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Abstract

Commondynamicmodelsofactivepackagingare
focusedonthemasstransferoftheantimicrobial
agents. Nevertheless,theinteractionofthean-
timicrobialagentwiththefoodmicroorganismsis
usuallyneglected,despitebeingcriticaltoopti-
misethefoodsafetyandquality.

Inthiswork,weproposeadynamicmodelsimu-
latingthedynamicsofcarvacrolanditsinhibition
byListeria monocytogenesinanactivepackag-
ingsystem. Carvacrolisanantimicrobialagent
allowedasafoodadditiveandListeriamonocy-
togenesisthemajorpsychrotrophicpathogenin
food. Themodelcanbeexploitedtostudydif-
ferentaspectsofthefoodqualityandsafety,such
forexamplethemaximumloadofListeriabefore
packagingandtheconcentrationofcarvacrolto
guaranteefoodqualityandsafetystandards.

Keywords: Active packaging, Predictive
microbiology,carvacrolinhibition,Listeriamono-
cytogenes,optimaldesign

1 INTRODUCTION

Thetraditionalroleofpackaging(containment,
protectionanddosingoffood)hassteadilybeen
supersededbytheuseoftheso-calledactivepack-
aging.Theseinnovativefoodpackagingtechnolo-
giesallowtokeepasteadylevelofmoistureand
oxygen,controlpathogenicandspoilagemicroor-
ganismsinfoodorevenprovidinginformationto
theconsumer[23]. Asaconsequenceofthemul-
tiplefunctionsassumedbyactivepackaging,its
designandperformancepredictionbecomeschal-
lenging. Mathematicalmodelsareespeciallysuit-
ableastoolsfordecision-supportandriskassess-
mentofnovelactivepackagingformulations[19].

Amodelofactivepackagingcombiningmicrobial
andantimicrobialdynamicsiscriticaltomaximis-
ingfoodqualitywhileguaranteeingfoodsafety
standards. This modelisespeciallyrelevantin
seafoodproductswherefoodsafetyandquality
dependmainlyonpathogenicandspoilagebacte-
ria[16,13]. Evenstandardbiochemicalindexes,

functionofearlyqualityattributes,highlydepend
onbacterialdynamics[26]. Moreover,theantimi-
crobialagentitselfcanbeasourceoforganoleptic
rejectionwhenitsflavourisunpleasantorhidethe
expectedfoodtasteatsignificantconcentrations.

Fromtheauthors’knowledge,onlythe model
by Kurek[18]hascoupled masstransfer mod-
elswithmodelsofmicrobialdynamicsforactive
packaging. Inthiswork,thepredictive micro-
biology modelconsidersthatthegrowthveloc-
itydependentontheantimicrobialagent(allyl
isothiocyanate),butonlyatisothermalconditions
around20◦C.

Inthiswork,weextendthemodellingframework
tostudynon-isothermalconditionsandformu-
latethedesignproblemasanonlinearprogram-
mingoptimisation. Weillustratetheproposed
frameworkinacasestudyconsistingofthede-
signofanactivepolypropylene(PP)packaging
capableofinhibitingthegrowthofListeriamono-
cytogenesbycontrollingthereleaseofcarvacrol
intoaseafoodmatrix. Carvacrol(5-Isopropyl-2-
methylphenol)isanacceptedfoodadditivewith
antimicrobialpropertiesandtheprimarycompo-
nentofessentialoils[5,4].Listeria monocyto-
genesisthe majorpsychrotrophicpathogenin
food,causingListeriosis,alife-threateningillness
inimmunocompromisedandpregnantwomen.

2 MODELINGTHEACTIVE
PACKAGINGSYSTEM

Masstransferacrosspolymericfoodpackaging
takesplacemainlybydiffusion.Amassbalanceat
unsteadystatecombinedwithFickeandiffusion,
i.e.diffusivityisindependentofsoluteconcentra-
tion[21],leadstothefollowingequation:

∂CPP
∂t

=D
∂2CPP
∂x2

fort>0and0<x<H (1)

where CPP istheconcentrationofcarvacrol
(kg/m3)andDisthediffusivityofcarvacrolin
PP(m2/s).Thisequationcanbesolvedbydefin-
ingtheinitialconcentration

CPP(x,0)=CPP,0
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andboundaryconditionsofnofluxtoouterenvi-
ronment:

dCPP
dx (0,t)

=0

andknownfluxtothefood:

D
dCPP
dx (H,t)

=kLa(C
∗
L(t)−CPP|(H,t)).

HerekListhemasstransfercoefficientinthepack-
aging/foodinterface(m/s)andaisthespecific
exchangearea,definedas:

a=
A

VL
=
exchangearea

liquidvolume
.

Theconcentrationofcarvacrolinthefoodbulkis
determinedbyamassbalance:

dC

dt
=−kLa(C

∗(t)−CPP|(H,t)).

with
C∗=CK,

beingKthepartitioncoefficientdefinedas

K=
C∞PP
C∞
. (2)

Diffusivitychangeswithtemperaturearemodeled
byanArrhenius-likedependence:

D(T)=D(Tref)exp −
EA
R

1

T
−
1

Tref
(3)

where(seeTable1fordetails)EA istheactiva-
tionenergy(J/mol),Ristheidealgasconstant
(J/mol/K)andTisthetemperature(K).

Tabla1: Masstransfer parametersforcar-
vacrol/PPat298Kunlessotherwisespecified
Parameter Value Units Ref.

D 3.0·10−15 m2/s [7]
EA 1.27·105 J/mol [7,17]

K 124 m3food
m3PP [8]

k 5.0·10−3 m/s [20]
H 35·10−6 m -
a 60 m−1 [11]

3 MODELLINGTHEFOOD
SYSTEM

TheobjectiveistomodelListeriainhibitionwith
carvacrolatnon-isothermalconditions.Infood
microbiology,predictivemicrobiologymodelsare
wellestablishedwithad-hocsoftwaretoolsfor
non-isothermalconditions.Nevertheless,theyare
notsousualforantimicrobialinhibition.

Primarymodelsdescribethegrowthdynamicsof
the microbialpopulation. Baranyi[3]proposed
thestandardforaprimary modelthatinthe
mathematicalformdescribedin[13]reads:

dy(t)
dt =

a0
a0+(1−a0)exp(−µt)

µ(1−10y(t)−y
∗

)(4)

whereyisthelogarithmofthecolony-forming
unitspermillilitre(cfu/ml)inapopulation. As-
sumingthatoneviablecellformsonecolony,this
staterepresentstheconcentrationofviablecells
inapopulationinlogarithmscale. The model
describesthreephases:lagphaseofadaptation
whena0<1,exponentialgrowthwithvelocityµ
andastationaryphasewiththemaximumdensity
ofviablecellsrepresentedbyy∗.

Weshouldstressthatthelimitsestablishedby
EFSA(theEuropeanFoodSafetyAuthority)for
Listeriamonocytogenesaresolowthatonlythe
lagandexponentialphaseareusefulfordesign-
ingtheactivepackaging. Ontheotherhand,lag
phasedependsonnumerousfactorswhichmake
especiallychallengingtoderivepredictions. More-
over,populationnumbersarelowandstochastic
processesbecomerelevant.

Inthis work, weassumethatcellsarefully
adapted,andthereisnolagphase(a0=1).This
caserepresentstheworst-casescenario,andsafest
one,andallowstheuseofadeterministicmodel
fortheexponentialphase,evenwhenpopulation
numbersarelow[14]. Thereforetheoperational
primarymodelreads:

dy(t)

dt
=µ. (5)

Secondarymodelsdefinehowparametersinpri-
marymodeldependondifferentstressfactors,in
thisworktemperatureTandcarvacrolconcentra-
tionC. ThedependenceofListeria monocyto-
geneswithtemperaturehasbeenwidelystudied,
withmostworksusingthecardinaltemperature
model[24]:

µ=µopt·γT with (6)

γT=
(T−T−)(T−T−)

2

(T∗−T−)[(T∗−T−)(T−T∗)−(T∗−T+)(T∗+T−−2T)]
(7)

forT−<T<T+andzerootherwise.Hereµoptis
themaximumgrowthattemperatureT∗andT−
andT+determinestherangeofgrowth.

Secondarymodelsofantimicrobialeffect,never-
theless,arescarceandverylimited[12].Usually,
theparametersoftheprimarymodels(µ,a0ory

∗)
areestimatedfordifferentantimicrobialconcen-
trations,butwithoutfindingarelationshipthat
canbeusedforpredictingoroptimisingthesys-
tem.Forthisworkwewilluseoneofthefewmod-
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elsavailable,namedthesquarerootmodel[10]:

µ = µoptγC (8)

γC =
1− C

MIC

2
, C<MIC

0 C≥MIC
(9)

whereMIC istheminimuminhibitoryconcentra-
tionofcarvacrol.

Thereforethefinalmodelreads

dy(t)

dt
=µ=µoptγTγC

withtheγfunctionsdefinedin(7)and(9). Ta-
ble2showstheparametersoftheoperationalpre-
dictivemicrobialmodelofListeriamonocytogenes
inhibitionwithcarvacrol.

Tabla2: Parametervaluesdefiningthegrowth
velocity of Listeria monocytogenes at non-
isothermalconditionsandunderinhibitionbycar-
vacrol.Theoptimalgrowthµoptcorrespondswith
theestimationsforseafood.

Parameter Value Units Ref.
µopt 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 OptimaldesignofActive
Packaging/FoodSystem

Inthissection,weexploitthedeveloped model
ofcarvacrolinhibitionofListeriainastandard
activepackagingsystemtomaximisefoodquality
whileassuringfoodsafetystandards. Notethat
thecarvacrolconcentrationCandtemperatureT
arethevariablesconnectingthefoodmodelwith
theactivepackagingmodel.Cistheoutputofthe
activepackagingtothefoodmodelanddepends
onthecarvacrolconcentrationinthepackaging
activepolypropylene(CPP).Tisaninputtoboth
modelsandrepresentsthestoragetemperature.

FoodsafetyisquantifiedfollowingEFSArecom-
mendations.EFSAestablishedthatthemaximum
concentrationofListeria monocytogenescannot
exceed100cfu/gduringtheproductshelf-life[9].
Letusassumethat1gramoffoodapproximates1
millilitre.Therefore,peranymillilitreofproduct
juicethenumbersofviablecellshavetobeless
than100viablecells,i.e.:

y(t)<2 for t<tf

wheretfistheproductshelf-lifeorfinaltimefor
themodelsimulation. Thereforetheshelf-lifeis

definedbasedonthesafetycriterionusingtheLis-
teriabacteriaasthereference.

Foodqualityisacomplex,andusuallysubjective,
attributethatdependsmostlyonspoilageseafood
bacteria.Inthispreliminaryapproximationofthe
problem,weassumethattheinhibitionofspoilage
bacteriaissufficientlyrelevanttoobtainaproduct
withenoughquality. Weshouldnotethatthisas-
sumptionissupportedbythefactthatthegrowth
ofthespoilagebacteriaisalsoinhibitedbycon-
trollingthegrowthofListeria. Weexpectinfu-
tureworkstoadddifferentqualityindexestothe
optimisationproblemsuchastheK index. This
indexisarelationshipbetweendifferentdegrada-
tioncompoundsofadenosinetriphosphate(ATP)
thatarelinkedwithfishfreshnessatearlystor-
agestages. Tothisobjectiveweneedtoadapt
thedynamicmodelintheliterature[15,25,26]
toincludetheinhibitioneffectofcarvacroltothe
spoilagebacteria.

Theonlyqualityindexconsideredinthiswork
isalimitofthecarvacrolconcentrationinthe
foodmatrix.Listeriagrowthcanbecompletely
inhibitedbyusingcarvacrolconcentrationsin
foodlargerthantheso-calledMinimumInhibitory
Concentration(MIC).Unfortunately, MICshave
anegativeimpactonsensoryproperties[6].That
isespeciallyrelevantinantimicrobialagentslike
carvacrolwithapungent,warmodourcharacter-
isticoforegano[5]. Thereforewewillrequirea
concentrationofcarvacrollessthan0.3Kg/m3in
thefoodmatrixasthequalityconstraint

C(t)<0.3 for t<tf

Foodqualityandsafety,inthetermsheredefined,
dependsontheproductconditions:inthiswork,
wewillfocusontheconcentrationofcarvacrolin
theactivepackaging(CPP)andthestoragetem-
perature. Asanexampleofthepotentialofthe
proposedmodel,wedefineinthenextsectionstwo
optimisationproblemsofinterestedinthefoodin-
dustry.

4.1 MAXIMUMLIMITSOFListeria
BEFOREPACKAGING

Inthiscasestudyweexploitthemodeltodeter-
minethemaximumconcentrationofListeriaal-
lowedtomeettheEFSArecommendation(y(t)<
2).Industryshouldhavesampling-planstoassure
thatlimitsaremetduringtheproductshelf-life.
Acriticaltimeduringthesampling-planisjustbe-
forethepackaging.Thiscorrespondsinthemodel
withtheinitialtimet0and,hence,theoptimiza-
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tionproblemreads:

max
y(t0)

y(t0)
2

s.t. y(tf)<2
(10)

wherelastconstrainisequivalentto meetthe
EFSArecommendationalongtheshelflife(y(t)<
2),sincey(t)isamonotonicallyincreasingfunc-
tion.

Table3showstheresultsobtainedfordifferent
conditions. Westartsolvingtheoptimisation
problemforarefrigeratedproduct(T=−1◦C)
withoutcarvacrolconcentration. Wenotethat
themaximumListeriaconcentrationsshouldbe
oflessthan33cells/mlforaproductof10daysin
themarket,whileconcentrationsareof71cells/ml
foraproductwithonly3daysofshelf-life.

Tabla3: MaximumlimitsofListeriabeforepack-
agingtomeetEFSArecommendations

Conditions Limit
Shelf-life C[Kg/m3] T[◦C] y(t0)[cfu/ml]
3days 0 -1 71.71
5days 0 -1 57.45
10days 0 -1 33.00
3days 0 5 0
5days 0 5 0
10days 0 5 0
3days 50 5 88.37
5days 50 5 88.12
10days 50 5 87.66

Thatpicturechangesentirelyiftheproductisnot
correctlyrefrigerated(T=5◦C).Inthiscase,
therecannotbeevenonecell/ml.Ifthereis,it
willgrowandproliferateuntillevelshigherthan
theonesrecommendedbyEFSA.Thiscaseisa
significantproblemfortheindustrysincethere
arenotdetectionmethodswithsuchalowlimit
ofdetection(LOD).Inotherwords,thereareno
methodsthatcanreliablytestifythatamillilitre
offoodjuiceisutterlyfreeofpathogens.

Inthelaststage,weillustratehowactivepackag-
ingworkstomaintainsafetylevelsevenwhenthe
productisnotcorrectlyrefrigerated. Assuming
theconcentrationofcarvacrolintheactivepack-
agingisof50kg/m3,Listeriaconcentrationsbe-
forepackagingcanbeallowedwheneverthelimits
inthetablearemet.

Weshouldstressthatthissimpleoptimisationis
relevant,notonlytodetectrisksbuttodetermine
theappropriate methodofdetectionofListeria.
Therearedifferentmethodswithdifferentlimits
ofdetectioninthemarket(LOD).Therefore,for
example,a methodwithaLODof80cfu/mlis

sufficientforthecaseofanactivepackagingwith
carvacrolstoredatatemperatureof5◦C. How-
ever,moresensitivemethodsareneeded,witha
LODof70cfu/ml,forthecaseofacorrectlyre-
frigeratedfoodwithoutcarvacrol.

4.2 OPTIMALDESIGNTO
MAXIMIZESHELF-LIFE
SATISFYINGFOODQUALITY
ANDSAFETYSPECIFICATIONS

Shelf-life(tf)dependsonfoodqualityandsafety
standards.Inthiscasestudy,wedesignthecar-
vacrolconcentrationintheactivepackagingand
theproductshelf-lifeto maximizelastvariable
(tf)whilefollowingEFSArecommendationsand
withconcentrationsofcarvacrolinfoodlessthan
0.3(C(t)< 0.3)Formaloptimizationproblem
reads:

max
tf,Cpack,0

t2f

s.t. y(tf)<2

C(tf)<0.3

(11)

withboundforshelf-lifeoftf∈(0,30]daysand
forcarvacrolofCpack,0∈[0,1000]Kg/m

3.

Figure1
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showstheresultsoftheoptimisations
atdifferenttemperaturesofstorage. Wecandis-
tinguishthreestages:atlow, mediumandhigh
temperatures.

Figura1: Maximumshelf-lifetofollowEFSA
recommendationswhilemaintainingorganoleptic
standards(avoidlargeconcentrationsofcarvacrol
inthefoodmatrix).

Atlowtemperatures(lessthan10◦C),aprod-
uctshelf-lifeof30days,themaximumallowedin
theoptimisation,meetstheEFSArecommenda-
tions. Astemperatureincreases,theconcentra-
tionofcarvacrolhavealsotoincreaseinthePP,
butalwaysusingvalueslowerthanthelimit.

Atmediumtemperatures,theproductshelf-lifeis
lessthan30days. Thealgorithmcalculatesthe
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maximumshelf-lifetomaintainthelimitsofLis-
teriausingthe maximumconcentrationofcar-
vacrolwithoutexceedingthelimitof0.3Kg/m3

inthefoodmatrix.Theminimumshelf-lifeisob-
tainedataround38◦C,theoptimumtemperature
ofgrowth(T∗)ofListeriainequation(7).

Attemperatureslargerthanthisoptimum,Liste-
riacannotsustaingrowthsoshelf-lifestartsagain
toincrease.

5 CONCLUSIONS

Inthisworkweproposeamodeltosimulatean
activepackagingwhereListeriamonocytogenesis
inhibitedwithcarvacrolatnon-isothermalcondi-
tions.

Wedesigntwooptimisationproblemsthatillus-
tratetherelevanceofthistypeof models. In
thefirstoptimisationproblem,wecalculatethe
maximumconcentrationofListeriaalloweddur-
ingpackagingtomeettheEFSArecommendations
alongtheproductlife.Inthesecondcasestudy,
weoptimisecarvacrolconcentrationintheactive
packagingtomaximisingshelf-lifeoftheproduct
atdifferenttemperatures. Theapproachalsoal-
lowsconsideringtime-varyingprofilesoftempera-
turetosimulatedifferentexpectedstoragecondi-
tionsalongthefoodchain.
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