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Comment citer ce document : Kurek, M., Laridon, Y., Torrieri, E., Guillard Active packaging technologies involve the design and dimensioning of food packaging system for extending food shelf life, while maintaining its quality and safety. Active packaging deliberately incorporates active components intended to release or to absorb substances into, onto or from the packaged food or the environment surrounding the food [START_REF] Angellier-Coussy | Role of packaging in the smorgasbord of action for sustainable food consumption[END_REF][START_REF] Ozdemir | Active food packaging technologies[END_REF]. They act on different reactions of degradation of food or as a vector of compounds of interest. Antimicrobial packaging acts by direct contact or by emitting some volatile antimicrobial compounds into the headspace to limit microbial growth on the surface of the food. In this last case, the shelf life of the packed food product depends mainly on the composition of volatile compounds in the headspace, which in turn determines the growth rate of microorganisms. This headspace composition is a function of the diffusion of the active agent into the polymer matrix and its release rate from the packaging toward the headspace and of the environmental conditions (e.g. temperature, relative humidity) that could strongly impact the aforementioned transfer rates [START_REF] Mascheroni | Antimicrobial effectiveness of relative humidity-controlled carvacrol release from wheat gluten/montmorillonite coated papers[END_REF]. In this context, the dimensioning of the antimicrobial packaging material is meant to adjust the quantity of active agent to add in the material during processing, knowing among others, its diffusivity into the matrix, its release conditions and its expected effect on the targeted degradation reaction (e.g. microbial growth). Mathematical models of mass transfer are very helpful to achieve this task and constitute a real decision support tool for researchers and packaging and food manufacturers.

During the last few years, the research on antimicrobial food packaging material has significantly increased as an alternative method to control unwanted microbial growth in foods. The latest progresses in that field have focused on material development with the design of polymeric matrices with tailored mass transfer properties (diffusivity) to control the release [START_REF] Joo | Development and characterization of antimicrobial poly(l-lactic acid) containing trans-2-hexenal trapped in cyclodextrins[END_REF][START_REF] Lagaron | Using ATR-FTIR spectroscopy to design active antimicrobial food packaging structures based on high molecular weight chitosan polysaccharide[END_REF]Mascheroni et al., 2010a[START_REF] Mascheroni | Antimicrobial effectiveness of relative humidity-controlled carvacrol release from wheat gluten/montmorillonite coated papers[END_REF][START_REF] Raouche | Combined effect of high pressure treatment and anti-microbial bio-sourced materials on microorganisms' growth in model food during storage[END_REF] and on the development of tools based on complex diffusion-reaction systems to predict the antimicrobial release. These approaches aimed at a better design of the antimicrobial packaging by choosing optimal transport parameters for a given situation [START_REF] Guillard | Food preservative content reduction by controlling sorbic acid release from a superficial coating[END_REF]Mascheroni et al., 2010b). Among volatile antimicrobial compounds, allyl isothiocyanate (AITC, a major flavour component of mustard essential oil) has been shown to have a strong antimicrobial activity in its vapour form for very weak added concentrations, compared to others antimicrobial volatile agents [START_REF] Delaquis | Antimicrobial Activity of Gaseous Allyl Isothiocyanate[END_REF][START_REF] Raouche | Combined effect of high pressure treatment and anti-microbial bio-sourced materials on microorganisms' growth in model food during storage[END_REF]. In order to reduce its volatility and its thermal degradation when incorporating it into polymer matrices, usually shaped by using thermo-mechanical processes such as cast-extrusion, AITC can be encapsulated in α-or β-cyclodextrins, prior incorporation in the matrix [START_REF] Ohta | Effects of Ionized Cyclodextrin on Comment citer ce document[END_REF].
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A C C E P T E D M A N U S C R I P T 4 β-cyclodextrin (β-CD
) is a cyclic oligosaccharide consisting of seven glucopyranose units linked by alpha-(1-4) bonds [START_REF] Valle | Cyclodextrins and their uses: a review[END_REF]. β-CD is most used for its ability to form solid inclusion complexes (host-guest complexes) by molecular complexation with a very wide range of compounds: due to its lipophilic nature, the cavity of β-CD constitutes an appropriate host site for apolar molecules to form inclusion complexes [START_REF] Fang | Beta-cyclodextrin decorated nanostructured SERS substrates facilitate selective detection of endocrine disruptorchemicals[END_REF]. If the complexation is made in aqueous solution, water molecules in the cavity of β-CD are replaced by the more hydrophobic molecules (here AITC) in the solution. This new apolarapolar association is more stable with a lower energy level [START_REF] Valle | Cyclodextrins and their uses: a review[END_REF]. Once the complex is formed, dried and then rehydrated, the addition of water may cause the breakdown of the system and the release of the encapsulated hydrophobic molecules.

Among possible applications, complexes of β-CD with allyl isothiocyanate (AITC) have been evaluated as a slow-release additive in polylactide-co-polycaprolactone (PLA-PCL) biopolymer film packaging. Such encapsulation has been shown to be suitable for long shelf life storage packaging of cheeses [START_REF] Plackett | Behavior of αand βcyclodextrin-encapsulated allyl isothiocyanate as slow-release additives in polylactide-co-polycaprolactone films[END_REF][START_REF] Plackett | Characterization of l-polylactide and l-polylactidepolycaprolactone co-polymer films for use in cheese-packaging applications[END_REF]. The release of AITC from β-CD is known to depend on relative humidity: the higher the relative humidity, the faster and the higher the release. Ponce Cevallos and coworkers (2010) showed that cinnamon and thymol β-CD complexes remained stable up to 75% RH during long storage times (60 days at 25°C). The guests released from the β-CD complexes were detectable in the region of the water adsorption isotherm at which a sharp increase of water content occurred (84% RH).

The authors emphasized that the release of guest molecules was thus governed by the shape of the water sorption isotherm. [START_REF] Li | Complexation of allyl isothiocyanate by αand βcyclodextrin and its controlled release characteristics[END_REF] proposed and validated a release model and showed that depending on the relative humidity (RH) level and on limiting diffusive effects, the release could range from 20% (50% RH and diffusion-limited system) to 100% (nonlimiting systems or 98% RH for diffusion-limited systems) of encapsulated AITC. In order to improve knowledge of AITC release mechanisms from polymeric films, it appears thus fundamental to deepen the study of water-β-CD-AITC interactions and especially the impact of water transfer in the film on the diffusion and release rate of AITC. Mathematical modelling of the coupled mass transfer and reaction phenomena prevailing in such a system is crucial to fix its complexity. Release of compounds from β-CD was extensively studied in simplified experimental conditions such as aqueous solutions (for instance Ohta et al. 2000;[START_REF] Reineccius | Flavor Release from Cyclodextrin Complexes: Comparison of Alpha, Beta, and Gamma Types[END_REF], but as far as we know few of these approaches were then integrated in a full packaging concept (including polymer matrix containing encapsulated active compound and headspace).

In the context of active packaging research, models can provide a better understanding of the interplay between the mechanisms involved. However, the predictive ability of such models depends highly on an adequate experimental determination of input parameters. for encapsulated compounds and lacked experimental validation. [START_REF] Cerisuelo | Mathematical model to describe the release of an antimicrobial agent from an active package constituted by carvacrol in a hydrophilic EVOH coating on a PP film[END_REF][START_REF] Cerisuelo | Describing and modeling the release of an antimicrobial agent from an active PP/EVOH/PP package for salmon[END_REF] have developed a mathematical model to describe the moisture-dependent release of carvacrol in a hydrophilic EVOH coating on PP film for packaging salmon fillets. Their modelling approach helped the optimisation of the package design and the identification of the best environmental conditions that would lead to the achievement of maximum packaging efficiency. In this respect, the use of decision support tools based on mathematical models coupling mass transfer occurring in the packaging (such as diffusion and release of additives, scavenging of certain species, etc.) and reaction in the food product (such as microbial growth, oxidation, respiration, etc.) is helpful to simplify the package design steps by allowing predicting in advance the packaging mass transfer properties or composition (e.g. quantity of active compound to add in the material) for maintaining the quality of the packed food. Specific modelling tools have already been developed for modified atmosphere packaging systems coupling gas transfer and respiration for fresh fruits and vegetables [START_REF] Cagnon | Fresh food packaging design: A requirement driven approach applied to strawberries and agrobased materials[END_REF][START_REF] Mahajan | Development of user-friendly software for design of modified atmosphere packaging for fresh and fresh-cut produce[END_REF][START_REF] Xanthopoulos | Mass transport analysis in perforation-mediated modified atmosphere packaging of strawberries[END_REF] or gas transfer and predictive microbiology [START_REF] Chaix | Mechanistic model coupling gas exchange dynamics and Listeria monocytogenes Comment citer ce document[END_REF][START_REF] Simpson | Designing a modified atmosphere packaging system for foodservice portions on nonrespiring foods: optimal gas mixture and food/headspace ratio[END_REF]. Such tools still remain to be developed in the field of antimicrobial packaging films.

The objective of this work was to develop a mathematical model to describe the water content-dependent release of AITC encapsulated in β-CD from a polymeric matrix. To do so, the following steps were undertaken:

-Model the release of AITC from β-CD as a function of relative humidity;

-Model the coupling of water mass transfer and AITC release kinetics;

-Experimentally validate the model;

-Explore the use of this mechanistic model as a tool for designing efficient antimicrobial packaging system.

The model was further characterised by means of a sensitivity study.

2 Materials and methods

Chemicals

Allyl isothiocyanate (AITC) was purchased from Sigma Aldrich (St Louis, USA) with the highest purity available (97%). PEG 5000, reagent grade, was purchased from Fluka (Sigma Aldrich, St Louis, USA). β-CD powder was purchased from Roquette (Lestrem, France). For film production, PLA 2003D (NatureWorks) pellets were used. Prior to processing, the PLA was dried at 60°C for 24 h.
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Preparation of AITC inclusion complexes with β-CD

β-CD was mixed with deionized water at weight ratio 3:1 in a kneader for 10 min at 80 rpm.

AITC was added with a molar ratio β-CD/AITC of 1:1 and the paste was further mixed for 20 min at 80 rpm. The mixture was then freeze-dried for 4 days. The dried granules were ground in a kitchen mixer. The resultant dried powder was put into the turbo separator in order to separate fine particles (< 20 microns) from coarse particles. The finer particles were stored at 5 °C in dry conditions using silica gel.

The inclusion efficiency of AITC β-CD complex was evaluated to be about 66% using

Eq. 1 (from [START_REF] Raouche | Combined effect of high pressure treatment and anti-microbial bio-sourced materials on microorganisms' growth in model food during storage[END_REF]:

IE = Inclusion efficiency (1)
where TC h q TC β-CD complex, surface AITC is the quantity TC h β-CD complex and theoretical AITC is the theoretical calculation x TC q h b β-CD. The theoretical AITC concentration was 0.087 kg of AITC per kg of β-CD, that is to say the ratio between the molar mass of AITC and β-CD.

Film processing

In a first step PLA was melt-blended with 5% (w/w) of β-CD-AITC in a lab scale compounder (Dr. Collin GmbH, Germany) with a L/D ratio of 24 and a 3 mm rod die.

Temperatures of 150/160/175/175/190 (zones 1-5) and a screw speed of 40 min -1 were applied. The melt pressure was 75 bar. The resulting melt strain (diameter ca. 2 mm) was cooled down with dry ice and cut into pellets. The pellets were then used for cast film extrusion on a lab scale extrusion line (Dr. Collin GmbH, Germany). The extruder has a L/D ratio of 25; a slot die of 30 mm diameter was used. Processing temperatures were 160/180/180/180/180 (zones 1-4 /slot die), the screw speed 37 min -1 and the melt pressure 79 bar. Film thickness was adjusted to 50 µm. The films were stored on reels under dry conditions (100% nitrogen) at 23°C until further examination.

Determination of AITC release from β-CD

Samples of β-CD-AITC were analysed by dynamic method in the experimental apparatus schematically represented in Figure 1. β-CD-AITC sample (0.14 g) was inserted in a desorption cell (volume of the headspace of 44 mL). A humidified helium stream was blown through the cell at a constant flow rate (20 mL/min), high enough to avoid accumulation of the AITC molecules released in the inner space of the cell. The carrier gas was partially (for ) or fully humidified (for ) with the aid of a gas bubbler filled with deionized water conditioned at constant temperature in order to get the desired relative humidity.
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The gas mixture (AITC released and carrier gas) was injected in the inlet port of a gas chromatograph by means of an automatic injection valve previously programmed to execute a sampling sequence.

A Varian 3800 GC-FID (Les Ulis, France) equipped with a DB-5® column (Varian) (30 m x 0.2 mm i.d. 0.25 µm) and a flame ionization detector (FID; hydrogen, 30mL/min; air, 300 mL/min; nitrogen, 30 mL/min) was used. Helium was used as carrier gas with a flow rate of 20 mL/min. The oven temperature was kept constant at 180 °C. Injector and detector temperatures were set at 250 °C.

Figure 1 -Scheme of the desorption cell.

Left: Scheme of the system used to measure AITC release. O β-CD -AITC complexes. Right: scheme of the system used for experimental validation. The cell is divided in two parts with testing film (black line) (section 2.5).

During calibration, pure AITC (ranging from 1.2 to 8.4 mg) was placed in the cell on a glass support. The test was stopped when all AITC was evaporated. The concentration of AITC in the gas phase (mL/mL) was obtained by computing the integral of the peak concentration (peak/mL) measured by the gas chromatograph, multiplied by the gas flow (20 mL/min):

(2)

The release kinetics was expressed as in [START_REF] Li | Complexation of allyl isothiocyanate by αand βcyclodextrin and its controlled release characteristics[END_REF]:

(3) where is the theoretical initial AITC quantity encapsulated in β-CD, is the release rate and the order of reaction, assumed to be 1 due to the fact that the system described in Figure 1 (left) was not considered diffusion-limited.

At the beginning of the experiment, the quantity of AITC released increased to a maximum value as the relative humidity increased from zero to the set value and then decreased until all AITC was released. The time at which AITC started to decrease was taken to be . Five different relative humidities were considered, with at least two replicates for each: 60, 70, 80, 90 and 100% RH.

Experimental validation

The AITC release from PLA+ β-CD-AITC film (from both sides) with 5% of β-CD-AITC (see section 2.3) was studied at two relative humidity values: 80 and 100% in the same system described in section 2.4 (Figure 1). The film (157.3±13.3 mg) was positioned inside the cell and divided the cell in two parts. The bottom side of the cell was closed and the upper side was under dynamic flow as described before. The surface area was 88.4•10 -4 m 2 , and the volume of the headspace was 24 mL.

Determination of diffusivities

All experiments were conducted at 20 ± 0.1 °C.

Water diffusivity

Water diffusivity in PLA+β-CD-AITC films was measured using a dynamic vapour sorption balance (DVS, Surface Measurement Systems, London, UK), following the procedure described in Angellier-Coussy et al. (2011). Samples (15.09±1.90 mg) were cut in small cubes and placed in desorption pan with a great attention in order that slices do not touch one each other. The procedure consists in recording the evolution of the film sample mass with time as a function of relative humidity of air. The experiment was reproduced numerically and the diffusivity was fitted to experimental data. This was done on an exhausted film (without AITC anymore) to avoid any experiment disturbance to AITC release.

AITC diffusivity

PLA films containing β-CD-AITC complexes were completely desorbed of AITC by putting the samples in a stream of N2 at controlled temperature and relative humidity for at least one week. Then, they were put at equilibrium with both an AITC solution and a saturated saline solution (Mg(NO3)2 for 50% RH or (NH4)2SO4 for 80% RH) in a hermetically sealed jar for at least 8 days. This ensured that the film was saturated in AITC and that it was at a specific water activity.

The samples were then put in a dynamic gas sorption analyser (IGA 003, Hiden Isochema, Warrington, UK) with a N2 flux at controlled RH. The observed changes in sample mass were attributed to AITC desorption and the diffusivity was determined by fitting the experimental data with the theoretical relation given by [START_REF] Crank | Diffusion in a Plane Sheet[END_REF]. Two RH were considered: 50% and 80%.

Comment citer ce document : Kurek, M., Laridon, Y., Torrieri, E., Guillard The aim was to reproduce experimental conditions described in section 2.5. The same 5% β-CD-AITC in PLA film was used to split the desorption cell in half: the upper half was maintained at a constant relative humidity (RH) with a controlled Helium flux, the lower half was considered to be initially at 50%RH, representative of the relative humidity of air.

Validation was made by comparing the experimental and simulated AITC content remaining in the film. The water and AITC mass transfer through the polymeric matrix was k' laws considering a monodirectional transfer, perpendicular to the film surface (Figure 2).

Hypotheses

Diffusion into β-CD complexes and of β-CD complexes was neglected.

The following parameters were considered constant and homogeneous in the system: relative humidity, temperature, AITC diffusivity, water diffusivity. Moreover, no variation of the headspace volume was considered.

AITC content in the film was split into two quantities: AITC that was encapsulated in β-CD, , and AITC that was released and thus free to diffuse within the film, .

The first decreased in favour of the latter, following the pseudo first-order reaction described in section 2.4.

Equations

In the film, the following partial differential equations (PDE) system was considered: where , and are the water, encapsulated AITC and free AITC concentrations in the film, respectively; and are the water and AITC diffusivities in PLA, respectively; and is the reaction rate constant described in section 2.4. Note that depends on the relative humidity of the film. This relationship constitutes the coupling between mass transfer and AITC release, and was modelled using the following equation:

(

) 5 
where and are fitting parameters and is the water activity of the film. Water activity and moisture content of the film are related by the Guggenheim, Anderson and de Boer (GAB) model [START_REF] Blahovec | GAB Generalized Equation for Sorption Phenomena[END_REF]:

(6)
where , and are the free sorption parameters and were fitted to an experimental sorption curve.

Boundary conditions

A flux boundary condition was applied at the upper and lower surface of the film (in x=0 and x=l, Figure 2) w k' w:

The mass fluxes of constituents were computed as:

(8)

where is the concentration of constituent at the surface , is the concentration of constituent exterior to the surface considered (either the headspace or the environment) and is the external mass transfer coefficient (m•s -1 ), supposed to be the same for both sides of the film and calculated with a high Biot mass transfer number ( ), characteristic of this diffusion-limited case:

(9) here, is a characteristic length taken as half the thickness of the packaging and the lowest value of diffusivity for AITC at 20°C. The film was considered to be dry at , i.e. with only encapsulated AITC, i.e.

. The initial encapsulated AITC concentration depended on the formulation of the material (section 2.2):

(10) where is the inclusion efficiency defined in Eq. 1, is the mass of AITC put in the formulation and the mass of the film used for the experiment.

Headspace

Water and AITC content in the headspace (lower half of the desorption cell, Figure 1) were computed with the mass balance due to the fluxes from the film:

(11)

Sensitivity analysis

Screening

First, a systematic screening of the parameters was undertaken. Parameters were varied independently from each other following a one-factor-at-a-time method. The upper and lower bounds of each parameter were defined to be representative of their experimental uncertainties and for each simulation one parameter was varied while the others remained at a reference value. For each parameter , the influence of parameter variation was computed as:

(12)

where is the output of the model considered (the total quantity of AITC in headspace or the remaining AITC quantity on the film), , , and are the reference, minimum and maximum values of parameter .

This screening was used to sort out the parameters that were the less influential over the model output.

Variance-based sensitivity analysis

The parameters that were deemed the most influential over the model output ( ) were submitted to a variance-b b ' h ( b ' 2001).
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Briefly stated, this method consists in generating a high number of simulations based on random drawings of the parameters, and to estimate the sensitivity of the parameters through variance. For each parameter, the first-order sensitivity index is computed as the ratio between the variance of the conditional expectation of parameter , , and total variance, :

Such principle can be generalised for higher order of sensitivity indices, in order to take into account possible interactions between parameters. For independent parameters, one can define the higher order sensitivity indices as follows:

(14) and so on. In practice, one often-used quantity is the total sensitivity index for parameter , which is the sum of all indices relating to parameter , and can be computed easily even for a high number of parameters [START_REF] Homma | Importance measures in global sensitivity analysis of nonlinear models[END_REF]. By comparing the total sensitivity index to the first-order sensitivity index of a given parameter, one can determine whether this parameter interacts with other parameters. If the two quantities remain close to each other, then the parameter considered does not interact with other parameters.

Implementation

The model was implemented in Matlab. The PDE system (Eqns. 4) was transformed into an ordinary differential equation system by discretizing the spatial terms with a second-order central difference method. The ODE system obtained was solved for each spatial node using the built-in ode15s Matlab routine. The mesh comprised 100 nodes.

The screening of parameters was performed in Matlab with a dedicated script, and the variance-based sensitivity analysis was performed using the GSAT Toolbox for Matlab developed by [START_REF] Cannavó | Sensitivity analysis for volcanic source modeling quality assessment and model selection[END_REF].

Results and discussion

Input parameters values

The pseudo first-order assumption of Eq. 3 proved to be sufficient, data fitting showing R² consistently higher than 0.91 for the determination of the release rate on experimental data at the different values. Parameters and of Eq. 5 were fitted on these data and yielded
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13 the following results: s -1 and . The rate of release of AITC by β-CD was found to increase with increasing (Figure 3). Individual fits at various water activities are available in Supplementary Material 1. The diffusivity of AITC in PLA increased with increasing , with values of 3.8•10 -15 ± 6•10 -16 m 2 •s -1 and 4.7•10 -15 ± 7•10 -16 m 2 •s -1 for and , respectively.

Water diffusivity in PLA+β-CD-AITC film was assessed at a wide range of water activities: from 0.05 to 0.95. The diffusivity decreased with increasing water activity. The average value was of 3.6•10 -12 ± 2•10 -12 m 2 •s -1 . The high uncertainty (56%) can be attributed in equal proportions to the variability between replicates, caused by variations in material processing (due to β-CD-AITC dispersion that impacted the water solubility in the film) and to the variation caused by the change in water activity. This uncertainty has to be tempered by the fact that the water diffusivity has no influence on the model (section 4.3.1).

Validation of the model

Water activity of the lower half of the desorption cell at t=0, , was assumed to be of 0.5 and the water activity of the upper half, , was controlled by the relative humidity of the gas carrier flux.

Data were acquired at two values: 0.8 and 1.0. Simulations were conducted accordingly to these values, for comparison purposes (Figure ). The error bars shown in Figure 4 were estimated as the average of the combination of the experimental error on the measure and the standard deviation between replicates.

Comment citer ce document : Kurek, M., Laridon, Y., Torrieri, E., Guillard, V., Pant, A., Stramm, Gontard, N., Guillaume, C. ( 2017 Results showed better agreement between simulation and experience at (Figure a) than at (Figure b) where the loss of AITC was quicker for the simulation than for the experiment. This discrepancy can be attributed to a possible uncertainty on the estimation of the reactional constants (section 4.1) that are highly sensitive parameters (see section 4.3) and to their water content-dependency. Moreover, it is possible that the set point of 1.0 was not reached experimentally since so high is difficult to reach. The RMSE of the simulation for , 9.95•10 -5 kg•kg -1 , was less than the average experimental error, 1.22•10 -4 kg•kg -1 , whereas for the simulation at , the RMSE was of 3.36•10 -4 kg•kg -1 for an average experimental error of 1.38•10 -4 kg•kg -1 . The set point of 1.0 was probably not reached experimentally as mentioned before and evident from Figure 4b: one can consider that the actual was closer to 0.9 (Figure b). Considering simulation at equal to 0.9, the RMSE was closer to the experimental error: 1.85•10 -4 kg•kg -1 .

Comment citer ce document : Kurek, M., Laridon, Y., Torrieri, E., Guillard, V., Pant, A., Stramm, Gontard, N., Guillaume, C. ( 2017). A mathematical model for tailoring antimicrobial packaging material containing encapsulated volatile compounds. Innovative Food Science and Emerging Technologies, 42, 64-72. DOI : 10.1016/j.ifset.2017.05.014

A C C E P T E D M A N U S C R I P T 15

In spite of the high complexity of the system investigated with AITC and moisture coupled diffusion and release, the model described well the active agent release pattern. Note that none of the parameters were re-adjusted nor fitted on the experimental release data obtained on films and were all determined using independent experiments. Discrepancy between experimental and predicted results, especially at high , is inherent to the complexity of the system and experimental variability. To deepen the analysis of the results and better identify the sources of variability in the system, next part of this work was dedicated to sensitivity analysis.

Sensitivity analysis 4.3.1 Screening of parameters

In order to sort out the parameters that were the most obviously influential, a screening study was conducted. The min and max values taken by the parameters are indicated in Table 1. Note that variations indicated in Table 1 are not only due to sensitivity of measuring devices but included also unwanted variations due the difficulty to master some of the parameters (e.g. ) that were therefore considered varying in their worst case to maximize their impact if any. Comment citer ce document : Kurek, M., Laridon, Y., Torrieri, E., Guillard, V., Pant, A., Stramm, Gontard, N., Guillaume, C. ( 2017). A mathematical model for tailoring antimicrobial packaging material containing encapsulated volatile compounds. Innovative Food Science and Emerging Technologies, 42, 64-72. DOI : 10.1016/j.ifset.2017.05.014
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The screening allowed to rule out the following parameters: GAB equation parameters and (Figure ). Moreover, geometrical parameters and were also ruled out are since they are well-mastered parameters.

Figure 5 -Screening results.

The horizontal bar indicates the threshold beyond which a parameter was deemed influential (0.2).

Variance-based sensitivity analysis

Following the first screening, the remaining parameters ( , , , , ) were then submitted to a global sensitivity analysis, followi b ' h (Figure ). Except for , the parameters took the same values previously indicated in Table 1. The range was set to 0.75 -0.85, centred on the experimental value of 0.8 previously used for validation (whereas in the screening it was swept to cover the different possible experimental set-ups).

Another range was considered (0.90-1.0) to cover the higher water activity. The results were very similar to the study centred on , and are available in Supplementary Material 2.

This sensitivity analysis showed that:

1. AITC diffusivity plays no influence on the ability of the system to release AITC in the headspace;

2. The release kinetics are the most important parameters, besides the obvious initial AITC content.

3. There is no interaction between parameters: first-order indices are of the same order of magnitude as total indices.

ACCEPTED MANUSCRIPT
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Application

The model was used to investigate an application case that consisted of a package composed of high-barrier tray containing a fictive foodstuff closed by a permeable lid film, acting as antimicrobial agent. The lid film was PLA with homogenously dispersed molecules of AITC encapsulated into β-CD at variable concentrations. The growth of a microbial population in the fictive foodstuff, for which the AITC content was considered to be at equilibrium with the headspace, was taken into account. Compared to the validation case (section 2.5), the headspace in this study was considerably larger: 3.6•10 -4 m 3 (compared to 4.42•10 -5 m 3 previously).

Simulations were conducted at an initial headspace value of 0.8. Exterior was assumed to be of 0.5 (e.g. conventional storage conditions). 1% and 5% PLA+β-CD-AITC films were considered. As a reference, a simulation was also conducted with 0% β-CD-AITC concentration.

The growth rate of bacteria was assumed to depend on AITC content with the following relation:

(15)

where is the maximal growth rate for a given bacteria at 20 ºC and the minimum inhibitory concentration of AITC, representing the concentration of AITC beyond which there is no microbial growth for a given microorganism. (16) where is the maximum population.

Three bacteria often found in food systems such as club sandwiches were considered:

Escherichia coli, Staphylococcus aureus and Salmonella enteridis. Parameters for each case are summarised in Table 2. The simulations demonstrate the ability of the PLA+β-CD-AITC system to reduce the growth of the chosen bacteria in a food package (Figure ). For Staphylococcus aureus (Figure 7c), that was the most resistant bacteria (highest MIC, highest ), the MIC was reached in 6.8 h (Figure d) and the growth limited to 3.76 log CFU•g -1 at 5% β-CD-AITC and 5.71 log CFU•g -1 at 1% β-CD-AITC (Table 2). As expected, these results also indicate that 5% β-CD-AITC is more efficient than 1%. However, both formulations permit to achieve a significant log reduction for the three bacterial populations investigated compare to the growth without antimicrobials (Figure 7): ranging between 1.5 for the 1% β-CD-AITC complex to 2.3 for the most 5% β-CD-AITC complex (in the case of S. aureus).

Supposing that the total mesophilic aerobic flora behaves as the three aforementioned bacteria, considering a N (t=0) of 3 log CFU.g-1 which is a typical initial value, the final population will be below the usual criterion for microbial quality limit in foodstuff of 10 It should be noted that these results would need a proper confrontation to experimental data to confirm this quantitative analysis. However, sufficient care was taken to choose from the literature the microbiological model parameters closest to the situation reproduced numerically here. Nevertheless, these data allow a preliminary evaluation of the expected effect of a PLA-film incorporated with AITC on microbial growth in a packaged food. 

Conclusion

For active food packaging the problem of providing tailored release and a sufficient quantity of the active agent in the food through the packaging headspace is very complex. In this paper, a model for the release of an antimicrobial agent (AITC) was developed. The proposed approach was validated experimentally at two relative humidity values: 80 and 100% RH, representative of the levels encountered within food packages of perishable moist foods. The model proved to be sufficiently accurate in a quantitative manner.

A sensitivity study was conducted with help of the model and demonstrated that the masstransfer related parameters (diffusivity, mass transfer coefficient) were of limited influence over the ability of the active film to release antimicrobial agent. This work clearly demonstrated that the most influential parameters were the initial antimicrobial content and the kinetics parameters that govern the release of the antimicrobial agent from the β-CD complexes.
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Figure 2 -

 2 Figure 2 -Scheme describing the water dependent diffusion-reaction mechanism in the packaging material.
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Figure 3 -

 3 Figure 3 -Exponential model fitting for the release parameter k

Figure 4 -

 4 Figure 4 -Total AITC content remaining in the film (a) at and (b) at .

Figure 6 -

 6 Figure 6 -Global sensitivity analysis results for between 0.75 and 0.85.
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( 1 )

 1 Data fromIsshiki et al., 1992. (2) Data from[START_REF] Sutherland | Predictive modelling of growth of Escherichia coli O157:H7: the effects of temperature, pH and sodium chloride[END_REF], T = 20 ºC, pH = 5.28.(3) Mean value from[START_REF] Medveov | Staphylococcus aureus: Characterisation and Quantitative Growth Description in Milk and Artisanal Raw Milk Cheese Production[END_REF], T = 21 ºC. (4) Data fromSingh et al., 2011, T = 20 ºC. 

Figure 7 -

 7 Figure 7 -Variation of microbial growth with AITC content (a, b, c) and AITC content in the headspace (d).
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Table 1 -

 1 Parameters values for sensitivity analyses

	Parameter	Reference value	Min value	Max value Source
	(m 2 •s -1 )	5.96•10 -12	3.90•10 -12	8.03•10 -12	Variation from the type of PLA (Siparsky et al., 1997)
	(m 2 •s -1 )	4.22•10 -15	3.42•10 -15	5.01•10 -15	Experimental uncertainty (this work).
	(s -1 )	1.72•10 -6	1.10•10 -6	2.25•10 -6	Estimation uncertainty (this work).
		3.23	2.87	3.59	Estimation uncertainty (this work).
		6.5•10 -3	5.6•10 -3	7.4•10 -3	Estimation uncertainty (this work).
		0.592	0.546	0.645	Estimation uncertainty (this work).
		7.014	5.234	8.794	Estimation uncertainty (this work).
		0.8	0.6	1.0	Experimental variation.
		0.5	0.4	0.6	Plausible variation for air.
	(kg•kg -1 )	2.87•10 -3	2.18•10 -3	3.48•10 -3	Plausible variation of the inclusion coefficient.
	(µm)	30	26	34	Experimental uncertainty on the measure.
	(mm)	5.0	4.0	6.0	Plausible variation.

Table 2 -

 2 Microbiological parameters and simulation results

	E. coli	S. aureus	S. enteridis