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Abstract

Common dynamic models of active packaging are
focused on the mass transfer of the antimicrobial
agents. Nevertheless, the interaction of the an-
timicrobial agent with the food microorganisms is
usually neglected, despite being critical to opti-
mise the food safety and quality.

In this work, we propose a dynamic model simu-
lating the dynamics of carvacrol and its inhibition
by Listeria monocytogenes in an active packag-
ing system. Carvacrol is an antimicrobial agent
allowed as a food additive and Listeria monocy-
togenes is the major psychrotrophic pathogen in
food. The model can be exploited to study dif-
ferent aspects of the food quality and safety, such
for example the maximum load of Listeria before
packaging and the concentration of carvacrol to
guarantee food quality and safety standards.

Keywords: Active packaging, Predictive
microbiology, carvacrol inhibition, Listeria mono-
cytogenes, optimal design

1 INTRODUCTION

The traditional role of packaging (containment,
protection and dosing of food) has steadily been
superseded by the use of the so-called active pack-
aging. These innovative food packaging technolo-
gies allow to keep a steady level of moisture and
oxygen, control pathogenic and spoilage microor-
ganisms in food or even providing information to
the consumer [23]. As a consequence of the mul-
tiple functions assumed by active packaging, its
design and performance prediction becomes chal-
lenging. Mathematical models are especially suit-
able as tools for decision-support and risk assess-
ment of novel active packaging formulations [19].

A model of active packaging combining microbial
and antimicrobial dynamics is critical to maximis-
ing food quality while guaranteeing food safety
standards. This model is especially relevant in
seafood products where food safety and quality
depend mainly on pathogenic and spoilage bacte-
ria [16, 13]. Even standard biochemical indexes,
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function of early quality attributes, highly depend
on bacterial dynamics [26]. Moreover, the antimi-
crobial agent itself can be a source of organoleptic
rejection when its flavour is unpleasant or hide the
expected food taste at significant concentrations.

From the authors’ knowledge, only the model
by Kurek [18] has coupled mass transfer mod-
els with models of microbial dynamics for active
packaging. In this work, the predictive micro-
biology model considers that the growth veloc-
ity dependent on the antimicrobial agent (allyl
isothiocyanate), but only at isothermal conditions
around 20°C.

In this work, we extend the modelling framework
to study non-isothermal conditions and formu-
late the design problem as a nonlinear program-
ming optimisation. We illustrate the proposed
framework in a case study consisting of the de-
sign of an active polypropylene (PP) packaging
capable of inhibiting the growth of Listeria mono-
cytogenes by controlling the release of carvacrol
into a seafood matrix. Carvacrol (5-Isopropyl-2-
methylphenol) is an accepted food additive with
antimicrobial properties and the primary compo-
nent of essential oils [5, 4]. Listeria monocyto-
genes is the major psychrotrophic pathogen in
food, causing Listeriosis, a life-threatening illness
in immunocompromised and pregnant women.

2 MODELING THE ACTIVE
PACKAGING SYSTEM

Mass transfer across polymeric food packaging
takes place mainly by diffusion. A mass balance at
unsteady state combined with Fickean diffusion,
i.e. diffusivity is independent of solute concentra-
tion [21], leads to the following equation:

9*Cpp
Ox?

dCpp

o P

fort>0and 0 <z < H (1)

where Cpp is the concentration of carvacrol
(kg/m3) and D is the diffusivity of carvacrol in
PP (m?/s). This equation can be solved by defin-
ing the initial concentration

Cpp(z,0) =Cppo



and boundary conditions of no flux to outer envi-
ronment:

dCpp

dx =0

(0,t)
and known flux to the food:

dCpp
D
dx

= k‘L CL(CE(LL) - CPP|(H,t))'
(H.1)

Here k;, is the mass transfer coefficient in the pack-
aging/food interface (m/s) and a is the specific
exchange area, defined as:

exchange area

A_

= Vi~ liquid volume

The concentration of carvacrol in the food bulk is
determined by a mass balance:
dC

T —kra(C*(t) — Cpp |(#,1))-

with
C* =CK,

being K the partition coefficient defined as

o0
Cpp

K= .
Coo

(2)

Diffusivity changes with temperature are modeled
by an Arrhenius-like dependence:

1 1
(7-7)) ©
T Tye f

where (see Table 1 for details) E4 is the activa-
tion energy (J/mol), R is the ideal gas constant
(J/mol/K) and T is the temperature (K).

Tabla 1: Mass transfer parameters for car-
vacrol/PP at 298 K unless otherwise specified

Parameter Value Units Ref.
D 3.0-107  m?/s [7]
Ey4 1.27-105  J/mol [7, 17]
3
K 124 mfood g
k 5.0-1073 m/s [20]
H 35.1076 m -
a 60 m~1 [11]

3 MODELLING THE FOOD
SYSTEM

The objective is to model Listeria inhibition with
carvacrol at non-isothermal conditions. In food
microbiology, predictive microbiology models are
well established with ad-hoc software tools for
non-isothermal conditions. Nevertheless, they are
not so usual for antimicrobial inhibition.
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Primary models describe the growth dynamics of
the microbial population. Baranyi [3] proposed
the standard for a primary model that in the
mathematical form described in [13] reads:

dy(t) _

dt

ag

e 1 (1= 1070707) (4)

where y is the logarithm of the colony-forming
units per millilitre (cfu/ml) in a population. As-
suming that one viable cell forms one colony, this
state represents the concentration of viable cells
in a population in logarithm scale. The model
describes three phases: lag phase of adaptation
when ag < 1, exponential growth with velocity u
and a stationary phase with the maximum density
of viable cells represented by y*.

We should stress that the limits established by
EFSA (the European Food Safety Authority) for
Listeria monocytogenes are so low that only the
lag and exponential phase are useful for design-
ing the active packaging. On the other hand, lag
phase depends on numerous factors which make
especially challenging to derive predictions. More-
over, population numbers are low and stochastic
processes become relevant.

In this work, we assume that cells are fully
adapted, and there is no lag phase (ag = 1). This
case represents the worst-case scenario, and safest
one, and allows the use of a deterministic model
for the exponential phase, even when population
numbers are low [14]. Therefore the operational
primary model reads:

dy(t)
a

()
Secondary models define how parameters in pri-
mary model depend on different stress factors, in
this work temperature T and carvacrol concentra-
tion C. The dependence of Listeria monocyto-
genes with temperature has been widely studied,
with most works using the cardinal temperature
model [24]:

I = opt -y With (6)
_ (T—T_)(T-T_)* /
1T = T =TT T ) (T —T.)— (T T ) (LA T-—2T)N

for T_ < T < Ty and zero otherwise. Here fi,y; is
the maximum growth at temperature T, and T_
and T determines the range of growth.

Secondary models of antimicrobial effect, never-
theless, are scarce and very limited [12]. Usually,
the parameters of the primary models (u, ag or y*)
are estimated for different antimicrobial concen-
trations, but without finding a relationship that
can be used for predicting or optimising the sys-
tem. For this work we will use one of the few mod-



els available,named the square root model [10]:

m = foptYC (8)
2
(1-:2)°, ¢<MIC
pr— 9
e {o csmic Y

where M IC'is the minimum inhibitory concentra-
tion of carvacrol.

Therefore the final model reads
dy(t)

dt

with the v functions defined in (7) and (9). Ta-
ble 2 shows the parameters of the operational pre-
dictive microbial model of Listeria monocytogenes
inhibition with carvacrol.

= B = HoptYTYC

Tabla 2: Parameter values defining the growth
velocity of Listeria monocytogenes at non-
isothermal conditions and under inhibition by car-
vacrol. The optimal growth o+ corresponds with
the estimations for seafood.

Parameter Value Units Ref.
Hopt 1 1/hour  [1]
T -2.7 °C [2]
T. 38.7 °C [2]
T, 42.3 °C 2]
MIC 0.37 Kg/m3 [22]

4 Optimal design of Active
Packaging/Food System

In this section, we exploit the developed model
of carvacrol inhibition of Listeria in a standard
active packaging system to maximise food quality
while assuring food safety standards. Note that
the carvacrol concentration C' and temperature T'
are the variables connecting the food model with
the active packaging model. C'is the output of the
active packaging to the food model and depends
on the carvacrol concentration in the packaging
active polypropylene (Cpp). T is an input to both
models and represents the storage temperature.

Food safety is quantified following EFSA recom-
mendations. EFSA established that the maximum
concentration of Listeria monocytogenes cannot
exceed 100 cfu/g during the product shelf-life [9].
Let us assume that 1 gram of food approximates 1
millilitre. Therefore, per any millilitre of product
juice the numbers of viable cells have to be less
than 100 viable cells, i.e.:

y(t) <2 for t<ty

where 7 is the product shelf-life or final time for
the model simulation. Therefore the shelf-life is
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defined based on the safety criterion using the Lis-
teria bacteria as the reference.

Food quality is a complex, and usually subjective,
attribute that depends mostly on spoilage seafood
bacteria. In this preliminary approximation of the
problem, we assume that the inhibition of spoilage
bacteria is sufficiently relevant to obtain a product
with enough quality. We should note that this as-
sumption is supported by the fact that the growth
of the spoilage bacteria is also inhibited by con-
trolling the growth of Listeria. We expect in fu-
ture works to add different quality indexes to the
optimisation problem such as the K index. This
index is a relationship between different degrada-
tion compounds of adenosine triphosphate (ATP)
that are linked with fish freshness at early stor-
age stages. To this objective we need to adapt
the dynamic model in the literature [15, 25, 26]
to include the inhibition effect of carvacrol to the
spoilage bacteria.

The only quality index considered in this work
is a limit of the carvacrol concentration in the
food matrix. Listeria growth can be completely
inhibited by using carvacrol concentrations in
food larger than the so-called Minimum Inhibitory
Concentration (MIC). Unfortunately, MICs have
a negative impact on sensory properties [6]. That
is especially relevant in antimicrobial agents like
carvacrol with a pungent, warm odour character-
istic of oregano [5]. Therefore we will require a
concentration of carvacrol less than 0.3Kg/m? in
the food matrix as the quality constraint

C(t) <03 for t<ty

Food quality and safety, in the terms here defined,
depends on the product conditions: in this work,
we will focus on the concentration of carvacrol in
the active packaging (Cpp) and the storage tem-
perature. As an example of the potential of the
proposed model, we define in the next sections two
optimisation problems of interested in the food in-
dustry.

4.1 MAXIMUM LIMITS OF Listeria
BEFORE PACKAGING

In this case study we exploit the model to deter-
mine the maximum concentration of Listeria al-
lowed to meet the EFSA recommendation (y(t) <
2). Industry should have sampling-plans to assure
that limits are met during the product shelf-life.
A critical time during the sampling-plan is just be-
fore the packaging. This corresponds in the model
with the initial time t¢ and, hence, the optimiza-



tion problem reads:

max  y(to)”
y(to) (10)

st y(ty) <2

where last constrain is equivalent to meet the
EFSA recommendation along the shelf life (y(¢) <
2), since y(t) is a monotonically increasing func-
tion.

Table 3 shows the results obtained for different
conditions. We start solving the optimisation
problem for a refrigerated product (T' = —1°C)
without carvacrol concentration. We note that
the maximum Listeria concentrations should be
of less than 33 cells/ml for a product of 10 days in
the market, while concentrations are of 71 cells/ml
for a product with only 3 days of shelf-life.

Tabla 3: Maximum limits of Listeria before pack-
aging to meet EFSA recommendations

Conditions Limit
Shelf-life C[Kg/m?®] T[°C] | y(to)[cfu/ml]

3 days 0 -1 71.71
5 days 0 -1 57.45
10 days 0 -1 33.00
3 days 0 5 0
5 days 0 5 0
10 days 0 5 0
3 days 50 5 88.37
5 days 50 5 88.12
10 days 50 5 87.66

That picture changes entirely if the product is not
correctly refrigerated (T = 5°C). In this case,
there cannot be even one cell/ml. If there is, it
will grow and proliferate until levels higher than
the ones recommended by EFSA. This case is a
significant problem for the industry since there
are not detection methods with such a low limit
of detection (LOD). In other words, there are no
methods that can reliably testify that a millilitre
of food juice is utterly free of pathogens.

In the last stage, we illustrate how active packag-
ing works to maintain safety levels even when the
product is not correctly refrigerated. Assuming
the concentration of carvacrol in the active pack-
aging is of 50kg/m?, Listeria concentrations be-
fore packaging can be allowed whenever the limits
in the table are met.

We should stress that this simple optimisation is
relevant, not only to detect risks but to determine
the appropriate method of detection ofListeria.
There are different methods with different limits
of detection in the market (LOD). Therefore, for
example, a method with a LOD of 80cfu/ml is

sufficient for the case of an active packaging with
carvacrol stored at a temperature of 5°C. How-
ever, more sensitive methods are needed, with a
LOD of 70cfu/ml, for the case of a correctly re-
frigerated food without carvacrol.

4.2 OPTIMAL DESIGN TO
MAXIMIZE SHELF-LIFE
SATISFYING FOOD QUALITY
AND SAFETY SPECIFICATIONS

Shelf-life (t) depends on food quality and safety
standards. In this case study, we design the car-
vacrol concentration in the active packaging and
the product shelf-life to maximize last variable
(t;) while following EFSA recommendations and
with concentrations of carvacrol in food less than
0.3 (C(t) < 0.3) Formal optimization problem
reads:

a t2
tf7rélpa,>c(k,0 !
st y(ty) <2 (11)
C(ty) <0.3

with bound for shelf-life of t; € (0,30] days and
for carvacrol of Cpaer 0 € [0,1000] Kg/m?>.

Figure 1 shows the results of the optimisations
at different temperatures of storage. We can dis-
tinguish three stages: at low, medium and high
temperatures.
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Figura 1: Maximum shelf-life to follow EFSA
recommendations while maintaining organoleptic
standards (avoid large concentrations of carvacrol
in the food matrix).

At low temperatures (less than 10°C), a prod-
uct shelf-life of 30 days, the maximum allowed in
the optimisation, meets the EFSA recommenda-
tions. As temperature increases, the concentra-
tion of carvacrol have also to increase in the PP,
but always using values lower than the limit.

At medium temperatures, the product shelf-life is
less than 30 days. The algorithm calculates the
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maximum shelf-life to maintain the limits of Lis-
teria using the maximum concentration of car-
vacrol without exceeding the limit of 0.3Kg/m?
in the food matrix. The minimum shelf-life is ob-
tained at around 38°C', the optimum temperature
of growth (T) of Listeria in equation (7).

At temperatures larger than this optimum, Liste-
ria cannot sustain growth so shelf-life starts again
to increase.

5 CONCLUSIONS

In this work we propose a model to simulate an
active packaging where Listeria monocytogenes is
inhibited with carvacrol at non-isothermal condi-
tions.

We design two optimisation problems that illus-
trate the relevance of this type of models. In
the first optimisation problem, we calculate the
maximum concentration of Listeria allowed dur-
ing packaging to meet the EFSA recommendations
along the product life. In the second case study,
we optimise carvacrol concentration in the active
packaging to maximising shelf-life of the product
at different temperatures. The approach also al-
lows considering time-varying profiles of tempera-
ture to simulate different expected storage condi-
tions along the food chain.
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