to the evolution of mechanisms linked to chemical,
biochemical, and physical processes. In particular, microorganisms (psychrotrophs,
molds, and yeasts) and enzymes that are characteristic of food or derived from the
surrounding environment set up various detrimental reactions. It is well known that
as each mechanism advances, relevant modifications occur from sensory,
nutritional, and safety points of view (Eliot et al. 1998). Evidence exists that the
hygienic characteristics of milk have a direct effect on the quality of cheese
(Albenzio et al. 2001, 2004). The SL of fresh milk-derived products is insufficient
to reach high-income markets, and it is often incompatible with distribution criteria.
However, these products have a potentially high earning power both because of
their gastronomic importance and because they meet consumer demands. Indeed,
high-income consumers greatly appreciate products closely linked to their area of
origin that can evoke the history and culture of their production region. The
improvement and spread of milk and dairy products provide income to many people
and promote the social and economic growth of the producing areas.

Current technologies for preservation and SL extension of cheese include the
heat treatment of milk and the use of proper packaging conditions. Pasteurization
kills Gram-negative spoilage bacteria and inactivates lipoprotein lipase, which
catalyzes the breakdown of milk triglycerides into free fatty acids with the devel-
opment of off-odors. Provided the process operations after pasteurization run
aseptically, only heat-resistant spore formers and thermostable enzymes can act
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to restrict product SL. While pasteurization destroys most harmful bacteria initially
present in raw milk, the processed product must also be protected from recontami-
nation. Safety measures beyond pasteurization, such as exhaustive milk testing,
handling, and transport protocols, further validate dairy product safety. Dairy
processors rely on refrigerated storage, safe processing, and handling procedures
to prevent recontamination and ensure product wholesomeness. An area of concen-
tration is the search for scientific and technological solutions that might assist dairy
processors in inhibiting the growth of microorganisms (Byrne and Bishop 1998).
This includes new processing technologies, such as high-pressure processing,
pulsed electric fields, irradiation, and carbon dioxide injection (O’Reilly et al.
2002), as well as the introduction of active compounds that have preservative
properties, sometimes produced by the same microorganisms used in dairy cultures.
As other processes such as irradiation and high-pressure technologies gain US Food
and Drug Administration (FDA) approval, dairy processors will have an even
greater array of preventative tools available to them. Other scientific advances,
such as the addition of natural active compounds and the use of modified atmo-
sphere packaging (MAP) (Subramaniam 1993) will help dairy processors ensure
that the production lots being released to distribution for consumption are the safest
dairy foods possible (MAP means that air in the package headspace is modified with
another gas composition). The proper gas combinations required to prolong SL and
retain the sensory quality depend on the type of cheese, and in particular on the
moisture and fat content (Conte et al. 2009; Del Nobile et al. 2009b).

Due to the increasing consumer demand for food with health-promoting qualities,
more efforts could be aimed at providing safe and high-quality products by
maintaining intact the traditional production technology of dairy foods. Cheese
makers rarely like to innovate their cheese-making procedures because generally
they use traditional protocols of milk processing. Therefore, research attention
focuses on the potential efficacy of new packaging systems to fulfill actual consumer
requirements. To this end, packaging containing natural extracts with antimicrobial
properties represents the latest innovation. Recently, natural antimicrobial agents
have attracted the attention of researchers because they represent an advantage in
terms of food safety and a valid alternative to synthetic food additives used to inhibit
the principal detrimental phenomena. Several natural substances, such as lysozyme,
chitosan, and natural extracts from plants, appear to be effective compounds in
controlling microbial proliferation in dairy applications (Altieri et al. 2005; Sinigaglia
et al. 2008; Gammariello et al. 2008). As reported in other chapters of this section, the
combination of active compounds with MAP further enhances their effectiveness
(Conte et al. 2009), even though the success of packaging in the specific case of dairy
products is dependent on several parameters, such as the type of cheese, the initial
microbial contamination, the process, and the storage conditions.

The future of the cheese marketplace will be enhanced as more of the basic chemical
reactions are correlated to specific aspects of cheese making and thoroughly embraced
by all levels of quality control and product development. Research in dairy food safety
ranges from innovative processing technologies to rapid testing of finished products.
Many of these safety controls focus on preventing and controlling microbial
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contamination during manufacturing processes. Currently, dairy processors can
incorporate technologies in their food safety efforts.

This chapter aims to review three different case studies dealing with dairy
products to offer a summary of the variety of the latest innovative solutions to
prolonging the SL of fresh dairy foods.

8.2 Fior di Latte Cheese

Fior di latte is a typical dairy product of Southern Italy, similar to mozzarella
cheese. It is an unripened pasta filata cheese, manufactured either according to
traditional procedures (raw milk inoculated with natural whey or milk cultures, raw
milk ripened under special conditions, without starter addition) or by using
pasteurized milk and commercial starter cultures of lactic acid bacteria. Although
the cheese receives a heat treatment during curd stretching, postprocessing contam-
ination by microorganisms may occur due to high moisture (from 55 % to 60 %)
and high fat content (> 45 %), limiting its SL to a few days (Spano et al. 2003).
To maintain the product quality, the cheese industry actually uses the brine, which
is diluted whey or water, from the stretcher molder. During storage a mass transfer
between the product and the liquid occurs that is related to the product composition,
microbial growth, moisture degree, type of liquid, and storage conditions
(Sinigaglia et al. 2008; Laurienzo et al. 2008).

Recently, attention has been focused on more attractive preservation methods
based on the use of natural compounds with antimicrobial or antioxidant properties.
Many spices and herbs may be used as natural alternatives to chemical additives
(Tassau et al. 2000). The antimicrobial properties of plant essential oils are well
established against a wide spectrum of microbes including fungi and bacteria
(Deans and Ritchie 1987; Dorman and Deans 2000; Delaquis et al. 2002; Smith-
Palmer et al. 2001; Paster et al. 1990). Altieri et al. (2005) successfully tested the
effect of chitosan on mozzarella cheese. In that study, a lactic acid/chitosan solution
was directly added to the starter used for mozzarella cheese manufacture to obtain a
final concentration of 0.075 % low molecular weight chitosan (85 % deacetylation).
Cheese samples, with and without chitosan, were stored at 4 °C for approximately
10 days. The monitoring of microbial populations demonstrated that chitosan
inhibited the growth of some spoilage microorganisms, whereas it did not influence
the growth of other microorganisms, such as Micrococcaceae, and lightly stimu-
lated lactic acid bacteria. To calculate the product SL, Pseudomonas spp. and total
coliforms were taken into account as target microbial groups for determining
product unacceptability from a microbial point of view. According to Bishop and
White (1986), a Pseudomonas sp. microbial load equal to 10° CFU/g represents
the contamination level at which the alterations of the product start to appear.
For total coliforms a threshold of 10° CFU/g was used (DPR 54/97; European
Union 1997). Wherever the overall quality of a given product depends on several
quality subindices (chemical, microbiological, or sensory), its SL is, by definition,
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Table 8.1 Calculated microbial acceptability limit (MAL) (mean value along confidence interval)
in relation to Pseudomonas spp. and total coliforms in mozzarella cheese with and without
chitosan

MAL
Pseudomonas MAL total
Sample (day) P-value* coliforms (day) P-value
M1° Control sample 4.85 [3.64-5.85] <0.0001 3.91 [3.204.54] <0.0001
Sample with 6.73 [6.17-7.49] 4.67 [3.92-5.37]
chitosan
M2 Control sample 3.97 [3.77-4.40]  0.1264 8.01 [7.41-8.48] <0.0001
Sample with 4.33 [3.56- 12.9] 9.25 [8.94-9.50]
chitosan

“Significance level of differences among means, referred to an unpaired student z-test with unequal
variance
"M1 and M2 representing two independent mozzarella manufacturing processes

the time at which one of the product quality subindices reaches its threshold value.
In the specific case of Altieri et al. (2005) the SL of the packaged mozzarella cheese
was calculated on the basis of the microbiological assessment using the approach
proposed by Corbo et al. (2006). It consisted in rearranging the Gompertz equation,
as modified by Zwietering et al. (1990), in such a way that the microbial accept-
ability limit (MAL) appeared directly as a parameter of the equation relating the log
(cfu/g) to the storage time. The equation was reported in the modeling section in the
Chap. 1, of this book; for the sake of simplicity it is also reported below:

() foe(2) s -0 e [ 270 2=24] 1 1)
oo o[22 257 1111,

where [log (%)} max is the decimal logarithm of the microbial acceptability limit,

8.1)

A is the maximum bacterial growth attained at the stationary phase, pax iS the
maximal specific growth rate, 4 is the lag time (day), and 7 is the time (day).

The results obtained by fitting Eq. 8.1 to the experimental data related to the
evolution of Pseudomonas spp. and total coliforms (Table 8.1) highlight that
chitosan slowed down the growth of coliforms during storage, leading to a slight
increase in SL (approximately 1 day). To verify the repeatability of the results, even
when working with different initial cell loads in the samples, different production
batches were used (M1 and M2). Also in the case of pseudomonads, samples with
chitosan showed a significant SL increase with respect to samples without chitosan
(Table 8.1). According to an unstructured sensory analysis, no differences between
chitosan and chitosan-free samples were recognized, demonstrating the validity of
the method in prolonging cheese SL.
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Table 8.2 Calculated microbial acceptability limit (MAL) (mean value along 95 % confidence
interval) in relation to Pseudomonas spp. and total coliforms in mozzarella cheese

Sample MAL Pseudomonas (day) MAL total coliforms (day)
Control sample 1.58 [1.43-1.70] 1.77 [1.44-2.07]
Lemon  Active gel 500 ppm 2.06 [2.00-2.11] 223 [2.12-2.36]
Active solution 500 ppm 2.45 [2.24-2.55] 2.61 [2.33-4.65]
Control sample 1.24 [1.07-1.44] 1.78 [1.67-1.83]
Lemon  Active gel 1,000 ppm 2.22 [1.99-2.40] 2.15[1.99-2.30]
Active solution 1,000 ppm  3.12 [2.78-3.46] 2.03 [1.98-2.06]
Control sample 1.37 [1.22-1.50] 1.77 [1.65-1.91]
Lemon  Active gel 1,500 ppm 2.20 [2.02-2.38] 1.82 [1.62-2.00]
[ [

Active solution 1,500 ppm  2.99 [2.73-3.26] 2.20 [2.01-2.48]

Applications of natural antimicrobial agents to mozzarella packaging were also
carried out. Conte et al. (2007) evaluated the effects of lemon extract, at three
different concentrations, dissolved in the brine of mozzarella cheese and in a gel
made up of sodium alginate, placed in the bottom of the tray. The cell load of both
spoilage and dairy functional microorganisms were monitored at regular time
intervals during storage. By fitting the experimental data of Pseudomonas spp.
and total coliforms through the aforementioned Eq. 8.1, the microbial acceptability
of the packaged dairy product (MAL) was calculated; data are reported in Table 8.2.
The data show an increase in MAL values of all active packaged mozzarella cheese
compared to the respective control sample, confirming that the investigated sub-
stance may exert an inhibitory effect on the microorganisms responsible for
spoiling, without affecting the functional microbiota of the product.

Sinigaglia et al. (2008) also demonstrated that it is possible to prolong the SL of
mozzarella by dissolving lysozyme and disodium ethylenediaminetetraacetic acid
(Na,-EDTA) in the packaging brine. Lysozyme is a lytic enzyme found in many
natural systems and used in cheese manufacture to prevent the growth of lactate-
fermenting and gas-forming Clostridia spp. (Crapisi et al. 1993). The antimicrobial
spectrum of lysozyme could be enhanced when it is used with other substances, such
as EDTA (Branen and Davidson 2004), disodium pyrophosphate, pentasodium
tripolyphosphate (Boland et al. 2003), caffeic acid, and cinnamic acid (Masschalck
and Michiels, 2003). Na,-EDTA is not carcinogenic and does not show a
bioaccumulation potential (STAM 2001). Its NOAEL (no observed adverse lethal
effect level) value is 500 mg - kg~ - day . It is approved for use in various foods
at concentrations ranging from 35 to 800 ppm (Heimbach et al. 2000). In addition, it is
approved for indirect food additives used as components of adhesive (21 CFR
175.105) (Code of Federal Regulations 1998) and as a component of an aqueous
sanitizing solution used in food-processing equipment (21 CFR 178.1010) (Code of
Federal Regulations 1998). Two experimental plans were carried out in the work
of Sinigaglia et al. (2008): in the first phase, a dilute salt solution was used as the
conditioning brine (with and without the antimicrobial mix), whereas in the second
step, the mozzarella cheese was packaged in a diluted salt solution buffered to pH 6.5.
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Table 8.3 Calculated microbial acceptability limit (MAL) (mean value along 95 % confidence
interval) in relation to Pseudomonas spp. and total coliforms in fior di latte cheese

MAL
Pseudomonas MAL total coliforms
Sample (day) (day)
Control sample in diluted salt solution 3.62 [3.13-4.60] 3.74 [3.09-5.08]
Control sample in diluted salt solution 4.24 [3.59-4.96] 4.35[4.09-5.87]
acidified to pH 4.5
Sample in diluted salt solution with lysozyme® 6.59 [6.27— -
and Na,-EDTA 50 mmol L™ 6.80]
Sample in diluted salt solution with lysozyme® 5.65[5.13-6.24] -
and Nay-EDTA 20 mmol L™
Sample in diluted salt solution with lysozyme® 6.61 [6.16-7.12] 7.25
and Na,-EDTA 10 mmol L™! [6.62-8.8 x 10%7]
30.25 mg mL™"

®It was not possible to evaluate shelf life values because within 8 days the cell load of coliforms did
not reach the breaking point

In the first step cheese was placed in individual polyethylene pouches containing 200 mL
of the conditioning solution (12 % NaCl brine), which contained 0.25 mg - mL ™"
of lysozyme (Sigma-Aldrich, Milan, Italy) and various concentrations of Na,-EDTA
(J.T. Baker, Milan, Italy), i.e., 50, 20, and 10 mmol - L. In the second experimental
phase, to prevent a decrease in pH due to the addition of Na,-EDTA, cheese samples
were packaged with 200 mL of a dilute salt solution to which a phosphate buffer
(50 mmol - L™%; pH 6.5; K,HPO,/KH,PO,: J.T. Baker) had been previously added.
The conditioning solution contained lysozyme (0.25 mg - mL~") and Na,-EDTA
(50 and 20 mmol - L_l). Mozzarella cheeses, packaged in buffered diluted brine,
were used as the controls. As also reported in the literature, the microbial acceptability
was evaluated through the population numbers of coliforms and Pseudomonadaceae by
fitting Eq. 8.1 to the experimental data. The effect of lysozyme and Na,-EDTA was
similar for Pseudomonas spp. and total coliforms: an initial viability loss followed by an
increase of cell number after 3 days of storage was observed in sample prepared with the
diluted salt solution containing lysozyme and Na,-EDTA 50 mmol - L™". Otherwise,
microorganisms were able to proliferate in the controls and in the samples packaged in
the conditioning brine that contained lower amounts of Na,-EDTA. A similar result
(decrease in the number of cells within 3 days, followed by an increase in the population)
was recovered for the samples of the second phase. Table 8.3 reports the MAL values
recorded in the first step of the study; similar results were also recorded in the samples
of the second phase, with no significant differences between the two amounts of Na,-
EDTA or the two microbial target groups. As can be seen in Table 8.3, the addition of
the active compounds to the conditioning solution prolonged the MAL evaluated
through the coliforms. In fact, it was approximately 4 days for both the control samples,
whereas for mozzarella packaged with higher concentration of Na,-EDTA it was more
than 8 days. A similar result was also obtained for Pseudomonas spp., thus justifying
the assumption that the active compounds exerted an intrinsic antimicrobial action,
unlike the acidification of the conditioning solution. As the microbial acceptability was
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evaluated through the cell numbers of two different targets, the microbial SL of
mozzarella cheese was assumed to be the lowest value between them. In the conditions
applied in this research, Pseudomonas spp. showed a MAL value lower than that
observed for total coliforms, and the differences were significant (p < 0.05) for the
sample with higher amounts of Na,-EDTA, the product acceptability limit was
approximately 6 days. Even though the effects recorded with the investigated antimi-
crobial compounds on product microbial quality seemed very interesting, sensory
analyses need to be conducted because it can be supposed that the addition of Na,-
EDTA could affect the texture of mozzarella cheese, provoking sensory quality loss.

Gammariello et al. (2008) carried out a preliminary study to assess the efficiency
of plant essential oils to be used as natural food preservatives in fior di latte cheese.
In particular, Salvia officinalis and Citrus limonum from Alkott (Milan, Italy),
Thymus vulgaris from Aboca (Arezzo, Italy), Rosmarinus officinalis from OTI
[Domegge di Cadore (BL), Italy], Citrus aurantium, Citrus sinensis, and Citrus
paradisii from Primavera [Lorenzana (PI), Italy], essential oils from Citrus
limonum, Melaleuca alternifolia, Mentha piperita, Propolis, and Vanilla planifolia
from Erbavita, citral 95 %, nonanoic acid 96 %, thymol, and limonene from Sigma-
Aldrich (Italy) were directly dissolved into the fior di latte brine, at concentrations
ranging from 500 to 10,000 ppm for sensorial testing. The active solutions were
prepared 24 h prior to panel evaluation and were held at 10 °C in an odor-free
environment. Immediately before testing, samples were equilibrated to room tem-
perature. On the basis of the sensory compatibility between cheese and active
compound, trained panelists selected a certain number of natural agents and
discarded others due to the smell associated with the dairy product. Afterward,
the selected active compounds were dissolved in the brine of packaged fior di latte
samples at the desired concentrations. During storage at 10 °C for approximately
6 days the cell loads of spoilage (Pseudomonas spp. and total coliforms) and dairy
useful microorganisms were monitored to calculate the MAL using the same
modified version of the Gompertz equation (Eq. 8.1).

Results showed that most of the investigated essential oils did not prolong the
microbial stability of mozzarella compared to the control sample; a few of them,
such as lemon, sage, and thyme, extended the MAL values of the cheese, as
reported in Table 8.4. The most interesting aspect of the work, which could promote
the natural compounds’ application in the dairy industry, is the fact that the
preceding substances exerted an inhibitory effect on the microorganisms responsi-
ble for spoilage, without affecting the dairy microflora. The work also highlighted
that not all essential oils act in the same manner. For this reason, the potential
interactive effects of some natural compounds on the microbial stability of fior di
latte cheese could be expected. As stated in the literature (Delaquis et al. 2002;
Fu et al. 2007; Corbo et al. 2008; Mastromatteo et al. 2009), a combination of active
compounds could lead to additive, synergistic, or antagonistic effects. Therefore,
Gammariello et al. (2010) combined different active agents (sage and two lemon
extracts) in the packaging brine of fior di latte cheese, according to a central
composite design (CCD). The microbiological quality of the investigated fior di
latte cheese, stored at 10 °C, was determined by monitoring the main spoilage
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Table 8.4 Microbial acceptability limit (MAL) of fior di latte samples, assumed as lowest value
between MalColltorms and MALPseudomonas

Sample Manufacturing concern MAL (day)
Control Local market 1.17 4+ 0.21*P¢
Lemon 10,000 ppm Spencer 0.68 £ 0.16*°
Lemon 5,000 ppm Spencer 0.58 + 0.43*
Citral 500 ppm Sigma-Aldrich 2.04 + 0.44P<de
Nonanoic acid 2,000 ppm Sigma-Aldrich NC

Grapefruit 5,000 ppm Primavera 1.65 + 0.10P<de
Lemon 5,000 ppm Aboca 1.60 + 0.212Pede
Lemon 5,000 ppm Agrumigel 0.82 + 0.40™°
Lemon 1,500 ppm Alkott 1.39 + 0.10*P<d
Lemon 3,000 ppm Alkott >6

Lemon 6,000 ppm Alkott >6

Lemon 1,500 ppm Boyajian 246 + 03259
Lemon 3,000 ppm Boyajian >6

Lemon 6,000 ppm Boyajian 2.93 £+ 0.39°
Lemon 5,000 ppm Erbavita NC

Lemon 2,000 ppm Esperis 0.79 + 0.42%°
Lemon 1,500 ppm Primavera 171 £ 0.10%>ede
Limonene 500 ppm Sigma-Aldrich 0.55 + 0.12%
Orange 5,000 ppm Erbavita NC

Propolis 5,000 ppm Erbavita 0.73 + 1.57*°
Rosemary 5,000 ppm OTI NC

Sage 1,500 ppm Alkott 2.04 + 0.39Pcde
Sage 3,000 ppm Alkott >6

Sage 6,000 ppm Alkott >6

Sour orange 5,000 ppm Primavera 1.72 + 0.09*Pede
Sweet orange 5,000 ppm Primavera 258 + 1.17%¢
Thyme 5,000 ppm Aboca 232 + 0.65%%°
Thymol 1,500 ppm Sigma-Aldrich 1.25 & 1.60™><4
Vanilla 5,000 ppm Erbavita NC

#*Means within the third column with different letters are significantly different (p < 0.05)

NC not calculated value

bacteria (Pseudomonas spp. and total coliforms). To quantitatively determine
the effectiveness of the investigated antimicrobial compounds in slowing down
the growth of selected spoilage microorganisms, the time at which the viable cell
concentration reached its acceptability limit was calculated for each spoilage
microbial group using the aforementioned Eq. 8.1. From Table 8.5 an increase in
the MAL value was observed for all cheese samples packaged with the essential oils
compared with the traditional product. Moreover, the CCD made it possible to
evaluate the individual and interactive effects of sage and lemons on the microbial
stability of fior di latte, thus making it possible to determine the optimal composi-
tion of natural compounds to be used for maximizing the microbiological accept-
ability without affecting sensory acceptance.
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Table 8.5 Microbial acceptability limit (MAL) (days) of fior di latte samples, assumed as lowest
value between MALS™S and MALPe«omonas

Sample Lemon Alkott (ppm) Lemon Boyajian (ppm) Sage Alkott (ppm) MAL (day)

Control 2,250 2,250 2,250 2.19 + 0.28°
Runl 27250 2,250 4,500 3.99 + 1.10%4
Run2 2,250 4,500 2,250 441 £ 1.17°¢4¢
Run3 2,250 4,500 4,500 3.53 + 0.86"¢
Run4d 4,500 2,250 2,250 4.10 + 0334
Run5 4,500 2,250 4,500 434 + 0.76°9°
Run6 4,500 4,500 2,250 5.09 + 0.39%
Run7 4,500 4,500 4,500 3.20 + 0.70*°
Run8 3,000 3,000 3,000 3.90 + 0.46"¢
Run9 3,000 3,000 1,500 478 + 0.55%%
Run 10 3,000 3,000 6,000 3.30 + 0.64%
Run 11 3,000 1,500 3,000 3.68 + 0.50
Run 12 3,000 6,000 3,000 5.59 + 0.65°
Run 13 1,500 3,000 3,000 4.34 + 0.66™%
Run 14 6,000 3,000 3,000 5.24 + 0.89%
Run 15 3,000 3,000 3,000 475 + 0.94°%
Run 16 3,000 3,000 3,000 6.66 £ 0.68"
Run 17 2,250 2,250 2,250 4.45 + (.2359

Data presented + standard deviation
*Means within the column with different letters are significantly different (p < 0.05)

Another important factor that limits fior di latte cheese distribution beyond the
market borders is reflected in the transport costs due to the weight of the package.
To overcome this limitation, some researchers proposed the substitution of brine
with coating systems. The coatings are widely applied to extend the SL of mini-
mally processed fruits and vegetables (Devlieghere et al. 2004; Rojas-Grau et al.
2007; Olivas et al. 2007). Kampf and Nussinovitch (2000) showed that bio-based
polymeric layers, prepared by k-carrageenan, alginate, and gellan gum, could
reduce weight loss and improve the textural and sensory properties of semihard
cheese. Park et al. (2004) reported that chitosan-based films with lysozyme
incorporation enhanced the inhibition power of chitosan films on both Gram-
positive and Gram-negative microorganisms, thus broadening their applications
in ensuring food quality and safety of a low-moisture, part-skim mozzarella cheese
that had been aged at least 60 days (Tillamook County Creamery Assoc.,
Tillamook, Oregon, USA) (Duan et al. 2007).

Sliced cheese, after inoculation, was subjected to three chitosan-lysozyme pack-
age applications: film, lamination on a multilayer coextruded film, and coating.
Treated cheese received significant reductions in microbial growth. Incorporation
of lysozyme in chitosan showed a greater antimicrobial effect than chitosan alone.
Growth of mold was completely inhibited in cheese packaged with active films,
while a slight reduction in mold populations was observed in cheese packaged with
laminated films and coatings. The examples of coating applications to fresh cheese
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available in the literature are very scarce. Laurienzo et al. (2006) proposed the use
of a gel to both substitute for the brine and increase product SL to buffalo
mozzarella cheese. This dairy product is a typical pasta filata cheese from Southern
Italy (so-called DOP mozzarella), with high moisture (55-62 %) and a high fat
(greater than 45 %) content, characterized by a soft body and a juicy appearance and
by a pleasant, fresh, sour, and slightly nutty flavor (Coppola et al. 1990). The
product obtained from unpasteurized milk and natural whey can be stored,
immersed in its mother solution, for 3 to 4 days at a temperature between 4 °C
and 10 °C with no loss of its characteristics (Paonessa 2004), whereas the industrial
product, made with pasteurized milk and selected starter, can maintain a prolonged
SL, up to 20 days, but the taste is unsatisfactory when compared with artisanal
mozzarella. The innovation proposed by Laurienzo et al. (2006) is based on the use
of a gel, intended as a mix of agarose and gellan, to coat mozzarella by immersion at
a temperature of approximately 40 °C. In the experimental plan, two temperatures
(18 versus 4 °C) were used for the first 5 days of storage; after 5 days, all packages
were stored in a refrigerator at 4 °C for up to 20 days. This is because some
producers suggest keeping buffalo mozzarella at room temperature for the first
3 to 4 days. The results from microbiological analyses suggested that storage of
water buffalo mozzarella cheese at room temperature was not advised because it
promoted an increase in natural microflora, whereas the innovative gels established
an unfavorable habitat for the growth of natural microflora and of enterococcal flora
when the product was stored at refrigerated temperatures. From a mechanical point
of view, after 5 days the control sample exhibited a strong diminution of compres-
sion strength, whereas the gel-stored sample maintained a very high strength
(Fig. 8.1). Similar results were also recorded after 30 days of storage (Fig. 8.1).
The developed packaging, without the need for chemical (citric acid or lactic acid)
or thermal treatment of the milk, could guarantee a prolonged SL of traditional
buffalo mozzarella of up to 20 days, with no influence on the values of pH,
microbiological characteristics, and mechanical properties. Unfortunately, the anal-
ysis of the protein fraction from mozzarella cheese has not explained the
differences in mechanical properties between gel-stored cheese and traditional
product, probably due to the changes in content of Na and Ca between the two
types of mozzarella cheese, following different osmotic exchanges of the different
storage media (gel and water) (Laurienzo et al. 2008).

Conte et al. (2009) also successfully applied an active edible coating to fior di
latte cheese, eliminating the brine and using MAP during packaging. To this end,
each sample of fior di latte (50 g) was dipped into sodium alginate solution
(8 % w/v) containing 0.25 mg/mL lysozyme and 50 mM of Na,-EDTA,; after
coating, the samples were immersed into a 5 % (w/v) calcium chloride (CaCl,)
solution for 1 min. After drying, each sample was packaged in commercially
available bags (thickness 95 pm, Valco, Bergamo, Italy) under ordinary and MAP
conditions (30 % CO,, 5 % O,, and 65 % N,). The gas composition of MAP was
selected without reaching anaerobic conditions and considering that high carbon
dioxide concentrations could provoke a bad aftertaste in the pack (Lichter et al.
2005). As controls, samples of fior di latte cheese without coating were also
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Fig. 8.1 Compression tests of water buffalo mozzarella stored for 5 days (a) and 30 days (b) at
4 °Cin gel and in its own preservation liquid compared with fresh water buffalo mozzarella cheese

packaged in bags under MAP and in trays with traditional brine (2 % NaCl solution)
and stored at 10 °C for 8 days. On various cheese samples determinations of pH,
weight loss, headspace gas composition, microbial count, and sensory evaluation
were carried out before packaging and after 1, 2, 3, 4, 7, and 8 days of storage.
In terms of percentage weight loss, the most abundant amount of liquid was lost by
the uncoated samples packaged in bags under MAP, due to the lack of brine.
Conversely, the percentage weight loss of coated cheese was fairly similar to that
of the control, suggesting that coating can work as a barrier to reduce weight loss, as
happened with many fresh fruits and vegetables (Olivas et al. 2007; Rojas-Grau
et al. 2007). From a microbiological point of view, significant differences were
recorded between the samples. In particular, only the control overlapped the
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threshold value of Pseudomonas spp. (10° CFU/g); the other samples remained
below this microbial limit during the entire observation period. For this reason, the
MAL of all samples, except the control, was considered longer than the storage
period (more than 8 days); whereas to quantitatively determine the microbial
acceptability limit of the control packaging system, Eq. 8.1 was fitted to the
experimental data. Similar results were also recorded for total coliforms (breaking
point equal to 10° CFU/g). The better efficacy recorded with the coated samples can
be ascribed to the active coating, and in particular to the direct contact of the
antimicrobial compound to the food surface (Torres et al. 1985). Packaging under
MAP without coating did not guarantee the same antimicrobial effect, but if
combined to the coating, it further delayed the growth of spoilage microorganisms.
The cell load of the flora type is not affected by the packaging system, according to
other applications of MAP or lysozyme to dairy food (Eliot et al. 1998; Sinigaglia
et al. 2008). From a sensory point of view, slight differences were recorded between
samples. The values of sensory quality of the product differently packaged were
highlighted by means of the following equation, which is a Gompertz equation as
reparameterized by Corbo et al. (2006). The equation was reported in the modeling
section in Chap. 1; for the sake of simplicity it is also reported below:

0 _
0SQ(t) = OSQuin — A - exp{— exp{ |:(iu%ax -2.71) '1AQSAL} T 1}}

0 0 22—
+ A9 - expq —expq | (42, - 2.71) - 10 +1,0,

where OSQ(t) is the fior di latte overall sensorial quality at time 7, A€ is related to
the difference between the fior di latte overall sensorial quality attained at the
stationary phase and the initial value of fior di latte overall sensorial quality,
12 max is the maximal rate at which OSQ(r) decreases, A< is the lag time, OSQOmin
is the fior di latte overall sensorial quality threshold value, SAL is the sensory
acceptability limit (i.e., the time at which OSQ(¢) is equal to OSQ,in), and ¢ is the
storage time. The value of OSQ,,;, was set equal to 4. The sensory properties of
the product did not exceed 3 days of storage, probably due to the weight loss that
compromised its appearance. In the case under investigation, the SL of each tested
sample was calculated as the lowest value between the MAL and SAL values
(Table 8.6). SL prolongation was recorded for the samples packaged according to
the techniques proposed by Conte et al. (2009), compared to the traditional system.
It is worth noting that the unacceptability of fior di latte packaged in brine mainly
depended on microbial quality, which limited the SL to just a few days. In contrast,
MAP and active coatings could be advantageously proposed for industrial
applications, due to the synergistic effects exerted on microbiological and sensory
quality, and to the possibility to reduce costs related to product distribution.

Del Nobile et al. (2009b) combined the effects of chitosan previously tested by
Altieri et al. (2005) to the packaging solutions proposed by Conte et al. (2009) to
promote a further SL prolongation of fior di latte cheese. To this end, a chitosan

(8.2)
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Table 8.6 Shelf life of fior di latte samples, assumed as lowest value among calculated microbial
and sensorial acceptability limits

Shelf life
Sample MAL (days) SAL (days) (days) Reference
Control sample <1 3+£0 <1 Conte et al.
Control sample under MAP <1 3+1 <1 (2009)
Coated sample >8 2+1 2 +1°
Coated sample under MAP ~ >8 3+1 3+£1°
Control sample 133 £0.17 675+ 0.19 133 4 0.17° Del Nobile et al.
Coated sample under MAP ~ 5.03 & 1.05 477 £0.92 4.77 + 0.92° (2009b)
Sample with chitosan 136 £ 039 7.69 + 023 136 + 0.39°
Coated sample with chitosan >8 5.05 £ 030 5.05+ 0.30°

under MAP

Data presented + standard deviation

#“Data in column with different small letters are significantly different (p < 0.05)
MAL microbiological acceptability limit calculated as the lowest value between MA
MALPseudomonas _GAT, sensorial acceptability limit for overall quality

LCo]iforms and

solution containing lactic acid (1 %) was put into the working milk to obtain a final
concentration of 0.012 % chitosan. On the packaged cheese stored at 4 °C,
microbiological, pH, gas composition, and sensory changes were monitored over
an 8-day period. To calculate the MAL and SAL values, Egs. 8.1 and 8.2 were fitted
to all the experimental data. Results highlighted that the proposed integrated
approach based on the use of chitosan during the process, active coating prior to
packaging and MAP during package sealing, was very effective in inhibiting the
growth of the main spoilage microorganisms (Pseudomonas spp. and total
coliforms). Environmental factors such as pH, water activity, temperature, and
headspace gas composition can be considered individually as preservation methods
when they are used at high doses, whereas according to hurdle technology they can
be combined in a logical sequence to provide freshlike quality food products (Wiley
1994). Results also underlined that the control sample showed a very short SL
limited to more or less 1 day, whereas the integrated approach developed in this
study made it possible to obtain a significant SL prolongation to 5 days, most
probably due to the synergistic effect between the active compounds and the
atmospheric conditions in the package headspace. From a sensory point of view,
the new packaging systems without brine compromised the product color, com-
pared to the product stored in brine, whereas the presence of chitosan did not
affect fior di latte sensory properties. Also in this case the SL was defined as the
lowest value between MALOrms NMALPseudomonas “anq SAL values (Table 8.6).
It can be emphasized, on the basis of the data, that microbial quality limits the
SL of lysozyme-free samples, whereas the sensory quality controls the SL of
the coated samples, according to previous results in the literature (Conte et al.
2009). Chitosan alone did not prolong the SL of packaged cheese but, combined
with other preservation strategies as an active coating and MAP, it can further
enhance product acceptability to up to 5 days. Comparing this work to the work of
Altieri et al. (2005) some differences can be highlighted. These differences could be
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ascribed to the type of chitosan (a low molecular weight chitosan in contrast to a
high molecular weight chitosan) (Gerasimenko et al. 2004; Zheng and Zhu 2003;
Tikhonov et al. 1996), to the different concentrations adopted (0.075 % versus
0.012 %), and to the different dissolving medium (whey in contrast to lactic acid).

8.3 Stracciatella Cheese

Stracciatella cheese is a typical Apulian dairy product, produced from cow’s milk
and packaged in rigid or flexible films of multilayer material, trays made of
polyethylene/paper laminated films, and tetrapack-type packages (Robertson
1993). It is made up of a frayed curd mixed with a fresh cream that requires,
like all fresh cheese, a refrigerated temperature during storage. It is also used to
produce the burrata cheese, that consists of a ball of pasta filata cheese that contains
stracciatella. Due to the product composition, i.e., very high moisture and fat
content, the microbial spoilage represents the main factor responsible for product
unacceptability. The literature does not report many studies on preservation of the
product; the only works dealing with SL prolongation of stracciatella are two
studies by Gammariello et al. (2009, 2011). The authors demonstrated the efficacy
of MAP in preventing microbial proliferation, and in a subsequent step they
combined the individuated proper headspace gas composition to the use of chitosan
during the process, according to other experimental works also carried out on dairy
foods that assessed the efficacy of chitosan as a valid preservative (Altieri et al.
2005; Del Nobile et al. 2009b). The potential of a suitable combination of carbon
dioxide (CO,), oxygen (O,), and nitrogen (N,) for extending the SL of dairy
products has also been demonstrated in the literature, with effects that depend on
the type of cheese, on the temperature, and on the barrier properties of the
packaging materials (Alves et al. 1996; Eliot et al. 1998; Floros et al. 2000; Moir
et al. 1993; Papaioannou et al. 2007; Mannheim and Soffer 1996). Gammariello
et al. (2009) tested the effects of various combinations of CO,:N,:O, on the
microbiological and sensory changes of stracciatella cheese stored at 8 °C for
8 days. To this end, a certain amount of cheese was packaged in a commercially
available bag (thickness 95 pm, Valco, Bergamo, Italy) and sealed under different
MAP conditions: M1 50/50 (CO,/N5), M2 95/5 (CO,/N,), M3 75/25 (CO,/N5), and
M4 30/65/5 (CO,/N»/O,). Cheeses in traditional tubs and under vacuum served as
the controls. Determinations of microbial count, pH, headspace gas composition,
and sensory quality were carried out before packaging and after 1, 2, 3, 4, 7, and
8 days of storage. To assess the microbial acceptability of the product, total
coliforms and Pseudomonas spp. were selected as target spoilage microorganisms,
and the MAL values were calculated using Eq. 8.1. The microbial counts of cheese
samples packaged under MAP were lower than the controls. In particular, M2 and
M3 were the most effective for inhibition, probably due to the higher concentration
of CO, (Farber 1991; Gonzalez-Fandos et al. 2000). Counts of cocci and rod
lactic acid bacteria in all stracciatella cheese samples remained unchanged, thus
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Table 8.7 Shelf life of Stracciatella samples, assumed as lowest value among calculated micro-
bial and sensorial acceptability limit

Sample MAL (days) SAL (days)  Shelf life (days) Reference

Control sample 0.03 + 3.23% 229 +0.12° 0.03 + 3.23° Gammariello

Control sample under 0.80 + 1.19*  2.17 + 0.03° 0.80 + 1.19* et al. (2009)
vacuum packaging

Sample under MAP1 113 £ 033" 4,60 + 0.51" 1.13 &+ 0.33"

Sample under MAP2 1.37 £ 0.24°¢ 599 + 0.36° 1.37 & 0.24°

Sample under MAP3 1.53 £ 0.16° 4.45 + 0.31* 1.53 + 0.16*

Sample under MAP4 0.81 + 0.21* 421 + 0.15* 0.81 + 0.21*

Control sample 34 +02° 43 +£0.2° 34 +0.2° Gammariello

Sample with chitosan I 4.0 +£0.2* 52403 40+02° etal. (2011)

Sample with chitosan II 3.9 + 0.3 49 +02*® 39403
Sample with chitosan 11T 3.7 +02° 6.0 +£ 04 3.7+0.2"
Control sample under MAP 5.8 & 0.3" 75+03"  584+03°

Sample with chitosan I 6.5 +0.2° 58403 58+03°
under MAP

Sample with chitosan IT 7.0 + 0.6° 69 + 1.1 69 + 1.1°
under MAP

Sample with chitosan IIT 6.8 £ 0.5° 5.6 £1.0° 5.6 + 1.0°
under MAP

Data presented + standard deviation

*4Data in column with different small letters are significantly different (p < 0.05)

MAL microbiological acceptability limit calculated as lowest value between MAL ™S and
MALPseudomonas “gAJ sensorial acceptability limit for overall quality

MAPI = 50:50 (CO,:N,); MAP2 = 95:5 (CO4:Ny); MAP3 = 75:25 (CO,:N,); MAP4 = 30:65:5
(COziNleZ)

demonstrating that MAP conditions did not influence the growth of typical dairy
microorganisms (Lioliou et al. 2001; Maniar et al. 1994). To calculate the product
sensory acceptability, Eq. 8.2 was fitted to the sensory data. Significantly higher
SAL values were recorded for the samples packaged under MAP, compared to the
traditional packaging system and to the vacuum packaging solution. While in both
the control samples the sensory properties were acceptable for approximately 2-day
storage, the products under MAPs were acceptable for more than 4 days of storage.
Combining the results of microbiological and sensory evaluations, the product SL
can be inferred. From data reported in Table 8.7 the different MAP effects on
stracciatella can be seen: M1 and M2 were the most effective MAPs to retain good
sensory characteristics.

Considering the well-known antimicrobial properties of chitosan (Devlieghere
et al. 2004; Hague et al. 2005; Kim et al. 2005; Yamada et al. 2005; Rabea et al.
2003) and the interesting effects exerted on other fresh dairy products (Altieri et al.
2005; Del Nobile et al. 2009b), Gammariello et al. (2011) combined the use of
chitosan during the process of making stracciatella cheese with a packaging under
MAP. To that end, a chitosan solution containing lactic acid (1 %) was put into the
working milk to obtain a final concentration of 0.010 %, 0.015 %, and 0.020 %
chitosan, respectively. All the samples with and without chitosan were packaged in
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high-barrier bags in air and under MAP (75:25 CO,:N,). Determinations of
headspace gas composition, microbial count, pH, and sensory quality were carried
out before packaging and after 1, 4, 5, 6, 7, and 8 days of storage at 4 °C. The
MALPseudomonas apq MALSIO™S yalyes, obtained using Eq. 8.1, highlighted that
the presence of chitosan alone did not significantly affect the microorganisms,
whereas chitosan works in synergy with the MAP to inhibit microbial growth,
according to previously results recorded on fior di latte cheese (Del Nobile et al.
2009b). The pH values were not affected by the integrated approach, suggesting
that the observed antimicrobial activity had to be exclusively ascribed to the
effectiveness of the combined strategy. For the sensory quality the same mathemat-
ical approach (Eq. 2 of part I), previously used in other works (Conte et al. 2009;
Del Nobile et al. 2009b; Gammariello et al. 2009), was also adopted. As expected,
the quality of the tested cheese steadily decreased, regardless previously of the
packaging strategy. In particular, chitosan alone improved the odor of samples,
compared to the control, and the effects were further enhanced when combined to
the MAP conditions. The SL data, intended as the lowest value between MAL and
SAL, highlighted that a certain improvement could be obtained when chitosan was
combined with MAP because this technology controlled microbial proliferation
without affecting sensory quality (Table 8.7).

8.4 Ricotta Cheese

Ricotta is a whey cheese of the Mediterranean area, prepared traditionally by
heating whey from sheep or goat milk in open kettles. It is very similar in
composition to cottage cheese. After coagulation, the curd mass floats to the surface
and is scooped off and placed in perforated trays for drainage. Due to the high
moisture content, the initial pH above 6, and the low salt content, ricotta is very
susceptible to spoilage by fungi and bacteria (Fleet and Mian 1987; Pintado et al.
2001). Hough et al. (1999) reported SL values of 33, 13.5, and 5.5 days for
commercial ricotta cheese packaged in polyethylene bags and kept at 6, 17, and
25 °C, respectively. Other than refrigerated temperatures, little data are available in
the literature dealing with preservation techniques of ricotta. Vacuum packaging
(Tsiotsias et al. 2002) and antimicrobial compounds (Samelis et al. 2003) were both
applied to Greek dairy products obtained in a way similar to ricotta. MAP was also
applied to semihard and fresh cheese with different results that reflected the
different composition of the food product, the initial microbial contamination, the
postprocess hygienic conditions, and the storage temperature (Colchin et al. 2001;
Gonzalez-Fandos et al. 2000; Piergiovanni et al. 1993; Juric et al. 2003; Conte et al.
2009; Del Nobile et al. 2009b; Gammariello et al. 2011). Generally, high levels of
CO, were used, due to the antimicrobial effects of carbon dioxide on fungi and
bacteria, in combination with N, to avoid the collapse of the package (Mannheim
and Soffer 1996; Pintado and Malcata 2000). Papaioannou et al. (2007) proved that
the use of MAP (70:30 CO,:N,) extended the SL of typical Greek whey cheese by
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approximately 20 days, compared to another gas mixture with lower CO,
concentration. Cheese containing high moisture and fat have been preserved with
a middle concentrations of CO, levels. Gonzalez-Fandos et al. (2000) studied five
different CO,:N, mixtures (from 20 % to 100 % CO,) and demonstrated that the
most effective gas combinations for extending the SL of a typical fresh cheese from
Spain and retaining good sensory characteristics are based on CO, content ranging
between 50 % and 60 %. A new contribution to the dairy field was provided by the
study of Del Nobile et al. (2009a) that tested the application of different MAP
conditions to ricotta cheese stored at 4 °C for 8 days. Ricotta from sheep milk was
portioned, packaged in high-barrier, multilayer plastic bags, and sealed under three
different MAPs: 50:50 (CO,:N;) (MAP50), 70:30 (CO,:N,) (MAP70), and 95:5
(CO1:N,) (MAP9S). The quality loss of the product was assessed by monitoring
microbial and physicochemical parameters. Tested MAP conditions did not seem to
influence, to a great extent, the growth cycle of lactic acid bacteria, probably due to
their facultative anaerobic nature and the high value of moisture content and pH of
the whey cheese that promote lactic acid bacteria proliferation (Papaioannou et al.
2007; Pintado et al. 2001). Considering that spoilage generally starts to occur at
107 CFU/g of total viable count (ICMSF 1984), this level was set as a threshold to
assess the microbial acceptability. The fitting procedure allowed for calculating
sample SLs: 1.14 4 0.34 for the control, 0.55 + 0.5 for MAP50, 0.36 £ 0.6 for
MAP70, and 3.37 & 0.7 for MAP95. Substantial differences between samples were
also recorded in terms of yellow color parameter [b*] that remained fairly constant
over time for samples stored under MAP compared to the control. To sum up, MAP,
when compared with air, retained product quality better; in particular, a gas mix
richer in CO, inhibited microbial growth without significantly affecting lactic acid
bacteria and also promoting a better preservation of color characteristics.
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Chapter 9

Packaging for the Preservation
of Meat- and Fish-Based Products

9.1 Introduction

Fresh meat and fish products are distributed under chilled conditions, while they are
storable for a long time, they are sold frozen. Bacterial spoilage is the main factor
responsible for meat deterioration. The high moisture content, high nutrient con-
tent, neutral pH, and presence of glycogen as a microbial substrate are all causes
that work in concert to produce deterioration through the action of aerobic and
anaerobic spoilage species (Ingram and Dainty 1971). Color change of red meat, as
a function of the oxygen available on the product surface, also indicates product
deterioration. As a consequence of the shrinking of myofibrils, a certain amount of
fluid exudation, known as weep, appears in the package, thus compromising visual
quality. The phenomenon is generally controlled by using film that is not too tightly
shrink-wrapped and by placing an absorbent pad on the bottom of the package. For
this reason, the use of vacuum packaging, although useful to control oxidative
rancidity and prevent microbial growth, increases weep. Nonshrinkable film or
thermoformed trays of polyethylene or polyvinyl chloride are generally used to
better control microbial proliferation, even if in these conditions oxidative discol-
oration is accelerated. A large amount of information is also available on the
packaging of meat under modified atmosphere packaging (MAP) and through the
use of active and intelligent packaging (Kerry et al. 2006). However, the optimal
composition of headspace for fresh meat and meat-derived products is not a simple
task to accomplish (McMillin 2008).

Fish can be considered more perishable than meat due to the rapid autolysis of
the enzymes and the oxidation of unsaturated oils (Gram and Dalgaard 2002).
Microbial spoilage also occurs, with a consequent breakdown of proteins to pro-
duce volatile compounds responsible for unpleasant odors. The principal damage
following a microbial contamination in fish can be ascribed to the formation of
biogenic amines and spoilage compounds such as trimethylamine. The biogenic
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amines are the result of unspecified decarboxylic reactions of amino acids by the
action of microorganisms usually present in foods. They are involved in many
physiological actions, such as the regulation of body temperature, stomach volume,
and pH, but if they are present in high concentrations they can be toxic to the
organism. Istamin is very toxic; the other biogenic amines, like putrescin,
cadaverin, and spermidin, in certain concentrations, increase the effect of istamin.
The formation of trimethylamine imparts the typical odor of rotten fish (Gonzalez-
Fandos et al. 2005). It is the result of the reduction in the trimethylamine oxide
(TMAO) present in fish tissue, governed by Alteromonas putrefaciens. TMAO is a
waste product derived from ammonia and from trimethylated compound
degradations that is saved in tissue like oxide. Traditional packages of chilled fish
are boxes with ice. For more delicate fish, such as fillets, plastic trays wrapped with
film are used. The most suitable and extensively reviewed technology for perishable
seafood product is MAP, but the selection of the proper gas combination is
important to attain the desired effects (Mastromatteo et al. 2010; Sivertsvik et al.
2002). Vacuum packaging can also better retain fish quality compared to air, but the
effectiveness depends on the raw materials and storage conditions. Active and
intelligent packaging systems have also been tried; however, in the context of the
so-called hurdle concept, the most effective strategy to increase the product shelf
life (SL) is a combination of more than one preservation technology (Belcher 2006;
Corbo et al. 2009a; Leistner 2000).

This chapter deals with two specific meat- and fish-based products: (1) minced
meat in the forms of patties, meatballs, and hamburger and (2) fish burgers.
The most widespread preservation methods, with a particular emphasis on the
role of the packaging to prolong product SL, are presented and discussed in detail.

9.2 Fresh Minced Meat

Minced meat is a rich nutrient matrix that provides a suitable environment for the
proliferation of meat spoilage microorganisms and common foodborne pathogens.
In fact, fresh meat is one of the most perishable foods in commerce. Many factors
influence meat SL, such as pH, water content, oxygen availability, and food
composition. During storage these factors could promote spoilage bacterial growth
and oxidative processes, which, in turn, provoke meat deterioration in flavor,
texture, and color (Ingram and Dainty 1971). In particular, protein oxidation may
decrease eating quality by reducing tenderness and juiciness and enhancing flavor
deterioration and discoloration. Among the changes in proteins caused by oxidation
is the formation of hydroperoxides and carbonyls, inter- and intramolecular cross-
linking through the formation of disulfide bonds and dityrosine, fragmentation of
the peptide backbone, and decreased protein solubility (Xiong 2000). On the other
hand, lipid peroxidation leads to the formation of prooxidant substances capable of
reacting with oxymyoglobin and resulting in metamyoglobin formation, thus
compromising meat color (Yin and Faustman 1993).
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Considering that food safety is a top priority for authorities and consumers
worldwide, the hygienic condition of minced meat, in the form of hamburgers,
meatballs, or patties, is of continuing concern in view of the association between
enteric diseases, such as those caused by pathogenic strains of Escherichia coli, and
hamburger consumption. Obviously, the microbiological condition of fresh meat-
based products will be largely affected, if not wholly determined, by the
microbiological condition of the manufacturing beef from which the products are
prepared. It is now widely recognized that the hygienic conditions of raw meats can
be assured only by the development of hazard analysis critical control point
(HACCP) systems for meat production processes (USDA 1995). Nevertheless,
the prevalence of foodborne pathogens and the reported number of cases and
outbreaks is still high, affecting personal lives, business, and national economies
(Aymerich et al. 2008). Adequate preservation technologies must be applied in
order to preserve meat safety and quality. Several strategies have been used to
improve the quality of fresh meat, such as the hygienic conditions of animals at
slaughter, the control of spread of contamination during meat handling, the appli-
cation of nonthermal preservation technologies, and the improvement of storage
conditions in terms of temperature, light exposure, gas composition of package
headspace, and active packaging (Aymerich et al. 2008; Mastromatteo et al. 2010;
McMillin 2008).

Aymerich et al. (2008) presented an extensive overview dealing with the numer-
ous preservation technologies to be applied to fresh meat, divided into nonthermal
alternative preservation methods and thermal alternative technologies. In the first
group, the high hydrostatic pressure (HHP) treatment, also known as ultra-high-
pressure (UHP) treatments or high-pressure processing (HPP), irradiation, light
pulses, natural biopreservatives, together with active packaging, have been pro-
posed and discussed. These techniques are efficient at inactivating the vegetative
microorganisms most commonly related to foodborne diseases, but not spores.
Irradiation and HHP offer the possibility of processing packaged meat products,
but both of them require a high investment and entail high maintenance costs.
Moreover, the microbial resistance and the role of bacterial stress must be
addressed in order to optimize treatments and support these technologies from a
legislative point of view (Hugas et al. 2002; Gola et al. 2000; Sommers and
Boyd 2006).

The use of natural or controlled microflora, mainly represented by lactic acid
bacteria (LAB) or their antimicrobial products such as lactic acid, bacteriocins, and
others, is a more natural technique for meat preservation (Cannarsi et al. 2008;
Jacobsen et al. 2003; Pawar et al. 2000). Biopreservation offers an indirect way to
apply antimicrobials and seems to be the most accepted way for consumers and
producers. In minced meat, the bioprotective effect of several LAB and their
bacteriocins have been shown to be effective antilisterial agents (Hugas 1998;
Hugas et al. 1998; Schillinger et al. 1991). Although LAB are recognized as safe
and valid SL extenders in a great variety of meat products, few cultures have been
introduced to the market as starters or bioprotective cultures with the aim of
contributing to microbiological safety (Aymerich et al. 2008). Today nisin is the
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only bacteriocin commercially available and accepted in the positive list of
food additives (E234), although its use in meat products is not regulated (Bernbom
et al. 2006).

The increasing consumer demand for healthier meat products, free of chemical
additives, has also greatly promoted a search for other natural additives besides
LAB that are of animal or plant origin, characterized by antioxidant and antimicro-
bial properties, and suitable for a wide spectrum of meat applications. One of the
most studied categories is represented by the essential oils. The antimicrobial
properties of essential oils are well documented in liquid media, in model structured
systems, and in in vivo applications dealing with minced meat by direct addition to
food (Ahn and Nam 2004; Fernandez-Lopez et al. 2005; Jo et al. 2003; Mitsumoto
et al. 2005; Nissen et al. 2004; Racanicci et al. 2004; Skandamis et al. 2000). The
effects of plant phenolics on protein and lipid oxidation (Dzudie et al. 2004;
Vuorela et al. 2005) and on meat products fortified with n-3 fatty acids are also
documented (Fernandez-Ginés et al. 2005; Lee et al. 2006a, b). The effects of
chitosan in meat preservation have been studied as well. Sagoo et al. (2002) showed
that treatment with chitosan increased the SL of raw sausages stored at chilled
temperatures from 7 to 15 days. These authors concluded that the antilisterial action
of chitosan was particularly notable. This finding may promote chitosan as a valid
substitute of the commonly used sulphites, which have a long history of safe use in
meat products but whose application is linked to the aggravation of asthmatic and
other respiratory problems in some sensitive individuals. Darmadji and Izumimoto
(1994) showed that 0.01 % of chitosan inhibited the growth of some spoilage
bacteria such as Bacillus subtilis, E. coli, Pseudomonas fragi, and S. aureus in
meat patties. During incubation at 30 °C for 48 h or storage at 4 °C for 10 days,
0.5-1 % chitosan inhibited the growth of spoilage bacteria, reduced lipid oxidation,
and resulted in better sensory attributes.

Extension of meat SL. with MAP alone requires matching product and packaging
material through careful selection, proper gas mixes, online analysis of the pack-
aged products, detection of leaking packages, and offline testing for overall quality
control (Stahl 2007). Common gases used in MAP are carbon dioxide (to inhibit
bacterial growth), oxygen (to prevent anaerobic growth and to retain meat color),
and nitrogen (to avoid oxidation of fats and pack collapse). These gases can be
applied individually or in combination to achieve optimum effect, depending on the
specific requirements of the particular food being preserved (Ellis et al. 2006;
Jacobsen and Bertelsen 2002). The properties of meat packaged under MAP have
been widely discussed in numerous reviews, and although voluminous information
is available in the literature, further research is still essential to define the optimal
headspace composition for each meat-based product. The extensive review of
McMillin (2008) represents an excellent effort to highlight the actual and future
potential of MAP for meat. The author suggested that the success and continuation
of the many different retail MAP formats depend on product, package, and system
interactions, the relationships of processors and retailers, and consumer acceptance
of the merchandising format. Advances in plastic materials and equipment have
propelled advances in MAP, but other technological and logistical considerations
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Table 9.1 Overview of studies testing the combined use of MAP and natural compounds in
minced meat in forms of patties, hamburgers, and meatballs

Food Natural compounds Packaging conditions Sources

Minced beef Exogenous a-tocopherol, 4 °C, air, active MAP O’Grady
dispersed in olive oil (20 % O, 40 % O,, et al. (2000)
(300 and 3,000 mg 60 % O,, 80 % O,)
a-tocopherol/kg lipid)

Beef patties Ascorbic acid (500 ppm), 2 °C, active MAP Sanchez-Escalante

taurine (50 mM),
carnosine (50 mM),
rosemary powder
(1,000 ppm), and their
combinations

Oregano essential oil
0-1 % v/w)

Minced meat

Beef patties Ascorbic acid, oregano
extract, lycopene rich
tomato pulp, and their
mixtures

Minced beef Tea catechins

patties (0-1,000 ppm)

Beef patties Rosemary extract (0.05 %)

ascorbate/citrate (0.05 %)

Nonconventional ~ Thymol (0-300 ppm)

poultry patties
Carvacrol (0-300 ppm)

Fresh meat
patties

Thymol (0-750 ppm)

(70 % O, 20 % CO,
10 % N»)

5 °C, air, active MAP
(30 % O,, 40 % CO.,,

30 % N5, 100 % CO,)
2 °C, active MAP
(70 % O,, 20 % CO.,,

10 % N,)

4 °C, air, active MAP

(80 % O,, 20 % CO.,,
0 % N»)

4 °C, air, active MAP

(100 % N, 80 % O,
20 % N,)

0-18 °C, air, active
MAP

(40 % CO,, 30 %0,
30 % N,)

4 °C, air and active MAP

(40 % O,, 15 % CO,,
45 % N»)

et al. (2001)

Skandamis and
Nychas (2001)

Sanchez-Escalante

et al. (2003)

Tang et al. (2006)

Lund et al. (2007)

Mastromatteo et al.
(2009)

Del Nobile
et al. (2009a)

are still needed for successful MAP systems intended for meat applications. The
key to successful packaging is the selection of materials and designs that best
balance the competing needs of product characteristics, marketing considerations
including distribution and consumer needs, environmental and waste management
issues, and cost (Marsh and Bugusu 2007).

Scientific knowledge on the effectiveness of combinations of various hurdles,
especially the popular MAP technology with novel antimicrobial substances, fur-
ther promotes their applications to fresh and processed meat (Mastromatteo et al.
2010). The combination of MAP and active compounds of different origins seems
to be the most diffuse strategy for preserving fresh meat in the form of hamburgers,
meatballs, and patties (Table 9.1).

Del Nobile et al. (2009a) evaluated the effectiveness of thymol, combined
with other extrinsic factors, storage temperatures, and MAP, to extend the
microbiological SL of packed fresh meat patties. The product was supplemented
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Fig. 9.1 Shelf life values (day) of minced beef patties packaged under different conditions.
Statistically significant differences (p < 0.05) between samples of each group are identified by
different letters. OAP = sample packaged under ordinary atmosphere; MAP = sample packaged
under modified atmosphere (40:15:45 0,:CO,:N,); THY250 = sample with 250 mg/kg thymol
added; THY500 = sample with 500 mg/kg thymol added; THY750 = sample with 750 mg/kg
thymol added; THY-MAP 250 = sample with 250 mg/kg thymol added and packaged under MAP
(40:15:45 0,:CO,:N,); THY-MAP 500 = sample with 500 mg/kg thymol added and packaged
under MAP (40:15:45 O,:CO;:N,); THY-MAP 750 = sample with 750 mg/kg thymol added and
packaged under MAP (40:15:45 O,:CO,:N»)

with thymol at levels of 250, 500, and 750 mg/kg ground beef. The treated and
untreated meat samples were packaged in high-barrier films under ordinary and
MAP (40:15:45 0,:CO,:N,) conditions for 16 days. Results showed that thymol,
working alone, was effective on coliforms and Enterobacteriaceae, whereas it did
not seem to inhibit very much the growth of other microbial populations. Con-
versely, high thymol concentration, combined with MAP conditions, highly
affected product quality, thus allowing a prolongation of the SL from 2 to 5 days
compared to the control samples (Fig. 9.1). Mastromatteo et al. (2009) also studied
the combined effect of thymol (0-300 ppm), carvacrol (0-300 ppm), and tempera-
ture on the microbiological quality of nonconventional poultry patties packaged
under ordinary and modified atmospheres (30:40:30 O,:CO,:N,). The results
showed that the final total viable count for patties packaged in air decreased with
the increase in carvacrol up to 150 ppm, and for higher carvacrol concentrations an
increase in the microbial population was observed. In the case of samples treated
with thymol the reduction in the activity at increasing concentrations of the
active compound was less evident. The combination of MAP and active agents
had better effects on microbial counts, thus also limiting the off-odors associated
with spoilage.

The novel concept of packaging is represented by active packaging as a system
that can extend SL or improve safety or sensory properties while maintaining the
quality of food (Lee et al. 2008). The concept, which is successfully utilized in the
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USA and Japan, has seen only limited development in Europe. This could be due
to legal restrictions, to a lack of knowledge about both the acceptability of these
systems to consumers and their effectiveness in packaging, or to their economic
and environmental impacts (Coma 2008). The applications of active packaging to
fresh meat are extensively reviewed in various works, with a special emphasis
placed on antimicrobial packaging systems (Aymerich et al. 2008; Coma 2008;
McMillin 2008; Quintavalla and Vicini 2002). The principal active packaging
systems include oxygen scavengers, control of CO, or ethylene concentration and
generation, ethanol and antioxidant releasers, moisture absorption or desiccants,
and antimicrobial systems to control several microorganisms. These latter active
systems can be divided into five main categories: (1) systems based on the direct
incorporation of antimicrobial substances into the packaging film; (2) systems
based on the incorporation of antimicrobial substances into a sachet in the
package; (3) systems based on coating of the packaging with a material that acts
as a carrier for the additive; (4) antimicrobial systems based on macromolecules
with film-forming properties; (5) systems based on bioactive edible coatings
directly applied to the food, as also reported in Chaps. 4 and 5 of Part II of this
book. Organic acids, bacteriocins, enzymes, spices, and essential oils and other
compounds as triclosan or tocopherol are the most diffuse active agents adopted
for packaging beef carcasses, cooked hams, fresh poultry breasts, and cured meats
(Coma 2008). The specific application of antimicrobial packaging to minced meat
are not as abundant (Gennadios et al. 1997; Mauriello et al. 2004), probably due to
the fact that direct incorporation of preservatives in minced meat, hamburger or
patties, results in a more immediate reduction in the bacterial population com-
pared to the effects exerted by release systems. For packaging with bioactive
compounds dispersed in a film or coated on a polymeric surface and with a
nonvolatile biocide, contact between the food and the package is obviously
necessary, and a migration process from the packaging materials is expected.
Moreover, processed meat generally has an internal contamination that cannot be
controlled by packaging systems that act on product surfaces. Therefore, potential
food applications of active packaging include, in particular, vacuum-packed
products and meat with surface contamination (Millette et al. 2007; Samelis
et al. 2005; Yingyuad et al. 2006).

Thermal alternative technologies such as high-frequency heating, including
microwave and radiofrequency, ohmic heating or steam pasteurization applied to
the product after final packaging could bring new possibilities to the pasteurization
of meat products, even if these systems are more suitable for ready-to-eat meal.
Microbial inactivation of meat products by high-frequency heating has been widely
demonstrated in the literature (Orsat and Raghavan 2005; Jeong et al. 2006; Picouet
et al. 2007). Moreover, the possibility of offering continuous systems is seen as an
advantage in food processing, although there are still nonuniformity problems to be
solved (Aymerich et al. 2008). Similar limitations are also present in steam pas-
teurization. The efficiency of this treatment for meat products and meat pieces has
been presented in a series of articles; however, a prolonged treatment of longer than
10 s gives a cooked appearance to the sample, thus limiting the application
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(McCann et al. 2006). As regards ohmic heat technology, it has also proved to be a
successful technology to process liquids, but its use in solid meat products has not
yet found industrial application (Piette et al. 2004).

9.3 Fish Burgers

In recent years demand for fish products has been on the rise, especially for their
high nutritional value and peculiarities that make fish products different from other
foods (Paleologos et al. 2004). The numerous studies conducted to date have
pointed out that fish consumption is linked to healthy—nutritional motivations for
home consumption and to hedonistic motivations outside the home. In response to
the increased demand for fish products, increased fishing has provoked a rise in the
wasting of fish resources due to unsuitable fishing practices. In fact, fishing nets,
trains, traps, and fishing lines cause bycatch, that is, the mindless fishing of products
that, being outside the range of commercially desirable sizes, are discarded because
they are unsuitable for direct consumption (Cabral et al. 2003). This problem
represents an important menace for marine environments because casual fishing
produces a bycatch amounting to one million tons a year. The resulting damage has
many aspects: the overharvesting of the more common species, the lack of valori-
zation of those species whose nutritional and sensory value has been forgotten, and
an increase in economic problems in Italian fishing.

The lack of consumption of particular fishes depends on the poor knowledge of
the products, their nutritional characteristics, the useful storage conditions to
prolong the SL, the optimal conditions to clean and cook the products, their sensory
characteristics, and the acceptability and consumer taste (Del Nobile et al. 2009b;
Wakland et al. 2005).

Nutritionists have always pointed out the importance of fish in the human diet,
and in particular blue fish, due to the presence of protein of high biological value
and a fatty acids rich in polyunsatured fatty acids (omega-3) (Simopoulos 1989).
The consumption of at least two to three meals of fish a week, in a balanced diet,
may play an important role in the prevention of numerous diseases. The Italian
Society of Human Nutrition indicates a minimum level of polyunsaturated fatty
acid intake, and in particular of omega-3 fatty acids from fish, fish oils, and
crustaceans, equal to 0.5 % of total daily calories (Singer et al. 1986; Soriguer
et al. 1997, Steffens 1997).

For a long time, researchers have been interested in problems related to the
microbial contamination of fish and the consequent quality loss (Dalgaard 1995;
Gram and Huss 1996; Paleologos et al. 2004; Gonzalez-Rodriguez et al. 2001).
Several articles have appeared on the biopreservation of fresh fish, especially on
the use of lactic acid bacteria and their metabolites (Al-Dagal and Bazaraa 1999;
Altieri et al. 2005), and on the use of MAP to prolong SL (Amanatidou et al. 2000;
Corbo et al. 2005; Goulas and Kontominas 2007; Poli et al. 2006; Sivertsvik et al.
2002; Torrieri et al. 2006).
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Fig. 9.2 Inhibitory effect of natural compounds tested against Shewanella putrefaciens by in vitro
test. Statistically significant differences (p < 0.05) between samples of each group are identified
by different letters

A review of the literature shows that, to date, few attempts have been made to
valorize fish characterized by a low economic value (Gildberg 2001, 2004; Lopez-
Caballero et al. 2005). Taking into account consumer opinion on fresh fish as a
time-consuming product (Trondsen et al. 2003), the development of ready-to-cook
meals based on fish could represent a strategic solution. Therefore, to boost fish
consumption, valorize low-commercial-value fish, and increase knowledge about
fish products characterized by a high convenience, a group of researchers from
Southern Italy investigated the possibility of producing and preserving new fish
burgers. The experimental plans carried out are briefly described in what follows.
Corbo et al. (2009b) carried out an in vitro test on the effects of carvacrol, eugenol,
thymol, green tea extract, rosemary extract, grapefruit seed extract, and lemon
extract, at various concentrations ranging from 500 to 10,000 ppm, on the main
fish spoilage microorganisms (Shewanella putrefaciens and Photobacterium
phosphoreum). As can be seen in Fig. 9.2, in a comparison of the effectiveness of
active compounds against S. putrefaciens, thymol showed the greatest inhibition
activity. For its efficacy against both microbial targets, thymol was used as a natural
preservative in fish burgers composed of cod (Gadus morhua). The samples were
packaged in barrier bags under ordinary and MAP conditions (100 % of CO,) and
stored at 4 °C for 9 days. Results obtained by the authors suggested that the use of
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thymol combined with MAP was effective at improving the microbiological
stability of cod burgers. Compared with several other mild preservation procedures,
like low-dose irradiation, addition of protective cultures, or high-pressure treat-
ment, the proposed preservation technique could be an inexpensive and uncompli-
cated method for extending SL. Ouattara et al. (2001) also found that SL of shrimp
was extended using a combined treatment of gamma irradiation, thymol oil, and
trans-cinnamaldehyde. Mejholm and Dalgaard (2002) observed that oregano oil
reduced the growth of P. phosphoreum and extended the SL of cod fillets kept under
MAP. Harpaz et al. (2003) observed that treatment with oregano (0.05 %) or thyme
increased the SL of Asian sea bass fish. Mahmoud et al. (2004, 2006) observed that
dipping carp fillets into a solution containing both carvacrol and thymol, with and
without a combined treatment with electrolyzed NaCl, led to an extension of SL. In
a subsequent experimental trial, Corbo et al. (2009¢c) tested the effects of thymol,
lemon extract, and citrus extract, at 20, 40, and 80 ppm, on the main spoilage
microorganisms inoculated in fish burgers, based on sea bream (Sparus auratus),
stored at 5 °C. By means of an appropriate data elaboration, the authors assessed
product acceptability as the lowest value between the microbial and the sensory
quality. All investigated compounds were found to be effective in slowing
down microbial growth. In particular, citrus extract and thymol were the most
effective against the specific spoilage bacteria of marine temperate-water fish.
Since microbial proliferation appeared to be the factor limiting fresh fish burger
quality, a further effort to slow down microbial spoilage was carried out by com-
bining the three compounds through a central composite design (CCD) (Table 9.2)
(Corbo et al. 2008). To this end, the cell growth of the main fish spoilage
microorganisms (Pseudomonas fluorescens, Photobacterium phosphoreum, and
Shewanella putrefaciens), inoculated in fish burgers, and the growth of mesophilic
and psychrotrophic bacteria were monitored. The most striking feature of the results
is not only the increase in the MAL value for burgers mixed with the antimicrobial
compounds, compared to the control sample (Table 9.2), but also the possibility
of determining the optimal antimicrobial compound composition. Higher micro-
biological quality, with no unpleasant flavor, was assured by combining 110 mg L™
thymol, 100 mg L™ citrus extract, and 120 mg L' lemon extract.

To produce nutritionally balanced fish burgers, a chemical investigation on chub
mackerel and hake was conducted with the aim of mixing the two fish species in a
new fish burger (Di Monaco et al. 2009). Focus group interviews and consumer
tests were also performed to evaluate consumer opinion about these new fresh
products and best acceptability of various proportions of mackerel and hake. The
results of chemical analyses proved that the desired nutritional properties of fish
were assured by high amounts of chub mackerel, whereas a low level of hake had to
be used to obtain firmer and wetter burgers. In addition, the consumer test showed
that the most successful sample was that with 70 % chub mackerel and 30 % hake.

Bearing in mind that MAP is the most widespread preservation technology for
fresh fish (Boskou and Debevere 2000; Corbo et al. 2005; Devlieghere et al. 2004;
Poli et al. 2006; Torrieri et al. 2006; Sivertsvik et al. 2002; Tang et al. 2001) and in
view of the numerous scientific publications dealing with the combined effects of
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Table 9.2 Microbiological acceptability limit (MAL) of fish burgers, prepared by mixing sea
bream with various concentrations of active compounds. MAL values were calculated by fitting a
reparameterized version of Gompertz equation to experimental data relative to Shewanewlla
putrefaciens. MAL value corresponds to time to attain S. putrefaciens count value of 10° CFU g~ .
Data are presented =+ standard error

Thymol Citrus extract Lemon extract
(ppm W/Y) (ppm V/Y) (ppm V/Y) MAL (day)
Control 0 0 0 2.0725 £+ 0.0418
Run 1 150 150 150 3.9805 £+ 0.0518
Run 2 50 150 150 3.8041 £ 0.0484
Run 3 150 150 50 3.2057 £ 0.0565
Run 4 50 150 50 3.0647 £+ 0.0126
Run 5 150 50 150 3.1429 £ 0.0175
Run 6 50 50 150 3.1186 £ 0.0207
Run 7 150 50 50 2.9601 £ 0.0748
Run 8 50 50 50 3.0429 £ 0.0237
Run 9 100 100 100 3.4177 £ 0.0972
Run 10 100 200 100 2.8872 £ 0.0625
Run 11 100 0 100 2.7289 £ 0.0200
Run 12 100 100 200 2.7102 £+ 0.0289
Run 13 100 100 0 2.3767 £+ 0.0545
Run 14 200 100 100 3.4652 £ 0.0309
Run 15 0 100 100 2.6120 £ 0.0484
Run 16 100 100 100 3.4177 £+ 0.0972
Run 17 100 100 100 3.4177 £ 0.0972

MAP and active compounds (Corbo et al. 2009a; Masniyom et al. 2006;
Mastromatteo et al. 2010), Del Nobile et al. (2009b) assessed the SL prolongation
of fish burgers made up of 70 % chub mackerel and 30 % hake, produced using
active compounds and packaged under MAP conditions. In the study, the three
previously tested essential oils (thymol and two citrus extracts) were combined with
three different gas mix compositions (30:40:30 O,:CO,:N,, 50:50 O,:CO, and 5:95
0,:C0O,). Burger fish were packaged and stored at 4 °C for 28 days. During storage,
the nutritional, microbiological, and sensory quality, together with the development
of biogenic amines, was assessed. The microbiological results highlighted a syner-
gistic effect between active compounds and MAP, especially using the gas head-
space with high amounts of CO,. From a sensory point of view, an unpleasant odor
was perceived after about 3 weeks. Figure 9.3 reports the overall quality of samples
packaged in the various MAP conditions. As can be inferred from the figure, the
maximum sensory acceptability value accounts for approximately 25 days in the
product under 100 % CO,. Under these last-named packaging conditions the
microbiological acceptability was approximately 28 days, and hence product SL
was limited by sensory properties to approximately 25 days. At any rate, a fish
burger with a SL of more than 3 weeks represents an interesting goal for a fresh-
based product, worthy of industry attention, and suitable to promote fish consump-
tion beyond local borders.
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Fig. 9.3 Sensorial acceptability limit (SAL) (day) of fish burgers packaged under different
conditions. SAL values were calculated by fitting a reparameterized version of Gompertz equation
to experimental data. SAL value corresponds to the time to attain a score of 2, using a scale ranging
from O to 5 (where 0 = very poor and 5 = excellent). Statistically significant differences (p < 0.05)
between samples are identified by different letters. CNTR = untreated fish burger sample
packaged under air; ACT-AIR = fish burger with active compounds packaged under air; CNTR-
30:40:30 = fish burger without active compounds packaged under MAP (30:45:30 O,:CO;:N,);
ACT-30:40:30 = fish burger with active compounds packaged under MAP (30:45:30 O,:CO,:N,);
CNTR-50:50 = fish burger without active compounds packaged under MAP (50:55:0 O,:CO,:N,);
ACT-50:50 = fish burger with active compounds packaged under MAP (50:50:0 O,:CO,:N,);
CNTR-5:95 = fish burger without active compounds packaged under MAP (5:95:0 O,:CO;:Ny);
ACT-5:95 = fish burger with active compounds packaged under MAP (5:95:0 O,:CO,:N,)
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Future Perspective

During the early twentieth century, substantial improvements were made to both
rigid and flexible packaging materials, thereby increasing significantly the options
available for maintaining the quality and improving the shelf life of foods. Efforts
to improve the performances of packaging solutions and control fresh foods can
be directed toward many areas. Tamper evidence and closable features are seen
as important factors in improving the performance of packaging. One of the
requirements for food packaging was that it should play a passive role, remaining
inert and not interacting with the food it contains. However, the development of
active packaging now makes it acceptable for the packaging to have a more
interactive role in extending the shelf life of foods. This means that active systems
will be used more widely to enhance the shelf life of products. Even though much
progress has been made, further research still needs to be conducted on how various
active packaging solutions affect product characteristics. Participation and collab-
oration of research institutions, industry, and government regulatory agencies will
be key in the success of active packaging technologies for food applications. More
work in this regard will expand the applicability and further improve the economic
viability of active systems. In addition, combining intelligent and active packaging
offers many intriguing possibilities, allowing for the development of more sophis-
ticated packaging systems. Temperature indicators on packages will be used both to
measure storage temperatures in the supply chain and as easy indicators to the
consumer that a food product has been heated to a safe temperature.

Obviously, future trends are also prompted by commercial pressures, as
manufacturers seek out ever more cost-effective solutions without compromising
shelf life performance. In parallel, the requirement to meet environmental legisla-
tion, with particular regard to minimizing total packaging usage and substituting
petrochemical materials with green polymers, also influences developments.
The near future aims to expand eco-friendly solutions. Biodegradation of polymers
offers an attractive route to environmentally sound waste management. Use of
biopackaging will open up potential economic benefits to farmers and agricultural
processors. Multicomponent films resembling synthetic packaging materials with
excellent barrier and mechanical properties need to be developed. Cross-linking,
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either chemically or enzymatically, of the various biomolecules is yet another
approach of value in composite biodegradable films. Innovative techniques for
preserving food safety and structural-nutritional integrity, as well as complete
biodegradability, must be adopted. However, further scientific and technological
developments are still needed to pave the way to the spreading of biodegradable or
bio-based materials for food-packaging applications. A wider use of biopolymers in
food-packaging applications, which would certainly lead to a lower environmental
impact as compared to polymers from petrochemical sources, will be possible
when problems related to the processability and performance of these materials
are resolved.

If the overall environmental impact of a food-packaging system is to be reduced,
then the function of the packaging should be included in the packaging design.
Nowadays, packaging design has great significance for the success of food. The
solution is in the implementation of preventive measures and, above all, in the
adoption of policies shared by all actors in the production chain. Close cooperation
between product and packaging experts is needed to develop guidelines for pack-
aging companies. The aim is to create the optimal packaging system that satisfies all
functional requirements in addition to meeting environmental and cost demands as
much as possible. There is no doubt that the environmental impact can be signifi-
cantly reduced if food losses decrease. It is important to develop the knowledge
about the extent to which losses can be affected by packaging. It is still unclear,
however, to what extent new packaging can influence food losses directly or
indirectly by influencing consumer behavior. The main governmental goal in the
European Union regarding packaging and the environment is to reduce the amount
of packaging. Support for packaging development that reduces food losses is weak
in the directive on packaging and packaging waste. If authorities want to
reduce the total environmental impact of the food-packaging system, the text
regarding the functions of packaging will have to become a higher priority in the
packaging directive.



Index

A immobilization, 87—-88
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eco-friendly active solutions, 93
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mathematical modeling, mass transfer, 92
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reservoir and swelling systems, 92
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Bar, M., 117 CNT and CNT-PVC, 135
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flavor degradation and carbon dioxide
loss, 112

glass and plastic bottles, 111
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wine (see Wine packaging)
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bacterial cellulose, 94

cell load, 97, 98

chitosan, 99

controlled release, 100

controlled/uncontrolled release, 94-95
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finite-element method, 100
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organic-based materials, 93

packaging wastes, 93

polysaccharides, 94

porous films, 98

protein films, performance, 94

PVOH beads and CTA, 95

rheological investigations, WPI
solutions, 94

silver nanoparticles, 96

thermal polymer processing methods, 96

thymol diffusion coefficient, 100, 101

film mass transport properties, 134
gas permeability, 134
mean values, SL, 135, 136
OPP-based bags, 134-135
quality loss, 133
sensory characteristics and degradation
process, 136
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dual sorption-mobility model, 66
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plastic bottles, 67

pressure decay, 69-70

temperature, 64

thermal history, soft drink bottle,

68—69

CCD. See Central composite design (CCD)
Central composite design (CCD), 174
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bilayer film, 55

decay kinetic, 48
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mass balance equation, 53

multilayer structures, 49-50

polyamide/polyolefin interface, 51

polyamide water isotherm, 50

potato chips (see Potato chips)
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water diffusion coefficient, 52

water sorption isotherm, 48
Chevillotte, P., 40
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Dairy food. See Fresh dairy product packaging

Dairy products
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packaged fresh, 7
Dalgaard, P., 174
Darmadji, P., 168
Del Nobile, M.A,, 11, 16, 17, 20, 21, 22, 24,
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multiple quality index (see Multiple
quality index models)
single quality index (see Single
quality index models)
Dugan, L.R., 113

E

Eco-friendly packaging
antimicrobial/antioxidant compounds, 93
disposing wastes, 93

Edible coatings
antimicrobial activity, 99
bio-based systems, active properties, 99
food surfaces, 99

EDTA. See Ethylenediaminetetraacetic

acid (EDTA)

Empirical models
dependence, permeability coefficient, 17
first-order kinetic-type equation, 17

oxygen permeability coefficient plot, 17, 18

permeability, relative humidity, 16
PET and OPA, 17
second-order polynomial function, 17
upward concavity, 16-17
EOs. See Essential oils (EOs)
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antioxidant activity, 127
natural food preservatives, 126-127
Ethylenediaminetetraacetic acid (EDTA)
and lysozyme, 11
zein films, 95-96
Exponential equation, 1, 34

F
Film permeability
commodity characteristics, 123
grape sensory decay, 128
and product characteristics, packages, 40
water and oxygen, 58
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Fior di Latte cheese

additive, synergistic/antagonistic
effects, 149
antimicrobial/antioxidant properties, 145
calculation, MAP, 146-151
chitosan-based films, 151
coating systems, 151
compression tests, water buffalo
mozzarella, 152, 153
description, 145
dilute salt solution, 147148
Gompertz equation, 149
indirect food additives, 147
lysozyme and Na,-EDTA, 148
MAL and SAL values, 155
MAP packaging, 152
microbial
acceptability calculation, 148—-149
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stability, 149
natural microflora and enterococcal
flora, 152
packaging, 147
plant essential oils, 149
production batches, 146
product quality, 145
pseudomonads, 148
Pseudomonas spp., 145
quality subindices, SL, 145-146
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sensory properties, 155
SL, 154, 155
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unstructured sensory analysis, 146
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fish-based products
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active compounds vs. S. putrefaciens, 173

biopreservation, 172
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fresh fish, time-consuming product, 173

healthy-nutritional motivations, 172

inhibitory effect, natural compounds, 173

MAL values, 174, 175
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preservation technique, 174
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storage conditions, 172

SAL values, 175, 176

Flores, S., 100
Flory, P.J., 20, 23, 33, 34
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Food deterioration
glass and plastic bottles, 111
modeling
carbon dioxide, 42, 43
exponential-type expression, 41
fitting parameters, 44
fresh-cut produce, MAP, 40
fresh processed fruits, 42
headspace gas composition, 42—44
inhibitions, CO, influence, 41
mathematical equations, 41
oxygen and carbon dioxide package
headspace concentrations, 41
peeling and cutting, vegetable
tissues, 40
quality loss, minimally processed
fruit, 40
water sorption isotherms, 40
Food packaging. See also Fresh dairy
product packaging
antimicrobial substances, 91, 93
barrier films, 32
biopolymer films, 93-94
empirical models, quality, 8
low molecular weight compounds, 19
meat-and fish-based products
(see Meat-and fish-based products)
microbial cell load, 5
migration, active agents, 101-102
minimally processed (see Minimally
processed products)
PLA, 96
polymers, 84
porous films, 98
quality indices, 7
SAL value, 10
Weibull type equation, 10
Food quality
antimicrobial substances, 93
designing the packaging, 112
kinetic decay, 57
lipid oxidation and crispiness, 56
loss, storage, 40
microbial and sensory, SL, 7
microbial cell load, packaged, 5
quality decay curves, 62
quality indices, 48
SAL value, 10
variables, package performance, 109
Fresh-cut produce
active MAP, 130
biochemical deteriorations, 123
PPO and POD, 131
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index, 8
packaged food, 5

Fresh dairy product packaging

active compounds with MAP, 144

dairy processors, 144

description, cheese, 143

detrimental reactions, 143

fior di latte cheese, 145-156

high-income consumers, 143

innovative processing technologies, 144

pasteurization, 143-144
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safety measures, 144

stracciatella cheese, 156—158

traditional protocols, milk processing, 144
Fresh minced meat

active packaging, 170-171

adequate preservation technologies, 167

advancement, plastic materials and
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chitosan, 168

effectiveness, hurdles, 169

food safety, 167

free of chemical additives, 168

HACCP systems, 167

and HHP/UHP, 167
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lipid peroxidation, 166

MAP and natural compounds, 169
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HACCP. See Hazard analysis critical
control point (HACCP) systems
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Hotchkiss, J.H., 95

Hough, G., 158
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I
Immobilized systems
antibacterial action, 88
lysozyme, 86
polymer matrix, 83
Incoronato, A.L., 97
Izumimoto, M., 168
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Karel, M., 56, 57, 114
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Kiritsakis, A.K., 113

L
LAB. See Lactic acid bacteria (LAB)
Labuza, T.P., 40
LaCoste, A., 95
Lactic acid bacteria (LAB), 167, 168
Lampascioni (Muscari comusum)
alginate-based edible coating, 131-132
ascorbic acid, 131
calcium-ascorbate-based formula, 131
description, 130
enzymatic browning, 131
Gompertz equation, 132
lower headspace oxygen concentration, 133
mean values, VQAL, 132, 133
microbial proliferation and reduced water
loss, 132
peeled, 130, 131
polysaccharide-based materials, 131-132
treatments, 132
Larsen, H., 134
Laurienzo, P., 152
LDPE. See Low-density polyethylene (LDPE)
Lee, D.S., 40
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Long, F.A., 25

Low-density polyethylene (LDPE), 96
Low environmental impact, 84

Low molecular weight compounds, 47
Lucera, A., 136

Lund, M.N., 169

M
Mahmoud, B.S.M., 174
MAL. See Microbial acceptability limit
(MAL)
MAP. See Modified atmosphere packaging
(MAP)
Mass flux
carbon dioxide, 60
hydroperoxides, 72
low molecular weight compounds, 47
oxygen, 74
package, 60
Mass transport properties
polymeric films (see Shelf life (SL),
packaged foods)
water vapor partial pressure, 33
Mastromatteo, M., 17, 32, 36, 39, 99, 102,
169, 170
Mathematical models
oxygen permeability, 28, 36
quality decay kinetic, 71
single multilayer systems, 15
water permeability coefficient, nylon
film, 16
McMillin, K.V., 168
Meat-and fish-based products
bacterial spoilage, 165
biogenic amines, 165-166
color changes, 165
enzymes and unsaturated oils, 165
fish burgers (see Fish burgers)
fresh minced meat (see Fresh
minced meat)
hurdle concept, 166
nonshrinkable film/thermoformed
trays, 165
TMAO, 166
vacuum packaging, 166
Mechanistic models, single layer films
Fick’s model, 19
low molecular weight compounds,
polymeric films, 18
oxygen permeability (see Oxygen
permeability)
solubilization and diffusion process, 20
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Mechanistic models (cont.)
water permeability (see Water
permeability)
water vapor, 19
Mecitoglu, C., 95
Mejholm, O., 174
Mentana, A., 117
Microbial acceptability limit (MAL), 11
Millette, M., 85
Minimally processed products
active and passive MAP, 124
antimicrobial/antioxidant compounds,
124-125
Broccoli (see Broccoli)
CO; and O,, package headspace, 123
consumer preferences, 123
film mass barrier properties, 123—-124
food-making process, 125
Lampascioni (Muscari comusum), 130-133
outer layer, plant tissue, 124
slowing down respiration activity, 123
table grape (see Table grapes)
variability, raw materials and dynamic
response, 125
Modeling
multiple quality index (see Multiple
quality index models)
single quality index (see Single quality
index models)
Modified atmosphere packaging (MAP), 12
Mozzarella cheese. See Fior di Latte cheese
Multilayer systems
constant permeability coefficient, 31-32
description, 31
food-packaging applications, 31
relative-humidity-dependent permeability
coefficient, 32-39
Multiple quality index models
acceptability, spreadable cheese
samples, 10
Apulia spreadable cheese, 9
evolution, Pseudomonas spp., 11
fior di latte cheese samples, 12
first-order equation, 8-9
Gompertz equation, 12
lysozyme and EDTA, 11
mathematical, 8
microbial and sensory quality, 7-8
packaged-food quality, 8
packaged fresh dairy products, 7
sensory acceptability concept, 9—10
spoilage microbial groups, 12
stracciatella cheese, 12, 13
Weibull type equation, 10
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fatty acids, 112
films, plastic, 113
glass containers, 112-113
heart disease, Mediterranean countries, 112
limitations, 115
lipid oxidation, potato chips, 114
mass transport
equations, 115-116
phenomena, 113
oxidation, storage conditions, 113
oxygen
permeability, 113
scavengers, 114
plastic bottles, 113
polymers, 113
quality decay, storage, 114
SL, oxidation-sensitive products, 114
temperatures and light conditions, 115
OPA. See Oriented polyamide (OPA)
OPP. See Oriented polypropylene film (OPP)
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oxygen permeability coefficient plot, 17, 18
relative humidity, boundaries, 17
Oriented polypropylene film (OPP)
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and polyester-based biodegradable film, 132
Quattara, B., 174
Ough, C.S., 117
Oxygen permeability
adsorbed and dissolved water molecules,
29-30
barrier properties, moderately hydrophilic
films, 28
coefficient and steady-state oxygen mass
flux, 28
Fick’s model, 28
Henry’s law, 29
mathematical approach, 30
moderately hydrophilic films, 30
steady-state water concentration profile,
29, 31
water
diffusion coefficient, 29
vapor partial pressure, films, 29
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Park, S-1., 151
Pasquarelli, O., 117
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PE. See Polyethylene (PE)
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PET. See Polyethylenterephthalate (PET)
PLA. See Polylactic acid (PLA)
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laminated multilayer structures, 32
permeability coefficient, 31
Polyethylenterephthalate (PET)
oxygen permeability coefficient
plot, 17, 18
relative humidity, boundaries, 17
Polylactic acid (PLA)
aliphatic polyester, 96
LDPE, 96
and PCL, 96
Polynomial equation, 1
Polypropylene (PP), 31, 32
Polyvinyl alcohol (PVOH), 95, 102
Ponce, A.G., 99
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absorbed water, 58
lipid oxidation, 5657
packaging systems, 56
shelf life, 59
water vapor and oxygen, 60
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Power law function equation, 1
PP. See Polypropylene (PP)
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Ready-to-eat food
fish based, 173
high-frequency heating, 171
Red wine. See Wine packaging

Relative-humidity-dependent permeability
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dependence, water diffusion, 35
fitting parameters, 34
Flory interaction parameter, 33
food-packaging applications, 32
hydrophobic polymers, 36
linear polymer, low molecular weight
compound, 33
moderately hydrophilic films, 32-33
oxygen permeability coefficient
plot, 36-39
PET/PPcast and OPA/OPA/PE, 36
polymer/penetrant systems, 34
polyolefin layers and EVOH, 33
single water permeation test, 35
water sorption kinetics, EVOH film, 34
Release systems, 92
Renewable sources
antimicrobial/antioxidant properties, 93
PLA, 96, 118
subsequent generations, 93
Richman, D., 25
Ricotta cheese, 158-159

S
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SAL. See Sensory acceptability limit (SAL)

Sanchez-Escalante, A., 169

Scannell, A.G.M., 85

Sensory acceptability limit (SAL)
fior di latte cheese samples evaluation,
packaged-food quality index, 10
stracciatella cheese samples evaluation,
threshold quality, 9—10
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active MAP, 129
active packaging, 170-171
browning, 131
commercial ricotta cheese, 158
fior di latte cheese, 154
fresh-cut broccoli, 133
fresh-cut Madrigal artichokes, 131
hurdle concept, 166
lysozyme-free samples, 155
MAL and SAL values, 154
meat products and vacuum-packed
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microbiological and sensory
evaluations, 157

multiple quality index models, 7-13
oxidation-sensitive products, 114
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Shelf life (SL) (cont.)
packaged foods
barrier properties, flexible films, 15
food deterioration modeling (see Food
deterioration)
mass transport properties, polymeric
films, 15
mathematical models, 15
mozzarella cheese, 146
multilayer structures (see Multilayer
systems)
requirements, 111
single layer structures (see Single layer
films)
solutions, 5
water vapor transmission, hydrophilic
polymers, 15
prediction
description, 47
pseudo-steady-state conditions (see
Pseudo-steady-state conditions)
unsteady-state conditions (see
Unsteady-state conditions)
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prolongation, fish burgers, 175
quality reduction indicator, 116
raw sausages, 168
release packaging systems, 91
single quality index models, 5-8
unpackaged minimally processed
products, 129
Single layer films
empirical models (see Empirical models)
fast and slow processess, 16
mathematical model, nylon, 16
mechanistic models (see Mechanistic
models, single layer films)
packaging-design purposes, 16
Single quality index models
confidence interval, SL, 6
empirical sigmoidlike analytical
expressions, 5
evolution, mesophilic bacteria, 7
fresh-cut products, 6
Gompertz/logistic curve, 5-6
predictive microbiology, 5
SL values, mathematical model, 7, 8
viable cell concentration (log CFU/g), 6
Sinigaglia, M., 147
Skandamis, P.N., 169
SL. See Shelf life (SL)
Smith, S., 123
Stracciatella cheese
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cocci and rod lactic acid bacteria, 156

description, 156

microbial proliferation, 156

sensory quality, 158

SL, 156, 157
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Table grapes
active MAP, fresh-cut produce, 130
climacteric and nonclimacteric, 125
clusters, untreated and treated, 126, 127
color parameters, 126
description, 125
EOs, 127
fungicides, 125
hot water immersion treatments, 126
influence, film permeability, 128
natural compounds, plant origin, 126-127
nontoxic replacements, 127-128
oxygen depletion, 126
plastic nonperforated and perforated

films, 128

protective effects, packaging materials, 129

quality decay, 126

SLvalues, 129, 130

visual quality, values, 128
Tang, S.Z., 169
Tawfik, M.S., 113
TMAQO. See Trimethylamine oxide (TMAO)
Trimethylamine oxide (TMAO), 166
Typical Mediterranean products, 112-116

U
UHP. See Ultra-high pressure (UHP)
Ultra-high pressure (UHP), 167
Unsteady-state conditions

carbonated beverages (see Carbonated
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carbon dioxide, 60-61

hypothetical test, 63

mass flux, 60

quality decay curves, 62

VOO (see Virgin olive oil (VOO))
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Van’t Leven, J., 40
Vicini, L., 85

Virgin olive oil (VOO)
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gas-permeable containers, 73
glass containers, 71

hydroperoxide concentration vs. time, 75-76

hydroperoxide decomposition, 7071
interfacial conditions, 74
oxygen scavengers, 77
oxygen transport parameters, 75
PET containers, 77-78
storage, 71
unsaturated fatty acids, 72
Visual quality acceptability limit (VQAL)
lampascioni, 132
mean values, 132, 133
VOO. See Virgin olive oil (VOO)
VQAL. See Visual quality acceptability
limit (VQAL)

w
Water activity
barrier properties, single multilayer
systems, 15
equilibrium water concentration plot, 21
Flory’s equation, 33
linear polymer with low molecular
weight compound, 20
moderately hydrophilic films, 28
uptake kinetics, nylon film, 26, 27
water sorption process, EVOH, 33, 34
Water permeability
negligible polymeric swelling
cellophane, 21
data fitting, 21
diffusion coefficient (D) plot, 22, 23
equilibrium water concentration
plot, 20, 21
Fick’s model, 21
fitting process, 20
initial and final water vapor partial
pressures, 21
mixing, linear polymer, 20
molecules and hydrophilic sites, 20
sorption kinetic curves, 22
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polymer matrix relaxation
anomalous diffusion model, 27, 28
boundary condition relaxation

rate, 25-26
Brownian motions, 24
dissolved and partially adsorbed, 23
experimental data, 26
film boundaries, 25
hydrophilic films, 24, 26
hypothesized dual sorption
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