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ABSTRACT

The migration of antioxidant (AO) agents, carvacaold thymol, from polypropylene (PP)
packaging films containing the studied compound8@tg/kg separately and an equimolar
mixture of them into food simulants was investigatEast and reliable analytical procedures
were developed and validated for the analysis ef studied AOs in food simulants. For
aqueous food simulants, solid phase extractiomvw@t by GC-MS analysis was performed.
Fatty food simulants were directly analyzed by GG-Mnd HPLC-UV for isooctane and
ethanol 950 mL/L, respectively. The release of A@m the films was dependent on the type
of food stimulant and AO incorporated. In particulzigh levels of migration were obtained for
both AOs into isooctane, showing thymol higher ratgm. The release kinetics of AOs from
PP films showed a Fichian behaviour with diffusimefficients ranging from 1-2x18 ms;
except for the diffusion into isooctane where 4ighkr values were obtained. The antioxidant
activity of migration extracts was confirmed by th®PH method, showing thymol a higher
antioxidant capacity especially into isooctane vath2.2 % of inhibition. The obtained results
suggest that carvacrol and thymol show a potentssl as AOs for active packaging for

extending the shelf-life of food products.



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Keywords: Active packaging; Carvacrol; Thymol; Migration; RiSion

1. Introduction

Antioxidant active food packaging is a growing algive to common procedures to
protect sensitive oxidation of food such as theitamdof antioxidants directly in food samples
in combination with vacuum or modified atmosphdrepez-de-Dicastillo et al., 2011). These
systems are usually based on materials in whiclesadditives showing antioxidant properties
are added directly into the polymer matrix. Thedéitives can play a double role: a food
protection by their controlled release, in parcubvoiding fat and pigment components
oxidation (Del Nobile et al.,, 2009); and to protebe polymer from degradation during
processing. In fact, the addition of antioxidamtgblyolefins is a common practice during film
manufacturing (Sir6 et al., 2006; Tovar, Salafrai®anchez, & Nerin, 2005).

The new trends in using natural additives have yred a clear increase in the number of
studies based on natural active compounds, suaht@sopherol (Barbosa-Pereira et al., 2013),
aromatic plant extracts (Dopico-Garcia et al., 20lépez-de-Dicastillo et al.,, 2011) and
polyphenols from natural oils (Park et al., 2012lt®r, Wagner, & Jiménez, 2009). The
principal constituents of oregano essential oiyntbl and carvacrol, exhibit a high antioxidant
activity as it has been reported (Tomaino et &l0%); and they are generally recognized as safe
(possess “GRAS” status) and as flavouring substsamoeording to European Commission
Decision 2002/113/EC. Their antioxidant activityndae evaluated by using diverse methods,
such as DPPH (2,2’-diphenyl-1-picrylhydrazyl), wiis usually used due to its simple, rapid,
sensitive, and reproducible procedure (Ozcelik, Keklin, 2003).

The release rate of AOs from the packaging matedalbe evaluated by using migration
studies, which are usually performed using foodutamts and conditions specified in European
food packaging regulations (EC, 2011; Kuorwel, Cr8onneveld, Miltz, & Bigger, 2013).
Migration is the result of diffusion, dissolutiomd equilibrium processes involving the mass
transfer of low molecular mass compounds initigilgsent in the package into a food sample or

food simulant; and it is often described by Fickéxond law (Manzanarez-Lopez, Soto-Valdez,
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Auras, & Peralta, 2011). Chromatographic methods wsually used for identification and
quantification of migrated compounds (Salafrancegzd® & Nerin, 2009). Also, concentration
and/or isolation of analytes into a suitable solweay be performed prior to chromatographic
analysis by the use of sample preparation and ipatibn techniques such as solid phase
extraction (SPE) in order to improve detection andntification (Burman, Albertsson, &
Hoglund, 2005; Ridgway, Lalljie, & Smith, 2007).

In a previous study, the effect of the addition aafrvacrol and thymol at different
concentrations to PP films on the thermal, stratfunechanical and functional properties was
studied as well as the evaluation of the antimi@lohctivity against two typical food born
bacteria,E. coli and S aureygRamos, Jiménez, Peltzer, & Garrigos, 2012).ds woncluded
that the addition of both compounds at 80 g/kg sltbwome potential to be used as active
additives in PP formulations; showing thymol higliehibition against the studied bacteria,
leading to higher antimicrobialctivity. The aim of this study was to evaluate tbkease of
these compounds from PP films into different aqseand fatty food simulants; including a

kinetics diffusion study and the evaluation of #mtioxidant efficiency by the DPPH method.

2. Experimental
2.1. Chemicals

All reagents used were of analytical or chromatplgia grade and were purchased from
Panreac (Barcelona, Spain). Standards of carvder@d8 %), thymol (99.5 %), and 2,2-
diphenyl-1-picrylhydrazyl (DPPH, 95 %) were acqdireom Sigma—Aldrich Inc. (St. Louis,
MO). Ultrapure water was obtained from a Millipdvilli-Q system (Millipore, Bedford, MA,
USA). Polypropylene PP ECOLEN HZ10K pellets (HeitefPetroleum, Greece) was kindly

supplied by Ashland Chemical Hispania (Barcelomail®).

2.2. Films preparation
PP active films were obtained by melt blendingl@® °C for 6 min at 50 rpm followed by

compression moulding at 190 °C in a hot press, rdowp to a method previously developed
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(Ramos et al., 2012). Three active formulationsensstained: PP containing 80 g/kg of thymol
(PPT8) or carvacrol (PPCB8); and PP with an equimolixture of both additives at 80 g/kg

(PPTCS8) to study a possible additive effect of baaimpounds. An additional sample without
any active compound was also prepared as contRO)(PThe film thickness was measured
using a micrometer (Mitutoyo, Japan) at five randoositions. The average thickness of PP
films incorporated with thymol (PPT8), carvacrolP@®8) and both additives (PPTC8) was
found to be 185 + 3, 192 + 6 and 190 = 4 um, rebpedg. The final appearance of the films

was completely transparent and homogenous.

2.3. Migration study
2.3.1. Release tests

The release of AOs from PP films was performed finte food simulants according to
European Standard EN 13130-2005 (UNE-EN, 2005}illdc water (A), acetic acid 30 g/L
(B), and ethanol 100 mL/L (C) were used as aqudood simulants; whereas ethanol 950
mL/L and isooctane were employed as fatty food &imts.

Migration studies were conducted in triplicate @t°€ for 10 days in an oven (J.P. Selecta,
Barcelona, Spain), except for isooctane studieshviere performed at 20 °C and 50% relative
humidity for 2 days in a climatic chamber (DyconteBarcelona, Spain). Double-sided, total
immersion migration tests were performed with 12 aifilms and 20 mL of each simulant

(area-to-volume ratio around 6 &ir). A blank test for each simulant was also caroet.

2.3.2. Migration kinetics
In order to study the release of carvacrol and tiyduring a suitable period of time (15
days), a kinetic study was performed using acetid 80 g/L, ethanol 100 mL/L, ethanol 950
mL/L and isooctane as food simulants, at the samgpérature conditions described in section
2.3.1. Extract samples were taken at 2, 6, 12424ours and 5, 10 and 15 days in triplicate.
The migration process is described by the kindtithe diffusion of the migrant in the film

and it is expressed by the diffusion coefficiet,(m’/s) (Manzanarez-Lopez et al., 2011).
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Considering the case of limited packaging, limitedd, where migration occurs from a limited
volume packaging film into a well-mixed limited wwhe of food, the diffusion coefficients of
AOs can be determined by using a release kinetidembased in the Fick's second law
(Equation 1). In this case, the food sample irjtimloes not contain any migrant, and as
migration occurs, the concentration of migrant e food increases from zef@:,, to its
equilibrium valueCe,.. Equation (1) is the most rigorous general moael describing the

migration controlled by Fickian diffusion in a pagng film (Crank, 1975; Chung, Papadakis,

& Yam, 2002):

M i + - Dg’t

Mooy g 20lva) -0, (1)
Mc., = l+ta+acq; Lo

whereMg; and Mg ., are the total amount of diffusing substance (A€gased by the film at

time t and after infinite time, respectivelyl, is the film thickness;q, are the non-zero

positive roots oftang,, = —a [q,; anda is the partition expressed as:
a=KepVE) 'V, 2
whereVr andVp are the volumes of the simulant and the polynmespectively; andgr is the
partition coefficient of the active compound betwélee simulant and the polymer.

A simplified migration model derived from Equati¢h) was proposed by Chung et al.

useful for linear regression analysis (Chung et28l02):

05 05
i_igl\h == D [f°° +i5 (3)
Toa Mg, all, m°

whereMp, is the initial amount of migrant in the packagifiign (for a complete migration
Mpo= Me.). Thus, the diffusion coefficient can be directtpmputed from the fitting of

Equation (3) to experimental migration data.

2.4. Analysis of released antioxidantsinto food simulants
The amount of released AOs into aqueous food smeilaas analyzed by GC-MS with a

previous extraction and concentration step by SPRrooctadecyl cartridge (C18, 500 mg, 6
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mL) (Teknokroma, Barcelona, Spain). A Bichi V-7@&&uum system (Flawil, Switzerland) and
a vacuum manifold from Teknokroma (Barcelona, Spaiere used for SPE sample processing.
The cartridge was previously conditioned with 4 mithanol and 4 mL distilled water at 5
mL/min. Then, the extract was loaded and elutionthef AOs was carried out with 4 mL
dichloromethane (1 mL/min). On the other hand,aets obtained from isooctane and ethanol
950 mL/L were directly analyzed by GC-MS and HPL®;Wespectively.

Stock (4000 mg/kg) and working solutions of each ¥wére prepared in the appropriate
solvent (dichloromethane, isooctane or ethanol &) depending on the food simulant and
chromatographic technique used and stored in adre€arvacrol and thymol quantification

was performed using external calibration in trigte

24.1. GC-MSanalysis

A Perkin Elmer TurboMass Gold GC-MS (Boston, MA, A)Soperating in electronic
impact ionisation mode (70 eV) with a SPB-5 capjllaclumn (30 m x 0.25 mm x 0.38m;
Supelco, Bellefonte, PA) was used. The column teatpee was programmed from 60 °C (1
min) to 120 °C (1 min) at 10 °C/min and to 150 @ &C/min (2 min). Helium was used as
carrier gas at 1 mL/min. lon source and GC-MS fanie temperatures were 250 and 270
°C, respectively. Injector temperature was 270€C L of extracts were injected (split mode
1:100).

Identification of thymol and carvacrol were perfauanin full scan mode (m/z 30-550) by a
combination of NIST mass spectral library and raeten times of standard compounds.
Quantification of AOs was performed by using sedddbn monitoring (SIM) mode focused on
m/z 91, 135 and 150. Retention times obtained Hpmbl and carvacrol were 10.7 and 11.0

min, respectively.

2.4.2. HPLC-UV analysis
A Shimadzu LC-20A liquid chromatograph equippedwity detector and a LiChrospher

100 RP18 column (250 mm x 5 mm xu, Agilent Technologies) was used. The mobile phase
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consisted of acetonitrile: distilled water, 40:6@vj at 1 mL/min. 20uL of sample were
injected. Detection of carvacrol and thymol wasf@ganed at 274 nm with retention times of

18.9 and 21.0 min, respectively.

2.4.3. Determination of antioxidant activity

The antioxidant activity of AOs released into fosidhulants was analyzed in terms of
radical scavenging ability, using the stable radigBPH method as proposed by Byun et al.
(Byun, Kim, & Whiteside, 2010) with some modificatis. An aliquot of 10Qul of each
simulant extract was mixed with 3.9 mL of a metHaneolution of DPPH (23 mg/L) in a
capped cuvette. The mixture was shaken quicklp@inrtemperature and the absorbance of the
solution was measured immediately at 517 nm everyiri until the absorbance value was
stabilized (200 min), by using a Biomate-3 UV-VIgestrophotometer (Thermospectronic,
USA). All analyses were performed in duplicate.

The ability to scavenge the stable radical DPPH e@sulated as percent of inhibitioh (
%) using the following Equation (4):
1(%) = [(Acontror Asampig/Acontrol] - 100 (4)
whereAconro aNdAsampie@re the absorbances of the contrdlat0 min (using methanol instead

of sample) and of the tested sample=a200 min, respectively.

2.5. Statistical analysis

One way analysis of variance (ANOVA) was appliedDfPH experimental data with the
aid of the statistical program “Statgraphics Cepturprogram v.16.1.18 (StatPoint, Inc.,
Warrenton, USA)” and significant differences amaample data were recorded at P < 0.05

according to Tukey’s post hoc test (Barbara G. Glatiak, 2013).

3. Results and Discussion

3.1. Validation of the developed methods.
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The analytical methods developed in this study welkdated by assessing the main
analytical characteristics: linearity, precisioadeatability), detection (LOD) and quantification
(LOQ) limits and accuracy (recovery test).

Linear ranges were calculated with five calibragpmints, each one in triplicate (0.15-2.10
mg/kg in dichloromethane for SPE-GC-MS method agdeaus food simulants; 0.15-4.00
mg/kg for isooctane and 950 mL/L ethanol (v/v) threct GC-MS and HPLC-UV analyses,
respectively). The calculated calibration curvesegan acceptable level of linearity for AOs
and studied methods with determination coefficig®y ranging between 0.9963-0.9989, as
shown in Table 1.

Tablel.

Repeatability was evaluated by analyzing threeicafgs of standard solutions processed
the same day. All methods showed similar resultgdtative standard deviation (RSD) values
which were lower than 10 %. LOD and LOQ values wdetermined by using regression
parameters from the calibration curves §,/a and10 §,/a, respectively; wher& is the
standard deviation of the residues arid the slope). As it can be seen in Table 1, lovedunes
for LOD and LOQ were obtained for thymol by the HRUV method. On the other hand,
carvacrol showed lower values for these parametarsidering the SPE-GC-MS method. As a
result, the LODs and LOQs values obtained for A@sged between 0.16-0.22 mg/kg and
between 0.50-0.74 mg/kg, respectively.

Recovery tests for the SPE-GC-MS method were aclisimegl, in triplicate, in order to
evaluate accuracy, by spiking aqueous food simsibarth known amounts of each AO at three
concentration levels (0.03, 0.27 and 2.60 mg). Aking solution containing both AOs (4000
mg/kg) in methanol was used. Satisfactory resuksewobtained for mean recoveries at all
levels tested (Table 2), ranging from 86.7-108.2vh RSD values between 2.1-11.0 %. In
conclusion, the results obtained for methods vibdawere considered acceptable for the
determination of carvacrol and thymol migratioragueous and fatty food simulants.

Table 2.
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3.2. Release of AOsinto food simulants.

Both AOs were readily released into aqueous ang fabd simulants from all PP films
(Table 3). Similar behaviour was observed for thiyamod carvacrol migration under the same
migration conditions. However, thymol showed highegration tendencies than carvacrol for
distilled water. Also, the amount of active addivreleased into fatty food simulants was
higher than those obtained for the aqueous ongsarticular, the highest migration levels were
obtained into isooctane at 20 °C during 2 days e@wetgpwith the rest of simulants where 40 °C
and 10 days were used. This phenomenon might riesaitthe higher affinity of the non-polar
PP to the also non-polar isooctane than to theyhgbiarity of ethanol 950 mL/L or other polar
food simulants used, therefore showing diffusiomawour near to extraction rather than
migration, ultimately leading to high migration vas.

Table3.

The higher migration observed into fatty food siamis could be also attributed to two
factors: the higher solubility of migrated AOs intkese solvents and the phenomenon of
swelling of the polymer matrix when the films conméo contact with simulants (Suppakul,
Sonneveld, Bigger, & Miltz, 2011). Tehrany et alefrany, Mouawad, & Desobry, 2007)
indicated that migrant polarity can be a predomiramtrolling factor and that a simulant with
similar high polarity could have a great effectsmmption. In this sense, partitioning depends on
the polarity and solubility of the migrant in theofl simulant. In our case, the higher release of
carvacrol and thymol into 950 mL/L ethanol ratheart 100 mL/L ethanol showed the influence
of simulant polarity and AO solubility. Also, it oébe assumed that certain amount of simulant
will penetrate into the matrix, enhancing the mibpibf the target AOs inside the polymer
chains, which could promote migration. This behawibas also been suggested in previous
studies for the migration of some AOs from polywisfinto fatty food simulants (Haider &
Karlsson, 2000; Kuorwel et al., 2013; Peltzer et2009; Tovar et al., 2005).

Regarding aqueous food simulants, migration of A@s also observed although the
solubility of both compounds in aqueous solutianoiv; with migration values increasing by

using acetic acid 30 g/L and ethanol 100 mL/L. Thigration of AOs into these simulants
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might be due mainly to two factors: the hydrophiitaracter of these additives described in
literature (Peltzer et al., 2009); and the smak sif these compounds, and thus faster diffusion,
since the diffusion rate is governed by the maopibit the additives which is determined by the
size and geometry of the diffusing compound (Hai@eKarlsson, 2000; Reynier, Dole,
Humbel, & Figenbaum, 2001). This behaviour was algserved for Mastromatteo et al. who
demonstrated that the release of thymol from alswehomogeneous polymeric network could
be viewed as a result of the water diffusion frdra buter water solution into the polymeric
matrix, the macromolecular matrix relaxation anel diffusion of the active compound from the
swollen polymeric network into the outer water $ioln (Mastromatteo, Barbuzzi, Conte, & Del
Nobile, 2009). Also, it has to be considered thH#edince in polarity between the polar

migrated substances and the non-polar polymer.

3.3. Antioxidant activity of migration extracts.

The antioxidant activity of carvacrol and thymolshiaeen reported in previous studies,
although the mechanism of such activity is notyfulinderstood (Yanishlieva, Marinova,
Gordon, & Raneva, 1999). The antioxidant activigpends not only on the compound structure
but also on many other factors, such as concemratemperature, light, simulant type and
physical state of the system (e.g. pH).

Fig. 1

The antioxidant capacities of the obtained extragse evaluated by DPPH radical assay
(Fig. 1). No DPPH inhibition was observed in aceited 30 g/L, possibly due to the pH of this
simulant. The absorbance of DPPH could decreadigltyexposure, oxygen content, pH, and
solvent type (Ozcelik et al., 2003). Regarding pHhas been reported that generally, the
increase of hydrogen ion concentration leads taddwease of the reaction rate of chromogen
radical scavenging, whereas under basic condifiootn dissociation of polyphenolics would
enhance the reducing capacity of compounds (Pykay&sPekal, 2013). On the other hand, all
the other extracts presented an appreciable adéokactivity, showing a significant inhibition

of the DPPH radical. A higher antioxidant capaeitys observed for thymol extracts, with the

10
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highest inhibition obtained into isooctane (42.2.%1 %). The ANOVA results also showed that
independently of the variations introduced by the af the different simulants, the formulation
with 80 g/kg of thymol was significantly differefitom the other ones regarding antioxidant
capacity (Fig. 2).

Fig. 2.

These results showed that thymol antioxidant agtiwias superior to that of carvacrol,
possibly due to greater steric hindrace of the tiyplhenolic group; as different authors have
concluded when considering the mechanism of aafamese compounds in the DPPH assay
(Wu, Luo, & Wang, 2012; Yanishlieva et al., 1999fher compounds having a hydroxyl group
sterically hindered, such as BHT, have been alported to possess high antioxidant activity
(Mastelic et al., 2008).

The DPPH inhibition values were correlated with £@s amount released from the films
(Table 3). The highest amount of released additwas observed into fatty food simulants;
although no significant differences between isoaztand ethanol 950 mL/L were observed
with different formulations at P < 0.05 (Fig. Lhd obtained results indicate that a considerable
guantity of the AOs remain in the polymer matrixdaonsequently could act as active agents in
these materials. In this sense, the obtained PRs fdould be used as AO films for food
packaging applications in order to extend the dlifelfof food products, retarding oxidation
processes. In addition, it has been reported higssiet additives could be also used to protect the
polymer against oxidative degradation during preicgsand further use (Ramos et al., 2012).

Finally, the study of the combined activity of cacvol and thymol in the same film at 40
g/kg of each compound (PPTCS8) (Fig. 1) showed sadulitive effect between them as similar
results were obtained for samples with 80 g/kgamhecompound (PPC8 and PPT8) separately.

This effect was more evident into fatty food sinmita

3.4. Kinetics of AOs migration from active films.
Information about diffusion coefficients throughcgaging materials is, in general, very

useful to evaluate the performance of new activek@ging materials, as the critical point in

11
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antioxidant performance is the kinetics of releasthe AO agent from the packaging. In order
to have a deeper knowledge of the migration meshardf the target AOs from PP films,
kinetic experiments were carried out by using fdiffierent food simulants during 15 days. For
this study, only formulations containing the studfgOs at 80 g/kg separately were considered.

Fig. 3 and Fig. 4 show the release of thymol (&) earvacrol (b) from PPT8 and PPC8
films as a function of time, respectively. Similz@haviour was observed for both compounds,
being rapidly released from their respective filmgo the studied food simulants, with an
expected increase in their release with increadinge and reaching equilibrium after
approximately 120 h.

Fig. 3and Fig. 4

In a first approach, the higher amount of migratexlytes occurs to isooctane (see
values in Table 4). Furthermore, for this simulattt > 120 h, the equilibrium is not well
defined and, for example, for PPT8 almost all pyesly encapsulated thymol is released in
isooctane. This can be argued in two different waither by experimental or physical grounds.
Starting with the former, it seems that the quas#ifon of AOs in isooctane, for longer times,
lead to scatter values and, consequently, the sbatenglevant increase of the amount of AOs
released after 15 days cannot be relevant fronistitat point of view. Another possible
justification is based on the behaviour of theaséof active compounds from polyolefin films
immersed in food simulants by the “swelling-corled’ model (Suppakul et al., 2011).
According to this model, a simulant penetrated finto the polymer matrix and dissolves the
active agents thereby enabling their subsequeeasel Indeed, it is expected that a simulant
uptake will cause polymer swelling. The migratidnA®@s is thus expected to increase with an
increase in the simulant penetration into the MR, freaching a plateau when the matrix is
saturated with the simulant. However, many intéoast take place during the migration of
species from polymers into liquids. Moreover, itshpointed out that a time-dependent
relaxation process could occur as a result of Wedlimg that takes place during the diffusion of
the liquid into the polymer. As a consequence,asderates change continuously and the

accurate mathematical analysis of the migratiodificult. The penetration of simulant

12
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molecules facilitates further penetration by thasptization of the polymer matrix, until a
plateau is reached. As pointed out before, fordsom an increase of migration after reaching
the equilibrium was observed for both studied A©3&D h. This could be due to a combination
of temperature and a longer time in which the RRsfivere penetrated by isooctane producing
the increase on the release. Also, it can be sgwclbbout the sorption of isooctane by the PP
matrix and a consequent creation of void spacesufawg the migration of the phenolic
compounds (Manzanarez-Lépez et al., 2011).

Table 4.

The experimental release data shown in Fig. 3 Wetker analysed in terms of a diffusion
model according to Equation (3). However, the ufehts equation in order to compute
diffusion coefficients needs the previous knowledgepartition values. According to the
previous discussion it can be assumed that the @nodLAO release can be estimated as being
constant after ca. 120 h, and once Equation (3po&nbe applied td/-/Mp o < 0.6, the use of
this equation do not interfere with the hypothdtif@ot confirmed) effect of the swelling-
process in the mass transport by diffusion. Indgh@scumstances the release of AOs from PPT8
and PPCS8 to different simulations can be modeliedding the following equation:

Me/ Mp 0= ( Mg/ Mpg) (1 - €<) (5)
wherek’ is a constant related with the release rate emtsBy fitting Eq. (5) to experimental
AOs release data (see solid lines in Figs. 2 anth8)values oM ./Mp o can be obtained and,
finally apparent partition coefficients4,) values can be calculated through the equation:

Me../ Mp o= 0ap/ (1+aap) (6)
Both parametersVic../ Mpoanda are reported in Table 4.

It should be stressed that the choice of Eq. (5)been done once, for the border and limit
conditions of the experiments reported in this wadtlkdescribes a first order kinetic process
(Reis, Guilherme, Rubira, & Muniz, 2007). In gengthe fitting determination coefficients are
higher than 0.96, with the exception of isooctaoetaining systems where determination

coefficients of 0.819 (PPC8) and 0.713 (PPT8) veiatained.
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The results obtained for thymol and carvacrol anews in Fig. 5A and Fig. 5B,

05
M
respectively. As it can be seen, the Iinearit{{:;kf—:L EIM—F‘} versust ** was very good for
ma F0

both AOs and all simulants tested with determimatimefficient values ) ranging from
0.961-0.995 for thymol and 0.983-0.992 for carvBasoggesting that experimental release data
is well described by the proposed diffusion modelshort-range times.

Fig. 5A and 5B

The analysis of diffusion coefficient®) (Table 4) shows that the diffusion process in
different simulants are independent on the AOsh Witvalues ranging from 1x1t to 2x10"
m?/s. This behaviour was expected if considering tiaavacrol and thymol are isomers having
similar molecular weights and polarity (LicciardglMuratore, Mercea, Tosa, & Nerin, 2013).
The exception occurs for the diffusion of AOs imooctane. In fact) values for thymol and
carvacrol are 4 and 6 times higher for this simuthan the average values for remaining ones.
This is, however, in line with the discussion aadrout in the previous section and with results
reported in section 3.2 as well. It is also worthicing that the magnitude &f values found for
these films are one order of magnitude lower thaosé obtained for similar AOs and films
(Suppakul, Sonneveld, Bigger, & Miltz, 2011), susiyey that these films can provide a long

term release, or higher retention inside filmsAQSs.

Conclusions

The release study of carvacrol and thymol from BAsfinto aqueous and fatty food
simulants was accomplished. Analytical methodgHerdetermination of the target compounds
in the studied food simulants were successfullyetigped and validated. Release of AOs from
PP films showed some differences depending ondbéd §imulant type used; being isooctane
the most exhaustive one resulting in high levelsafration. In addition, positive results were
obtained for all migration extracts by the anti@ad activity study performed by the DPPH
method, showing thymol a higher antioxidant capadtinally, the results obtained for the

migration kinetics study showed that carvacrol #inynol incorporated into PP films at 80 g/kg
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were readily released into different food simulatksing these additives still remaining in the
polymer after 15 days. In this sense, the higltiefficies of release of these compounds from
PP films point to the great potential of these exyst in antioxidant packaging of different food

products to extend their shelf life and avoid tireat addition of additives to food formulations.
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FIGURE CAPTIONS

Fig. 1. Radical scavenging activity measured by DPPH, esqed as percent of inhibition,

obtained for migration extracts from the three folations studied (isooctane: 20 °C, 2 days;
rest of simulants: 40 °C, 10 days) (m = SD, n = Bifferent letters represent significant

difference at P < 0.05.

Fig. 2. Plot representing mean DPPH inhibition values {ét)the formulations PPT8, PPC8

and PPTCS8. Different letter represent significaffecences at P < 0.05.

Fig. 3. Release of thymol from PPT8 into different foothsiants over 15 days. (A) Ethanol

100 mL/L, 40 °C; (B) acetic acid, 40 °C; (C) Etha®60 mL/L, 40 °C; and (D) isooctane, 20

°C. Solid lines were obtained by fitting Eq. (4) égperimental data. For further details see
section 3.4.

Fig. 4. Release of carvacrol from PPC8 into different feodulants over 15 days. (A) Ethanol

100 mL/L, 40 °C; (B) acetic acid, 40 °C; (C) Ethe®80mL/L, 40 °C; and (D) isooctane, 20 °C.

Solid lines were obtained by fitting Eq. (4) to esmental data. For further details see section

3.4.
05
: 1 1 Mg, 1 05 S
Fig. 5. Plots of | ———[L—| —-—versust™ for the migration of thymol (A) and
moa Mg, e

carvacrol (B) from PPT8 and PPCS8 films, respedjivigito different food simulants. Isooctane
(©), 20 °C; acetic acid (0), 40 °C; ethanol 100 m{dl, 40 °C; and ethanol 950 mL/lA), 40

°C.
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Table 1. Main analytical parameters obtained for the sadi®s using the optimized methods

(n=3).
Parameter
Analyte M ethod Linearity LOD LOQ
Slope + SD Intercept £ SD
(R)*  (mgkgf  (mglkgf
SPE-GC-MS 18416 £ 1907 -3881 + 2372 0.9968 0.16 0.54
Carvacrol Direct HPLC-UV 13510 + 333 1195 + 82 0.9963 0.20 0.66
Direct GC-MS -2241 +721 15103 + 320 0.9982 0.22 0.73
SPE-GC-MS 19792 £ 1120  -3868 + 2377 0.9972 0.15 0.50
Thymol Direct HPLC-UV 13936 £ 177 1091 £ 43 0.9989 0.10 0.34
Direct GC-MS  -1852 + 701 14568 + 316 0.9981 0.22 0.74

& Number of calibration points = 5. Linear rangel®- 2.10 (SPE-GC-MS); 0.15 — 4.00 (Direct HPLC-

UV and GC-MS).
® Calculated for 3 .

¢ Calculated for 10 %
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Table 2. Mean recoveries (%) and R.S.D. values (%) in ghe=es obtained for each AO in

aqueous simulants by SPE-GC-MS (n=3).

Spiking level (mg)

Analyte Simulant
0.03 0.27 2.60

Distilled water 98.1 (5.4) 94.7 (9.7) 108.2 (2.1)
Carvacrol Ethanol 100 mL/L 95.2 (4.3) 100.3 (3.3) 89.8 (2.4)
Acetic acid 30 g/L 99.4 (6.5) 88.0 (3.2) 97.2 (20.9
Distilled water 96.8 (5.8) 101.0 (3.6) 106.1 (2.4)
Thymol Ethanol 100 mL/L 94.1 (3.8) 99.1 (3.4) 88.4 (2.5)
Acetic acid 30 g/L 94.8 (4.9) 86.7 (3.2) 95.8 (31.0
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Table 3. Release of AOs (mg/kg simulant) obtained from Rgfiinto aqueous and fatty food

simulants under conditions according to Europeandird EN 13130-2005 (n = 3, m + SD).

Simulant
Analyte Film Ethanol Acetic acid Ethanol
Watef Isooctan@
100 mL/L? 30 g/L? 950 mL/L?

PPC8 288 +20 718 +54 647 + 47 880 + 27 921 + 157
Carvacrol

PPTC8 157 +19 285 + 26 474 + 44 347 £21 633+ 34

PPT8 433+46 656 + 30 689 + 61 829 + 19 1085 + 112
Thymol

PPTC8 162+ 18 362 + 53 547 £ 51 367 £21 616 + 49

Migration conditions? 40 °C, 10 days’ 20 °C, 2 days

22



Table 4. Diffusion coefficients Dx10™*, n¥/s) calculated from equation 3 for the release of

AOs from PP films into different food simulants ¢nED, n = 3).

Simulant
Ethanol Acetic acid Ethanol
Analyte (Film) Isooctan®
100 mL/L? 30 g/L? 950 mL/L?

Carvacrol (PPC8)  agp 1.38+ 0.07 0.9€ 0.04 1.2A# 0.07 1.4:0.1

D 1.20+ 0.05 1.7£0.1 1.99+ 0.07 9.4+ 0.6

Thymol (PPT8) Oap 1.56+ 0.1 1.44+ 0.05 1.56+ 0.08 2.4+ 0.2

D 1.75+0.08 2.51+0.02 1.0+ 0.03 5.9:0.1

Migration temperaturé 40 °C;° 20 °C
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Fig. 5A
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Highlights

- The migration of carvacrol and thymol from PPl into food simulants was studied.
- The release of carvacrol and thymol from PP fishewed a Fick’s behaviour.

- The antioxidant activity of migration extracts swveonfirmed by the DPPH method.

- Thymol showed higher migration and antioxidarthaty into fatty food simulants.

- Carvacrol and thymol show a potential use aaittants for active packaging.



