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ABSTRACT

Polylactic acid (PLA) dissolved (15 wt. %) in ethyl acetate (EtAc) : dimethyl sulfoxide (DMSO)
binary systems (0:1; 1:3 and 2:3 v/v) was used as carrier to obtain Carvacrol (CA) loaded (20 wt.
% with respect to PLA) matrices by electrospinning, in comparison with solvent casting. Field
Emission Scanning Electron Microscopy (FESEM) observations showed that CA-loaded
electrospun fibers were thinner than the CA-free ones and their encapsulating efficiency (EE)
increased when EtAc was present in the solvent. The cast films had higher EE (up to 89 %) than
the electrospun mats (max. 68 %). Thermogravimetric analysis and differential scanning
calorimetry revealed that CA-free matrices retain more solvent than the samples with CA, this
effect being more noticeable in fibers rather than in cast films. The thermal analysis revealed
stronger retention forces of CA in the fibers than in the cast material and the carvacrol plasticizing

effect in the PLA matrices, in accordance with its retained amount.

Practical Application:

The carvacrol-loaded polylactic acid materials obtained in this study are intended to serve as
possible active layer in obtaining active (antimicrobial and/or antioxidant) multilayer materials
for the packaging of foodstuffs, when applied onto a supporting polymer layer. Active properties
of the material, as well as the potential carvacrol sensory impact, in packaged products should

be assessed in further studies.



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

1 Introduction

Traditionally, the functions of food packaging were protection, communication, containment and
transport safety. However, innovation in food packaging has been directed towards the
development of new technologies that provide additional benefit, such as the so-called active
and intelligent packaging (Martinez-Tenorio & Lépez, 2011). The active packages (Regulation (EC)
No. 450/2009 (EU, 2009)) can be obtained either by introducing the active element into the
package together with the product or by introducing the active agent into the packaging material
itself. This second option would be the most attractive from the consumer's point of view, as
nothing strange would be found inside the packaging that would attract attention and cast doubt
on the quality of the food (Catald & Gavara, 2001).

In regards to food preservatives, due to growing consumer concern about synthetic ingredients,
the use of natural active compounds extracted from plants represents an attractive alternative
in active packaging materials for foods. Of these components, carvacrol (CA), a phenolic
monoterpenoid abundant in oregano and thyme essential oils (De Vincenzi, Stammati, De
Vincenzi, & Silano, 2004), is one of the most active in terms of antioxidant and antimicrobial
activity and approved by the EFSA (2012) as a food flavoring agent. Despite its proven efficacy,
carvacrol’s use in active packaging materials is limited due to different drawbacks, such as its high
volatility (Turek & Stintzing, 2013), low water solubility (1250 mg/L, Yalkowsky, He, & Jain, 2010)
and high sensory impact (Hsieh, Mau, & Huang, 2001). Carvacrol encapsulation in a polymeric
matrix could enhance the protection of the compound, mitigate its sensory impact and control
its release from the material to develop its active functions (Majeed et al., 2015). Ramos, Jiménez,
and Garrigds (2016) reviewed different studies and reported on the incorporation of carvacrol
into synthetic polymers and biopolymers to obtain innovative materials for active food

packaging.



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

One potential strategy to develop active packaging consists of obtaining multilayer materials in
which polymers with complementary properties are assembled to meet the food packaging
requirements, in terms of barrier capacity against water vapor or gases, while the active
compound could be incorporated in one of the layers. To this end, one possibility is the extension
of a polymeric layer containing the active compound over a supporting packaging material, and
the subsequent evaporation of the solvent (casting method) (Rhim, Mohanty, & Singh, 2005).
With this technique, Busolo, Fernandez, Ocio, and Lagaron (2010) obtained high water barrier
PLA chloroform-cast films encapsulating a silver-based nanoclay with strong antimicrobial
activity. However, one of the shortcomings of casting is the effective extension of the active-
polymer solution on the polymeric support layer. This process requires a high wettability of the
polymeric support with the cast solution that is greatly affected by the chemical affinity of the
solution and supporting layer, and their surface properties. Also, casting involves the evaporation
of large amounts of solvent that constitute a limitation at the industrial level. Electrospinning
(ES) is an alternative technique for depositing an active polymer layer on a polymeric sheet in
order to obtain multilayer materials. The ES technique uses an electric field to produce the
stretching of the polymeric solution. This allows the solvent in the sample stream to evaporate
progressively due to the large contact area between the stream surface and air. Then the electro-
drawn material reaches the collector in a dry state, producing nano or microfibers (Bhardwaj &
Kundu, 2010). With this technique, polymer meshes with a high surface area / volume ratio, and
very small pores are obtained (Liang, Hsiao, & Chu, 2007).

To reduce the environmental impact of synthetic plastics (Garcia, 2004), the use of biodegradable
polymers in the development of active food packaging is necessary. Of the available
biodegradable materials, polylactic acid (PLA) is an interesting option since it is a biodegradable
polyester obtained from the microbial fermentation of renewable sources with high

carbohydrate content (Serna, Rodriguez, & Alban, 2003), and it is approved by the Food and Drug
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Administration (FDA, US) as food contact material. Previous studies reported the use of PLA in
electrospun matrices, using solvents unfit for food contact. Alharbi, Lugman, Fouad, Khalil, and
Alharthi (2018) obtained PLA-core/PVA-shell coaxially spun nanofibers, using chloroform:
dimethylformamide (8:2) as solvent for the polylactide. The core/shell composites exhibited
higher tensile strength and ductility than the pristine PLA fibers. Likewise, Li, Frey, and Baeumner
(2006) successfully obtained PLA electrospun mats incorporating biotin -- intended as
membranes for biosensors -- using chloroform: acetone (3:1) as solvent. A good distribution of
the biotin along the length of the individual fibers was achieved, making it accessible for binding
with the streptavidin used as detector of E. coli. Scafarro, Maio, and Lopresti (2019) obtained cast
and electrospun materials with PLA, CA and graphene nanoplatelets (GNP), using chloroform-
acetone mixtures. They reported that the incorporation of GNP strengthened and stiffened the
cast films, whereas it had an opposite effect in the electrospun fibrous mats, decreasing their
stiffness. Likewise, the CA amount and release kinetics could be modulated by the GNP,
prolonging the active’s release time, making this kind of materials useful for applications in
wound dressing or scaffolds for neuronal tissue engineering.

The aim of this study was to assess the capability of electrospun PLA matrices to encapsulate
carvacrol in comparison with cast obtained films, by using different solvent systems approved for
food contact. The obtained materials were characterized as to their encapsulation efficiency,

microstructure and thermal behavior.
2 Materials and Methods

2.1. Materials
Amorphous polylactic acid (PLA) 4060D, with a density of 1.24 g/cm3, was obtained from
NatureWorks (Minnesota, USA) while carvacrol (CA) was supplied by Sigma-Aldrich (Steinheim,

Germany). As for the solvents used, dimethyl sulfoxide (DMSO), glacial acetic acid (GAA) and



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

absolute ethanol were purchased from Panreac Quimica S.L.U. (Castellar del Vallés, Barcelona,
Spain); butyl acetate (ButAc) was purchased from Sigma-Aldrich (Steinheim, Germany) and ethyl
acetate (EtAc) from Indukern (El Prat de Llobregat, Barcelona, Spain).
2.2. Obtaining the CA encapsulating matrices

15 wt. % PLA solutions (with or without 20 wt. % CA with respect to the polymer) were prepared
by placing the PLA pellets in the selected solvent systems in hermetically sealed recipients and
maintaining under magnetic stirring at room temperature (25 + 1 °C) for 24 h to ensure complete
dissolution. The ratio carvacrol-polymer has been chosen, on the basis of previous studies
(Tampau, Gonzdlez-Martinez, & Chiralt, 2018) to ensure enough load of carvacrol in the matrix
to exert its antimicrobial action when applied in the packaging films. Initially, EtAc was used in
order to meet the requirements for food contact use. Nevertheless, to solve the problems
associated with its fast evaporation at the tip of the spinneret, other solvents (DMSO, GAA and
ButAc) with higher boiling points were considered as co-solvents on the basis of their miscibility
with the EtAc and good solvent properties with respect to PLA (Scharlab, 2018). The properties
of the chosen solvents, relevant for the electrospinning process, as well as the binary
combinations tested, are given in Table 1.

The electrospinning of the polymer solutions was carried out under ambient conditions (25 + 1
°C, 45 % relative humidity (RH)) in Fluidnatek equipment (Bioinicia S.A., Valencia, Spain) with
mono and coaxial mode. In the co-axial mode, only the solvent of the respective polymeric
solution passes through the exterior needle. The process parameters (flow rate, injector-collector
distance and voltage) were empirically adjusted to ensure a stable "Taylor cone" formation at the
tip of the spinneret. They were fitted on the basis of the previous screening with different solvent
systems. For the selected solvents, the PLA solutions were electrodeposited for 1 hour at a flow
rate of 1.0 mL/h. The material was deposited on sheets of aluminum foil (previously weighed)

placed on the collector, 20 cm from the spinneret tip. The voltage (13.5-15 kV) was adjusted



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

depending on the solution. The obtained material was preserved until its characterization in
vacuum desiccators with silica gel to favor further drying and avoid moisture absorption.
The same selected solutions were used to obtain cast materials. These were poured onto Teflon
plates of 15 cm in diameter to obtain a surface solid density of 5.6 - 10 g polymer / cm? and
placed in a fume hood for solvent evaporation and film formation. The films were peeled from
the plate and stored in a vacuum desiccator, with silica gel, until their characterization.
2.3. Characterization of the obtained materials

2.3.1. Microstructure
The obtained ES and cast matrices were observed with a Field Emission Scanning Electron
Microscopy equipment (FESEM Ultra 55, Zeiss, Oxford, UK). The samples were mounted with
carbon tape on supports and, after being vacuum coated with platinum, were observed using an
acceleration voltage of 1 kV. Image analysis, using the Imagel software (National Institutes of
Health, USA), was carried out to measure the size of fibers in the obtained electrospun structures.
At least 25 measurements of the fibers were considered per formulation.

2.3.2. CA encapsulating efficiency
The CA retention of the matrices was assessed by means of the ethanol extraction of carvacrol
and spectrophotometric determination at 275 nm, using a UV/Vis spectrophotometer (Evolution
201 UV-Vis, Thermo Fisher Scientific Inc.), as previously described by Tampau, Gonzalez-Martinez
and Chiralt (2017). Briefly, electrospun samples (deposited on aluminum foils) or cast film
fragments (about 3-5 mg) were introduced into absolute ethanol (15 mL) in amber bottles that
were hermetically sealed and kept under stirring for 24 h at room temperature (25 + 1 °C). The
absorbance of the extracts was measured using the respective extract of the CA-free matrix as
background. Carvacrol concentration was determined as pg CA/mL, using a calibration curve

obtained for CA solutions with 10-85 pg/mL (Concentration= 67.325 - Absorbance, R?=0.998). The
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encapsulating efficiency (EE) was expressed as the percentage (%) of total ethanol-extracted CA
with respect to the theoretical CA content. Each formulation was analyzed in triplicate.
2.3.3. Thermal analysis

Previously P,Os-conditioned samples were submitted to thermal analyses in order to assess the
effect of the carvacrol and processing method on phase transitions and thermal stability of the
matrices.
Thermogravimetric analysis (TGA), evaluating the thermal degradation of the material, was
performed using a thermogravimetric analyzer (TGA/SDTA 85le, Mettler Toledo,
Schwarzenbach, Switzerland). Samples placed into an alumina crucible were heated at a rate of
10 K/min from 25 °C to 700 °C under inert nitrogen atmosphere (flow 20 mL/min). DTA and DGTA
curves were analyzed, and the onset (To) and peak (Tp) temperatures for the different mass loss
steps were determined, as well as the relative mass loss in the first step.
Differential scanning calorimetry (DSC) analyses were carried out using a DSC (1 StarE System,
Mettler-Toledo, Inc., Switzerland). The samples (5-10 mg) were placed into aluminum pans (Seiko
Instruments, P/N SSCO00C008) and sealed. The samples, initially maintained at -25 °C for 5 min,
were heated to 225 °C, then cooled to -25 °C, kept at -25 °C for 5 min and heated again to 275
°C. The thermal scanning was performed at 10 K/min. As reference, an empty aluminum pan was
used. The thermograms were processed using the software of the equipment (Mettler-Toledo,
Inc., Switzerland) to determine the glass transition (Tg) temperatures. The thermal analyses (TGA
and DSC) of the samples were carried out in triplicate.

2.4. Statistical analysis
All the data were processed using the software Statgraphics Centurion XVI (Statpoint
Technologies Inc., VA, USA) and applying analysis of simple variance (ANOVA). Fisher’s least
significant difference (LSD) (with a 95.0 % confidence level) was used in order to identify

significantly different samples. DSC data were also analyzed using a multifactor analysis of
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variance with 95 % significance level, considering the presence of CA in the matrix and the

processing method (C or ES) as factors.
3 Results and Discussion

3.1. Solvent system screening

Electrospinning of the 15 wt. % PLA dissolved in pure EtAc revealed the obstruction of the
spinneret after about 10 min processing due to the solidification of the polymer. This was
attributed to the low boiling point (Table 1) of the solvent which promoted an overly fast
evaporation rate. Combination of EtAc with other solvents with higher boiling points (Table 1)
and the coaxial mode of the process were tested to mitigate this problem, fitting the process
conditions to obtain a stable Taylor cone. Table 1 shows the fitted conditions, including or not
co-axial flow, established for each binary solvent system, as well as the processing time during
which no problems occurred with the jet flow.

It was observed that the use of DMSO in the solvent mixture allowed for a much longer duration
of the process than with the rest of the solvents, without solidification at the tip of the injector
(Table 1). However, the electrospun material was not completely free of solvent once the process
was finished; the mats collected from the ES equipment produced a wet, translucent appearance.
Blends of EtAc and GAA (1:1, v/v) were also tested on the basis of their higher boiling point, and
good solvent properties of GAA (parameter of Flory-Huggins<0.5; Casasola, Thomas, &
Georgiadou, 2016). However, this blend did not extend the useful process time enough, with or
without coaxial flow (Table 1). The solutions using EtAc:GAA 2:1 and 4:1 and EtAc:ButAc 1:1
exhibited an opalescent appearance, which indicated a partial dissolution of the polymer, and
were therefore discarded for their subsequent use.

The microstructural characteristics of the obtained fibers under the different operating

conditions reflected in Table 1 are shown in Figure 1. In most cases, fibers with elongated
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droplets were obtained, depending on the solvent and process conditions. The samples obtained
with co-axial solvent flow presented less fiber formation with a higher proportion of beads, in
accordance with the drop in the polymer concentration at the spinneret needle, due to a local
dilution induced by the outer flow of solvent. Yu, Li, Ge, Ye, & Wang (2013) also observed this
effect for co-axial electrospinning of ethyl cellulose from an ethanol solution, using a sheath of
solvent through the outer needle. When the solvent sheath flowrate was above a certain ratio
with respect to the solution flowrate, the electrospun fibers presented beads-on-string
morphology.
Therefore, based on the observed morphology of the material and the processing time without
partial solidification at the injector tip, three EtAc:DMSO mixtures (0:1, 1:3 and 2:3) were chosen
for further studies encapsulating carvacrol, by processing in monoaxial application mode. The
distance between the injector and the collector was set at 20 cm and the voltage adjusted to
achieve a stable application (between 14 and 18 kV, depending on the solvent).

3.2. Microstructure of the ES matrices
With the selected binary solvent systems, matrices of PLA with and without encapsulated CA
were obtained, in mono-axial mode, whose micrographs obtained by FESEM are shown in Figure
2. Fiber mats with few beads were obtained in all cases. The relatively flat structure of the
obtained fibers revealed the lack of a complete solvent evaporation. The residual solvent
plasticized the material and provoked its flattening on the collector surface.
The incorporation of carvacrol modified the structure of the electrospun material, mainly in the
sample obtained with pure DMSO, where it presents a compact appearance likely attributable to
fibers not being completely dry when deposited in the mesh on the collector. Except when
solvent was pure DMSO, the presence of the CA promoted the formation of thinner fibers than
those obtained for the respective CA-free controls (Figure 2). This could be related to the

modification of the interactions between the chains of the polymer allowing a greater stretching
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of the fiber in the electric field. It can be observed in the micrographs that by increasing the
proportion of EtAc in the solvent mixture, fibers with larger diameters were obtained, an effect
verified by the image analysis results shown in Figure 2. This was consistent with the observations
reported by other authors (Wannatong, Sirivat, & Supaphol, 2004; Casasola, Thomas, Trybala, &
Georgiadou, 2014) who attributed this effect to the lower boiling point of the solvent. The higher
the boiling point during electro-stretching, the longer the fiber remains wet, and the more it
stretches in the electric field.
3.3. Carvacrol encapsulating efficiency
Table 2 shows the encapsulation efficiency (EE) for the different materials obtained by ES and
casting. The EE values reflected a greater CA retention capacity in the matrix when the casting
method was used. Likewise, the electrospun fibers obtained from the bisolvent mixtures
presented higher encapsulating efficiency than those obtained with pure DMSO. This could be
attributed to faster solvent evaporation in the mixtures with EtAc that enhanced the solidification
of the polymer fiber, entrapping the active compound and preventing its evaporation. Therefore,
the lower boiling point of the solvent caused the formation of thicker fibers, as previously
discussed, with higher carvacrol content. In cast films, lower differences in the EE associated with
the solvent boiling point were observed, probably due to the fact that the evaporation of the
solvent occurs at the film surface, with much lower specific area.
3.4. Thermal analysis

Figure 3 and Table 3 present the results of the thermogravimetric analysis that showed two
weight loss stages, as observed in the TGA curves. The first degradation step of less intensity, up
to temperatures of about 150 °C (in CA-free samples) or 250 °C (in samples with CA), must be
attributed to the thermo-release of solvent residues or both solvent and encapsulated CA,
respectively. In fact, the peak temperature of this step was higher in samples containing

carvacrol, coherently with the higher volatilization temperature of this compound. The second
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step, at higher temperatures, much more intense, corresponded to the thermo-degradation of
the polymer. During the first stage, variable mass losses were detected depending on the sample.
Losses of up to 40 % (Table 3) occurred in fibers without CA and indicate the retention of a large
amount of solvent in the matrix that is released during heating. This retention increased with the
content of EtAc in the solvent mixture. This suggests the appearance of specific interactions of
the solvent with the polymer, which limit its evaporation during electrospinning. This solvent
retention effect was also observed in casting films for the solvent EtAc:DMSO with ratio of 1:3
and was very slight for the 2:3 mixture and pure DMSO. In the samples carrying carvacrol, the
first stage of weight loss extends to higher temperatures, given the higher boiling point of
carvacrol compared to DMSO, and was more intense for casting films than for fibers. This could
be related with the highest content of carvacrol retained in the film determined by
spectrophotometry (Table 2). It is remarkable that the presence of CA seems to minimize the
solvent retention since the mass loss occurs mainly in the temperature range corresponding to
the release of carvacrol. In fact, assuming that the mass loss of the first temperature interval,
corresponds to the thermo-release of carvacrol before the polymer degradation, it can be
deduced that only a fraction of the encapsulated compound was delivered from the fibers, since
the weight loss was lower than the corresponding total carvacrol content determined by
spectrophotometry. This suggests that a part of the carvacrol (about 60 % of the total) was
strongly bonded to the polymer and was not thermo-released before the polymer degradation.
However, in cast samples, the mass loss that occurred during the first step was, in general, slightly
higher than the carvacrol content in the samples, which indicates that a part of the thermo-
released mass must also correspond to adsorbed solvent. This mainly occurred when solvent
contained EtAc, which concurs with what was observed for carvacrol-free materials that retained

significant amounts of solvent when there was more ratio of EtAc in the mixture.
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The degradation step of the polymer occurred in a temperature range that was affected by the
type of processing and the presence or absence of carvacrol. In CA-loaded cast material, the
temperature of the degradation peak increased when the EtAc ratio in the solvent rose and
reached values higher than those of the polymer pellets, whereas the opposite effect was
observed with cast samples without carvacrol. In contrast, no significant effect of solvent was
observed in the temperature peak of electrospun material with or without carvacrol.
Nevertheless, carvacrol-loaded mats exhibited lower peak temperature than carvacrol free ones.
These results suggested that in the obtained matrices the interactions of the residual solvent or
carvacrol with the polymer chains affected the degree of packing of the chains in the matrix,
giving rise to structures with different thermal resistance. The greater the polymer matrix’s
degree of compactness, the higher the expected degradation temperature of the matrix is. On
the other hand, the presence of carvacrol affected the interactions of the chains with the solvent,
leading to lower solvent adsorption in the polymer matrix, especially in the electrospun material.
These results indicate that the polymer chains in amorphous PLA interact specifically with the
solvent (EtAc and DMSO) molecules and carvacrol, which affects the retention of these
compounds in the matrix and its compactness. This, in turn, determines the thermal degradation
temperature of the polymer. The effects of the solvent were more relevant in the absence of
carvacrol, notably in fibers. This could be attributed to the blocking of the active points of the
chains through preferential interactions with carvacrol, thus limiting their ability to interact with
the solvent molecules and limiting the solvent retention in the material.

The first heating scans in the DSC thermograms exhibited endotherms associated with the
evaporation of the solvent retained in different proportions, as also deduced from the TGA
analyses. Figure 4 shows an example of the obtained thermograms in the first heating scan for
the samples prepared by ES and casting, with and without carvacrol, using EtAc:DMSO (2:3)

where the solvent evaporation endotherms can be observed at different temperatures,
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depending on the overpressure reached in the sample pan. The comparison of the vaporization
enthalpy with the enthalpy of the DMSO allowed to determine variable amounts of solvent,
depending on the analyzed sample. These enthalpies were greater in the samples without
carvacrol, revealing that the presence of the active substance contributes to a better evaporation
of the solvent from the fibers and the films, as previously deduced from the TGA analyses. It
reveals that the active points of the polymer for the solvent adsorption (interacting groups) are
shielded by the preferential interaction with carvacrol. In thermograms, the glass transition of
the polymer could be observed with the typical relaxation endotherm whose enthalpy values
ranged between 0.6 and 5.8 J/g, associated with aging of the matrix. As expected, this relaxation
no longer appears in the cooling sweep or in the second heating scan.

Table 4 shows the T; values of the different samples obtained in the heating (first and second)
and cooling scans. In general, the values for a determined sample in the cooling and the second
heating steps were higher than those of the first heating sweep. This reflects the plasticizing
effect of the adsorbed solvent in the initial sample. This solvent is released, at least partially,
during the first heating (as the endotherms shown in Figure 4 reveal). Then, the cooling or second
heating step could be considered to obtain the T of the samples when these were free of solvent
(after the first heating step). The variability observed in the values can be attributed to the
different proportions of solvent remaining in the samples during the different thermal steps, or
even to partial losses of carvacrol during the first heating. However, assuming the major release
of the solvent in the first heating scan, the T; of the second heating scan was taken to estimate
the effect of CA on the Tgvalues. The average Tg values for all the ES samples containing carvacrol
was 37 £ 5 °C while for the cast samples with carvacrol, this value was 26 £ 8 °C. In contrast, for
all samples without CA the mean T; was 44 + 6 °C, which was in the range of the T; obtained for
the non-processed polymer pellets (52 + 2 °C). These values indicate that carvacrol had a

plasticizing effect on PLA, which will be affected by its load in the ES or cast matrices. The ES
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samples with carvacrol exhibited higher T values than the carvacrol loaded cast samples, which
is coherent with the lower amount of CA retained in the mats and so, the lower plasticizing effect

of the retained compound.

4 Conclusion

The carvacrol encapsulation efficiency in PLA matrices was higher for solvent casting (76-89 %)
than for electrospinning (52-68 %) and was affected by the ratio EtAc:DMSO in the solvent
mixture. Nevertheless, fibers reached a carvacrol-load of 10-13 g per 100 polymer (against 15-18
in cast samples), from which only about 40 % was thermo-released before the polymer
degradation, which indicates its strong retention in the fibers. In contrast, carvacrol was
practically thermo-released in total in cast samples, which indicates lower retention forces in the
matrix. As far as the solvent, the incorporation of the EtAc to DMSO significantly increased the
encapsulating efficiency in the fibers (from 50 to almost 70 %), although in the cast samples a
higher efficiency was only observed for the smallest ratio of EtAc. The electrospun material of
PLA with or without carvacrol, using EtAc:DMSO mixtures as solvents, exhibited a fiber structure
with few beads. Fiber diameter decreased when it contained carvacrol and increased when the
proportion of EtAc in the solvent mixture rose. Based on the current study, electrospinning of
solutions of PLA and carvacrol (20 wt. % with respect to the polymer) in mixtures of EtAc:DMSO
(both valid for food contact) could be used effectively in obtaining active multilayer materials for
the packaging of foodstuffs when applied onto a supporting polymer layer. Further studies would

be necessary for assessing their antibacterial and antioxidant effects in different food substrates.
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467  Table 1. Process parameters and microscopic observations of the material obtained during ES of
468  solutions with 15 % PLA in different binary solvent systems. Boiling point of each solvent
469  (Smallwood, 1996) was indicated in brackets.
Solvents ratio (v/v) Flowrate (uL/h) Distance to Micro- | Process
EtAc GAA ButAc DMSO t.h:ou.gh th:ou.gh collector structure | time*
interior | exterior - .
° ° o ° cm in Figure1 | (min
(77°C) | (118°C) | (126°C) | (189°C) | 0 | die (em) g (min)
0 0 0 1 1000 0 20 A >60
0 0 0 1 1000 15 20 B >60
1 0 0 1 1000 0 20 C >60
1 0 0 1 1000 25 20 D >60
1 0 0 3 1000 0 20 E >60
2 0 0 3 1000 0 20 F >60
1 0 1 0 1100 0 15 G ~10
1 1 0 0 1200 0 15 H ~13
1 1 0 0 1100 100 15 | ~20
470  *without solidification at the injector tip

471




472  Table 2. Encapsulating efficacy (EE) values expressed as % of encapsulated CA referred to the
473 initial amount and final carvacrol content (g / g polymer) in the electrospun and cast materials
474  using different solvent systems. The different letters (superscripts) in each column indicate

475  significant differences (p<0.05) between the samples.

476
EE (%) Carvacrol content ( g /g PLA)
Solvent system
ES Casting ES Casting
EtAc:DMSO (0:1) 52142 78142 0.103+0.008° 0.156+0.008°
EtAc:DMSO (1:3) 62+6° 89+6° 0.124+0.013° 0.177+0.012°
EtAc:DMSO (2:3) 68+2° 76+3° 0.136+0.005° 0.151+0.005°

477



478

479

480

481

482

483

Table 3. Thermal degradation temperatures (T, — onset temperature at which degradation
begins, T, — peak temperature at maximum degradation rate), and mass fraction released in the
first stage (M) before the polymer degradation step. The superscript letters indicate significant

differences (p<0.05) between the formulations with or without carvacrol in the respective

columns.
First peak Second peak M
Sample To To To To (e/g
(°C) (°C) (°C) (°C) | sample)
< EtAc:DMSO (0:1) 34+2° 131+16°" | 23445° 283+4%° 0.13
E EtAc:DMSO (1:3) 34+3° 141+12F | 235#29% | 287+25% 0.17
,g’ 3 EtAc:DMSO (2:3) 35+4° 141+6f 2721 320+1¢ 0.17
813 EtAc:DMSO (0:1) 35432 7350 | 291 1% | 327+1¢ 0.02
:8 EtAc:DMSO (1:3) 3542 9672 | 2647 30419° 0.16
-*g EtAc:DMSO (2:3) 35422 764232 | 250+25%° | 297417 0.01
< EtAc:DMSO (0:1) 39 +12° 178+28 24243 | 291%3%c 0.04
E EtAc:DMSO (1:3) 3622 131+17°F | 233#2° 280%1° 0.05
- 3 EtAc:DMSO (2:3) 35+32 125+22%f | 238187 | 2896 0.03
1S EtAc:DMSO (0:1) 4345 106425 | 281+8% | 323+4¢ 0.14
§ EtAc:DMSO (1:3) 48+9¢ 88+15% | 29245¢ 328+2¢ 0.23
E EtAc:DMSO (2:3) 76+7¢ 11644 | 290+5¢% 326+2¢ 0.46
Carvacrol 118+15 159+7 - - -
PLA pellet - - 272+4 311+4 -




484  Table 4. Glass transition temperature (Tg) obtained from different heating and cooling steps of
485  the DSC thermograms for the different samples. The superscript letters indicate significant

486  differences (p<0.05) between the formulations in the same column.

Sample T (°C)

First heating Cooling Second heating
< EtAc:DMSO (0:1) 15+1° 23+1° 26+1°
§ EtAc:DMSO (1:3) 19+2¢ 3542° 3742°

g o EtAc:DMSO (2:3) 8+4° 17x4° 2045?
bu‘; EtAc:DMSO (0:1) 45+ 41415 4441
§ EtAc:DMSO (1:3) 40+1 46+1%% 49+1%
EtAc:DMSO (2:3) 44438 52+1° 55+1¢
< EtAc:DMSO (0:1) 35+1° 37430 39+4b¢
Z EtAc:DMSO (1:3) 30+1¢ 34+1° 36+2°
" = EtAc:DMSO (2:3) 30+2¢ 39+7b 4147
- EtAc:DMSO (0:1) 39+2¢f 46+8% 49+7%
§ EtAc:DMSO (1:3) 4045 3923bcd 41+3bcd
EtAc:DMSO (2:3) 37+1°¢f - -
PLA pellet 56 52 55

487



488  Figure 1. Microstructure of the electrospun PLA material using the different solvent systems and

489  process conditions described in Table 1.
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493  Figure 3. TGA curves of the cast (C) and electrospun (ES) PLA materials, using different EtAc:DMSO ratios (0:1, 1:3 and 2:3). A: samples without

494  carvacrol, B: samples encapsulating carvacrol.
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496
497  Figure 4. DSC thermograms (first heating scan) of PLA materials obtained from the EtAc:DMSO

498  (2:3) solution by casting (continuous line) or electrospinning (dashed line). Endothermic events

499  are attributable to the evaporation of the retained solvent in the sample.



