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a b s t r a c t

Bilayer films using polyester blends (P) and starch (S) were obtained and characterized, incorporating
carvacrol as active compound. Carvacrol was incorporated by spraying it between melt blended and
compression moulded sheets or through its incorporation into the chloroform P solution used to obtain P
cast films. Different PLA-PHBV ratios (75:25 and 65:35) were tested, with and without 15wt% of
PEG1000, whereas the 75:25 ratio with PEG was only used for cast sheets, based on its better overall
properties. Mono and bilayers were characterized as to their tensile and water vapour barrier properties
and thermal behaviour. Release kinetics of carvacrol in different food simulants and in in vitro anti-
bacterial activity against Listeria innocua and Escherichia coli were also analysed. Incorporating carvacrol
by spraying it between the polyester and starch sheets was not effective at retaining the compound in the
bilayers. However, the incorporation of carvacrol into cast P films, and the subsequent formation of bi-
layers with the S sheets, was highly effective at providing practically total carvacrol retention. These
active bilayers exhibited highly improved tensile and water vapour barrier capacity with respect to the S
monolayer (87% reduction in WVP, 840% increase in elastic modulus) and inhibited the growth of
L. innocua and E. coli from both P or S contact sides of bilayers, depending on the internal diffusion of
carvacrol through the bilayer and its adequate release of the compound into the culture medium.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

With society's growing concern for the environment and the
great dependence on fossil fuels for plastic production, there is a
need to find suitable environmentally-friendly solutions to the
outbreak of plastic-based packaging. In this context, bio-based and
biodegradable polymers such as polylactic acid (PLA) and poly-
hydroxyalkanoates (PHAs) have emerged as suitable green solu-
tions (Av�erous, 2004; Corre, Bruzaud, Audic, & Grohens, 2012). The
relatively widespread use of PLA on the market is due to its
adequate physical properties, similar to polystyrene and poly(-
ethylene terephthalate) (Siracusa, Rocculi, Romani, & Dalla Rosa,
2008), and its better features compared to other biopolymers,
such as higher transparency, processability, printability and rate of
composability (Arrieta et al., 2014b; Auras, Harte, & Selke, 2004).
However, PLA application in flexible films has been hindered due to
its inherent brittle nature and its limited gas barrier properties
(Mulle, Gonz�alez-Martínez, & Chiralt, 2017b). Other biodegradable
polyester with good barrier capacity, such as polyhydroxybutyrate-
co-hydroxyvalerate (PHBV), have emerged, whose blend with PLA
could improve the properties of the material. PHBV is an entirely
biodegradable polyester synthesised by a wide variety of bacteria
whose degree of crystallinity and melting point decrease as the
hydroxyvalerate content increases (Savenkova, Gercberga, Bibers,&
Kalnin, 2000). Blending strategies between both polyesters and/or
with plasticizers have recently been applied in order to obtain
materials with different functionality, thus obtaining product
blends with interesting physical, thermal and mechanical proper-
ties compared to the neat polymers (Armentano et al., b, 2015a,;
Arrieta, L�opez, Ferr�andiz, & Peltzer, 2013; Arrieta, Samper, L�opez, &
Jim�enez, 2014a; Arrieta et al., 2014b; Jost & Kopitzky, 2015). Jost
and Kopitzky (2015) reported a water vapour permeability reduc-
tion of 46% and a 40% lower oxygen permeability for a 75:25 PL-
PHBV ratio, compared to the pure PLA films. Arrieta et al. (2014a)
and Armentano et al. (2015b) also highlighted the enhancement
of the film barrier properties by combining PLA and poly-
hydroxybutyrate (PHB). Likewise, the addition of plasticizers, such
as acetyl tributyl citrate, limonene, PEG300 and oligomer lactic
acid, has been proposed as a means of improving the stretchability
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of both PLA and PHB films (Arrieta et al., 2013; Arrieta et al., 2014a;
Armentano et al., b, 2015a).

Developing multilayer structures where materials with com-
plementary properties are combined in the same sheet could also
be an interesting approach to overcome the shortcomings of these
promising polyesters (Martucci & Ruseckaite, 2010). Starch, ob-
tained from different natural resources, is a polymer which is
widely available at low cost and provides biodegradable films with
great oxygen barrier capacity (Ortega-Toro, Mu~noz, Talens, &
Chiralt, 2016). Nevertheless, it is not more widely applied in the
field of food packaging due to its high water sensitivity and water
vapour permeability and its relatively low tensile strength (Acosta,
Jim�enez, Ch�afer, Gonz�alez-Martínez, & Chiralt, 2015; Souza, Goto,
Mainardi, Coelho, & Tadini, 2013; Versino, L�opez, & García, 2015).
Combining PLA-PHBV blend films with starch films in bilayer
structures could represent a good option to obtain materials with
improved mechanical and barrier properties more suited to food
packaging applications. Polyester layers would contribute to
strengthening the bilayer while reducing water vapour perme-
ability and the starch layer would help to control the oxygen and
gas barrier capacity of the layer assembly. The multilayer strategy
has usually been applied in synthetic plastic to obtain materials
with better functionality, although there are few reported studies
into biodegradable polymers. In this sense, PLA films have recently
been combined in multilayer structures with MaterBi (commercial
starch-based thermoplastic polymer) and sugar palm starch films
(Sanyang, Sapuan, Jawaid, Ishak, & Sahari, 2016; Scaffaro, Sutera, &
Botta, 2018); fish and bovine hide gelatin layers (Martucci &
Ruseckaite, 2010; Nilsuwan, Benjakul, & Prodpran, 2017); soy pro-
tein films (Gonz�alez & Igarzabal, 2013) and cassava starch films
(Muller, Gonz�alez-Martínez, & Chiralt, 2017a). The multilayer as-
semblies exhibited lower WVP and better mechanical performance
than the hydrocolloid-based films, and better oxygen barrier ca-
pacity and film stretchability than neat PLA films. Likewise, the
incorporation of active compounds, such as essential oils or their
main constituents, could also provide added value to these
polyester-starch bilayers (antimicrobial or antioxidant materials),
since these natural and non-toxic compounds could inhibit the
growth of foodborne bacteria and pathogenic microorganisms in
the food packaging applications (Burt, 2004; Fratianni et al., 2010;
Friedman, Henika, Levin, & Mandrell, 2004). In this sense,
numerous studies have shown that carvacrol (CA), the main com-
pound of the Labiatae family, including Origanum, Satureja, Thym-
bra, Thymus, and Coridothymus (Babili et al., 2011; Xu, Zhou, Ji, Pei,
& Xu, 2008), exhibits a wide-spectrum antimicrobial activity
(Requena, Vargas, Atar�es, & Chiralt, 2017a). Moreover, CA has been
recognized as GRAS by the FDA and, therefore, approved as a safe
food preservative in the USA and Europe.

The aim of this work was to obtain antimicrobial bilayer films
with carvacrol, combining sheets of PLA-PHBV blends and ther-
moplastic starch, and characterize them as to their antimicrobial
and functional properties and carvacrol release kinetics. PLA-PHBV
blends were obtained by both melt blending and compression
moulding or casting from their chloroform solutions. Two different
strategies were used to incorporate carvacrol into bilayers: spray-
ing the compound dose at the bilayer interface or incorporating it in
the polyester-casting solution.

2. Materials and methods

2.1. Materials and reagents

Cassava starch, poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) 8% and amorphous PLA 4060D with density of 1.24 g/cm3,
supplied respectively by Asia CO., LDT (Kalasin, Thailand),
NaturePlast (Caen, France) and Natureworks (U.S.A), were used to
obtain bilayer films. The plasticizer poly(ethylene glycol) with
molecular weight of 1000 g/mol (PEG1000) was purchased from
Sigma-Aldrich (Steinheim, Germany), whereas the glycerol was
obtained from Panreac Química S.L.U. (Castellar del Vall�es, Barce-
lona, Spain). Carvacrol (CA) and the different UV grade solvents,
chloroform, methanol, ethanol, acetic acid and isooctane, were
supplied by Sigma-Aldrich (Steinheim, Germany). Magnesium ni-
trate (Mg(NO3)2), used to reach 53% relative humidity (RH) during
the film conditioning, was supplied by Vidra Foc S.A. (Barcelona,
Spain).

For the antimicrobial activity analysis, stock cultures of Escher-
ichia coli (CECT 101) and Listeria innocua (CECT 910) were supplied
by the Spanish Type Culture Collection (CECT, Burjassot, Spain).
Tryptone Soy Broth, Agar Bacteriological and Tryptone Phosphate
Water were provided by Scharlab (Barcelona, Spain).

2.2. Film preparation

Thermo-processed polyester films were prepared by melt
blending and compression-moulding using different PLA:PHBV
ratios, and PEG1000 as plasticizer, in order to optimize the PLA-
PHBV ratio in the polyester blends, according to their functional
properties. Afterwards, the best blend formulation was also ob-
tained by casting incorporating or not CA in the film forming
dispersion (FFD). Thus, these polyester monolayer films
(compression moulded or cast) were combined with cassava starch
(S) monolayer films to obtain polyester/starch bilayers, with or
without CA.

2.2.1. Preparation of polyester monolayer films by thermo-
compression (T-PLA:PHBV:PEG)

Pure PLA and PHBV films, as well as PLA-PHBV blend films were
obtained at two different PHBV ratios (25 and 35wt%) in the
polymer blend. In addition, PEG1000was used as plasticizer in both
pure and blend films in a constant proportion (15 g/100 g polymer).
Thus, the film components were melt-blended in a two-roll mill
(Model LRM-M-100, Labtech Engineering, Thailand) at 200 �C and
12 rpm for 10min, except in the case of the pure PHBV formulation
which was processed at 180 �C. 2.5 g of the resulting pellets were
compression moulded in a hydraulic press (Model LP20, Labtech
Engineering, Thailand) in a three-step process. First, the steel
sheets were pre-heated at 200 �C for 5min. Then, the compression
was performed at 200 �C and 100 bars for 4min, followed by a
cooling cycle for 3min until the temperature reached about 70 �C.
The resulting films were stored at 53% RH and 25 �C until further
analysis or their use to obtain bilayer films.

2.2.2. Preparation of polyester monolayer films by casting
(C-75:25:15 and C-75:25:15-CA)

PLA-PHBV blend monolayers were obtained by casting in a ratio
of 75:25 with and without CA, using PEG1000 (15 g/100 g polymer)
as a plasticizer, on the basis of results obtained from the thermo-
processed monolayers. The PLA, PHBV and PEG1000 blend was
dissolved in chloroform at 5.88% (w/w) by boiling under reflux for
4 h. Then, the FFDwas cooled until room temperature, adjusting the
total weight with chloroform and incorporating, or not, the CA at
25 g CA/100 g polymer matrix (polyesters and plasticizer). The
resulting FFDs were poured into 15 cm diameter Teflon plates
(1.98 g solids per plate) and the solvent was evaporated overnight
in a fume hood.When FFD contained CA, its content was 2.8mg CA/
cm2 of film, similar to that applied by spraying between layers
using the processing method. The dried films were peeled off the
casting surface and stored at 53% RH and 25 �C until further analysis
or their use to obtain bilayer films.
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2.2.3. Preparation of starch monolayer films by compression-
moulding (S)

Cassava starch (S) monolayer films were prepared with a
S:water:glycerol:PEG1000 ratio of 100:55:30:0.5. Thermoplastic
starch pellets were obtained in a two-roll mill (Model LRM-M-100,
Labtech Engineering, Thailand) at 160 �C and 12 rpm for 20min.
The resulting pellets were conditioned at 25 �C and 53% RH for 10
days, by using an oversaturated Mg(NO3)2 solution. 4 g of condi-
tioned pellets were placed onto steel sheets and preheated in a
hydraulic press (Model LP20, Labtech Engineering, Thailand) at
160 �C for 1min. Then, compression moulding was performed at
the same temperature, applying 50 bars for 2min, followed by
100 bars for 6min. Finally, a cooling cycle was applied for 3min
until the temperature reached about 70 �C. The resulting films were
stored at 53% RH and 25 �C until further analysis or their use to
obtain bilayer films.

2.2.4. Preparation of active starch-polyester bilayer films
(TP-S, TP-CA-S, CP-S, CP(CA)-S)

According to the best functional properties as packaging mate-
rial, the T-75:25:15 film formulation was chosen among the
different thermoprocessed polyester (TP) formulations to obtain
bilayers with S films. To this end, CA was sprayed at the interface
between both thermo-compressed films in the same ratio used in
the cast polyester films (2.8mg/cm2 of film). Then, both mono-
layers, with and without CA at the interface, were compression
moulded in a hydraulic press (Model LP20, Labtech Engineering,
Thailand) at 160 �C and 100 bar for 2min and cooled down until
80 �C in 2min, thus obtaining TP-CA-S and TP-S films respectively,
with a nominal mass fraction of TP film in the bilayers of about 0.38.

Likewise, bilayer films were also obtained through thermo-
compression of both the S monolayer and the cast polyester
monolayer (CP) with and without CA, thus obtaining CP(CA)-S and
CP-S films respectively, with a nominal mass fraction of CP film in
the bilayers of about 0.33.

2.3. Film characterization

2.3.1. Analysis of the CA retention in the films
CA distributionwas analysed in newly prepared active films (TP-

CA-S, CP(CA) and CP(CA)-S), and others stored for 6 days, by
methanol extraction and spectrophotometric quantification. Three
different films were divided into four concentric circular sections:
internal circles of 3 cm radius and circular crowns of internal-
external radii of 3e5, 5e7 and 7e7.5 cm. Film samples (0.2 g) of
each section were kept in P2O5 (0% HR) for 24 h and extracted in
10mL of methanol under constant stirring for 72 h at 20 �C. The
methanol extracts were filtered, properly diluted and their absor-
bancewasmeasured using UVevisible spectrophotometer (Thermo
Scientific Evolution 201, EEUU) at 275 (maximum of absorption of
the CA in methanol), using as the blank solution the methanol
extract of the corresponding control film without CA in each case.
The absorbance measurements were transformed into CA concen-
tration values (g CA/100 g film) using the corresponding calibration
curve. All measurements were taken in triplicate.

2.3.2. Thermal behaviour
Differential scanning calorimetry (DSC) analyses were per-

formed using a DSC (Stare System,Mettler Toledo Inc., Switzerland).
Film samples (about 10mg) were placed into aluminium pans
(Seiko Instruments, P/N SSC000C008) and analysed using a multi-
ple scan. Firstly, samples were heated from room temperature to
180 �C at 10 �C/min. Then, samples were cooled to�30 �C at - 50 �C/
min and heated again to 180 �C at 10 �C/min. All measurements
were taken in duplicate under a nitrogen stream of 20mL/min.
A thermogravimetric analyser (TGA/SDTA 851e, Mettler Toledo,
Schwarzenbach, Switzerland) was used to determine the thermal
stability of the different film formulations. Measurements of the
thermal weight loss of each type of filmwere taken in duplicate in a
temperature range between 25 and 600 �C at 10 �C/min under a
nitrogen stream of 20mL/min.
2.3.3. Tensile properties
The tensile behaviour of the films was determined following the

ASTM D882 standard method by using a texture analyser (TA-
XTplus, Stable Micro Systems, Surrey, United Kingdom). A hand-
held digital micrometer (Electronic Digital Micrometer, Comecta
S.A., Barcelona, Spain) was used to measure film thickness to the
closest 0.001mm, at six random positions around the film. Then,
film strips (25mmwide,100mm long) weremounted in the tensile
grips (5mm of film between grips) and stretched at 50mm/min
until breaking. The elastic modulus (EM), tensile strength at break
(TS) and percentage of elongation at break (E) were obtained from
stress-strain curves. Measurements (eight replicates per formula-
tion) were taken in films conditioned at 25 �C and 53% RH for one
week.
2.3.4. Water vapour permeability
The water vapour permeability (WVP) of the films was deter-

mined according to the ASTM E�96-95 gravimetric method. Round
film samples (35mm diameter) of each formulationwere placed on
Payne permeability cups (3.5 cm in diameter, Elcometer SPRL,
Hermelle/s Argenteau, Belgium) at 25 �C and a 53e100% RH
gradient, which was created with an oversaturated Mg(NO3)2 so-
lution and distilled water, respectively. In order to reduce the
resistance to transport of water vapour, a fanwas placed above each
cup. The cups were weighed periodically using an analytical bal-
ance (±0.00001 g), until the steady state was reached and the WVP
was calculated from the slope of the curves of weight loss versus
time. Measurements (in quadruplicate per formulation) were taken
in films conditioned for 1week at 25 �C and 53% RH.
2.3.5. Release kinetics of CA in food simulants
The release kinetic study was carried out only for the CP(CA)

monolayer and the CP(CA)-S bilayer films due to the poor CA
retention obtained for the TP-CA-S bilayer films. The release ki-
netics of CA from these films was studied in four different food
simulants according to the Commission regulation (EU) 2015/174
amending and correcting Regulation (EU) No 10/2011 on plastic
materials and articles intended to come into contact with food.
Thus, aqueous food with neutral and acid pH were simulated with
10% ethanol (v/v) (A) and 3% acetic acid (w/v) (B), respectively,
whereas fatty foods were simulated with 50% ethanol (v/v) (D1)
and isooctane (D2). Film samples of 500mg were placed in contact
with 100mL of each simulant and kept under stirring at 20 �C
throughout the time. The absorbance of the different solutions was
measured at different contact times up to equilibrium, thus
obtaining the CA profile concentration in each simulant over time
using standard calibration curves previously obtained in each
simulant. All analyses were performed in triplicate and the corre-
sponding extracts of films without CAwere used as blank solutions
for the absorbance measurements, for each simulant and time.

The CA amount released into the simulants at each time (Mt)
was fitted to Peleg's model (Eq. (1) (Peleg, 1988), and the constants
k1 (inversely related to the initial release rate) and k2 (related to the
asymptotic release value) were determined. The amount of active
released at equilibrium (M∞) was calculated from k2 (Eq. (2).



Table 1
Tensile properties (elastic modulus (EM), tensile strength (TS) and elongation at break (E)), thickness and water vapour permeability (WVP: g/m$s$Pa) of the polyester
monolayers obtained by thermo-compression (T) and casting (C) with different PLA:PHBV:PEG ratios. Mean values± standard deviations.

Formulation EM (MPa) TS (MPa) E (%) Thickness (mm) WVP (x 10�12)

T-100:0:0 1670± 70b 49±2a 3.2± 0.1d 124±8b 3.3± 0.3d

T-100:0:15 570± 90e 17±1e 57.2± 5.5b 107±4f 5.4± 0.4c

T-0:100:0 1760± 50a 33±2b 2.6± 0.3de 131±8a 1.2± 0.4e

T-0:100:15 1300± 40d 28±2c 3.7± 0.4d 109±7f 3.6± 1.4d

T-65:35:0 1490± 40c 32±1b 2.2± 0.1de 120±5d 1.8± 0.1e

T-65:35:15 510± 40ef 4±1g 0.8± 0.3e 124±8b 9.1± 1.8b

T-75:25:0 1470± 30c 31±2b 2.2± 0.2de 126±2b 3.1± 0.1d

T-75:25:15 460± 40f 9±1f 7.1± 1.8c 116±9e 4.2± 0.3cd

C-75:25:15 1270± 20d 22±1d 2.1± 0.2de 116±5e 11.9± 0.6a

C-75:25:15-CA 520± 80ef 21±2d 130.1± 1.9a 141±9a 9.6± 1.2b

a-f: Different superscripts within the same column indicate significant differences among film samples (p< 0.05).
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t
Mt

¼ k1 þ k2$t (1)

M∞ ¼ 1
k2

(2)

Fick's second law was fitted to the experimental data to obtain
the diffusion coefficient of CA from the films towards the food
simulants. Film samples were considered as infinite plane sheets
with the half thickness as the characteristic dimension, where the
active compound diffuses only in an axial direction. The diffusional
long-time equation with ten terms for an infinite plane sheet
(Crank, 1975) was used to determine the diffusion coefficient (D)
values of CA for the different solvents (Eq. (3)), whereMt is themass
of compound released at time t, M∞ is the mass of compound
released at equilibrium and L is the half thickness of film. The Solver
tool (Microsoft Excel 2013®) was used to optimize the D values, by
minimizing the Sum of Squared Errors (SSE), considering the
following boundary conditions:

t ¼ 0 0< x< L c ¼ c0

t >0 x ¼ 0 x ¼ L c ¼ 0

Mt ¼ M∞

 
8
p2

X∞
n¼0

"
1

ð2nþ 1Þ2
exp

(
�p2Dð2nþ 1Þ2t

L2

)#!
(3)
2.3.6. Antibacterial activity assessment
Listeria innocua (CECT 910) and Escherichia coli (CECT 101) were

regenerated (from a culture stored at �25 �C with 30% glycerol) by
transferring an aliquot into 10mL of TSB and incubating at 37 �C for
24 h. A 10 mL aliquot was transferred from this culture into 10mL of
TSB and grown again at 37 �C for 24 h, thus obtaining a culture in
the stage of exponential growth. Petri dishes with 10 g of TSAwere
properly inoculated to obtain an inoculum concentration of
104 CFU/g. Circular samples of 55mm in diameter, obtained from
the different kinds of films, were placed on inoculated TSA plates
and incubated for 6 days at 10 �C. Then, the microbial counts were
examined by serial dilutions and plating technique with TSA
incubated for 24 h at 37 �C. All tests were performed in duplicate
and the corresponding films without CA were used as control
samples. In the case of the bilayer films, the antimicrobial test was
carried out on both sides of the films, by placing each one in contact
with the culture media. Thus, the microbial counts were reported
for both analyses: the polyester layer or the S layer in contact with
the culture media.
2.3.7. Statistical analyses
Statistical analysis of variance with Fisher's least significant

difference at 95% confidence level was performed using Stat-
graphics Centurion XVI (Manugistics Corp., Rockville, MD, USA).
3. Results

3.1. Properties of the polyester blend monolayer films

3.1.1. Physical properties
Table 1 includes the tensile properties (elastic modulus (EM),

tensile strength (TS) and elongation at break (E)) of the polyester
monolayers obtained by thermo-compression (T) or casting (C)
with different PLA:PHBV:PEG ratios. Neat PLA and PHBV films were
highly resistant and stiff, with values of tensile parameters in the
range of those previously reported by other authors (Chen, Hao,
Guo, Song, & Zhang, 2002; Courgneau et al., 2012; Muller et al.,
2017a). The incorporation of 15% of PEG significantly increased
the PLA film stretchability, which was twenty times higher than
that of the neat PLA film, coherent with the decrease in the glass
transition temperature (commented on below) and the subsequent
increase in the polymer chain mobility, as also observed by Sheth,
Kumar, Dav�e, Gross, and McCarthy (1997). On the other hand, the
addition of PHBV (25 or 35%) to PLA films led to less resistant
materials than pure PLA films, with low stretchability values. This
can be attributed to the lack of total polymer miscibility which led
to discontinuities in the PLA network, including PHBV domains,
which favoured the film break (G�erard, Budtova, Podshivalov, &
Bronnikov, 2014). When PHBV was included in the PEG-
plasticized PLA matrix, a significant reduction in both the film
stretchability and resistance was observed. This effect was more
pronounced for the highest proportion of PHBV, which gave rise to
an extremely brittle material. However, the T-75:25:15 formulation
showed global mechanical properties that could meet some food
packaging requirements. Therefore, this thermo-processed mono-
layer formulation was selected to obtain active bilayer films with S
sheets and CA sprayed at the interface. This ratio was also used to
obtain polyester monolayer films by casting with and without CA,
whose tensile properties are also summarized in Table 1.

No significant differences were observed in the thickness of
monolayers obtained by the different methods, since a similar
surface solid density was used in both cases. However, the film
formation processes significantly affected the mechanical behav-
iour of the polyester blend films. Cast polyester blend films (C-
75:25:15) were more resistant, stiffer and less extensible than
those obtained by compression moulding. As reported by Fakhouri
et al. (2013) and Moreno, Díaz, Atar�es, and Chiralt (2016), during
the solvent evaporation in the casting process, the polymer chains
can interact more effectively than duringmelt blending, thus giving
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rise to more compact matrices. Incorporating CA into cast polyester
films (C-75:25:15-CA) significantly reduced the EM and enhanced
stretchability due to the random distribution of the CA molecules
between the polymer chains, which increases their free volume,
provoking a plasticizing effect and reducing the matrix strength.
The plasticizing effect of CA in different polymer matrices has also
been reported in neat PHBV films (Requena, Jim�enez, Vargas, &
Chiralt, 2016a), polypropylene (Ramos, Jim�enez, Peltzer, &
Garrig�os, 2012), alginateeapple puree (Rojas-Graü et al., 2007) or
Gelidium Corneum films (Lim, Hong, & Song, 2010).

As Jost and Kopitzky (2015) reported, pure PLA films showed
significantly higher WVP values than PHBV films (Table 1). The
water vapour barrier capacity of PLA and PHBV films decreased
when 15% of PEG was included in the film formulation due to the
polymer matrix rearrangement that results in higher free volume
which facilitates molecular diffusion (Byun, Kim, & Whiteside,
2010). The incorporation of PHBV into PLA matrices enhanced
water vapour barrier capacity of the films, which was significantly
notable with 35% PHBV, when a reduction in the WVP of 50% was
obtained. As occurred in the pure polymer films, PEG addition to
PLA-PHBV blends enhanced the film WVP, in line with its plasti-
cizing effect and the subsequent promotion of molecular mobility
and diffusion. However, in PEG-plasticized blends, samples with
the highest PHBV content exhibited higher WVP values than those
of the samplewith the lowest PHBV content. This suggests different
PEG interactions with both polymers in the blend, giving rise to a
non-equivalent partition of the plasticizer between PLA and PHVB
Fig. 1. DSC thermograms of the polyester monolayers obtained by thermo-compressio
domains. In fact, the plasticizing effect of PEG on pure PLA matrices
was much more effective than on PHBV films (commented on
below). The increase in the PHBV ratio in the blend would imply a
greater amount of PEG available for the PLA domains, thus pro-
voking greater molecular mobility in these regions of the film,
which enhanced water diffusion through the PLA phase.

Polyester monolayers obtained by casting had worse water
vapour barrier capacity than the corresponding monolayers ob-
tained by thermo-processing, contrary towhat is expected from the
effect observed on the tensile properties, which suggested a more
compact polymer arrangement in the matrix with better cohesion
forces (Table 1). In this sense, the different degree of crystallinity of
the polymers in the matrix could play an important role in both the
tensile behaviour and barrier capacity of the films. The addition of
CA significantly improved the water vapour barrier capacity, in line
with the enhancement of the hydrophobic nature of the matrix,
thus limiting the solubility of the water molecules (Benavides,
Villalobos-Carvajal, & Reyes, 2012; Requena et al., 2016a; Wor-
anuch & Yoksan, 2013). The effect of CA on polymer crystallization
could also affect both the tensile and barrier properties of the films.

3.1.2. Thermal behaviour
The DSC analyses were carried out in order to determine the

blending compound effects on the glass transition (Tg), crystalli-
zation (Tc) and melting (Tm) processes of the PLA-PHBV-based
monolayers. Fig. 1 shows the thermograms of the different poly-
ester monolayers obtained by both thermo-compression and
n (T) and casting (C) at different PLA:PHBV:PEG ratios from the first heating scan.
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casting in the first heating scan. The PLAmonolayers, both with and
without PEG, only exhibited glass transition, in line with their
amorphous nature. However, for the PHBV films, with and without
plasticizer, only the melting of the crystalline polymer fraction was
observed. There was no PEG crystallization in either the PLA or
PHBV films, since the corresponding melting peak, at around 35 �C,
was not observed (Requena et al., 2016a). This suggests that PEG
was interacting strongly in the matrix, without phase separation,
thus inhibiting its crystallization. Likewise, monolayers containing
PLA-PHBV blends exhibited PLA glass transition and PHVB melting,
although an exothermic crystallization could be observed at around
100 �C during the heating scan (DHc: 10.5± 0,3 and 4.7± 0,3 J/g PLA
for blends containing 25 and 35% PHBV, respectively). This must be
attributed to the PLA recrystallization, as reported by Muller et al.
(2017a) and Armentano et al. (2015a,b), since two melting peaks
were observed in these cases with peak temperatures near to those
of the PLA and PHBV, respectively. This indicates that the PHBV
promotes the PLA crystallization during heating after its glass
transition (Arrieta et al., 2014a; Zhang & Thomas, 2011), due to its
ability to act as a nucleating agent (Furukawa et al., 2005). In the
multi-step melting process, the peak at a lower temperature (about
160 �C) was attributed to the crystallized PLA (Tm PLA), and the peak
at a higher temperature (about 170 �C), was attributed to the
crystallized PHBV (Tm PHBV). This behaviour agrees with the lack of
total miscibility between both polymers, as reported by Armentano
et al. (2015a, b) and the nucleating effect of PHBV (Furukawa et al.,
2005).

Table 2 shows the thermal parameters from the first and second
heating scans, where the previous thermal history of the samples
has been deleted, as well as the crystallization temperatures (Tc)
obtained from the cooling step for the different polyester mono-
layers, obtained by both thermo-compression and casting. During
the cooling steps, only one crystallization peak was observed at the
applied cooling rate (50 �C/min). The addition of PEG to the PLA
Table 2
Thermal properties of the polyester monolayers obtained by thermo-compression (T) an
scan: melting temperature (Tm), crystallization temperature (Tc), glass transition temper
each polymer considering the separate integration of each melting endotherm and the p

Formulation Tg PLA (�C) Tm PLA (�C) Tm PHBV (�C)

1st heating scan
T-100:0:0 57.2± 0.7a n.d. n.d.
T-100:0:15 32.6± 1.4d n.d. n.d.
T-0:100:0 e e 170.6± 0.4b

T-0:100:15 e e 166.7± 0.5d

T-65:35:0 53.3± 0.4b 164.9± 0.2a 172.0± 0.1a

T-65:35:15 24.5± 1.3e n.d. 160.5± 0.1f

T-75:25:0 50.8± 0.1c 163.0± 0.1b 170.8± 0.2b

T-75:25:15 33.9± 1.3d n.d. 163.7± 0.2e

C-75:25:15 33.7± 0.4d 150.6± 0.3c 168.2± 0.3c

C-75:25:15-CA 24.2± 0.8e 129.4± 0.5d 149.3± 0.1g

Formulation TgPLA (�C) Tm PLA (�C) Tm PHBV (�C)

2nd heating scan
T-100:0:0 57.4± 0.6a n.d. n.d.
T-100:0:15 30.5± 0.8e n.d. n.d.
T-0:100:0 e e 171.0± 0.3a

T-0:100:15 e e 167.9± 0.5b

T-65:35:0 55.0± 0.1b n.d. 167.3± 0.4b

T-65:35:15 22.7± 0.3g 147.9± 0.2a 162.6± 0.2e

T-75:25:0 56.5± 0.1a n.d. 165.5± 0.1c

T-75:25:15 32.6± 0.2d 147.3± 0.1b 160.3± 0.2f

C-75:25:15 37.8± 0.1c n.d. 164.6± 0.1d

C-75:25:15-CA 26.2± 0.3f n.d. 148.7± 0.2g

Xc PLA ¼ (DHm PLA e DHc PLA)/DH0 PLA; with DH0 PLA¼ 96 J/g PLA (Kalish, Aou, Yang, & Hs
Xc PHBV¼DHm PHBV/DH0 PHBV; with DH0 PHBV¼ 132 J/g PHB by assuming that only PHB cr
nd.: Non-detected.
a-h: Different superscripts within the same column indicate significant differences amon
films exerted a strong plasticizing effect, thus bringing down its Tg
from 57 �C to 39 �C, whereas adding it to PHBV films led to less
crystalline materials, since the plasticizer decreased the crystalli-
zation andmelting enthalpies (DHm and DHc), as well as the Tm and
Tc values, as previously reported by Requena, Jímenez, Vargas, &
Chiralt (2016b). The Tg corresponding to the PHBV amorphous
phase, expected at around �1 �C according to some authors
(Ferreira, Zavaglia, & Duek, 2002; Martelli et al., 2012), could not be
evaluated with the used heating rate as reported (Gerard &
Budtova, 2012). In addition to the nucleating PHBV effect on the
PLA crystallization, PHBV led to a significant shift in the Tg of PLA to
lower temperatures in PLA-PHBV blends, which suggests a partial
miscibility of both polyesters. Conversely, PLA inhibited the PHBV
crystallization, thus reducing both the DHm and DHc values of
PHBV. No PLA recrystallization, or subsequent separated melting,
was observed during the first heating scan when films contained
PEG (Fig. 1), although the observed melting temperature was lower
than that obtained for pure PHBV or PEG-plasticized PHBV, which
could indicate the co-crystallization of both polymers to some
extent. Both polyester blend films showed lower PLA Tg values
when they contained PEG, thus demonstrating its plasticizing ef-
fect, which was more noticeable for the PLA:PHBV ratio of 65:35.
This suggests that a major proportion of PEG was in the PLA phase
when the PHBV ratio increased, thus enhancing its plasticization, as
could be deduced from the film water vapour barrier properties,
commented on above. However, the extensibility of this PEG-
plasticized film with a higher proportion of PHBV was much
more limited, probably due to the more dispersed phase of PHBV,
which promoted film fracture.

The polyester blendmonolayer obtained by casting (C-75:25:15)
exhibited a similar thermal behaviour to the corresponding ther-
moprocessed formulation, but no PLA crystallization was clearly
detected during the first heating scan. However, two separate
melting peaks were observed corresponding to each polymer
d casting (C) at different PLA:PHBV:PEG ratios from the first and the second heating
ature (Tg), melting enthalpy (DHm) (J/g polymer), and degree of crystallinity (Xc) of
olymer mass fraction in the blend. Mean values± standard deviation.

DHm (J/g) Xc PLA (%) Xc PHBV (%) Tc (�C)

Cooling scan
n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d.
92.0± 1.9a e 69.7± 1.4a 129.6± 1.2a

68.7± 0.4b e 52.0± 0.3b 124.2± 0.1b

22.0± 0.9c 13.3± 0.2a 2.6± 0.1e 120.9± 0.4c

23.3± 0.3c n.d. 6.2± 0.1c 109.4± 0.3f

10.9± 0.8e 10.6± 0.3b 2.2± 0.1e 119.9± 0.2d

23.3± 0.5c n.d. 4.4± 0.1d 121.0± 0.1c

14.0± 0.3d 0.8± 0.1d 2.5± 0.1e 116.1± 0.1e

11.2± 0.4e 1.4± 0.1c 1.2± 0.1f 95.6± 0.1g

DHm (J/g) Xc PLA (%) Xc PHBV (%)

n.d. n.d. e

n.d. n.d. e

130.4± 1.7a e 98.8± 1.3a

73.4± 1.2b e 55.6± 0.9b

38.4± 0.4c n.d. 10.2± 0.1c

20.7± 0.4e 4.8± 0.2b 3.6± 0.2e

32.6± 0.2d n.d. 6.2± 0.1d

18.2± 0.3f 4.9± 0.1a 2.3± 0.1g

14.1± 0.1g n.d. 2.7± 0.1f

9.1± 0.1h n.d. 1.0± 0.1h

u, 2011).
ystals are formed in PHBV (Miguel, Egiburu, & Iruin, 2001).

g formulations (p < 0.05).
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(Fig. 1), which indicates that PLA crystallized to some extent during
the casting process, thus giving rise to two different crystalline
domains. In this sense, it is remarkable that the crystallized PLA in
cast blend films exhibited a lower melting temperature, which
suggests greater polymer miscibility when the chains interact in
the casting solution. This was also supported by the lower degree of
crystallinity of both polymers (Xc values) when blend films were
obtained by casting. As expected, CA addition in C-75:25:15 films
had a significant plasticizing effect, since a clear reduction in the
PLA Tg was observed. The plasticizing effect of carvacrol and other
essential oil compounds on PLA matrices was also reported by
Armentano et al. (2015a) for PLA:PHBV blends with carvacrol,
Arrieta, L�opez, Hern�andez, and Ray�on (2014c) for limonene or by
Muller et al. (2017a) for cinnamaldehyde.

Supercooling effects (difference between Tc and Tm) were
noticed in every case. All the polyester blend formulations exhibi-
ted lower Tc than the neat PHBV formulation and supercooling was
about 40 �C for the neat PHBV and 50 �C for all the polyester blends.
This is coherent with the blending effect which delays and inhibits
the crystallization process.

Thermal parameters were also obtained from the second heat-
ing scan when the thermal history of the polymers was deleted
(Table 2). No PLA crystallization was noticed during the second
heating scan for the T-65:35:0 and T-75:25:0 films, unlike that
observed during the first heating step, and only plasticized blends
obtained by thermo-compression (T-65:35:15 and T-75:25:15)
showedmultiple-melting peaks. This is coherent with the influence
of thermal history on the polymer crystallization and reflects that,
under the thermal conditions of DSC analysis, PLA only crystallized
when it was plasticized with PEG according to the enhancement of
molecular mobility enabling the chain rearrangement in crystalline
domains under the more extreme cooling rate (50 �C/min) applied
in DSC analysis.

Table 3 shows the initial degradation temperature (Tonset) and
the temperature at the maximum degradation rate (Tpeak) for the
different degradation steps of the polyester monolayers, either
thermo-processed or cast. PLAwith Tpeak PLA of 329± 2 �Cwasmore
thermostable than PHBV with Tpeak PHBV 233.2± 0.1 �C, as reported
by Ferreira et al. (2002) and Zhao, Cui, Sun, Turng, and Peng (2013).
The plasticizer induced a significant decrease in the PLA's thermal
stability, whereas no significant differences were observed in the
PHBV-15PEG formulationwith respect to the non-plasticized PHBV
film. However, as reported by Requena, Jim�enez, Vargas, and Chiralt
(2016b), PHBV showed a second degradation step at higher tem-
peratures associated with the PEG degradation, which overlapped
to a greater extent with the main peak in the plasticized PLA films
(Fig. 2). This peak was not present in 75:25 PLA-PHBV blends,
Table 3
Initial degradation temperature (Tonset), maximum rate temperature (Tpeak) for the
main degradation steps of the polyester monolayers obtained by thermo-
compression (T) and casting (C) at different PLA:PHBV:PEG ratios. Mean
values± standard deviation.

Formulation Tonset Tpeak PHBV Tpeak PLA

T-100:0:0 309±2a e 329±2a

T-100:0:15 281±4b e 314±3c

T-0:100:0 233±1d 243±1c e

T-0:100:15 229±3de 241±3c e

T-65:35:0 226±7def 241±1c 300±1e

T-65:35:15 216±3f 239±4c 286±8f

T-75:25:0 225±1def 240±2c 306±3d

T-75:25:15 219±7ef 235±5c 297±1e

C-75:25:15 236±1c 254±1b 317±2bc

C-75:25:15-CA 92±1g 257±1a 320±1b

a-g: Different superscripts within the same column indicate significant differences
among formulations (p< 0.05).
which suggests a better integration of the plasticizer in this matrix.
The PLA-PHBV blend formulations exhibited two different degra-
dation steps corresponding to both polyesters, according to the lack
of polymer miscibility. However, the degradation temperatures in
the blends were lower than those corresponding to the pure
polymer, which suggests their partial miscibility. The addition of
both 25% and 35% of PHBV provoked a remarkable decrease in the
PLA thermal stability, as reported by Ferreira et al. (2002) andModi,
Koelling,& Vodovotz (2012) for PLA-PHBVmixtures. This effect was
more marked when blends contained PEG. In contrast, the changes
in the temperature of thermal degradation were not significant in
the PHBV phase.

The TGA analysis also demonstrated that the film formation
process significantly affected the thermal stability of polymers.
Casting led to polyester blendmonolayers with significantly greater
thermal stability than the corresponding thermo-processed
formulation, probably due to some thermal degradation that pre-
viously took place during thermoprocessing. Cast films containing
CA exhibited a progressive weight loss up to about 250 �C
(Tpeak¼ 175 �C), associated with the compound volatilization;
however, no remarkable change in the peak temperatures of
polymers was observed, while the separate peak associated with
PEGwas also present in these films, as opposed to that observed for
the same formulation obtained by casting. Again, the influence of
the processing method on the interactions established between the
polymer chains was reflected.

DSC and TGA reveal polymer-phase separation in the polyester
blend films, with a partial miscibility, containing different domains
richer in PLA or in PHBV. A lower degree of PHBV crystallinity was
observed in the blends (Xc PHBV), whereas PLA crystallization was
observed, despite the amorphous nature of the polymer used,
induced by PHBV. In the same sense, Mofokeng and Luyt (2015)
reported PLA-PHBV (70:30) blend micrographs where PHBV ap-
pears dispersed in spherical domains in a continuous PLA phase. In
contrast, Modi et al. (2012) reported a partial compatibility be-
tween both polymers in PLA-PHBV blends, associated with the
decrease in the PLA Tg, and no phase separation was observed by
SEM.

3.2. Characterization of the polyester-starch bilayer films

3.2.1. CA retention in bilayer films
Gravimetric determinations, for the bilayer films with CA

sprayed at the interface of thermo-processedmonolayers (TP-CA-S)
before and after the second thermo-compression step, showed a
mass loss of 33± 3% due to the partial polymer (mainly starch)
radial flow during compression, which was enhanced by the plas-
ticizing effect of the CA. Thus, significant losses of the active com-
pound incorporated in the bilayer could occur during this step.
Then, the radial distribution of the CA in both newly-prepared films
(D0) and those stored for 6 days (D6) was analysed (Table 4). CAwas
heterogeneously distributed according to the film radius, the outer
area (7.0e7.5 cm) being the richest in CA in both the newly pre-
pared and stored films. This confirmed the radial flow of the
sprayed active compound during thermo-compression and the CA
resistance to the internal diffusion inside the matrix both during
the compression step and the film storage. Therefore, and given
that the circular crown from 7.0 to 7.5 cm was discarded for both
physical and antimicrobial analysis, the mean CA concentration
estimated in the bilayer films was 1.2 g CA/100 g of film with a
heterogeneous distribution.

In cast films (CP(CA)), a homogenous distribution of CA was
assumed, since loaded monolayer comes from a solution, and the
extraction with methanol gave 19.8± 0.3 g CA/100 g monolayer.
Likewise, a homogenous distribution was assumed in the CP(CA)-S



Fig. 2. Relative weight loss (g/g sample) curves (A) and derivative curves (B) of the polyester monolayers obtained by thermo-compression (T) and casting (C) at different
PLA:PHBV:PEG ratios.
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bilayer where methanol extraction led to 8.2± 0.2 g CA/100 g
bilayer. Both analysed CA contents were very close to the theoret-
ical values (8.3 g CA/g bilayer and 19.9 CA/100 g monolayer), which
indicates that no significant losses in CA occurred during the
monolayer casting process or bilayer thermocompression.

3.2.2. Physical properties
Both polyester-starch bilayer structures, TP-S and CP-S, were

less stiff and resistant than the respective polyester monolayer,
with elongation percentages in the range of their corresponding
polyester monolayer (Table 5). However, both of them were
significantly stiffer and more resistant than the S monolayer,
although much less extensible. The kind of polyester processing
affected the tensile behaviour of bilayer films. Thus, cast polyester
sheets led to stiffer bilayer films (CP-S and CP(CA)-S), due to their
contribution to the overall stiffness of the bilayer film because of
the greater resistance and stiffness of cast polyester. Nevertheless,
TP-CA-S films were significantly more extensible than the rest of
the bilayers, probably due to the CA diffusion in both S and P layers
from the interface, thus plasticizing them and enhancing their
stretchability, especially in the polymeric material near to the
interface, where the break mainly occurs.

Coherently with the respective WVP of TP and CP monolayers,
TP-S bilayer films exhibited lower WVP values than CP-S. Although
the bilayer assemblies always had higher WVP than their corre-
sponding polyester sheets, both CA-free bilayers, TP-S and CP-S,
had reduced WVP values (95% and 89% reduction, respectively)
with respect to the S monolayer. No significant differences were
noticed between the WVP values of the CP-S and CP(CA)-S bilayers,
whereas spraying CA at the interface significantly increased the
WVP of the TP-S bilayers. This proves once again the great impact of
the processing method on the functional properties of both mono
and bilayer assemblies, in particular, differing interactions of CA
with the polymer matrices could be deduced from the contrasting
effect it had on the bilayer properties. Similar tendencies were
obtained when materials with different water vapour barrier ca-
pacity were combined in multilayer structures, such as gluten-PE
(Irissin-Mangata, Boutevin, & Bauduin, 1999), gelatine-PLA
(Martucci & Ruseckaite, 2010) or starch-PCL (Ortega-Toro, Morey,
Talens, & Chiralt, 2015). As concerns the barrier properties, the
controlling layer of the mass transport is always the one which
offers the highest barrier capacity. The polyester-starch bilayers
obtained by the different methods were fully effective at control-
ling the water vapour permeation, due to the barrier capacity of the
polyester sheets, whereas a good oxygen barrier capacity was ex-
pected owing to the barrier effect of the S sheet (oxygen perme-
ability: 0.123$10�12 cm3m�1 s�1 Pa�1 (Muller et al., 2017a)).

Although no significant differences were observed in the
monolayer thickness regardless of the processing method, TP-S
bilayers were significantly thinner than CP-S, due to the radial
flow of both monolayers during the thermo-compression step. This
indicates the greater flowability of TP as compared to CP; this was
significantly enhanced when CA was sprayed at the interface (TP-
CA-S), since all the active compound and polymer monolayers
flowed radially because of the pressure action, as previously com-
mented on.

3.2.3. Thermal properties
The TGA analysis of the starch-polyester bilayers revealed

thermal behaviour similar to that of the S monolayer (Fig. 3), thus
showing an initial mass loss associated with the water linked to the
starch and the subsequent degradation of the polymeric material.
The higher mass fraction of the S monolayer in the bilayer (61.5%)
and the greater proportion of PLA in the polyester monolayer
(63.75%) make the PHBV a minor compound (6.54% of the bilayer)
and its thermal degradation was barely appreciable. Both PLA and
starch exhibited similar degradation temperatures, which overlap
in the TGA curve. However, the CP-S bilayer films exhibited a
shoulder in the DTG curves at higher temperatures attributable to
the end of PLA degradation, due to the greater thermal stability of
PLA in cast monolayers, as previously commented on. As regards
the CAmass loss in starch-polyester systems containing CA (TP-CA-
S and CP(CA)-S), significant differences could be observed. Despite
the fact that the same initial amount of CA was incorporated into
the bilayers, CP(CA)-S films exhibited a higher mass loss associated
with the CA volatilization than the TP-CA-S, in agreement with the
greater retention of the compound during bilayer processing, as
previously commented on. The Tpeak for CA volatilization in bilayers
was 125 �C compared to 175 �C found in the CA-loaded P mono-
layer. This difference could be attributed to the partial diffusion of
CA into the starch sheet, which could release CA at lower temper-
atures, in line with its residual water content (steam drag effect),
which was lost up to about 100 �C.

3.3. Release kinetics of CA and antimicrobial activity

The antimicrobial properties of the different monolayer and
bilayer films were analysed against Gramþ (L. innocua) and Gram�
bacteria (E.coli). No significantmicrobial growth reductions (<1 log)
were observed when CA was sprayed at the interface between
thermo-processed polyester and starch sheets, in contrast with that
reported in previous studies using active PHBV bilayers with CA
sprayed at the interface (Requena et al., 2016a). Whereas PHBV
bilayer films permitted an appropriate CA retention in the films
and, therefore, significant antibacterial activity, the TP-CA-S bi-
layers did not result in an effective assembly from the antimicrobial
point of view, due to the insufficient CA retention, associated with
the radial flow of the material during thermocompression. The
amount of CA released from the film into the culture medium after
6 contact days was estimated from the difference between the CA
content in the films after this period and the initial content, both
determined by methanol extraction. Thus, the amount of active
compound released from the film into the culture medium
(9$10�5 g/ml) was significantly lower than the MIC of this active
compound for L. innocua (3.7$10�4 g/ml) and E. coli (3.1$10�4 g/ml)
(Burt, 2004; Ye et al., 2013), which explains the lack of antimicrobial
activity of this bilayer assembly.

Fig. 4 shows microbial counts of E. coli and L. innocua (CFU/g) for
both active films (cast polyester monolayer containing carvacrol:
CP(CA); bilayer film with starch: CP(CA)-S) and the corresponding
control formulations (CP and S) after incubating for 6 days. In the
case of the bilayers, two different tests were carried out: the CP or
the S layers in contact with the inoculated agar plate (CP(CA)-S and
S-CP(CA), respectively). Unlike the results obtained for TP-CA-S,
when CA was incorporated into the polyester casting solution, the
resulting bilayer structure exhibited significant antimicrobial ac-
tivity, in line with the greater CA retention. This fact reveals the
importance of the method used to develop active films. CP control
samples had no significant effects on the microbial growth of either
bacteria, whereas S control samples slightly increased both mi-
crobial counts, since starch is a potential growth substrate for
bacteria. Therefore, the antimicrobial activity observed for both
bilayers containing CA must be attributed to its antimicrobial ac-
tivity and to an adequate release of the active compound into the
culture medium. Both CP(CA) and CP(CA)-S films significantly
reduced the microbial growth of both bacteria (9 and 5 log CFU,
respectively), with E. coli being more sensitive, as reported by
Requena et al. (2016a). Likewise, microbial growth reductions of 5
and 6 log CFU were reported against L. monocytogenes and Salmo-
nella typhimurium, respectively, in chicken samples with cast PLA



Table 4
Carvacrol (CA) distribution in newly-prepared TP-CA-S bilayer films (D0) and after 6
days of storage at 53% HR (D7). Mean values± standard deviation.

Sample radius (cm) D0 (g CA/100 g film) D6 (g CA/100 g film)

0e3.0 cm 0.9± 0.3a1 0.7± 0.2a1

3.0e5.0 cm 0.9± 0.1a1 1.4± 0.5a1

5.0e7.0 cm 1.5± 0.3b1 1.2± 0.2a1

7.0e7.5 cm 3.4± 0.4c1 4.2± 1.4b1

a-c: Different superscripts within the same column indicate significant differences
among samples (p< 0.05).
1-2: Different superscripts within the same line indicate significant differences for
the same sample at different storage time (p< 0.05).
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films containing 25% of cinnamon (Ahmed, Mulla, & Arfat, 2016).
The bilayers were always less effective than the CA-loaded mono-
layers (despite having the same CA content per surface unit of film),
whose application leads to a total growth inhibition of E. coli. The
fact that the bilayers are less effective could be attributed to a more
limited CA release due to the internal diffusion of the compound
into a thicker structure; this represents a longer pathway for mo-
lecular diffusion and, therefore, more time needed for a determined
amount to be released.

Although no significantly different antimicrobial action was
observed between the CA-loaded bilayer for S contact (S-CP(CA)) or
CP contact (CP(CA)-S) with the culture medium against E. coli, more
marked antilisterial effects were observed when the S layer was in
contact with the culture media. This could be attributed to the
greater water affinity of the S layer, which promoted the swelling of
the polymer matrix in contact with the culture medium, which, in
turn, accelerated the release of the active compound. The obtained
results also proved that the active compound diffused into both CP
and S sheets, giving rise to antimicrobial activity through both sides
of the bilayers. The active amount released and its release rate
through each layer will influence how effective each side of the
bilayer is at controlling the microbial growth inhibition. Hence, the
incorporation of CA dissolved in the polyester casting solution and
the formation of an active layer by casting was effective at devel-
oping antimicrobial polyester-starch bilayer films, with improved
tensile and barrier properties as compared to the neat starch films.

Based on the above-mentioned results from the CA retention
and the resulting antimicrobial activity, CA release kinetic studies
were only carried out for the cast polyester monolayer (CP(CA)) and
the corresponding bilayer with starch (CP(CA)-S). This was studied
in four food simulants with different polarities. Aqueous (A: 10%
ethanol (v/v) and B: 3% acetic acid (w/v)) and less polar simulants
(D1: 50% ethanol (v/v) and D2: isooctane) were considered. The CA
released into the simulants at different contact times was deter-
mined, thus obtaining Fig. 5, which shows the mean values of the
amount of released CA referred to the initial amount of CA in the
films (points). These data were fitted to Peleg's model (lines) in
order to determine the maximum amount of CA delivered at
equilibrium (M∞), referred per mass unit of the initial film, in each
Table 5
Tensile properties (elastic modulus (EM), tensile strength (TS) and elongation at break (E)
and the different bilayer films with and without carvacrol (CA). TP-S: thermo-processed
deviation.

Formulation EM (MPa) TS (MPa)

TP-S 290± 40c 5.0± 0.7b

TP-CA-S 180± 40d 5.2± 0.7b

CP-S 760± 30a 9.2± 1.3a

CP(CA)-S 480± 50b 5.2± 1.6b

S 50± 10e 4.1± 0.3b

a-f: Different superscripts within the same column indicate significant differences amon
simulant (Table 6). The values of the 1/k1 parameter, related to the
initial release rate of the compound, are also summarized in Table 6.
A good fit of the model was achieved in every case (R2> 0.97). Both
Peleg's parameters were significantly affected by the food simu-
lant's polarity and the fastest CA release was achieved in 50%
ethanol (D1 simulant) for both mono and bilayer films, as previ-
ously reported by Requena, Vargas, and Chiralt (2017b) for CA-
loaded PHBV bilayers. In contrast, the highest CA amount
released at equilibrium (M∞) from the polyester monolayer
occurred in the less polar simulants (isooctane or 50% ethanol),
whereas for the bilayer this occurred in the D1 (50% ethanol) sol-
vent, while the M∞ value in isooctane was much lower than in 50%
ethanol. This could be related with the role of the starch sheet in
the bilayer's CA delivery, with the greater affinity with the more
polar simulant, which contributed to the swelling of the polymer
and faster compound diffusion. In both cases, the amount of CA
released at equilibrium was significantly lower in the polar simu-
lants (A and B). This agrees with what was previously reported by
other authors for the release of essential oil compounds form
polymer matrices, which was enhanced as the ethanol ratio in the
solvent increased, due to the greater solubility of the active com-
pound in the solvent (Narayanan & Ramana, 2013; S�anchez-
Gonz�alez, Ch�afer, Gonz�alez-Martínez, Chiralt, & Desobry, 2011;
Tawakkal, Cran, & Bigger, 2016). Thus, the maximum expected
delivery of CA from the CP(CA) films would occur in non-polar food,
those containing free fats on the surface, whereas the maximum
expected released from CP(CA)-S bilayer filmswould be expected in
foodstuffs of intermediate polarity, such as alcoholic beverages or
oil-in-water emulsions (sauces, dressings or high fat dairy prod-
ucts). Conversely, a lower CA delivery would be expected when
applied to aqueous food packaging.

Two different steps can be noticed as regards the CA release
from monolayer films into 3% acetic acid, probably due to the
partial polyester hydrolysis induced by the acid medium during the
first contact period which could open the film's microstructure,
favouring the subsequent compound release (Fig. 5). This pattern
was not observed for the CA release from the bilayer film in the
same solvent, probably due to the greater contribution of the starch
sheet to the CA release in this aqueous solvent. However, this two-
step behaviour can also be distinguished for the CA release from
bilayer films in 50% ethanol, which suggests a different release rate
of CA from the different polymer sheets in this solvent. This effect
would be expected in any case since each polymer exhibited a
different chemical affinity with CA and the solvent, establishing a
different partition coefficient in each case. However, the experi-
mental points did not permit the decoupling of the CA release from
each sheet in every case and the overall behaviour was analysed.

Table 6 also shows the maximum release ratio of CA (M∞/M0)
from the monolayer and the bilayer structures, defined as the mass
of CA released at equilibrium in the simulant related to the initial
amount in the film. Thus, practically the entire amount of CA was
delivered in isooctane for the monolayer CP(CA) film (85.9± 0.5%)
), thickness and water vapour permeability (WVP: g/m$s$Pa) of starch monolayer (S)
polyester-starch bilayer; CP-S cast polyester-starch bilayer. Mean values± standard

E (%) Thickness (mm) WVP (x 10�12)

3±2c 174± 10c 14±2c

25±4b 161± 12cd 57±7e

1.4± 0.4c 251±7a 32±5d

1.2± 0.6c 216± 16b 38±5d

75±7a 155±8d 283±6f

g formulations (p < 0.05).



Fig. 3. Relative weight loss (g/g sample) curves (A) and derivative curves (B) of the starch monolayer (S) and the different bilayer films with and without carvacrol (CA). TP-S:
thermo-compressed polyester-starch bilayer; CP-S cast polyester-starch bilayer.



Fig. 4. Effect of the cast polyester (CP) and starch (S) monolayers and bilayer structure with CA on the microbial growth of Listeria innocua and Escherichia coli, after incubating for 6
days at 10 �C. Two different tests for the bilayer films: the polyester (CP(CA)-S) and the starch layer (S-CP(CA)) in contact with the inoculated agar plate. The dotted lines show the
microbial count of the inoculum after incubating for 6 days at 10 �C. aed: Different superscripts within the chart indicate significant differences among formulations (p< 0.05). n.d:
non detected.
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and total delivery was achieved in 50% ethanol for the bilayer
CP(CA)-S (112± 14%). The largest quantity of CA released at equi-
librium from the bilayer in the simulant of intermediate polarity
coincided with the internal diffusion of CA towards the starch
sheet, with weaker interactions with CA, and with less tendency to
retain it against delivery into the food simulant in the second step
of the release period. Nevertheless, both monolayer and bilayer
films showed a maximum release ratio of about 20% in aqueous
systems (A and B simulants), with no significant differences be-
tween them. All these aspects reflect the different solvent in-
teractions with both polymer sheets which, in turn, affect the final
partition coefficient of CA between the two polymer layers and the
solvent. In this sense, three coupled mechanisms are involved in
the release process of the active compounds from the films: the
solvent diffusion into the polymer matrix, the relaxation of the
macromolecular network and the diffusion of the active compound
through the relaxed polymer matrix, until the thermodynamic
equilibrium between film and food system is reached (Requena
et al., 2017a). Different factors influence the compound release,
such as the polarity and solubility of the migrant and the polymer-
compound affinity, which determine their interactions, and the
solubility of the compound in the food system or simulant. Thus, in
the case of bilayer films, both polymer matrices (starch and poly-
ester blend layers) are expected to interact differently with both
migrant and solvent and so they contribute to differing extents to
the release rate and final partition of the compound. Nonetheless, a
general tendency was observed in the behaviour of the CA released
from bilayer films.

No coupling of the polymer relaxation and compound diffusion
was reported for similar compounds in different polymer matrices,
the diffusion being the controlling mechanism of the active com-
pound release as reported by some authors in the case of limonene
in chitosan films (S�anchez-Gonz�alez et al., 2011) or thymol in zein
(Del Nobile, Conte, Incoronato,& Panza, 2008), PLA (Tawakkal et al.,
2016) and PBS films (Petchwattana & Naknaen, 2015). Then, the
overall diffusion coefficient (D) of CA in bothmono and bilayers was
estimated in each simulant. Fig. 6 shows the values of (Mt/M∞) vs.
contact time (points) and Fick's model fitted to the experimental
data in each simulant (lines). A good fit of the model can be
observed in every case (SSE< 0.04), as well as the different pattern
of the curves depending on the simulant and the film. Nevertheless,
the two expected steps could be observed for the CA delivery from
CP(CA)-S bilayer films into 10% and 50% ethanol, due to the
different contribution of both layers in the release process
throughout the contact time (Fig. 6), depending on the relative
affinity of thematrix with the solvent and diffusing compound. This
agrees with the different antibacterial activity observed for the
bilayer in contact with the culture medium in its different layer,
whose CA release differed depending on the polymer in contact
with the culture medium.

The CA diffusion coefficient (D) values of the monolayer in the
different simulants are in line with the release rates estimated from
Peleg's model; the highest D values were obtained in 50% ethanol
(Table 6). Similar results have been reported by Tawakkal et al.
(2016) and Petchwattana and Naknaen (2015) for thymol diffu-
sion from PLA and PBS films, respectively. In contrast, the values of
the CA diffusionwere lower in the bilayers in every simulant except
for 3% acetic acid, where it reached the highest value. The internal
diffusion of CA in the bilayer assembly and the establishment of
different interactions with both polymer sheets hid the com-
pound's ability to diffuse towards the simulant, which is also
dependent on the respective polymer relaxation with the solvent
diffusion.

From the release kinetics, and assuming a bulk diffusion into the
culture medium, which could be simulated by simulant A (10%
ethanol), the amount of CA released after 6 contact days (M∞, since
the equilibrium has already been reached at that time) from the
monolayer and bilayer films could be estimated. These amounts



Fig. 5. The ratio of the active compound delivered from the cast polyester monolayer (CP(CA)) and the corresponding bilayer with starch (CP(CA)-S) in each simulant, with respect
to the theoretical initial amount, as a function of the contact time (points) and Peleg's fitted model (lines). The thin grey curve shows the actual two-step tendency observed for the
CP(CA) monolayer in 3% acetic acid and the CP(A)-S bilayer in 10 or 50% ethanol.
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were 1.2$10�3 g/ml and 1.3$10�3 g/ml for mono and bilayer,
respectively, which are significantly higher than the MIC of this
active compound against L. innocua (3.7$10�4 g/ml) and E. coli
(3.1$10�4 g/ml) (Burt, 2004; Ye et al., 2013), coherent with the
observed antibacterial effect.

4. Conclusion

The properties of thermoprocessed PLA-PHBV blends were
Table 6
Diffusion coefficient (D) values and parameters of Peleg's model for the carvacrol release f
(CP(CA)-S): CA release rate (1/k1); amount of CA released at equilibrium in 100mL of sim
librium in the simulant related to the theoretical incorporated amount. Mean values ± st

Simulant Film 1/k1 (mg/s) 1/k2¼M∞ (mg CA/cm2
film

3% Acetic acid CP(CA) 1.0± 0.2de 0.71± 0.07d

CP(CA)-S 0.6± 0.3ef 0.32± 0.05f

10% Ethanol CP(CA) 6.0± 2.0bcd 0.53± 0.03e

CP(CA)-S 0.6± 0.1f 0.60± 0.06de

50% Ethanol CP(CA) 220± 10a 2.10± 0.20ab

CP(CA)-S 3.2± 0.2c 3.20± 0.40a

Isooctane CP(CA) 9.1± 2.0b 2.41± 0.01b

CP(CA)-S 0.6± 0.2ef 1.87± 0.40c

a-f: Different superscripts within the same column indicate significant differences amon
affected by the polymer proportion and the presence of PEG as
plasticizer. The PLA glass transition and crystallinity of both poly-
mers changed in the different blends, indicating the presence of
different domains richer in either PLA or PHBV, with limited partial
miscibility, all of which is affected by the different PEG plasticiza-
tion of such domains. The 75:25 PLA-PHBV formulation with PEG
exhibited the best overall properties in terms of extensibility and
water vapour permeability and, thus, was used to be the carrier of
carvacrol by casting. This formulation was stiffer and less
rom the cast polyester monolayer (CP(CA)) and the corresponding bilayer with starch
ulant (1/k2¼M∞); maximum release ratio (M∞/M0): mass of CA released at equi-

andard deviation.

) 1/k2¼M∞ (g CA/100 g film) M∞/M0 (%) D$10�14 (m2/s)

5.1± 0.5d 25±3d 2±1d

1.1± 0.2g 11±2e 15±6b

3.8± 0.2e 19±1d 30± 10b

2.2± 0.2f 22±2d 5±1c

15.3± 1.3b 76±7c 280± 30a

11.3± 1.4c 110± 10a 5±1c

17.2± 0.1a 86±1b 6±1c

6.7± 1.4d 70± 10c 2±1d

g tests (p< 0.05).



Fig. 6. Ratio of the active compound delivered from the cast polyester monolayer (CP(CA)) and the corresponding bilayer with starch (CP(CA)-S) in each simulant, with respect to
the equilibrium value, as a function of contact time (points) and Fick's fitted model (lines). The thin grey curve shows the actual two-step tendency observed for the CP(CA)
monolayer in 3% acetic acid and the CP(A)-S bilayer in 10 or 50% ethanol.
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stretchable when obtained by casting, although carvacrol incor-
poration into cast films greatly enhanced their extensibility,
reducing the stiffness and water vapour permeability. The incor-
poration of carvacrol by spraying between the polyester and starch
sheets was not effective at retaining the compound in the bilayers,
mainly due to the radial flow promoted by the compound (espe-
cially in the starch layer) during thermocompression, which drag-
ged a large proportion of the active to the film's edge. In contrast,
the incorporation of carvacrol into cast polyester blend films, and
the subsequent formation of bilayers with the starch sheets by
means of thermo-compression, was highly effective at providing
the practically total retention of carvacrol in both mono and bi-
layers. These active bilayers not only exhibited highly improved
tensile and water vapour barrier capacity with respect to the starch
monolayer (87% reduction in WVP, 840% increase in elastic
modulus) but also antibacterial properties against L. innocua and
E. coli from both contact sides (polyester or starch) of the bilayer,
depending on the internal diffusion of carvacrol through the bilayer
and the adequate release of the compound into the culture me-
dium. Then, cast PLA-PHBV blend films can be used as carriers of
carvacrol for the purposes of obtaining well-adhered bilayers films
with starch bymeans of thermocompression, with adequate tensile
and barrier properties and antibacterial activity due to the good
retention of the active during the film processing and its adequate
release into food systems of differing polarities.
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