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Abstract
The objective of this work was to produce thermoplastic starch (TPS) and poly 
(butylene co-terephthalate adipate) (PBAT) incorporated with free and micro-
encapsulated oregano essential oil (OEO) by blown extrusion and compare their 
properties. The OEO was microencapsulated by spray drying using arabic gum and 
maltodextrin as wall materials. The films were characterized in terms of physical, 
optical, morphological, thermal and antioxidant properties, and the OEO diffusion 
coefficient was determined in different food simulants. Regarding water vapor per-
meability (2.04–2.05 × 10−7 g m−1 Pa−1 h−1) and water solubility (6.25–9.65%), no 
significant difference (p > 0.05) was observed. Morphological images revealed that 
films with OEO microparticles (FM) showed greater roughness that caused a reduc-
tion in tensile strength, Young’s modulus and elongation. FM film showed better 
thermal stability, significant concentration of phenolic compounds (3.6  mg EGA 
gfilm

−1) and antioxidant capacity, and higher diffusion coefficient in ethanol 10% 
(aqueous food simulant, 1.3109 × 10–11 cm2 s−1) and 95% (non-aqueous food simu-
lant, 39.8623 × 10–11  cm2  s−1). The results demonstrate the use potential of micro-
encapsulated OEO in the development of biodegradable antioxidant films for food 
applications.
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Introduction

The current trend in the food industry is the development of active biodegradable 
packaging that can assist in food preservation. Active packaging may contain anti-
oxidants and antimicrobials in its composition that can be released and interact with 
food, helping to preserve and minimize its addition to food formulation [1–3].

Among the substances that can be used in the production of active packag-
ing, oregano (Origanum vulgare L.) essential oil stands out because of the high 
content of phenolic compounds in its composition, such as carvacrol and thymol, 
and a broad spectrum of antimicrobial and antioxidant action [4–8]. As a result of 
the chemical structure of OEO phenolic compounds, a part can interact with the 
constituents of the film (polymer and plasticizer) and reduce the diffusion of bio-
active compounds to the packaged product [9]. The other aspect to be highlighted 
is the volatility of OEO, which during the production of films by extrusion can be 
degraded because of the direct exposure to heat, pressure and oxygen.

Considering the aspects above, the microencapsulation of the OEO is inter-
esting because it can provide isolation, protection, transport, and control of the 
release of this compound in the product it is applied to, preventing its degradation 
[10]. Among the encapsulation methods, spray drying is an interesting process 
that consists of spraying the liquid in a compartment that receives a hot air flow, 
so the rapid evaporation of the water allows the temperature of the particles to 
remain low. Spray drying is the most common and economical technique for pro-
ducing microencapsulated food materials, and the obtained free-flowing powders 
are easier to handle and incorporate into dry food systems, and biodegradable 
films produced by extrusion [11–13].

Biodegradable films based on blends of thermoplastic starch (TPS) and PBAT 
are already being produced on a pilot scale by blown extrusion. The obtained 
materials have interesting mechanical and barrier properties that can be used as 
food packaging [14–17]. Therefore, the TPS and PBAT film can be a promising 
matrix for incorporating microencapsulated OEO, enabling the production of 
active biodegradable packaging for food. OEO has been successfully incorporated 
in different biopolymer-based materials [18–20]. The objective of this work was 
to develop biodegradable films of cassava starch and PBAT by blown extrusion 
incorporated with free and microencapsulated OEO and to evaluate its physical, 
thermal, optical and morphological properties, as well as its antioxidant capacity 
and diffusion of OEO in the food simulant.

Material and methods

Material

The microparticles were produced with oregano essential oil (Origanum vulgare 
L.) (Sigma-Aldrich Co., USA), gum arabic (Nexira, Brazil), maltodextrin (DE 
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20, Cargill, Brazil) and paprika oleoresin (Citromax, Brazil). The films were pro-
duced using PBAT (Basf, Brazil), cassava starch (Pinduca, Brazil), citric acid and 
glycerol (Dinâmica, Brazil).

Microencapsulation of OEO by spray drying

Initially, an emulsion of OEO, gum arabic and maltodextrin (1:1) was prepared. The 
solids’ concentration of the emulsion was fixed at 30% (w/w) and the OEO content 
at 10% (w/w) concerning the weight of the solids. Paprika oleoresin (2% in relation 
to the OEO weight) was used to stain the microparticles and facilitate visualization. 
The mixture was homogenized with Ultra-Turrax at 12,000 rpm for 3 min, and the 
emulsion obtained was sprayed with the aid of a double-fluid nozzle (0.7 mm diam-
eter) in the spray dryer chamber, whose process conditions were: temperatures of 
130 °C for inlet air and 88 °C for the exhaust air; feed flow of 600 mL min−1; airflow 
of 1.65 m3 min−1 and compressed air pressure of 35 L min−1. The experimental con-
ditions to obtain OEO microparticles were determined by preliminary tests.

Encapsulation efficiency and physical characteristics of microparticles

The encapsulation efficiency was determined in duplicate, using the Clevenger-type 
apparatus and steam distillation extraction method [20, 21]. The encapsulation effi-
ciency (%) was calculated by the ratio of the amount of oil extracted from the micro-
particles and the initial amount of oil, multiplied by 100.

The average diameter and size distribution of the microparticles were determined 
by light scattering (Horiba, LV950 model, Japan) using ethanol as a dispersing 
medium. The average particle diameter was expressed in terms of average diameter 
(D50), and polydispersity was given by the span index and calculated according to 
the equation: Span = (D90 – D10)/D50. where D10, D50, and D90 correspond to 10%, 
50% and 90% of the cumulative distribution, respectively.

The morphology of the microparticles was evaluated using a scanning electron 
microscope (Philips, FEI Quanta 200 model, Japan) with an acceleration power of 
20 kV and an observation magnitude of 5000× .

Production of the films by blown extrusion

For the films’ production, three formulations were used (Table 1), named as: con-
trol (FC) with OEO microparticles (FM) and with free OEO (FO). The addition of 
10% microparticles was determined by preliminary tests. From the determination of 
encapsulation efficiency analysis, it was possible to establish that in 50 g of micro-
particles there was approximately 3.28  g of OEO, and this amount of OEO was 
added in FO.

For the production of the films, the ingredients (Table 1) were weighed, mixed 
and processed in a pilot single-screw extruder (BGM, model EL-25, Brazil) with 
a diameter of 25 mm, length of 28D, and configured to operate under the heating 
profile of 90/120/120/100 °C and screw rotation of 35 rpm. The cylindrical profiles 
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were pelletized and processed again in the same extruder to form the film with the 
following conditions: temperature profile of 90/120/120/130/130 °C, screw rotation 
of 35 rpm and a film-blowing diameter die of 50 mm. The winding speed and air-
flow in the matrix that formed the balloon were adjusted for each formulation to 
allow the formation of the balloon without tearing or cracking.

Film characterization

Morphology

The films were previously conditioned for 14 days in a desiccator containing silica 
gel to remove residual moisture [22]. After that, the films were fractured in liquid 
nitrogen, fixed in stubs with carbon tape, and covered with gold in a Sputter Coater 
(BAL-TEC, SCD-050 model, Balzers, Liechtenstein). The fragile fracture and sur-
face of the films were visualized in a scanning electron microscope (Philips, FEI 
Quanta 200 model, Japan), with an acceleration power of 20 kV. The magnitude of 
observation was 1600 × for the fracture area and 800 × for the surface.

Thickness

The thickness of the films was determined using a digital micrometer. Ten measure-
ments were taken at random on the surface of the film.

Color and opacity

The color was measured using a colorimeter (Konica Minolta, CR-400 model, 
Japan). The films were placed on the equipment’s sensor to measure the color 
parameters L* luminosity (black/white), a* (green/red) and b* (blue/yellow). The 
apparent opacity (Yap) was calculated based on the ratio between the luminosity 
measured on a black background and a white background according to the equation: 
Yap = (L*b/L*w) × 100, where Yap is the apparent opacity, L*b is the luminosity meas-
ured against a black background, and L*w is the luminosity measured against a white 
background. The values of Yap were divided by the sample thickness and expressed 
on an arbitrary scale (0–1% μm−1).

Table 1   Formulation of the 
TPS/PBAT films incorporated 
of free and microencapsulated 
OEO

FC control film, FM film with OEO microparticle, FO film with free 
OEO

Material (g) FC FM FO

Starch 230 207 207
PBAT 200 180 180
Glycerol 70 63 63
Citric acid 0.1 0.09 0.09
Microparticle – 50 –
Oregano oil – – 3.28
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Mechanical properties

For the tensile tests, a texturometer (Stable Micro Systems, TA-TX2 model, Eng-
land) was used. The films were fixed to the equipment’s grips with an initial dis-
tance of 30 mm and a speed of 0.8 mm s−1. The properties determined were tensile 
strength (MPa), elongation at break (%), and Young’s modulus (MPa). The test was 
performed on 10 films of each formulation [23].

Solubility in water and water vapor permeability

To determine water solubility [24], the films (2 × 2 cm) were oven-dried at 105 °C 
for 24  h and weighed (initial mass). These samples were placed in conical flasks 
containing 200  mL of distilled water and kept under agitation at 25  °C for 24  h. 
Then, the films were removed from the water and dried again in an oven at 105 °C 
for 24  h and weighed (final mass). Solubility was expressed by the difference in 
weight between the initial and final dry matter divided by the initial dry matter. 
Water vapor permeability (WVP) was determined by the gravimetric method [25]. 
All tests were performed in triplicate.

Thermogravimetric analysis

The thermogravimetric analysis (TGA) (PerkinElmer, STA-6000, USA) of the films 
was performed under nitrogen flux (20 mL min−1), with heating from 25 to 600 °C 
at a rate of 10 °C min−1.

Diffusion of OEO in food simulant fluid

The diffusion of the OEO from the film was performed according to [26], using 
ethanol 10% (v/v) as an aqueous food simulant and 95% (v/v) ethanol as a fat food 
simulant. In a conical flask, the films (6 cm × 10 cm) were immersed in 50 mL of 
simulant and kept under agitation (100 rpm) at 25 °C. At different times, an aliquot 
of 2 mL of solution was removed and the concentration of OEO released was quanti-
fied by UV–Vis spectroscopy (230 nm).

The mass diffusion of the OEO was modeled through the second Fick’s law. For 
the film, a Cartesian geometry shall be considered, and the solution to Fick’s equa-
tion results can be given by using the Laplace transform (Eq. 1) or method of sepa-
ration of variables (Eq. 2)
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where Mt/M∞ is the amount of OEO released at each time t relative to the amount 
released at equilibrium, L is the half-thickness of the film, D is the diffusion coef-
ficient, t is the time.

For short-term diffusion, Mt/M∞ < 0.3 – 0.5, the series in Eq.  (1) tends to zero, 
and the following equation is obtained:

  The linear regression was fitted with Mt/M∞ versus t1/2, and the diffusion coeffi-
cient was obtained.

For long-term diffusion, Mt/M∞ > 0.5 – 0.7, the first term in the series of Eq. (2) 
is preponderant, and thus, the series can be truncated in the first term, resulting in:

  The diffusion coefficient can be obtained through a graph composed of the terms 
log ((Mt – M∞)/M∞) versus t.

Phenolic compounds and antioxidant capacity

The extraction of phenolic compounds was according to [21] with minor modifica-
tion. For this, 2 g of films and 20 mL of 80% (v/v) ethanol were mixed and homog-
enized on a tube shaker (Phoenix, Brazil) for 20 h at room temperature. The mixture 
was centrifuged, and the supernatant was used to determine total phenolic com-
pounds according to the Folin–Ciocalteu method [27] and measurement of the anti-
oxidant capacity by the DPPH [28] and ABTS [29] radical capture methods and by 
the iron reduction method (FRAP) [30].

Statistical analysis

The results obtained were compared after variance analysis (ANOVA), and the sta-
tistical differences between the means were identified by the Tukey test (p < 0.05) 
using Statistica® 12.0 (Statsoft, USA).

Results and discussion

OEO microparticle characterization

The encapsulation efficiency (EE) of OEO microparticles obtained by spray drying 
was 65.7 ± 2.3%. EE of 61.8% was obtained by Fernandes et  al. [31] encapsulat-
ing rosemary essential oil using maltodextrin and modified starch as wall material. 
However, EE of 86.2% was obtained by Toledo Hijo et  al. [32] encapsulating the 
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OEO. The differences in EE are due to the nature of the wall materials that inter-
fered in the retention of volatile compounds [31].

The morphology of the OEO microparticle observed by SEM (Fig.  1) showed 
irregular spherical shape with a concave and a rough surface. These morphological 
characteristics may be due to the rapid evaporation of water during the spray-drying 
process [11, 33]. Similar morphological structures of microparticles were observed 
by Fernandes et al. [31] and Toledo Hijo et al. [32] after spray drying.

The average diameter of the OEO microparticles was 9.45 ± 0.51 μm, and proxi-
mal values were observed by Teodoro et al. [34] in rosemary essential oil microparti-
cles and by Toledo Hijo et al. [32] in OEO microparticles all produced by spray dry-
ing. The polydispersion or span index of the OEO microparticles was 1.69 ± 0.16; 
this value is considered high because it indicates that there was no homogeneity in 
the size of the samples. The non-homogeneity was observed because, during the 
spraying of the emulsion by the double-fluid nozzle, the drops did not have a uni-
form size. Also, the high span value corroborated the SEM image that showed a 
variation in the size of the OEO microparticles.

Visual aspect and morphology of the films

The films FC, FM, and FO had a white color, except for the FM film with OEO 
microparticles, which had a slightly pale orangish color, due to the presence of the 
paprika oil in microparticles. Nevertheless, films presented homogeneous character-
istics, were easy handling, and were without bubbles or cracks (Fig. 2).

The morphology of the FC, FM, and FO films was evaluated by SEM, and the 
images of the surface and fracture are shown in Fig. 2. In the images of the surfaces 
(FCs, FMs, and FOs), it is observed that the FMs film presents a rougher surface 
and with a greater presence of granules with different sizes that may result from the 
addition of microparticles to the film. Similar behavior was observed in the work of 
de Medeiros et al. [20], when working with TPS/PBAT films and OEO micropar-
ticles produced by ionic gelation. Fracture images (FCf, FMf, and FOf) show gran-
ules of non-gelatinized starch with different sizes dispersed in the matrix. Accord-
ing to da Silva et al. [35], the presence of starch granules indicates that there has 
not been complete destructuring of the starch during the thermomechanical process. 

Fig. 1   SEM image of the OEO 
microparticles obtained by spray 
drying (× 5000 of magnifica-
tion)
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Additionally, the heterogeneous fracture image confirms the incompatibility between 
TPS and PBAT, also reported by other authors [15, 36] due to the hydrophobic char-
acter of PBAT. FM film presented a fracture with greater irregularity and rough-
ness, which can be associated with the presence of microparticles, which seemed to 
behave as a filling in the film matrix.

Color, opacity and thickness

The color parameters of the FC and FO films were similar (Table 2). However, the 
FM film showed a significant difference in the L* and b* color parameters compared 
to the FC and FO films, which can be justified by the addition of the paprika oleo-
resin, which has an orangish color and was added to facilitate the visualization and 
distribution of the microparticles on the film. This was also confirmed by the overall 
aspect of the film, as shown in Fig. 2.

Fig. 2   SEM images of the TPS and PBAT films with free and encapsulated OEO (subindex “s” means 
surface images × 800 magnification and “f” means fracture images × 1600 magnification). Images of the 
produced films: control (FC), film with OEO microparticle (FM), and film with free OEO (FO)
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Opacity is a desirable parameter in packaging material to reduce light passage 
through to photosensitive food [37]. The opacity of the films FC, FM and FO was 
between 0.29 and 0.60% µm−1. Similar values of opacity (0.20–0.65% µm−1) were 
reported by Olivato et  al. [15] in TPS/PBAT films produced by blown extrusion. 
Higher values of opacity (0.344–0.439% µm−1) were observed by Garcia et al. [36] 
in TPS/PBAT films with itaconic acid and sodium hypophosphite due to higher 
compactation between polymeric chains promoted by esterifying reactions. The 
films produced by blown extrusion favored the formation of crystalline zones that 
can reduce the transparency of the films because of the biaxial elongation of the 
molten material. The addition of microencapsulated OEO caused a significant 
increase in opacity and may be associated with the presence of paprika oleoresin in 
the microparticles. In PBAT films incorporated with OEO produced by extrusion, 
Cardoso et al. [38] observed that the increase in opacity was due to the concentra-
tion of OEO, and this occurred because lipid fractions caused a light scattering as a 
result of the distribution of fat droplets.

The mean thickness of the films FC, FM and FO was 184  µm, 116  µm and 
190 µm, respectively, and there were no significant differences (p > 0.05) in thick-
ness between FC and FO films. The different thickness of the FM film may be 
associated with the incorporation of OEO microparticles, which allowed a greater 
stretching of the film during the formation of the balloon, resulting in films thinner 
than the others. The cassava starch and PBAT films incorporated of free OEO and 
OEO encapsulated by ionic gelation [20] presented greater thickness (247 μm and 
219 μm, respectively) than the films produced in the present work. This difference 
may be related to the higher concentration of PBAT (40%) in the film formulations 
of this work, which provided greater stretching during the formation of the balloon, 
making them thinner.

Mechanical properties

The stress and strain curve (Fig. 3) of the FC, FO, and FM films was typical of flex-
ible film. During the stretching of the film, the maximum force reached followed by 
the order FC > FO > FM, and after yielding the strain developed continuously, indi-
cating that films presented a ductile characteristic. The fracture point of the FC and 
FO film was close and higher than FM film. Based on the stress and strain curve, the 
mechanical properties of the films in terms of the tensile strength (T), elongation 
at break (ELO), and Young’s modulus (YM) were determined, and the results are 
shown in Table 3. The films of FC, FM and FO showed significant differences with 

Table 2   Color and opacity (Yap) 
of the control film (FC), with 
microparticle (FM) and with 
free OEO (FO)

a,b,c Means followed by a different letter in the same column show a 
significant difference (p < 0.05) according to Tukey’s test

Film L* a* b* Yap (% µm−1)

FC 90.94 ± 0.25b 1.04 ± 0.22a 0.55 ± 0.87a 0.29 ± 0.03a

FM 89.78 ± 0.81a 1.19 ± 0.04a 4.43 ± 2.83b 0.60 ± 0.06b

FO 90.67 ± 0.35b 1.08 ± 0.11a 0.96 ± 1.00a 0.32 ± 0.04a
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respect to T and YM, and the highest value was found for FC, followed by FO and 
FM. The elongation at break (ELO) of the FM film was lower compared to the FC 
and FO films.

The reduction on the T and YM values of the FM and FO films may be asso-
ciated with the decrease in the polymer–polymer interaction that formed a less 
cohesive structure and also with the plasticizing effect of OEO, as previously evi-
denced in films incorporated of OEO [5, 20, 21, 39]. The film containing micropar-
ticles showed the lowest values in all parameters, possibly due to the presence of 
the microparticles that generated the stress concentration points that consequently 
decreased and interfered in the mechanical properties of the film [20]. The SEM 
images reinforce this fact since it presented a morphology with a high presence of 
granules, greater roughness and irregularities. Also, it should be pointed out that 
mechanical properties for filled systems, such as FM, depend on the state of the 

Fig. 3   Stress and strain curves of the cassava starch and PBAT film containing free and microencapsu-
lated OEO

Table 3   Mechanical properties, solubility and water vapor permeability of the control film (FC), with 
microparticle (FM) and with free OEO (FO)

T tensile strength, ELO elongation at rupture, YM Young’s modulus, WVP water vapor permeability
a,b,c Means followed by different letters in the same column show a significant difference (p < 0.05) 
according to Tukey’s test

Film T (MPa) ELO (%) YM (MPa) Solubility (%) WVP × 107 
(g m−1 Pa−1 h−1)

FC 5.1 ± 0.40c 632.8 ± 70.15b 20.49 ± 1.75c 6.25 ± 3.72a 2.04 ± 0.12a

FM 2.8 ± 0.25a 433.5 ± 40.19a 14.43 ± 1.33a 9.65 ± 0.03a 2.05 ± 0.02a

FO 4.6 ± 0.22b 667.6 ± 35.75b 16.04 ± 0.68b 7.07 ± 1.95a 2.05 ± 0.25a
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polymer–particle interface since when there is a good adhesion between filler and 
matrix, an enhanced stress transfer occurs at the interface [40]. In this study, micro-
particles did not act as an effective filler, and the lack of reinforcement observed in 
TPS/PBAT film may be due to weak interaction between the matrix and microparti-
cles, which was incorporated at high concentration (10%).

Although the presence of OEO microparticles has affected the mechanical prop-
erties of TPS/PBAT film, this active film is an interesting alternative for applica-
tions where films with high tensile strength and elongation at break are not required 
but instead show an efficient bioactive property, such as film used to separate pastry 
dough [41–43].

Water solubility and water vapor permeability (WVP)

The solubility of the FC, FM and FO films did not show significant differences 
(Table 3), and therefore, the average was 7.65%. The water solubility of the TPS and 
PBAT films incorporated of curcumin was evaluated by de Campos et al. [14], and 
greater solubility values (between 20 and 40%) were associated with the incorpora-
tion of curcumin that increased film hydrophilicity. Films based on TPS and PBAT 
with the incorporation of pine nut extract also showed higher values of solubility 
(between 24 and 28%) [16] in relation to the films of FC, FM and FO. The differ-
ences in solubility can also be related to the higher concentration of PBAT (40%) 
used in the formulation of the FC, FM and FO films, which has more hydrophobic 
character and contributed to the reduction in water solubility.

The WVP is one of the most important parameters to determine during develop-
ment of films for food packaging applications because the diffusion of water vapor 
inside the packaging may contribute to food deterioration, consequently reducing 
shelf life. For this reason, the production of films with low WVP is interesting, and 
this property is substantially dependent of film matrix [44, 45]. The WVP of the 
FC, FM and FO films did not show a significant difference (p > 0.05), and there-
fore, the main value was 2.05 × 10–7 g m−1 h−1 Pa−1 (Table 3). Proximate values of 
WVP (from 6.67 to 15.22 × 10–11 g m−1 s−1 Pa−11) were reported by Zhai et al. [17] 
in modified starch, PBAT and nanoclay films produced by blown extrusion and by 
Garcia et al. [36] (from 4.882 to 6.389 × 10–11 g m−1 s−1 Pa−11) in starch and PBAT 
blown films incorporated with itaconic acid and sodium hypophosphite. Lower val-
ues of WVP (from 4.36 to 4.55 × 10–16 g m−1 s−1 Pa−1) in cassava starch and PBAT 
incorporated of OEO were observed by de Medeiros et al. [20]. These difference can 
be attributed to the formation of a more compact and homogeneous matrix that hin-
dered the diffusion of water vapor.

Thermogravimetric analysis (TGA)

The thermal stability of the FC, FM and FO films was evaluated by TGA, and the 
thermal degradation curves (Fig. 4) presented different characteristics. The degrada-
tion of the FC film occurred in three stages: the first peak at a temperature below 
100  °C is related to moisture loss, the second peak is related to TPS degradation 
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(≃ 320 °C) and the third peak represents the degradation of PBAT (≃ 400 °C) [46, 
47]. For the FM and FO films, it was observed that the degradation occurred in four 
stages, with an additional peak in the range of ≃ 160 to 170 °C that may be associ-
ated with OEO degradation [38, 48].

According to the derivative weight loss curves (DTG), the film containing OEO 
microparticle presented higher degradation temperature of OEO, starch and PBAT, 
suggesting an improvement of its thermal stability in relation to the FC and FO 
films. The increase in the degradation temperature of FM film may be due to the 
materials in the microparticle wall (gum arabic and maltodextrin). The considerable 

Fig. 4   TGA and DTG curves of the cassava starch and PBAT film containing free and microencapsulated 
OEO
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increase in OEO degradation temperature from 161 °C in FO to 175 °C in FM sug-
gests that the incorporation of OEO in the film in encapsulated form contributed 
to the thermal stability of the essential oil, minimizing its degradation during the 
thermoplastic extrusion process. The results obtained are consistent to the findings 
of Cardoso et al. [38], which observed a reduction in the thermal stability of PBAT 
films incorporated with free OEO.

Diffusion of OEO in simulated fluid

The OEO diffusion coefficients (D) of the FO and FM films (Table 4) in short- and 
long-term migration were about 10–11 cm2  s−1 and 10–12 cm2  s−1, in ethanol 10% 
and 95% at 25 °C, respectively. There was a reduction in the D values for FM and 
FO films in the two food simulant (10% and 95% ethanol) over time. This reduction 
occurred because the flow or release of the OEO is proportional to the gradient of 
concentration in the system. It was observed that in the initial stage, there is a low 
concentration of OEO in the simulant fluid, and this caused a large concentration 
gradient between the film and food simulant, which provided greater mass transport, 
resulting in a high mass diffusion coefficient at early stages. During the long-term 
diffusion stage, D decreased due to the increase in OEO in the food simulant and its 
subsequent decrease in the film matrix [26].

Considering the mode addition of the OEO to the TPS and PBAT film, the FM 
film with microencapsulated OEO presented a higher D in relation to the FO film 
with free OEO, both for short- and for long-term release in 10 and 95% ethanol. The 
lower diffusion of the OEO of FO may be related to the weak interactions between 
the phenolic compounds of the OEO with the film that hindered their mobility 
through the polymeric chains toward the simulant. Also, it was possible to verify 
that in the encapsulated and powdered form, there was a better distribution of OEO 
in the film, which may have contributed to its release in the fluids investigated.

Comparing the food simulant, the D value was higher in 95% ethanol for FM 
and FO. This may be associated with the greater affinity of OEO with the sol-
vent that has a more hydrophobic characteristic [49]. The 10% ethanol, with a 
hydrophilic characteristic, showed a double-release mechanism in which the 
hydrophilic film matrix became swollen when in contact with water, causing the 

Table 4   Diffusion coefficient (D) of short- and long-term migration of OEO from TPS and PBAT films 
containing free (FO) and microencapsulated (FM) OEO

Short-term Long-term

D × 1011 (cm2/s) Equation R2 D × 1012 (cm2/s) Equation R2

10%
FM 1.3109 y = 0.00067x − 0.03637 0.9874 6.8133 y = − 4.5 × 10−7x − 0.42259 0.8251
FO 0.7507 y = 0.000695x − 0.03361 0.9853 3.6649 y = − 4.6 × 10–7 − 0.45998 0.8253
95%
FM 39.8623 y = 0.0028x − 0.1539 0.9952 54.715 y = 2 × 10−6x − 0.0958 0.9474
FO 0.8539 y = 0.0007x − 0.0326 0.9869 4.4773 y = − 5 × 10−7x − 0.4242 0.8250
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chains to relax and modify the interaction between the film and the OEO. In this 
way, water was less available for the release of OEO, and therefore, the D value 
showed a tendency for reduction.

Regardless of whether the food is aqueous or fat and based on the D values 
(Table 4), it is recommended to apply FM in foods that require greater diffusion of 
OEO. On the other hand, the application of FO would be recommended for foods, 
which require slower diffusion of OEO. It is important to highlight that active com-
pounds should migrate to the middle or to the surface of the food, where they can 
interact with other food ingredients in order to improve the properties of the final 
product. Also, the release of the active compound was dependent on the morphol-
ogy, microstructure and material of the film, as well as the polarity and chemical 
structure of the active ingredient, and the nature of the food product [50].

Phenolic compounds and antioxidant capacity

The phenolic compounds and antioxidant capacity, evaluated by the FRAP, DPPH 
and ABTS methods of the FC, FM and FO films (Fig. 5), showed significant dif-
ferences. The incorporation of OEO, whether in free or microencapsulated form, 
significantly increased the content of phenolic compounds and, consequently, the 
antioxidant capacity of the films. OEO phenolic compounds such as carvacrol, 
thymol and γ-terpinene are mainly responsible for the antioxidant capacity [6]. 
The antioxidant capacity of biodegradable films incorporated with OEO was also 
reported by other researches [21, 38].

Fig. 5   Phenolic compounds and antioxidant capacity of the control film (FC), with microparticle (FM) 
and with free OEO (FO)
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The content of phenolic compounds in FM was higher (p < 0.05) than in FC and 
FO. However, the antioxidant capacity (measured by FRAP, DPPH and ABTS) of 
FM and FO did not show significant differences. Considering the higher diffusion 
coefficient of OEO in FM (Table 4), it can be deduced that, by the extraction method 
employed, there was a greater extraction of phenolic compounds from FM. How-
ever, not all the extracted compounds showed antioxidant activity. Terpinc et  al. 
[51] also did not find a positive correlation between the different antioxidant activity 
assays and total phenolic contents in oil cake extracts, and this occurred due to the 
presence of non-phenolic compounds, which are known to react with Folin–Ciocal-
teu reagent but are not effective as free radical scavengers (citric acid, ferrous sul-
fate, polysaccharides).

Comparing the antioxidant capacity assays, different orders of magnitude were 
observed being FRAP > ABTS > DPPH. The same behavior was observed in our 
previous study [21, 22], and it is related to difference in the ability of antioxidant 
compounds in the film extracts to capture ABTS+ and DPPH free radical and to 
reduce ferric iron in in vitro systems.

Conclusion

The microencapsulation of OEO by spray drying and production of active TPS and 
PBAT films by blown extrusion on a pilot scale was feasible. Considering mechani-
cal properties, the microparticles did not act as an efficient filler in the TPS and 
PBAT matrix because it was observed a reduction around 55, 70, 68% in the T, YM 
and ELO, respectively, but did not alter the WVP of TPS/PBAT films. On the other 
hand, the incorporation of OEO microparticles improved the thermal stability of 
OEO in films, provided significant antioxidant activity, and a higher coefficient of 
diffusion in ethanol 10% (1.3109 × 10–11 and 6.8133 × 10–12 cm2  s−1 for short and 
long terms) and 95% (39.8623 × 10–11 and 54.715 × 10–12 cm2 s−1 for short and long 
term). Finally, the films obtained in this work can be used in the production of active 
biodegradable packaging, and the application of these materials in food will depend 
on the need for more or less diffusion of OEO, regardless of whether the food is 
aqueous or fat.
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