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Abstract

Packaging materials are decisive to preserve the quality and nutritional value
of food. Polylactide (PLA) is a biodegradable polymer with adequate mechani-
cal properties for packaging applications, but its moderate oxygen barrier prop-
erties and high UV light transmission hamper its performance as packaging
for oxygen- and light-sensitive products. Bixin, a carotenoid with coloring and
antioxidant character, was used to improve the light barrier of PLA films plas-
ticized or not with acetyl tri-butyl citrate (ATBC). The films were subjected to
thermal treatment mimicking polymer processing temperatures. Despite more
than 74 wt% of bixin degraded during heat treatment, films were still blocking
up to 95% of UVA and 90% of UVB transmission. Plasticizing PLA with ATBC
accelerated up to six times the bixin release into a food simulant, which
allowed to reach relevant concentrations for food preservation. In conclusion,
bixin is a promising natural antioxidant and UV-shielding additive of biode-
gradable packaging.
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PLA is easy to process, presents high transparency
and has adapted mechanical properties for rigid food

The success of the food industry is highly dependent on
the quality of the packaging materials used to wrap food
products and food ingredients. The fundamental role of
packaging is to contain the food, protect it from outside
influences and damage, and provide consumers with
information on ingredients and nutritional value." Most
of the polymers used in industry are petroleum-based
and present serious environmental issues due to their
non-biodegradability. =~ An  alternative  could be
poly(lactide) (PLA), a biobased and biodegradable poly-
mer produced from annually renewable resources, such
as sugar beet or corn starch. PLA is currently the most
used bioplastic in short-term applications in the food
packaging sector.*>

packaging applications, but it is brittle at room tempera-
ture. To increase its ductility for film applications, plasti-
cizing is commonly used.* PLA has poor light and
moderate oxygen barrier properties, which even decrease
in case of utilization of plasticizers.” This restricts its
commercial application in the food packaging sector.’
The product shelf life of lipid-rich foods and bioactive
compounds is highly dependent on their oxidative stabil-
ity. Photo-oxidation reactions are therefore a real concern
to the food industry, leading to the degradation of vita-
mins and bioactive compounds, to the development of
rancidity in fatty food products, and hence to the
decrease in nutritional and organoleptic quality of food
products.”® Since the amount of energy carried by light
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beams is inversely proportional to their wavelength, UV
light possess more energy than visible light, inducing a
higher rate of photochemical oxidation processes.”'®
Considering the increasing demand for production of
healthier food products including vitamins and bioactive
compounds, the use of packaging materials which protect
these substances from photo-oxidative damage should be
a priority.

Stabilization against photo-oxidative degradation of
food can be achieved by UV-shielding. To that purpose,
technological additives are often included in the polymer
formulation. The UV blockers/absorbers act as a protec-
tion the polymer itself from photo-oxidative degradation,
but also protect the product from UV light. Commonly
used UV blockers include benzophenone and its deriva-
tives, benzotriazoles, oxamide, and alfa-cyanocrylate.'*?
Such agents show excellent light barrier performances;
however, there is a concern related to their migration
from packaging to food products and their adverse effects
on human health.""'* These molecules are mostly petro-
chemicals, and their ecological impact is not well studied.
In this sense, the use of natural antioxidants with UV-
Vis absorbing properties could be a simple alternative for
the fabrication of light barrier materials, and their migra-
tion from the polymer to food could avoid in addition oxi-
dative reactions, extending the shelf life of perishable
goods by active packaging.

Bixin, the main carotenoid present in annatto seeds (Bixa
Orellana L), is a natural coloring agent with antioxidant
properties that could be explored for its light absorbing char-
acter in packaging materials. Annatto extracts are allowed as
food additive in the European Union and elsewhere and are
currently used for the coloring of many commodity food
products.'* Studies about its application in packaging mate-
rials are still scarce. In previous studies of our group, bixin-
rich extracts were used as a coloring and antioxidant additive
in cast PLA films. Bixin was shown to be stable in the PLA
matrix after film obtention, endowing films with light barrier
properties and protecting sunflower oil from oxidation reac-
tions.”>'® When introduced into poly(hydroxy butyrate)
films, annatto extracts protected the polymer against thermal
degradation and erosion caused by light."’

Common industrial melt processing technologies for
the fabrication of food packaging require the use of tem-
peratures higher than the melting point of the polymer.
Processing temperatures of PLA extend typically between
160 and 220°C. They are a function of the formulation
and the presence or not of crystals. Therefore, the ther-
mal stability of natural colorants and antioxidants at
processing temperature needs to be evaluated.

This study aimed to produce active PLA packaging
films with increased light barrier properties through the
use of different concentrations of bixin and to evaluate

the impact of heat treatment on their functional proper-
ties. The plasticizer acetyl tributyl citrate (ATBC) was
chosen to produce ductile films because it was a widely
used in PLA.*'® The efficiency of ATBC to decrease the
glass transition temperature and improve the mechanical
properties of PLA were shown.*'® In addition, ATBC is
approved for use in food contact materials by the US
Food and Drug Administration.”'® It was already used in
the formulation of antioxidant®® and antimicrobial*'-**
PLA films, where ATBC proved its efficiency in increas-
ing the ductility of PLA. Furthermore, ATBC favored the
dispersion of antioxidant imine-based covalent organic
frameworks,” and synergistic plasticizing effects with
antioxidant molecules, such as carvacrol or thymol could
be observed.*! Here, the thermal stability of bixin and its
migration to a food simulant was evaluated, using films
which were hot-pressed after casting to mimic the heat
damage caused during polymers processing.

2 | EXPERIMENTAL

2.1 | Materials

Polylactide (PLA) of extrusion grade “PLE001” con-
taining at least 96% L-lactic acid was supplied from the
NaturePlast (France). According to its technical data
sheet, it melts between 155 and 160°C and degrades at
220°C, with a density of 1.24 g/cm®. Acetyl tributyl citrate
(ATBC) was supplied by the Sigma-Aldrich (France).
Annatto seeds were acquired from the Ivory Coast. All
chemicals used were of analytical grade. The chemical
structures of the different substances are shown in
Figure 1.

(a) (b)
0 0 0
O 0
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PLA ATBC :<3 0
(c)

FIGURE 1 Chemical structures of (a) acetyl tributyl citrate
(ATBC); (b) poly(lactide) (PLA), and (c) bixin [Color figure can be
viewed at wileyonlinelibrary.com]|
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2.2 | Bixin extraction

Annatto seeds were washed with hexane and methanol,
and bixin was extracted from the seeds by mechanical
stirring with dichloromethane for 30 min, at ambient
temperature and protection from light. The purity of
bixin extracts (>97%) was checked as described else-
where."” The bixin quantity in the extract was measured
with a UV-VIS spectrophotometer (Jasco V-750, Japan)
at Amax = 470 nm in quartz cells using dichloromethane
as a blank. The concentration of bixin was calculated by
using its specific extinction coefficient according to the
following formula:

AxV (ml) x10*
Bixin content (pg/g) = (f%) (1)
A lem
where A is absorbance; V is total volume; A% = 2826

(bixin extinction coefficient in dichloromethane).?

2.3 | Film production

PLA pellets were dried at 80°C for 6 h under vacuum to
remove residual moisture. PLA was dissolved in dic-
hloromethane (5% wt/vol) by mechanical stirring at
ambient temperature. Subsequently to the polymer disso-
lution, the plasticizer ATBC and the bixin extract were
poured in the PLA solutions, achieving an ATBC concen-
tration of 0.13 g/g and bixin concentrations of 0.01, 0.05,
and 0.1 mg/g; the mass related to the sum PLA and
ATBC total content (i.e., 1 g PLA/ATBC +0.01 mg bixin).
The solutions were stirred for 10 min and then poured
into Teflon recipients at a leveled surface. After solvent
evaporation, the casted films were peeled and placed in
an oven with forced air circulation at 40°C for 6 h. In the
following, the sample nomenclature informs on the com-
position of the PLA film: FP names the film of PLA with-
out formulation, F1 the film with 0.01 mg/g bixin, F5
with 0.05 mg/g bixin, and F10 the film with 0.1 mg/g
bixin. The formulations containing ATBC are labeled as
follows: FPA means the PLA film with ATBC, FA1 the
film with 0.01 mg/g bixin and 13 wt% ATBC, FAS5 the
film with 0.05 mg/g bixin and 13 wt% ATBC, and FA10
the film with 0.1 mg/g bixin and 13 wt% ATBC.

In order evaluate the bixin thermal stability when
exposed to polymer melt processing temperatures, the
cast films were pressed thanks to a heating press
(Scamex, France) at 160°C during 4 and 6 min. For that,
film samples were placed between two Teflon sheets and
two steel plates. The time of the heat-treatment included
the melting and hot-pressing time, that is, 4 min of heat

treatment meant 2 min without pressure followed by
2 min with a pressure of 5 tons. Films heat-treated during
6 min were kept in the press for 4 min without pressure
and 2 min at a pressure of 5 tons. Afterwards, the press
was quickly opened, and films were quenched at room
temperature at a cold surface. Films were stored in desic-
cators protected from light, at room temperature.

2.4 | Bixin quantification in PLA films
The bixin content of cast and thermally treated PLA films
was evaluated by dissolving the films in dichloromethane
with the aid of an ultrasonic bath.'® The bixin quantifica-
tion was performed in quartz cells in a UV-VIS spectro-
photometer (Jasco V-750, Japan) in dichloromethane:
Amax (A14) = 470 nm (extinction coefficient 2826). The
results were expressed as total bixin equivalent. Each
analysis was repeated three times.

2.5 | Thermal analysis (DSC)

The analysis of the glass transition temperature (Tg) and
the crystallinity degree (X.) of the film samples were car-
ried out using a Q100 DSC (TA Instruments), equipped
with an intercooler. Calibration was performed with the
help of an Indium standard. The purge N, gas flow was
50 ml/min. Samples (3-5 mg, loaded in TZero™ alumi-
num crucibles) were heated with a heat-cool-heat cycle at
a constant heating rate of 10°C/min from 10 to 180°C.
The degree of crystallinity (X.) of the films was calculated
using the enthalpy peaks from the second heating run,
through the following equation:

_ AHy_AH

Xe=———
©= AH:{(1-x)

%100 (2)

where AH,, is the enthalpy of melting, AH.. is the
enthalpy of cold crystallization, AHg is the heat of fusion
of 100% crystalline PLA (93.7 J/g), and x is the fraction
sum of plasticizer and carotenoids in the films.

2.6 | Mechanical properties

A texture analyzer (TA.XT2ie Stable Micro Systems, UK)
was used to the percentage of elongation at break (E).
Thickness heterogeneity of films lead to uncertainty in
the determination of the yield stress; therefore, it was not
considered. Analyses were performed at 25°C with a load
cell of 5 kg and an A/TGT self-tightening roller grips fix-
ture. Ten replications were run for each test sample,
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where the strips were mounted individually between the
grips of the equipment with an initial grip separation of
50 mm and a test speed of 0.8 mm/s. Parameters were
obtained from stress-strain curves from uniaxial tensile
tests and were calculated according to the ASTM D882
standard method.

2.7 | Oxygen barrier properties

The barrier properties of films to oxygen were determined
using a manometric method on a permeability testing appa-
ratus (GDP-C permeameter, Brugger Feinmechanik GmbH,
Munich, Germany), working at 23°C. The gas permeation
system was initially outgassed under vacuum for 15 h, then
an O, flow of 50 ml/min started on one side of the film sam-
ple. The pressure increase in the downstream compartment
was recorded over time, and Permeability (P) was deter-
mined from the steady state. The sorption (S) and diffusion
(D) coefficients were calculated with the help of the time-lag
method. The time-lag was obtained by calculating the inter-
cept on the abscissa of the cumulated flux curve. D was
found by its relationship with #,, (Equation3) and S was
obtained with its correlation with P and D (Equation 34).
The film thickness (L) was measured in at least 5 random
points with a Digimatic micrometer (Mitutoyo, Japan).

L2
tag = ¢ (3)
P=DxS (4)

2.8 | Light transmittance of PLA films
The barrier properties of the films to ultraviolet (UV) and
visible light was evaluated using a UV-VIS spectropho-
tometer (Jasco V-750, Japan). The percentage of light
transmittance through the films was measured in tripli-
cate at selected wavelengths from 200 to 800 nm. An
empty quartz test cell was used as control.

2.9 | Color analysis

The film color was evaluated with a colorimeter (Hunter
Lab system, model Miniscan XE) using the CIELab color
parameters L* (luminosity), a* (red-green), and b*
(yellow-blue). The films (4 cm X 4 cm) were placed over
a white disk (L* 97.45; a* 5.23; and b* —3.68), which
was used as a white standard. The measurements were

performed in triplicate in three different parts of the film
surfaces. The Chroma value was calculated through
Equation (45), and AChroma was obtained by the differ-
ence between the parameter of cast and heat treated
(HT) films (Equation 56). The total color differences (AE)
between the HT and the cast films was calculated using
Equation (67). The differences in a* and b* were calcu-
lated after Equations (78) and (89).

Chroma =V a*2 4+ b* (5)

AChroma = Chromayr — Chromac,g (6)

* * 2 % % 2 * * 2
AE= \/(LHT _Lcast) + (aHT _acast) + (bHT _bcast) (7)

Aa* = al*LIT - azast (8)

Ab* =b}y, —b; (9)

cast

2.10 | Bixin release kinetics

The kinetic of bixin release from films to a fatty food
simulant was evaluated following the methodology of
our previous study.'® Ethanol 95% (vol/vol), approved
as a fatty food simulant substitute by the European
Regulation No 10/2011 was used as a simulant. For
that, 20 mg (~1 cm?) of film was immersed in 6 ml of
ethanol 95% (vol/vol) contained in 12 ml amber flasks.
The flasks were sealed with plastic caps and stored at
40°C for 65 days in the dark. The flasks were shaken
regularly to minimize mass transfer resistance. The
concentration of bixin (C) was periodically determined
by spectrophotometry (UV-VIS Jasco V-750, Japan) at
A = 457 nm, and tests were interrupted when bixin
concentration in food simulant was steady (Ccq). The
simulant aliquots were returned to flasks after the ana-
lyses. A calibration curve of bixin in ethanol 95% was
constructed from 0.3 to 5.3 pg/ml (R* = 0.996). It is
provided in the supporting information (Data S1). The
limits of detection (LOD) and quantification (LOQ)
were 0.002 and 0.008 pg/ml, respectively. The LOD
and LOQ were calculated following the methodology
of the International Conference on Harmonization
(2005).%*

To evaluate the overall mass transfer resistance (K) of
bixin from the films to the liquid, a mass balance was
used taking into account bixin degradation in the food
simulant, as shown in Equation (10).
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dc A dc A
= =K (C*=C)—kqC,— =K—(C*=C) =k 1
5 “ K (€ =C)=kaC, - =KG(C=C) —keC  (10)

where C is the bixin concentration in the food simulant
(pg/ml), K is the overall mass transfer coefficient (m/s), A
is the surface area of the film considering the migration
occurs on both sides (0.0002 m?), V is the volume of the
food simulant solution (6 x 107* m?), C'C" is the bixin
concentration (pg/ml) in the inner part of the film and ky
is the first-order kinetic degradation coefficient of bixin
in ethanol 95% at 40 °C (2.155 s x 1077).*°

As described in our previous work, K takes into
account the sum of diffusion mass resistances inside the
polymeric film structure, the migration through the film-
food simulant interface, and the mass transfer of the
migrant into the food simulant.'® The parameter KK was
obtained using the experimental data C through the soft-
ware EMSO (Environment for Modeling, Simulation and
Optimization). Each kinetics was recorded in triplicate.

3 | RESULTS AND DISCUSSION

3.1 | Functional properties of PLA/bixin
and PLA/ATBC/bixin films after heat
treatment

3.1.1 | Glass transition and mechanical
properties of heat-treated PLA/bixin films

The thermal and mechanical properties of the different
PLA blends (Table 1) were analyzed in the aim to study
the impact of the plasticizer, bixin and heat treatment on

the film properties. ATBC is a widely used plasticizer for
PLA.* The solubility limit of PLA and ATBC was reported
to afford between 50 and 60 wt% ATBC.>> Up to this
value, the T, depression of PLA caused by the addition of
ATBC can be modeled by the Fox model, above the value
a distinct glass transition corresponding to ATBC can be
observed.>> The concentration of 13% ATBC used in this
work was chosen in accordance with literature®> as being
the minimum concentration to yield the brittle to ductile
transition of PLA. At this concentration the T, of PLA is
shifted below 40°C. At this temperature the glass transi-
tion region extends near the mechanical testing tempera-
ture, hence PLA has a ductile behavior at room
temperature.*> The addition of bixin to the films had no
impact on the T, of neat or plasticized PLA. Bixin could be
easily mixed with ATBC. In an industrial extrusion process,
the introduction of bixin in PLA could be facilitated using
ATBC as a vector. The thermal treatment of the films cau-
sed an increase in T, (Table 1), which can be attributed the
loss of residual solvent from the casting process. Indeed,
dichloromethane has a very strong plasticizing effect on
PLA® and very rigorous drying and heating is needed to
evaporate it. The T, value of the heat-treated films without
ATBC corresponded to the literature values®” and the one
of the PLA specification sheet of the fabricant. The T, and
the elongation at break values of PLA and PLA/ATBC were
also coherent with literature.*>'® All PLA films were amor-
phous (crystallinity degree <3%) (Table 1). The addition of
bixin had no impact on the T, of PLA after heat treatment,
while the elongation at break decreased with increasing
bixin content. The highest concentration of carotenoid
(0.1%) anticipated films disruption in the presence of ATBC,
significantly reducing the elongation at break for F10A. A

TABLE 1 Thermal properties of cast and heat-treated (HT) films and mechanical properties of HT films
T, (°C) X & (%) ef (%)
ATBC (%) Bixin (%) Thickness (um) Cast film HT film Cast film HT film HT film
FP 0 0 113 + 7% 48 +1* 59+1 1+1 2+1 3410
F1 0 0.01 121 + 4* 49 + 4° 60 + 2 1+1 2+1 341
F5 0 0.05 114 + 32 48 +1° 60 + 2 2+1 2+1 4410
F10 0 0.1 122 + 10* 50 + 3% 60 + 1 2+1 1+1 4+1M
FPA 13 0 128 + 12° 32+1° 38+1 1+1 3+1 306 + 222
F1A 13 0.01 127 + 7% 28 +1° 39+1 1+1 1+1 219 + 1564
F5A 13 0.05 125 + 12° 30+1° 35+2 1+1 1+1 274 + 9444
F10A 13 0.1 113 + 6° 32+8° 37+1 1+1 1+1 59 + 135¢

Note: “**<” Different lowercase letters in the same column indicate significant differences (p < 0.05) among the 8 film formulations.

“ABC» Different uppercase

letters in the same column indicate significant differences (p < 0.05) between formulations of each group: Films without acetyl tributyl citrate (ATBC) and

films with ATBC. All values are given as mean + SD (n = 3).
dTg: glass transition temperature.

°X .: crystallinity degree. HT, heat treatment 160°C - 6 min.
fe: elongation at break.


DOMENEK


hypothesis could be that at that concentration there might
be some phase separation causing premature rupture.

3.1.2 | Thermal stability of bixin during
film processing

The fabrication of plastic packaging involves thermal treat-
ment of the materials during their processing. In the aim to
produce packaging films with light barrier and antioxidant
properties, the easiest procedure is to introduce the com-
pounds in the polymer melt. The thermal stability of bixin
at PLA extrusion temperatures and during different
processing times was tested in simulated conditions by the
means of a heating press. The Table 2 reports the degrada-
tion of bixin at 160°C over time.

The concentration of bixin in the cast PLA films was
verified by quantification after dissolution of the cast PLA
films in CH,Cl, using UV-spectroscopy. It corresponded to
the target value, except at the higher concentrations in the
plasticized series, where some bixin was lost during film fab-
rication (Table 2). The degradation of bixin was substantial
and, as expected, higher when the heat treatment time was
increased (Table 2). Furthermore, it was more important in
plasticized PLA. Heat, oxygen, and light are known to accel-
erate the oxidation and cis—/trans-isomerization of the
highly unsaturated polyene chain of bixin.'* The main
annatto coloring agent, 9-cis-bixin, undergoes a series of
complex degradation reactions at temperatures above 70°C
producing a range of products, including trans and other
mono- and di-cis isomers of bixin.**** The degradation of
bixin under high temperatures was reported, where almost
50% of bixin solubilized in vegetable oil was lost after expo-
sure to 160°C for 2 min. It was completely degraded after
2min at 180°C.*® However, only 23% of bixin loss was
observed in biscuit dough baked at 150°C for 30 min,

showing that the matrix presents a considerable influence
on the carotenoid stability. Many experiments about the
encapsulation of carotenoids by polymers in the aim to
enhance their thermal stability were already reported, and
PLA is a widely used polymer in the field.>'* Our system
might produce an effect similar to matrix encapsulation,
where the bioactive compound is uniformly distributed over
the formed biopolymer carrier system.>* PLA might offer a
protection towards oxygen and heat. The PLA/ATBC system
is more fluid at a given temperature with higher oxygen sol-
ubility, which might be a reason for the higher bixin degra-
dation in the plasticized matrix.

3.1.3 | Color changes due to heat
treatment

The color attributes of the different samples are given in
Table 3. PLA is a highly transparent polymer and this
transparency was kept even if plasticized by ATBC. Bixin
gave its typical yellow to red color to PLA. The color was
more intense when the bixin concentration increased,
with an important rise of the yellowness indicator b* The
conjugated C=C double bonds in the molecule serve as
the light-absorbing chromophore. It is important to men-
tion that at least seven conjugated double bonds are
required for a carotenoid to have a perceptible color.*
The color stability of bixin is therefore strongly correlated
with the stability of those conjugated double bonds.
When bixin is heated, isomerization and degradation
reactions occur producing a range of pale-yellow to
orange products, where the temperature and the duration
of the heating govern the red/yellow balance.*® The deg-
radation of bixin due to the heat treatment of the films
resulted in color changes, while there were no changes in
neat PLA (Table 3).

TABLE 2 Bixin content of casting films and bixin degradation after 4 and 6 min of heat treatment (HT) at 160°C

d

PLA ATBC  Bixin Casting HT - 4 min HT - 6 min
Measured Measured Bixin Measured Bixin

Sample  (Wt%) (Wt%) (Wt%) bixin (pg/g)  bixin (ng/g)  degradation (%)  bixin (ng/g)  degradation (%)
FP 100 0 0 — — — — —

F1 100 0 0.01 99.3 + 0.3° 36.8 + 0.5 62.9 + 0.5° 126 +03 823 +21%
F5 100 0 0.05 481 + 16° 179.3 2.2 62.7 + 1.2° 83.63+21  82.6+ 0.5
F10 100 0 0.1 930 + 22° 367.4 + 0.4 60.5 + 0.1° 237.2 + 11.3 74.5 + 1.9°
FPA 87 13 0 — — — — —

F1A 87 13 0.01 114 + 14° 192+ 0.3 832 + 1.4° 12.7 + 2.0 88.9 + 3.3%
F5A 87 13 0.05 416 + 5° 105.7 + 0.2 74.6 +0.2° 29.1+0.5 93.0 + 0.1
F10A 87 13 0.1 896 + 17 221.4 + 0.2 75.3 +0.1° 131.8 +27 853+ 0.3%

Note: ““>” Different letters in the same column indicate significant differences (p < 0.05) among the films; results are given as mean + SD (n = 3).
94Bixin percentage based on the total content of poly(lactide) (PLA) and acetyl tributyl citrate (ATBC).
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The higher the concentration of bixin in the films, the
lower were the color changes in b* Chroma, and total color
differences (Table 3). The reduction in b* and a* values are
related to the loss of yellowness and redness, respectively,
while changes in Chroma are related to an alteration on
color intensity. When bixin was added in lower concentra-
tions, a significant decrease in film yellowness and color
intensity was observed after thermal treatment, while the
opposite was observed on formulations with 0.1% of bixin
(F10 and F10A). Over 74% of bixin was degraded after
6 min of thermal treatment for the different film formula-
tions (Table 2), where the final content of bixin in films
ranged between ~20 pg/g (F1 and F1A) and 200 pg/g (F10
and F10A). This result may explain the differences in their
behavior concerning color changes: the higher the initial
bixin content, the higher is the concentration of yellow deg-
radation products responsible for an increase on yellow
color intensity given by the increase in b* and Chroma.
Chroma increased notably in F10 and F10A after thermal
treatment. Our hypothesis is that the complete elimination
of solvent turn films brighter and less opaque, and color
intensity was increased when there was a higher concentra-
tion of colorants/bixin.

3.2 | Functional properties of heat-
treated PLA/ bixin films for food
preservation

3.2.1 | Barrier properties and UV
shielding

The oxidative stabilization of food products can be achieved
by exclusion of oxygen from the packaging, which removes

the reaction partner. For that, the packaging polymer needs
to feature adapted barrier properties to oxygen. Table 4
reports the oxygen permeability of the different heat-treated
samples. The permeability values, diffusion, and solubility
coefficients of PLA corresponded to the group of higher
commonly reported values,”® which might be a result of the
film preparation procedure by casting.

The presence of ATBC reduced the barrier properties of
PLA because of the additional free volume inside the poly-
mer.*>*° This phenomenon was largely described in literature
and increased permeability of PLA/ATBC was already
reported.’ The presence of bixin did not affect the oxygen bar-
rier of PLA films, which is in agreement with the results
found in our first study.'® PLA and plasticized PLA have inter-
mediate oxygen barrier properties, approximately one order of
magnitude higher than polystyrene and polyethylene and one
order of magnitude lower than polyethylene terephthalate.”

The UV light absorption capacity of bixin is a very inter-
esting feature for the development of food packaging mate-
rials with UV-shielding properties. The neat PLA films with
or without ATBC were colorless and highly transparent to
UV (280-400 nm) and visible light (400-800 nm), as shown
in Figure 2. The blending of PLA or PLA/ATBC decreased
only moderately the transmittance of visible light, despite of
the strong and vibrant yellow-orange color of thermal
treated films (Table 2). Figure 2 shows furthermore that the
presence of bixin decreased strongly the light transmittance
in the UV range. In Table 4 the quantification of the light
transmittance at different wavelengths is reported. A sub-
stantial decrease of UVA (315400 nm) and UVB
(280-315 nm) light transmission was observed with increas-
ing bixin content. The films formulated with 0.1% (F10) of
bixin reached UVA transmission values below 10% and
UVB light transmittance below 15%. The presence of ATBC

TABLE 3 Visual color attributes, color parameters L*, a* b* and Chroma of cast PLA and color changes (Aa*, Ab*, AE, AChroma)
after thermal treatment [Colour Table can be viewed at wileyonlinelibrary.com]

ATBC (%) Bixin (%) Castfilm TP*film L*

FP 0 0 B 946
FPA 13 0 94.4
F1 0 0.01 93.0
F1A 13 001 91.5
F5 0 0.05 88.4
F5A 13 005 88.2
F10 0 0.1 83.7
FIOA 13 01 84.9

Abbreviations: ATBC, acetyl tributyl citrate; PLA, poly(lactide).
*TP: Heat treatment of cast films under the thermal press: 160°C, 6 min.

-1.5

a* b* Chroma Aa* Ab* AE AChroma
-0.4 24 2.6 0.1 0.0 0.2 0.4
-0.5 2.7 2.7 0.0 0.3 0.3 0.3
—4.0 19.2 20.0 2.6 —43.8 43.8 —43.4
—4.5 21.9 22.3 1.1 —44.7 44.9 —44.5
=7.7 84.7 85.1 -7.6 —24.1 25.5 —23.7
-7.5 70.8 72.3 -9.3 —34.7 35.2 —33.3

2.9 105.5 105.5 -10.3 184  21.6 17.5

103.0 103.0 -11.0 13.7 18.2 13.2
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TABLE 4 Oxygen barrier properties of PLA films and light transmittance at UV-B (300 nm), UV-A (380 nm), and visible (700 nm) light

regions
P 5 107 s 1 SE x 10° Light transmittance (%)
ATBC (%) Bixin (%) m*mm?2Palts™? m?*s™) m*m3Pa?) UV-B UV-A VIS (700 nm)
FP 0 0 3.31 +0.30 33 1.0 63.1° 73.8° 83.2°
FPA 13 0 5.06 + 0.50 4.9 1.0 60.2° 73.0°* 80.8*
F1 0 0.01 4.14 + 0.40 3.5 1.2 58.2% 65.8° 83.1°
F1A 13 0.01 4.55 + 0.50 4.3 1.0 54.6° 60.8° 82.3"
F5 0 0.05 3.04 +0.30 2.8 11 32.2° 27.9° 76.5°
F5A 13 0.05 5.08 + 0.50 5.2 1.1 25.24 23.5° 80.5°
F10 0 0.1 3.59 + 0.40 3.2 11 10.0° 4.4¢ 64.8°
F10A 13 0.1 5.04 + 0.50 42 1.2 14.9% 954 77.5°

Note: “*P<% Different letters in the same column of the light transmission data indicate significant differences (p < 0.05) among the films.
Abbreviations: ATBC, acetyl tributyl citrate; PLA, poly(lactide).
°P: Oxygen permeability.

D: Oxygen diffusivity.

£S: Oxygen solubility.

200 300 400 500 600 700 800
Wavelenght (nm)
FP F1 F5 F10
—FPA ——=F1A e F5A e F10A

FIGURE 2 Light transmittance (%) spectra from 200 to

800 nm of heat-treated poly(lactide) (PLA) films blended with
acetyl tributyl citrate (ATBC) and bixin. Films without ATBC: FP
(0% bixin); F1 (0.01% bixin); F5 (0.05% bixin); F10 (0.10% bixin);
films with ATBC: FPA (0% bixin); F1A (0.01% bixin); F5A (0.05%
bixin); F10A (0.10% bixin)

in PLA films did not seem to alter the light transmission
properties. We can conclude that bixin, even if it is partially
degraded during heat treatment, could provide an interest-
ing barrier against photo-degradation of packed foods,
which could make it suitable for the fabrication of UV-
shielding food packaging by melt processing.

3.2.2 | Bixin release from active films

In our previous work,'® we showed that the release of
bixin from semi-crystalline PLA films allowed the

decrease of oxidation reactions in edible oil. However,
the release rates were too slow for active protection of the
oil at short times, that is, in the starting phase of the deg-
radation. Therefore, an amorphous PLA was used
because crystallites induce tortuosity to the diffusive
pathway of molecules and decrease thereby transport
rates.”” PLA was furthermore plasticized to speed up the
release Kinetics, because plasticizers increase free volume
and increase mass transport kinetics.>® The relationship
between PLA crystallinity and the release of active sub-
stances from polymeric matrices has been more fre-
quently studied in the pharmaceutic field, where drugs
release is shown to proceed faster in amorphous struc-
tures.*® Furthermore, the thermal degradation of bixin
during the processing was taken into account. The
release kinetics of bixin into a food simulant are shown
in Figure 3 and the mass transport parameters, calculated
with our previously developed model (Equation 9 10) are
given in Table 5. The model fit was satisfying. In a previ-
ous study of our group, we added 0.01% of bixin in PLA
films with a higher degree of crystallinity (X.=22%). The
migration rate of bixin to ethanol 95% (vol/vol) was
K = 12x10"®m/s.”>'® The use of amorphous PLA
allowed to speed up the release kinetics by a factor of
approximately 5 for a same bixin content (sample F1 in
Table 5) and by a factor of approximately 6 when plasti-
cizing was used in addition (sample F1A in Table 5). The
lower glass transition temperature of plasticized films—
which ranged between 35 and 38°C—implied that films
were in a rubbery state at the temperature conditions of
the migration test (40°C), hence facilitating bixin release
from the PLA matrix.***
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FIGURE 3 Experimental data of

bixin concentration (C) in ethanol 95% 4,60

and the curves of the kinetic model of 1,40
bixin release from poly(lactide) (PLA)
films (F1: 0.01% bixin; F1A: 0.01% bixin, 1,20
13% acetyl tributyl citrate [ATBC]; F5: = 100
0.05% bixin; F5A: 0.05%, 13% ATBC; "’
F10: 0.1% bixin; F10A: 0.1% bixin, 2 0,80
13% ATBC) &
0,60
0,40
0,20
0,00 Tlm;(h)
600 800 1000 1200 1400 1600
Time (h)
— - = F1 model A F1 e F1A model A F1A
----- F5 model m F5 - - -F5A model O F5A
——F10 model X F10 —F10A model X F10A
TABLE 5 Release klne-tlcs of bixm K c R? Ceq
from heat-treated PLA (6 min - 160°C) ATBC (%) Bixin (%) (m/s x 10~7) (ng/ml) (ng/ml)
films blended or not with ATBC
F1 0 0.01 0.5¢ 0.07¢ 0.96 0.08°
F1A 13 0.01 3.5% 0.11¢ 0.98 0.11°¢
F5 0 0.05 1.3¢ 0.69° 0.96 0.72¢
F5A 13 0.05 5.3% 0.37% 098  0.39¢
F10 0 0.1 1.7° 1.63° 0.98 1.60°
F10A 13 0.1 3.4% 1.23% 099  1.24°

Note: “*><de» Different letters in the same column indicate significant differences (p < 0.05) among the
films, K: Overall mass transfer coefficient (K), c: Adjusted apparent concentration fitted with the
mathematical release model Equation (910), Ceq: Bixin concentration in food simulant after reaching a

pseudo-equilibrium.

Abbreviations: ATBC, acetyl tributyl citrate; PLA, poly(lactide).

The bixin concentration in PLA films did not affect its
migration rate (Table 4). A pseudo-equilibrium concen-
tration (Ceq) in the food simulant was reached after
150 and 600 h for films with and without ATBC, respec-
tively (Figure 3). The decrease of the flow of bixin out of
the polymer is most probably linked to the exhaustion
of the polymer volume near the surface. At that moment,
the internal transport resistance caused by the migration
of bixin from the core of the material to the surface
becomes preponderant. Using prediction of tools of the
diffusion coefficient of bixin inside PLA, such as pro-
posed by Fang et al.** or Baner et al.*' and taking into
account the data for other permeants summarized by
Sonchaeng et al.,*® the diffusion coefficient of bixin inside
the PLA matrix would be lower than 107'® m?/s, which is
much lower than the release kinetics. Furthermore, the
long release times will most probably cause

supplementary bixin degradation, which also decreases
its concentration. Table 5 shows nevertheless interesting
data concerning the actual release of bixin. Comparing
films produced with the same bixin initial content, the
differences found in C.q might be related to the higher
bixin stability in the absence of ATBC. These differences
were not observed for F1 and F1A, where the pseudo-
equilibrium concentration in the end of release test was
statistically the same—probably due to low concentration
of bixin, reducing the precision of its quantification. Con-
sidering that the degradation of bixin might occur in the
films before and after its release to the media—inside
and outside of the film matrix—the partition coefficient
was not calculated and C* was used as an adjustable vari-
able with no physical meaning. However, even though
there was degradation of bixin during the heat treatment,
the release kinetics into a food model were highly
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increased as compared to previous studies, which is posi-
tive for the stabilization of oxidation sensitive food.

4 | CONCLUSIONS

In this study, we analyzed the effect of heat treatment on
active packaging films based on neat and plasticized PLA
including bixin, a carotenoid of known antioxidant and
UV shielding properties. The stability of bixin was higher
in the absence of ATBC, where neat PLA had a positive
influence on the carotenoid stability. Despite of the sub-
stantial loss of bixin caused by the thermal treatment, it
was possible to produce transparent films with bright
color and which endowed a satisfactory barrier to UVA
and UVB transmission. The use of the plasticizer ATBC
caused a decrease on the oxygen barrier properties of the
films, but had a largely positive impact on the release
kinetics of bixin to food simulants. The overall mass
transfer coefficients were accelerated about 6 times.
Applicative studies are underway to investigate the effect
of this acceleration on the oxidative protection of food
oils. As an additive for PLA, the bixin could allow its
application on light-sensitive products packaging, exten-
ding their shelf life through the protection of food lipids,
vitamins, and bioactive compounds from light exposure.
Besides the UV protection, the release of bixin could
avoid oxidation reactions in perishable goods.

ACKNOWLEDGMENTS

The research was supported by funds of the Doctoral Pro-
gram Sandwich Abroad - CAPES PDSE Process Number
88881.189021/2018-01 and Fundagao de Amparo a Pes-
quisa do Estado do Rio Grande do Sul (FAPERGS).

ORCID

Liana Stoll @ https://orcid.org/0000-0002-9892-0352
Sandra Domenek ‘© https://orcid.org/0000-0003-3012-
041X

Alessandro de Oliveira Rios
0001-8860-6928

https://orcid.org/0000-

REFERENCES

[1] R. Coles, D. McDowell, M. Kirwan, Food Packaging Technol-
ogy, Blackwell Publishing Ltd., Oxford, England 2003.

[2] S. Domenek, S. Fernandes-Nassar, V. Ducruet, Adv. Polym.
Sci. 2018, 279, 303.

[3] European Bioplastics.
(accessed: June 2020).

[4] A. Ruellan, V. Ducruet, S. Domenek, Chapter 5. in Poly(lactic
acid) Science and Technology: Processing, Properties, Additives and
Applications (Eds: A. Jiménez, M. Peltzer, R. A. Ruseckaite), The
Royal Society of Chemistry, London, UK 2015, p. 124.

www.european-bioplastics.org

[5] C. Courgneau, S. Domenek, R. Lebosse, A. Guinault, L.
Averous, V. Ducruet, Polym. Int. 2012, 61, 180.

[6] E. Castro-Aguirre, F. Ifiiguez-Franco, H. Samsudin, X. Fang,
R. Auras, Adv. Drug Deliv. Rev. 2016, 107, 333.

[7] S. E. Duncan, H.-H. Chang, Chapter 2. in Advances in Food
and Nutrition Research (Ed: J. Henry 67, Academic Press,
Amsterdam, Netherlands 2012, p. 25.

[8] 1. Hradkova, R. Merkl, J. Smidrkal, J. Kyselka, V. Filip, Eur.
J. Lipid Sci. Technol. 2013, 115, 747.

[9] M. Narayanan, S. Loganathan, R. B. Valapa, S. Thomas, T. O.
Varghese, Int. J. Biol. Macromol. 2017, 99, 37.

[10] R. P. Babu, K. O'Connor, R. Seeram, Prog. Biomater. 2013, 2, 8.

[11] X. Niu, Y. Liu, G. Fang, C. Huang, O. J. Rojas, H. Pan, Bio-
macromolecules 2018, 19, 4565.

[12] J. Pospisil, S. Nespiirek, in Plastic Packaging (Eds: O. G. Piringer,
A. L. Baner), Wiley-VCH, Amsterdam, Netherlands 2008, p. 63.

[13] K. S. Anderson, K. M. Schreck, M. A. Hillmyer, Polym. Rev.
2008, 48, 85.

[14] M. Scotter, Food Addit. Contam. Part A 2009, 26, 1123.

[15] L. Stoll, R. Rech, S. H. Flores, S. M. B. Nachtigall, A. de
Oliveira Rios, J. Appl. Polym. Sci. 2018, 135, 46585.

[16] L. Stoll, R. Rech, S. H. Flores, S. M. B. Nachtigall, A. de
Oliveira Rios, Food Chem. 2019, 281, 213.

[17] C. S. Pagnan, A. C. Mottin, R. L. Oréfice, E. Ayres, J. J. D.
Camara, J. Polym. Environ. 2018, 26, 1169.

[18] A. Ruellan, A. Guinault, C. Sollogoub, V. Ducruet, S.
Domenek, J. Appl. Polym. Sci. 2015, 132, 42476.

[19] M. Arrieta, P. L. Juan, F. Santiago, A. P. Mercedes, Acta Hortic.
2015, 1065, 719.

[20] P. Garcia-Arroyo, M. P. Arrieta, D. Garcia-Garcia, R. Cuervo-
Rodriguez, V. Fombuena, M. J. Mancheno, J. L. Segura, Poly-
mer 2020, 196, 11.

[21] H. Celebi, E. Gunes, J. Appl. Polym. Sci. 2018, 135, 9.

[22] M. Rapa, L. M. Stefan, P. Preda, R. N. Darie-Nita, A. Gaspar-
Pintiliescu, A. M. Seciu, C. Vasile, E. Matei, A. M. Predescu,
Iran. Polym. J. 2019, 28, 271.

[23] J. F. Reith, J. W. Gielen, J. Food Sci. 1971, 36, 861.

[24] ICH (2005). Validation of analytical procedures: Text and
methodology Q2 (R1). www.ema.europa.eu (accessed:
November 2018)

[25] M. Baiardo, G. Frisoni, M. Scandola, M. Rimelen, D. Lips, K.
Ruffieux, E. Wintermantel, J. Appl. Polym. Sci. 2003, 90, 1731.

[26] J.-W. Rhim, A. K. Mohanty, S. P. Singh, P. K. W. Ng, J. Appl.
Polym. Sci. 2006, 101, 3736.

[27] M. Gerometta, J. R. Rocca-Smith, S. Domenek, T. Karbowiak, Ref-
erence Module in Food Science, Elsevier, Amsterdam, Netherlands
2019. https://doi.org/10.1016/B978-0-08-100596-5.22471-2.

[28] M. J. Scotter, L. Castle, G. P. Appleton, Food Chem. 2001,
74, 365.

[29] H. D. Preston, M. D. Rickard, Food Chem. 1980, 5, 47.

[30] P. G. Prabhakara Rao, T. Jyothirmayi, K. Balaswamy, A.
Satyanarayana, D. G. Rao, LWT- Food Sci. Technol. 2005, 38, 779.

[31] C. Gimenez-Rota, I. Palazzo, M. R. Scognamiglio, A. Mainar, E.
Reverchon, G. Della Porta, J. Supercrit. Fluids 2019, 146, 199.

[32] I. Marcet, S. Weng, S. Sdez-Orviz, M. Rendueles, M. Diaz,
J. Food Eng. 2018, 239, 26.

[33] M. Roussaki, A. Gaitanarou, P. C. Diamanti, S. Vouyiouka, C.
Papaspyrides, P. Kefalas, A. Detsi, Polym. Degrad. Stab. 2014,
108, 182.


https://orcid.org/0000-0002-9892-0352
https://orcid.org/0000-0002-9892-0352
https://orcid.org/0000-0003-3012-041X
https://orcid.org/0000-0003-3012-041X
https://orcid.org/0000-0003-3012-041X
https://orcid.org/0000-0001-8860-6928
https://orcid.org/0000-0001-8860-6928
https://orcid.org/0000-0001-8860-6928
http://www.european-bioplastics.org
http://www.ema.europa.eu
https://doi.org/10.1016/B978-0-08-100596-5.22471-2
DOMENEK


[34] C. Soukoulis, T. Bohn, Crit. Rev. Food Sci. Nutr. 2018, 58, 1.

[35] D. B. Rodriguez-Amaya, J. Food Compos. Anal. 2010,
23, 726.

[36] U. Sonchaeng, F. Iniguez-Franco, R. Auras, S. Selke, M.
Rubino, L. T. Lim, Prog. Polym. Sci. 2018, 86, 85.

[37] A.S. Michaels, H. J. Bixler, J. Polym. Sci. A 1961, 50, 393.

[38] N. Kamaly, B. Yameen, J. Wu, O. C. Farokhzad, Chem. Rev.
2016, 116, 2602.

[39] P. Chalier, A. Ben Arfa, V. Guillard, N. Gontard, J. Agric. Food
Chem. 2009, 57, 658.

[40] X. Y. Fang, S. Domenek, V. Ducruet, M. Refregiers, O. Vitrac,
Macromolecules 2013, 46, 874.

[41] A. Baner, J. Brandsch, R. Franz, O. Piringer, Food Addit. Con-
tam. 1996, 13, 587.

SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Stoll L, Domenek S,
Hickmann Flores S, Nachtigall SMB, de Oliveira
Rios A. Polylactide films produced with bixin and
acetyl tributyl citrate: Functional properties for
active packaging. J Appl Polym Sci. 2021;138:
€50302. https://doi.org/10.1002/app.50302



https://doi.org/10.1002/app.50302
DOMENEK


	Polylactide films produced with bixin and acetyl tributyl citrate: Functional properties for active packaging
	1  INTRODUCTION
	2  EXPERIMENTAL
	2.1  Materials
	2.2  Bixin extraction
	2.3  Film production
	2.4  Bixin quantification in PLA films
	2.5  Thermal analysis (DSC)
	2.6  Mechanical properties
	2.7  Oxygen barrier properties
	2.8  Light transmittance of PLA films
	2.9  Color analysis
	2.10  Bixin release kinetics

	3  RESULTS AND DISCUSSION
	3.1  Functional properties of PLA/bixin and PLA/ATBC/bixin films after heat treatment
	3.1.1  Glass transition and mechanical properties of heat-treated PLA/bixin films
	3.1.2  Thermal stability of bixin during film processing
	3.1.3  Color changes due to heat treatment

	3.2  Functional properties of heat-treated PLA/ bixin films for food preservation
	3.2.1  Barrier properties and UV shielding
	3.2.2  Bixin release from active films


	4  CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


