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Abstract

The food metabolic processes influence the gas composition of packaged products: by finely tuning the gas
fluxes through the packaging, the aerobic and anaerobic respiration processes can be efficiently exploited to
regulate the equilibrium gas concentrations. In this work, we present a generalised model able to predict the
evolution of gases in micro-perforated equilibrium MAP, with a detailed evaluation of fluxes through the
perforations by means of Computational Fluid Dynamics. It was found that the Sherwood number for the
studied micro-perforations is 0.715 and it was confirmed via experiments on packaging with oxygen-
depleted atmospheres. The kinetic model was experimentally validated on a smear short-ripened soft cheese
(Taleggio) whose complex surface microbiota confer to the product a non-trivial respiration behaviour.
Cheese slices were packed with three different micro-perforated solutions (one 120 um diameter hole, two
90 um diameter holes, and five 90 wm diameter holes) achieving three different equilibrium gas
compositions with good model predictions. The model was applied to literature data with success, thus the

model can be deemed general and applicable to many different systems.
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Nomenclature
Symbols

o Area

Cp Discharge coefficient

CWL  Percent cumulative weight loss
g Diftusivity

d Diameter

J Material flux

K,.0, Michaelis-Menten constant for O,
K, 0, Inhibition constant for O,

K|, K, Inhibition constants for CO,

! Membrane thickness

MW Molecular weight

Ny Number of micro-perforations

NC Number of components (species)

P Pressure

PO Vapour pressure



% Permeability

R Ideal gas constant

R; Production rate for species i

RQ Respiratory quotient

Sh Sherwood number

T Temperature

t Time

V' Volume

Vo, max  Maximum O, respiration rate
vco,s  Maximum anaerobic respiration rate
w  Food weight

WyT  Water vapour transmission

x Axial coordinate

»  Molar fraction
Greek symbols

a  Water production rate constant
AR¢  Evaporation enthalpy

oL Liquid density

Subscripts and superscripts

adv  Advection

atm  Atmospheric
cond Condensed

b Bulk

C  Condensation

H Hole/perforation
i Species

M  Membrane

1 Introduction

Food packaging is pervasive and essential in modern food industry: it contains and protects food and beverages, from
manufacturing to the final consumer (Ruggeri et al., 2020). The extension of the shelf-life through the optimisation of
the packaging based on the product requirements has become a powerful strategy for both supporting marketing needs
and reducing food waste or loss (Ciccullo et al., 2021; Bossi et al., 2016). Modified Atmosphere Packaging (MAP),
especially when combined with low temperature storage, has been effectively proven to modulate the metabolic rate of
different food predueeproducts, by slowing their spoilage kinetic (Zeuthen et al., 2002). MAP was proven to be useful
in prolonging the shelf life of dairy products in terms of microbiological and sensorial aspects (Marcos et al., 2016;
Rodriguez-Aguilera and Oliveira, 2009; Esmer et al., 2009; Papaioannou et al., 2007; Dermiki et al., 2008). The dairy
industry represents one of the major food sectors in Italy, cheese being one of the most important dairy products, both in
terms of quantity and quality (Zeuthen et al., 2002). This industrial sector is taking advantage of the MAP approach.
Cheese is a complex system where different reactions take place during both its manufacturing and storage, being
susceptible to physical, chemical, and biochemical deterioration (Sen;—2643Robertson, 2012). Cheese constituents
undergo several changes by the action of the residual enzymes as well as the activity and the growth of starter and non-
starter microorganisms (Youssef et al., 2017). If not correctly managed, biochemical and microbiological processes that
influences the cheese quality will lead to variable and detrimental defects in the final product. In order to design a
proper packaging system for cheeses, it is mandatory to provide an atmosphere that is favourable to the involved micro-
organisms to avoid the development of off-flavors, the control of both CO, and O, concentration being therefore
crucial (Rodriguez-Aguilera and Oliveira, 2009). This is even more important for mould ripened cheeses. The initial
presence of mould adds complexity to this kind of systems: the gas dynamics inside the package will be determined by
both aerobic respiration and anaerobic respiration (fermentation). Taleggio is a smear short-ripened soft cheese with
washed rind produced in the Taleggio valley of Lombardy (Italy), granted Protected Denomination of Origin (PDO). It
is characterised by complex surface microbiota, which contribute to its typical sensorial characteristics (Fontana et al.,
2010; Gobbetti et al., 1997; Firlent-etal;-GhelardiTirloni et al., 2020).

Optimal gas concentration and humidity range have been reported to optimise the shelf life in MAP products (Sen;
2043Robertson, 2012; Khoshgozaran et al., 2012). In particular, Equilibrium Modified Atmosphere Packaging
(EMAP), based on modulating the in-package equilibrium atmosphere by a suitable design of the mass transport

processes, represents a simple yet effective strategy to obtain self-regulated head space gas composition, achieving a

significant extension of the primary shelf-life (Hussein et al., 2015). However, a possible water accumulation at the



product surface could promote microbial growth and sliminess, thus impairing the objective of the shelf-life extension (
Sousa-Gallagher et al., 2013). Along this direction, the combination of EMAP with micro-perforations represents a
valid alternative to MAP. Polymeric films commonly used for MAP applications have low values of O, permeability (
Marcos et al., 2016; Winotapun et al., 2015). This represents an important limitation of MAP for highly respiring
products, because a combination of low oxygen permeability and a high respiration rate easily leads to anaerobic
conditions inside the package. Perforations in the polymeric film represent hence the easiest and effective option to
enhance the gas and vapour transport across the barrier, being micro-holes a parallel route for gas transport that
increases the total apparent permeability of the material. The synergy that is created between the material's intrinsic
properties and the flexibility provided by perforations somehow creates a new structure that represents an optimised

version of the pristine material (Winotapun et al., 2015).

In order to design the perforations for optimal EMAP, a predictive model can be developed to describe the gas
composition during storage. Several models are already available in literature, mainly focusing on the respiration of
fruits and vegetables, thus aiming at predicting O, and CO, composition changes in time. Common assumptions of
such models are the uniformity of gas composition and temperature in the system, together with constant volume of the
packaging and pressure inside of it; temperature is often assumed to be constant (or given) (Geysen et al., 2007;

Rodriguez-Aguilera et al., 2009; Ghosh and Dash, 2020) even if models with non-constant temperature exist (Song et
al., 2002). More complex models have been developed to describe also the space gradients in composition (Rennie and
Tavoularis, 2009a, 2009bbib—Rennie—and—Tavorlaris—2069abib—Rennie—and—Tavoularis—2609b; Xanthopoulos et al.,
2012), but require additional computational efforts. The assumption of constant volume is not always verified, such as
when the packaging is not rigid (e.g., a plastic bag) and models have been developed to consider this kind of systems (
Castellanos et al., 2016a). Other models also consider water (Castellanos et al., 2016b) or ethylene (Castellanos et al.,
2017) production during respiration. Most of the aforementioned models use respiration rate expressions based on the
Michaelis-Menten (MM) mechanism. This kind of reaction rates is almost always suitable for the description of produce

respiration under aerobic conditions or under low (non null) concentration of oxygen.

The aim of this work is to develop a generalised model able to describe both aerobic and anaerobic conditions for MAP
(focusing especially on dairy products) with an arbitrary number of modelled chemical species, under isothermal
conditions. The volume and total pressure of the package will be modelled as well, thus they will not be assumed
constant. Fluxes through the micro-perforations will be estimated using computational fluid dynamics (CFD). The
model will be finally validated using experimental data on tTaleggio cheese and other data available from literature for

another soft cheese.

2 Materials and methods
2.1 Materials

Fresh tTaleggio cheese (Casa Arrigon srl, Valtaleggio, Bergamo, Italy, details in Table S1) was purchased at a local
grocery supermarket prior to the start of the experiments. Taleggio cheese was packed in commercial poly (ethylene
terephthalate) (PET) trays (184 mm?> x 117 mm? x 40 mm?, thickness 250 wm), sealed by means of a PET-based film
possessing a nominal thickness of 17 um and a permeable area of 215 cm?, an oxygen permeance of 150
em’m~2d"'bar~! and a carbon dioxide permeance of 640 cm?*m~2d~'bar~!. More details about PET-Based film

properties are reported in Table S2.

PET films were perforated by means of a laser perforation system, obtaining holes with diameters of 90 um and
120 pum respectively. Micro-perforated PET lids have been labeled as PETX-Y, where X represents the number of
holes (X being 1 or 5) and Y the nominal hole diameter in um (Y being 90 or 120), as reported in Table 1.
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Sample ID Number of perforations Perforation diameter_[um]| Nominal perforation area_[mg]
PET 0

PET1-120 1 120 113 x 1072

PET2-90 2 90 127 %1072

PET5-90 5 90 3.18 x 1072

2.2 Model development

The time evolution of the gas composition inside the packaging can be described through molar fraction balance
equations. A scheme of the modelled system is reported in Fig. 1. It is assumed that temperature, 7', is uniform and
constant, while the gases do not show concentration gradients inside the package (i.e., they are assumed to be perfectly

mixed). The gases are assumed to behave as ideal gases.
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[Instruction: This figure is far from where it is first referenced to in the proof/pdf.]Scheme of modelled system reporting the
composition and fluxes of species i. H refers to micro-perforations and M to the film/membrane.

By a species mole balance equation it is possible to write the change of composition in time, #:
R - RS A )

where y; is the molar fraction of species i in the headspace (for i = 1 ... NC, being NC the number of modelled
chemical compounds in the system), /" the headspace volume, J; the net flux of species i, R ; the{signed;—peositivefor

produets-and-negative-forreagents) production rate (signed, positive for products and negative for reagents) of species i
per unit food mass, W the mass of food inside the package, and P the total pressure inside the package. It should be

noted that the time variation of volume and pressure is considered. In Equation (1) the net species flux is given by the
contributions of the membrane (M) permeability, possible presence of N y; micro-perforations (H) on the membrane,

and condensation (C):

Jy=JM + Nyt - J¢ @)

It is assumed that the gas does not permeate through the walls of the tray. The membrane permeability contribution to

the net flux can be described by:
‘%‘WMP Pa m
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where % is the permeability of the membrane to species i, &y, the surface of the membrane, / its thickness, P, the

(constant) atmospheric pressure, and y? the (constant bulk) molar fraction of species i outside the package.

The contribution given by the perforations can be described by two terms, the first describing diffusion through the

hole, the other describing advection due to a pressure difference between the package and the outer atmosphere:
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where 2; is the diffusivity of species i (reported in the Supporting Information), S/ the Sherwood number (which will

be determined in the following sections), d ; the hole diameter, and J** the advection contribution given by:
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where C , is the discharge coefficient, MW the molecular weight of the gas in the headspace, and M Wb the molecular
weight of the gas in the outer atmosphere. It was assumed that the advection is due to an incompressible flow (which is
generally the case, as the Mach number of this kind of systems is lower than 0.3, indicating an incompressible flow (
Panton, 2013)). The discharge coefficient becomes quite low for this kind of flow and can be evaluated from
correlations (Hollingshead et al., 2011). The value of C , = 0.003 will be used as it provides a good estimate for very

low flowrates such as those achieved in micro-perforated MAP.

The contribution due to condensation is null for all incondensable gases (e.g., oxygen and nitrogen) and is assumed to
be null for all condensable gases which are not at saturation conditions. When a condensable gas k reaches saturation,
JE is such that the molar fraction is kept equal to the saturation value over time, meaning y;, = PY(T)/P (where PX(T) is

the vapour pressure of species k at some temperature 7), and by differentiation:

d _ P ap ©)
dt — P2 dr

and by comparison with Equation (1) an algebraic equation is obtained to determine the value of /. This equation can
be simplified to obtain an explicit expression of the condensation flux when volume or pressure are kept constant, for

which the details are reported in the Supporting Information.
The condensed species will form a liquid phase of changing volume in time:

NC 4C
chand — EJI MVVIP (7)
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i

where MW ; is the molecular weight of species 7 and p" is the density of pure species 7 in the liquid phase. (The
assumption of ideal liquid mixture was used for this last equation.) In the following, only water condensation will be

considered, therefore allowing to simplify correspondingly the previous equation.

By summation of Equation (1) over all species one obtains:

NC
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i

This equation provides the description of the pressure/volume variation in time if a suitable model is used to describe
the link between volume and pressure. This link can be for example a mechanical model of the membrane deforming

due to changes in pressure, thus a form such as V' = V(P).

For this work, unless a large build-up of pressure is attained, the package can be safely assumed to be of constant
volume, i.e., dV/dt = 0. This corresponds to the assumption of a rigid package, which is the case as most of the
package is built with a rigid plastic. The opposite behaviour is the one of a totally flexible membrane for which pressure
can be assumed to be constant, i. e, dP/dt = 0. This is the case for packaging made by a flexible bag, such as those
used in (Castellanos et al., 2016a, 2016bbib—CasteHanes—et—al-20+6abib—Castellanos—et—al20646b). Therefore, the
proposed model can describe both rigid packaging and flexibe bags, as well as intermediate conditions for which a
mechanical model should be provided. Therefore, the proposed model is a general description of food packaging able

to describe very diverse situations.



In the following, the headspace volume will be assumed to be constant, thus the first therm on the L.H.S. of Equation

(8) is null and the equation can be used to describe the pressure evolution in time inside the package.

As reaction products may leave the food as gases, the food mass changes in time:

NC
aw MW,P
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It is common practice to observe the percent cumulative weight loss, defined as:

_We=0-w

WL = = 100 (10)

The reactions considered in the system are aerobic and anaerobic respiration. The model proposed can describe an
arbitrary number of chemical species. In this work four species are considered: oxygen, carbon dioxide, water, and
nitrogen (for the latter the reaction rate is null). O, is consumed due to aerobic respiration, which produces CO, and
H, O. Anaerobic respiration mainly produces CO ,. Both reactions can be inhibited by the presence of O, and CO,.
In order to take this into account, respiration rates for oxygen can be described through Michaelis-Menten kinetic
schemes in the uncompetitive-inhibition formulation (MMU). The aerobic respiration rate for CO, can be obtained
from the so-called respiratory quotient, describing the ratio between the respiration rate of carbon dioxide and the one
of oxygen under aerobic conditions. Anaerobic respiration reactions are generally neglected in literature and are
somehow taken into account in the respiratory quotient when its value is large, as typical values of RQ for aerobic
respiration range between 0.7 and 1.3 (Song et al., 2002). This description can be erroneous given the MMU equations,
especially for dairy products. The MMU would predict a null production rate for CO, if no oxygen is present. This is
clearly not the case when anaerobic respiration becomes relevant. Therefore, a separate term in the reaction rate was
used to describe it (inhibited by high concentration of both O, and CO,) resembling a noncompetitive Michaelis-
Menten rate. The following expressions use parameters given at a single temperature. An Arrhenius’ law can be used
for the description of the temperature variation of such parameters. In this work, as all experiments were run at the same

temperature, hence there is no need to use such temperature-dependent kinetic constants.

The production rate for O, is described by the MMU only:
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where Vo,max is the maximum O , respiration rate, K, 0, the MM constant for oxygen, and K|, o, the inhibition constant

due to carbon dioxide.

The production rate for CO, also has an additional term for anaerobic respiration:
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where Yco,s is the maximum anaerobic respiration rate, K| and K, are parameters taking into account inhibition by

O, and CO, respectively.

The production rate for H, O can be computed as an average of the aerobic respiration rates of oxygen and carbon

dioxide multiplied by a factor taking into account the respiration reaction stoichiometry (Song et al., 2002):

2816[kJ mol™!] 1+ RQ
RH20=—a( 6Ah;;20 )RO2 > (13)

where « is a parameter describing the fraction of respiration energy transformed into heat and A%, the evaporation
enthalpy of water. Generally, the value of o ranges from 0.80 to 1.00 (Song et al., 2002) but values as low as 0.25 were
reported (Castellanos et al., 2016b).

2.3 CFD modelling

CFD simulations were performed to evaluate the purely diffusive flux across the perforations using the Ansys Fluent
19.1 software. The simulations were performed for the selected membrane (thickness 17 um) and the two diameters
considered (90 and 120 um). A 2D domain was considered by exploiting the cylindrical symmetry of a single hole.
The membrane divides space in two regions (the headspace and the outer atmosphere) for which two compositions
were assigned and kept constant at a large distance from the hole. For each species the difference between the two
assigned compositions, Ay ;, is kept constant while solving the molar fraction transport equations. The details on the

computational domain and solver settings are reported in the Supporting Information.

The diffusive flux was evaluated from the spatial derivative of molar fraction at the centre of the hole:

Previous Version

2
JH — ”ng 9y;

g 4 "Emo

(14)

Updated Version

2
Jﬂ=ﬂ9_%
g 4 7 ox

x=0

The pressure was imposed to be uniform in order not to have convection in the system.
2.4 Validation experiments

The computed O, fluxes were validated by sealing the PET-based tray with different specimens in a low O, (2-5%)
environment, then the samples were stored at 5 °C, 40% RH for 20 days. Daily oxygen measurements were made
using a non-destructive approach by means of OpTech®-O, Platinum Oxygen Analyzer (Mocon INC, Minneapolis,
MN, US).

Taleggio cheese slices (200 g), carefully sliced to have homogeneous samples in terms of creamy part and crust, was
packed using PET trays and sealed with PET-based films using an industrial sealing machinery (Proseal GTOe,
Proseal, Adlington, Cheshire, UK), resulting in an average headspace of 600 cm?. During the packaging, unmodified
air atmosphere conditions were used. Different micro-perforated PET-based lids were employed to achieve different
oxygen equilibrium concentration. Each sample was stored at 8 °C, 67% RH for 55 d. The internal atmosphere
composition evolution was measured by means of gas analyser Dansensor CheckPoint 3 (Dansensor”, Mocon INC,
Minneapolis, MN, US).

3 Results and discussion

3.1 Micro-perforation characterisation

The CFD simulations provide the spatial distribution of species in the domain. Contours of the molar fraction of one
species (CO,) close to the micro-perforation are reported in Fig. 2 for the two hole diameters considered. It can be

observed that the molar fraction gradients vanish quickly and can be considered to be null at a distance of



approximately 3 diameters from the centre of the orifice. Therefore, multiple perforations separated by such distance
can be considered to be independent on each other. This is the case of the experimental setup, where the perforations
are separated by several centimetres of distance. Additionally, the results obtained agree qualitatively (in terms of

contours shape) with those reported in (Rennie and Tavoularis, 2009b).
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The CFD simulations also allow the determination of the Sherwood number to be used in Equation (4). In fact by

comparison of Equations (4) and (14) (in this case J* =0 as no convection is present):

2]

d
Sh= ”Zy” =0.715 (15)

Most notably this value was found to be independent both on the species selected and the hole diameter.
3.2 Micro-perforated films characterisation

The permeability of the membrane to nitrogen and water was estimated by means of standard correlations for polymeric
materials (Sen;—2643Robertson, 2012), since the permeability to oxygen and carbon dioxide were available. By

adopting an average of the available data:

% P,
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The tests run with an oxygen-depleted atmosphere and no cheese in the trays were used to initially check the model
predictions in terms of fluxes. The comparison between the measured oxygen concentration and the one predicted by
the model is reported in Fig. 3. The trend is predicted correctly, demonstrating that the proposed formulation of the

fluxes across the membrane is adequate.
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[Instruction: This figure is far from where it is first referenced to in the proof/pdf.JComparison of the model predictions of oxygen
molar fraction and experimental data for the oxygen-depleted atmospheres in empty trays.

3.3 Determination of kinetic parameters

All the kinetic parameters (namely, Y0,max, Kno,, Ku0,, RO, Vco,r, K, K,, and a) can be found via fitting of the
model predictions to experimental data, using the least-squares method. Respiration parameters (all except for o) can be
found by fitting the model prediction of gas composition in time to the experimental data. Water generally reaches
saturation quite quickly, thus its molar fraction does not provide useful information for the determination of . On the
contrary the weight loss could give useful insights on the value of such parameter. The weight loss was approximately

1% after 55 days, which could be reproduced by the model with a value of a equal to 0.25.

The data collected for the packaging with no perforations were used for the parameter fitting. The kinetic parameters

were found by minimisation of the objective function:
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where the sum is extended to all experimental data (superscript exp refers to the experimental value, while no
superscript indicates the model prediction at the same time). The obtained results are reported in Table 2. These
constants are valid at the temperature of 8 °C. The predictions of the model in terms of gas composition are compared
to the experimental test in Fig. 4. The computed R? is 0.9995 for O, and 0.9948 for CO .
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Parameter Value

V0, max 0.6015
K0, 0.2384
K0, 0.5348
RO 0.7287

Vco, f 0.0454



K 0.2190

K> 0.1262
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3.4 Validation of the model

The experimental tests on perforated membranes were finally used to validate the proposed model both in terms of
kinetics and in terms of diffusive/convective fluxes across the membrane. Fig. 5 reports the comparison of the model
predictions and the experimental measurements on the gas composition inside the package over time. The agreement is
satisfactory, especially for the initial part of the experiment. The computed R? for the three cases are reported in Table 3
for O, and CO,. As time increases above 40 days, the experimental data deviate from the model predictions. This can
be due to the change in the mould population on the crust of tTaleggio cheese, leading to a different anaerobic

respiration kinetics.
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0, CO,
PET1-120 0.9342 0.9436
PET2-90 0.9266 0.9391
PETS5-90 0.8378 0.8999

Fig. 6 reports the weight loss (CWL) and the condensed water volume (V ;) over time. It should be noted that the
predicted weight loss is very small, as observed experimentally, while the condensed phase volume is in the order of
few millilitres, which is a good estimate of the large droplets observed hanging from the ceiling of the package. Also,
the larger predicted quantity of water in PET5-90 is in agreement with the experimental formation of undesired moulds.
It should be noted that the data for PET2-90 were not included for clarity purposes. Anyway, the data and model
predictions are comparable to those of PET1-120.



alt-text: Fig. 6

PET
PET1-120

4 (a) (bs)

%]
o

£ L1 exp.
o PET1-120 exp.
1 PET5-90 exp.

CWL
L]

.31;&5_ _ S

= -

() ® a L . L L L L L L
10 20 30 40 Al 0 10 20 30 40 a0

t [ ¢ [d]

[Instruction: This figure is far from where it is first referenced to in the proof/pdf.][Instruction: This image seems at low resolution on
the proof/pdf.]Model predictions for (a) the cumulative weight loss and (b) the condensate volume. Experimental data are available

only for the weight loss.

From the evaluation of the fluxes for each species it is possible to find the dominant transport mechanism. For CO , and
O, the dominant flux is the one across the holes, which is several orders of magnitude larger than the flux across the
membrane thickness. The dominant mechanism for H, O is instead condensation. The fluxes J* and J computed
for water can be compared to the measured water vapour transmission (WVT, details in the Supporting Information), in

fact the following relationship holds true between fluxes and water vapour transmission:
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which leads to a value of approximately 15.8 gm~2d~! for the non-perforated membrane, 19.5 gm~2d~! for PETI-
120, 22.1 gm~2d~" for PET2-90, and 33.5 gm~2d~! for PET5-90. These results are in good agreement with the
measured WVT from Table S3.

For further validation, another cheese (St. Killian) was considered, for which experimental (Rodriguez-Aguilera et al.,
2011) and modelling data (Rodriguez-Aguilera et al., 2009) were available. The considered product is a soft cheese
with surface mould and was sealed in a closed container and in a container with a single perforation. All geometrical
parameters and conservation conditions are reported elsewhere (Rodriguez-Aguilera et al., 2011). Our model was first
fitted to the case of no perforations and then used to predict the case with a perforation, as done for the tTaleggio
cheese case. Fig. 7 reports the fitted gas composition (for the non-perforated packaging) and the predicted gas evolution
(in a perforated packaging) against experimental data, as well as the predictions of the model proposed by Rodriguez-
Aguilera et al. (2009) based on the same cheese. Our model is able to better describe the anaerobic respiration which
characterises the case of no perforations. Our proposed formulation of the respiration processes through Equations (11)
and (12) allows the model to correctly predict the long-term behaviour (up to two months) of the packaging, thanks to
the addition of a term which can describe anaerobic respiration. Also, the correct description of the fluxes via CFD is
confirmed by the correct predictions of the perforated packaging behaviour. Therefore, the model can be deemed

generalised since it can be successfully applied to different products and data sets.

alt-text: Fig. 7
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[Instruction: This figure should be paginated on two columns, as it is too small for single column.][Instruction: This figure is far from
where it is first referenced to in the proof/pdf.JApplication of our model for the prediction of gas evolution of packaged soft cheese
(St. Killian) (Rodriguez-Aguilera et al., 2011) and comparison with a literature model (Rodriguez-Aguilera et al., 2009) in the case of
(a) no perforations and (b) one perforation.

4 Conclusions

A packaging system based on the combination of micro-perforations and EMAP was modelled and studied to control

the atmosphere inside a package for a smear short-ripened soft cheese (tTaleggio). FaleggioThis cheese possess a



complex surface microbiota which contribute to its typical sensorial characteristic and shows different respiration

kinetics as function of the gas concentration (O, and CO,).

Specifically, the developed mathematical model is able to describe and predict the headspace atmosphere evolution
under isothermal conditions. Fluxes through the micro-perforations were estimated using CFD. Considering the
generalised nature of the models, it can be exploited to identify the optimal perforation configuration for any type of

micro-perforated packaging systems (e.g. stiff systems like boxes or flexible ones like bags) and for any foods.

The efficiency of the model was experimentally validated by measuring the gas evolution in four different tTaleggio
packaging configurations, one without and three with micro-perforations. Taking into account both aerobic and
anaerobic respiration processes, the proposed model is able to efficiently predict the gas concentration for the whole
product shelf-life (up to 55 days).

The obtained experimental results showed that it is possible to modulate gas permeability values through
microperforations in such a way to achieve the desired equilibrium internal gas composition, and to get an optimal

condition for extended shelf-life.

Overall, the micro-perforation technology and an accurate prediction of the headspace atmosphere evolution by a
mathematical model become a very useful and powerful tool for the quick development of an ad hoc packaging

solutions for delicate and valuable food products, paving the road to potential new applications in other food matrices.
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e Computational fluid dynamics (CFD) is used to predict diffusive fluxes through micro-perforations.
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