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ARTICLE INFO ABSTRACT

Keywords: Phenolic acids (ferulic, p-coumaric, and protocatechuic) have been incorporated into polylactic (PLA): Poly(3-
Biodegradable active films hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) (75:25) blend films that were obtained by melt-blending and
EEABV compression moulding, using PEG1000 as a plasticizer. Film microstructure, thermal behavior, functional

properties, and release kinetics of phenolic acids in different food simulants were analyzed, and the film anti-
microbial activity against Listeria innocua. Phenolic acids led to an increase in the glass transition temperature of
PLA while PHBV supercooling occurred in the films containing protocatechuic acid, which affected their thermal
degradation behavior. Polymer matrices with phenolic acids were stiffer and more resistant to break than the
polyester blend, but with similar extensibility, while oxygen and water vapor barrier capacity were also
improved, especially in films containing protocatechuic acid. The release rate and ratio of phenolic acids
increased when the polarity of the food simulant decreased, although very slow delivery was observed in all
cases. The limited release of active compounds in aqueous media provoked that films did not significantly inhibit
the growth of Listeria innocua in inoculated culture medium.

Ferulic acid
p-coumaric acid
Protocatechuic acid

1. Introduction

In the last few years, there has been a trend to reduce as much as
possible the addition of synthetic preservatives in food products while
consumers demand healthy and easy-to-prepare foods with high nutri-
tional value (Diblan & Kaya, 2018). In order to face this challenge and
avoid deteriorating processes in food, active packaging materials are
being developed. These materials can incorporate compounds that
absorb or release substances from or on the packaged foods or in the
head-space of the container (Malhotra et al., 2015). In this sense, the use
of active packaging films has been proved to be an alternative to
maintain food quality and extend its shelf-life (Esmaeili et al., 2020;
Moreno et al., 2018; Ngo et al., 2020; Szabo et al., 2020) at the same
time that the drawbacks associated with the direct application of active
compounds in the food product surface are reduced (Castillo et al.,
2017). To increase the shelf-life and maintain the storage-keeping
quality of the packaged foods, active compounds such as essential oils
(Esmaeili et al., 2020; Jiang et al., 2020; Krepker et al., 2017; Zhang
et al., 2020; Figueroa-Lopez et al., 2020), organic acids (Narasagoudr
et al., 2020; Sharma et al., 2020; Wang et al., 2020), and plant extracts
(Choulitoudi et al., 2020; Szabo et al., 2020), among others, have been
incorporated into active films. Within organic acids, phenolic acids have
been shown to have significant antimicrobial and antioxidant properties
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(Moreno et al., 2006; Porras-Loaiza & Lopez-Malo, 2009).

Phenolic acids consist of an aromatic ring and at least one hydroxyl
substituent. They are found in plant tissues, foods, and metabolites
(Badui Dergal, 2006). Phenolic acids, such as ferulic acid, p-coumaric
acid, and protocatechuic acid, have noticeable antimicrobial and anti-
oxidant activity. These phenolic acids are the main compounds of
aqueous extracts from lignocellulosic residues, such as those obtained
from some agri-food industries, which can be used as a source of active
components for their use in active packaging materials, following the
principles of the circular economy. Ferulic acid showed an inhibitory
effect against Listeria monocytogenes (Takahashi et al., 2013, 2015), and
its incorporation by solvent casting methods into blend poly
(lactide)-poly(butylene adipate-co-terephthalate) (PLA-PBAT) was
effective against Listeria monocytogenes and Escherichia coli (Sharma
et al., 2020). P-coumaric acid is effective against different bacteria (Lou
et al., 2012), such as Enterobacteriaceae (Mitani et al., 2018) and E. coli
and Staphylococcus aureus (Contardi et al., 2019). Protocatechuic acid
inhibited the growth of Listeria monocytogenes in cream cheese (Stojkovic¢
et al., 2013) and of E. coli, S. Typhimurium, L. monocytogenes, S. aureus,
and B. cereus in ground beef and apple juice (Chao & Yin, 2009).

As concerns the development of new food packaging materials, one
of the techniques recently used to improve their functional properties is
the combination of two or more polyesters in the production phase
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(Kanda et al., 2018). This strategy, which is cheaper and more rapid than
the use of new monomers and new polymerization routes, allows for
obtaining films with improved properties as compared to pure polymer
films. However, the improvement of one property can weaken another
(Zhang et al., 2012). For example, PLA-based films show low ductility
and high permeability to water vapor and O (Auras et al., 2004), and to
overcome these drawbacks, PLA has been blended with a highly crys-
talline biopolymer with a high melting point such as PHB (Noda et al.,
2004). Previous studies have reported an improvement in the crystalli-
zation of PLA due to the positive effect of PHB/PHBV crystals (Arrieta
etal., 2019; Liu et al., 2015; Zembouai et al., 2013), thus improving the
water vapor and oxygen barrier properties (Zembouai et al., 2013), the
thermal stability and mechanical resistance (Liu et al., 2015) as
compared to pure PLA films. In the same sense, Requena et al. (2018)
obtained compression-molded PLA:PHBV (75:25) blend films, with 15%
PEG1000, with improved extensibility and water barrier capacity.
However, to the best of our knowledge, phenolic acids have not been
incorporated into thermoplastic PLA-PHBV blend films to develop active
packaging materials.

This study aimed to analyze the functional properties of PLA-PHBV
blend films obtained by melt-blending and compression molding
incorporating phenolic acids (ferulic, p-coumaric, and protocatechuic)
as antibacterial compounds. The antibacterial effectiveness of the films
against L. innocua and the release kinetics of the phenolic acids in
different food simulants have also been analyzed.

2. Materials and methods
2.1. Materials

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) ENMAT
Y1000P with 3% hydroxyvalerate was supplied by Helian Polymers B.V.
(Belfeld, Holland). Amorphous PLA 4060D, density of 1.24 g/cm® and
average molecular weight of 106,226 D with 40% of low molecular
weight fraction (275 D) as reported by Muller, Gonzalez-Martinez, and
Chiralt (Muller et al., 2017) was purchased from Natureworks (U.S.A).
The plasticizer poly(ethylene glycol) with a molecular weight of 1000
Da (PEG1000), with a solubility in water of was purchased from
Sigma-Aldrich (Steinheim, Germany). Ferulic, p-coumaric, and proto-
catechuic acids were purchased from Sigma-Aldrich (Madrid, Spain). UV
methanol, UV ethanol, phosphorus pentoxide (P20s), and magnesium
nitrate-6-hydrate (Mg(NO3),) were supplied by Panreac Quimica, S.A.
(Castellar del Valles, Barcelona, Spain).

2.2. Preparation of blend films

PLA-PHBV blend films were obtained by melt blending and
compression moulding in a polymer ratio of 75:25, using PEG1000 (15
g/100 g polymer) as a plasticizer, and without or with a constant
amount of antibacterial compound (ferulic, p-coumaric, and proto-
catechuic acids) of 2% (w/w) with respect to the polymer matrix
(polymer plus plasticizer). The ratio of polymers and PEG1000, as the
plasticizer, were selected on the basis of previous studies (Requena et al.,
2016; Requena et a., 2018). This concentration in the films was selected
on the basis of the minimal inhibitory concentration (MIC) of the com-
pounds against several bacteria (in the range of 1 g/L) in order to exceed
the MIC values in the test medium if a complete release occurs from the
film. The melt blending process was carried out in an internal mixer
(HAAKE™ PolyLab™ QC, Thermo Fisher Scientific, Germany) at 170 °C
and 50 rpm for 12 min. The obtained pellets were conditioned at 25 °C
and 53% RH. Four grams of the conditioned pellets were put onto Teflon
sheets and preheated at 200 °C for 5 min in a hot-plate press (Model
LP20, Labtech Engineering, Thailand). Films were obtained by com-
pressing at 200 °C for 4 min at 100 bars and a final cooling cycle for 3
min until the temperature reached about 70 °C (Requena et al., 2018).
The obtained films were conditioned at 25 °C and 53% RH.
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The thickness of the films was measured in triplicate in six random
points of each sample by a hand-held digital micrometer (Electronic
Digital Micrometer, Comecta S.A., Barcelona, Spain).

2.3. Microstructural and thermal analyses

The microstructure of films was observed by Field Emission Scanning
Electron Microscope (FESEM Ultra 55, Zeiss, Oxford Instruments, UK).
The samples were maintained with P,05 for two weeks to ensure the
total dehydration of the films. Film samples were cryofractured with
liquid nitrogen to obtain cross-sections, which were mounted on support
stubs and coated with platinum prior performing the microstructural
observations at 2 kV.

Differential scanning calorimetry analyses were carried out using a
Differential Scanning Calorimeter (DSC823€ Star® Mettler-Toledo Inc.,
Switzerland). Films samples (10 mg) were placed into aluminum pans
and tightly sealed. Samples were heated from room temperature to 180
°C at 10 °C/min. Then, samples were cooled until — 30 °C at 50 °C/min
and heated again to 180 °C at 10 °C/min, as reported by Requena et al.
(2018). As a reference, an empty aluminum pan was used. Each sample
was analyzed in duplicate.

The thermal stability was analyzed using a thermogravimetric
analyzer (TGA 1 Star” System analyzer, Mettler-Toledo, Switzerland) by
sample heating from 25 to 600 °C at 10 °C/min under nitrogen flow (10
mL/min). Samples (3 mg maximum) were conditioned in desiccators
with P05, using at least two replicates per formulation. In each test, the
corresponding mass curve was obtained as a function of temperature.
From these curves, the derived curves (DTG) were obtained as a function
of temperature, and the corresponding values of Tynset (initial degra-
dation temperature) and Tp.x (temperature of maximum degradation
rate) using the STAR® Evaluation Software (Mettler-Toledo,
Switzerland).

2.4. Tensile properties and thickness

Mechanical properties (elastic modulus (EM), tensile strength (TS),
and elongation at break (E) were determined using a Universal Testing
Machine (Stable Micro System TA. XT plus, Haslemere, England), ac-
cording to ASTM standard method D882 (ASTM, 2001). EM, TS, and E
were determined from the stress strain curves, estimated from
force-distance data obtained for eleven pre-conditioned (53% RH and 25
°C) film samples of each formulation (2.5 cm wide and 10 cm long),
which were mounted in the extension grip of the equipment and
stretched at 50 mm-min ! until breaking.

2.5. Barrier properties

The oxygen permeability (OP) was determined using OX-TRAN
equipment (Model 1/50, Mocon, Minneapolis, USA). Two film samples
per formulation were previously conditioned at 53% RH and 25 °C
(ASTM, 2002). The tests were performed at 53% RH, and the film
exposure area was 50 cm” OP was calculated by dividing the oxygen
transmission rate by the difference in the oxygen partial pressure be-
tween the two sides of the film and multiplying by the film thickness.

The water vapor permeability (WVP) of films was measured ac-
cording to a modification of the ASTM E96-95 (ASTM, 1995) gravi-
metric method, at 25 °C and a RH gradient of 53%— 100% using Payne
permeability cups (Elcometer SPRL, Hermelle/s Argenteau, Belgium) of
3.5 cm in diameter. This gradient was generated by using an over-
saturated Mg(NOs), solution and pure water, respectively. Three cir-
cular samples of each formulation were prepared, and the thickness of
each sample was measured in six random points with an electronic
digital micrometer (Comecta S.A., Barcelona, Spain). To determine
WVP, the cups were weighed periodically using an analytical balance
(ME36S, Sartorius, Germany; +0.00001 g) at intervals of 1.5 h for 24 h
after the steady-state had been reached. The slope of the weight loss
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versus time was plotted, and the water vapor transmission rate (WVTR)
and water vapor permeability were calculated according to Vargas et al.
(2009).

2.6. Optical properties

The optical properties (transparency and CIE-L*a*b* color co-
ordinates) were determined in triplicate by measuring the reflection
spectrum of the samples using a Konica Minolta spectrocolorimeter,
model CM-5 (Minolta CO., Tokyo, Japan). The transparency of the films
was determined using the internal transmittance (Tj), applying the
Kubelka-Munk theory (Hutchings, 1999) for multiple scattering to the
reflection spectra (400-700 nm), given the reflection spectra of both
black and white backgrounds. The CIE-L*a*b* color coordinates were
obtained from the reflectance of an infinitely thick material layer by
considering illuminant D65 and observer 10°. Psychometric coordinates
Chroma (Cap*) and hue (hap*) were also determined using Eqs. (1) and
(2) (Hutchings, 1999).

hp*=arctan(b*/a*) Eq. (1)

cabs = \/(a*)” + (b*) Eq. (2)
Moreover, to evaluate the color differences between ferulic, p-cou-
maric, and protocatechuic films and the control film, the following

equation was used Eq. (3):

AE = \/(AL*)Z + (4a*)’ + (4b*)? Eq. (3)

The film gloss was determined at an incidence angle of 60°, according
to the ASTM standard method D523 (ASTM, 1999), using a flat surface
gloss meter (Multi Gloss 268, Minolta, Germany). Measurements of each
sample were taken in triplicate, and three films of each formulation were
considered. All results are expressed as gloss units (GU), relative to a
highly polished surface of black glass standard with a value near 100
GU.

2.7. Retention of active compounds and release kinetics in different food
simulants

The final phenolic acids content in the films was determined by
methanol extraction, followed by spectrophotometric quantification
using a UV-visible spectrophotometer (Thermo Scientific Evolution 201,
EEUU). Standard calibration curves for ferulic, p-coumaric, and proto-
catechuic acids were obtained to determine their concentration from the
absorbance values using an initial solution with 500 pg-mL ™! and sub-
sequent dilutions. Ferulic, p-coumaric, and protocatechuic acids were
quantified through absorbance measurements at 320, 309, and 208 nm,
respectively, using the methanol extract of active-free PLA-PHBV films
as a blank solution. Films samples of 100 mg were cut in strips and
placed in flasks with 10 mL of UV methanol, under stirring for 48 h at 20
°C. After that, samples were filtered and appropriately diluted to obtain
absorbance values between 0.2 and 0.8. All analyses were carried out in
samples from four different positions of four different films to analyze
the degree of homogeneity of the active distribution throughout the
film.

In the release studies two different food simulants were used: 10%
(v/v) (simulant A) and 50% (v/v) (simulant D1) ethanol-water solutions
(Commission regulation (EU) 10/2011). 500 mg of each sample was
placed into a flask containing 100 mL of each simulant. Thereby, each
film formulation-food simulant system was kept under stirring at 25°C
throughout the assay time, using a spectrophotometric method. For
simulant A, absorbance was measured at 311, 287, and 291 nm, where
the ferulic, p-coumaric, and protocatechuic acid absorbance is
maximum, respectively. For simulant D1, measurements were per-
formed at 313, 290, and 293 nm, where the ferulic acid, p-coumaric, and
protocatechuic acid absorbance is maximum, respectively. Phenolic acid
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quantification in the liquid phase was established using each simulant’s
previously obtained calibration curves. The assay was performed in
triplicate.

Two empirical models were considered to describe the behavior of
the active compounds in the food simulants. To predict the release ki-
netics, the Peleg model was applied (Eq.4) (Peleg, 1988).

t
— =k + kyt

7 Eq. (4)

where: M, is the total active compound released into the simulants after
contact time t; k; and ko are the model constants, where 1/k; is the
release rate at the beginning of the process, and 1/ks is the mass of active
compound released at equilibrium (M,,). In addition, the experimental
results were fitted to the Korsmeyer-Peppas model (Eq. 5) (Siepmann &
Peppas, 2011) to investigate the possible coupling of the relaxation of
the polymer in contact with the solvent with de diffusion of the active
compound through the polymer matrix.

Mt .
Yo~ kt Eq.(5)
where: M;/M,, is the fraction of active compound at time t (h); k is the
rate constant of the film (h™); n is the diffusional exponent that provides
information about the mechanisms involved in the release process,
which takes values in the 0-1 interval (dimensionless). Thus, a 0.5 value
for the diffusional exponent means that the release occurs through
Fickian diffusion, whereas if the n value is higher than 0.5 (anomalous
transport), the diffusion and the polymer relaxation rates are coupled. If
the n value is lower than 0.5, a quasi-Fickian diffusion for the active
release can be considered (Siepmann & Peppas, 2012).

2.8. Antibacterial activity

The minimum inhibitory concentration of ferulic, p-coumaric, and
protocatechuic acids was determined as described by Requena et al.
(2019). Listeria innocua (CECT 910, Spanish Type Culture Collection,
Burjassot, Valencia) and E. coli (CECT 101, Spanish Type Culture
Collection Burjassot, Valencia) stored at — 25 °C with 30% glycerol,
have been used. Listeria innocua strains have been previously used to
model the food-borne pathogen L. monocytogenes in inactivation exper-
iments (Mohan et al., 2019).

Bacterial cultures in the exponential growth phase were prepared by
inoculating the microbial stock suspensions into TSB, followed by in-
cubation at 37 °C for 24 h. The inocula were diluted in TSB tubes to get a
target inoculum of 10° colony-forming units mL~!. Aliquots of 100 ul
were taken from this bacterial suspension and deposited in each of the
wells of the 96-well-plate. In parallel, stock solutions of the different
active compounds were prepared in DMSO with a 3 mg active/ mL
concentration. Thus, 100 ul of each of the solutions with the active in-
gredients were transferred to different positions of the previously
identified multiwell plate and incubated for 24 h at 37 °C. Certain po-
sitions of the plate were used to control the test. After 24 h of incubation,
a solution of the MTT reagent was prepared in PBS (5 mg/ mL), and
10 pl was added to each well of the plate. The plate was incubated again
for 4 h at 37 °C, and after this time, the results were visually read. The
MIC of each active compound was the lowest concentration at which no
color change (microbial growth) occurred.

The antibacterial effect of PLA-PHBV blend films containing the
polyphenol acids was evaluated in vitro (liquid medium test) according
to the methodology described Valencia-Sullca et al. (2016), with some
modifications. Listeria innocua (CECT 910, Spanish Type Culture
Collection, Burjassot, Valencia) stored at — 25 °C with 30% glycerol has
been used. Bacterial cultures of Listeria innocua in the exponential
growth phase were prepared as described below. The inoculum were
diluted in TSB tubes to get a target inoculum of 10* colony-forming units
mL~!L. Film samples of 5.86 x 9 cm (ferulic and protocatechuic acid)
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and 7.54 x 9 cm (p-coumaric acid) obtained from the different types of
film formulation were placed in TSB tubes. Inoculated tubes without
film were used as control samples. Immediately after the inoculation and
after 6 days at 10 °C, the microbial counts on plates were determined.
Serial dilutions were made and poured onto Base Palcam agar medium
dishes (which contained the selective supplement for Listeria), incubated
for 48 h at 37 °C. All tests were run in triplicate.

2.9. Statistical analysis

Statgraphics Centurion XVII-64 software (Manugistics Corp., Rock-
ville, Md.) was used to conduct statistical analyses through a variance
analysis (ANOVA). Homogeneous sample groups were obtained by using
the LSD test (95% significance level).

3. Results and discussion
3.1. Microstructure and thermal behavior

Microstructural images show the degree of homogeneity in the dis-
tribution of film matrix components, a factor related to the material’s
functional properties. The cross-section morphologies of PLA-PHBV
blend films and PLA-PHBYV blend films containing ferulic acid, p-cou-
maric acid, and protocatechuic acid are shown in Fig. 1.

In the cross-section of PLA-PHBV films (P), a lack of miscibility be-
tween the polyesters and the plasticizer can be observed, with different
domains of PLA and PHBV, as previously reported (Hernandez-Garcia
et al., 2021; Requena et al., 2018). This polymer phase separation was
not predicted by the Hildebrand solubility parameters (5: 20.8 MPa'/2,
20.2 MPa'/? and 19.2 MPa'/2, respectively for PEG, PLA and PHBV),
which suggested good miscibility between components (A8 <
2 MPa'/?), as reported by other authors (Quiles-Carrillo et al., 2018;
Snowdon et al., 2017). This could be attributed to the great tendency of
PHBYV to crystalize.

The incorporation of phenolic acids led to a more heterogeneous
cross-section, where a more brittle fracture was observed in different
domains, in contrast with that observed by Mathew and Abraham
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(2008) for starch-chitosan blend films containing ferulic acid. In all
cases, small particles dispersed in the polymer matrix were observed,
attributed to dispersed aggregates of phenolic acids, thus evidencing the
lack of complete miscibility of these compounds with the polymers. The
latter was particularly evident in films containing protocatechuic acid
that showed aggregates of larger size.

Table 1 shows the results obtained from DSC analysis: glass

Table 1

Thermal properties of PLA-PHBV blend films (P) and PLA-PHBV blend films
containing ferulic acid (P-F), p-coumaric acid (P-C), and protocatechuic acid (P-
P) from the first and the second heating scan: Glass transition (Tg), melting
temperature (Ty,) and melting enthalpy (AH,,) of the polymers in the blend.
Mean values + standard deviation.

First Heating Scan
Formulation Ty pra (°C) Tm 1 (°C) Tm 2 (°C) AHy, (J/g polymer)
P 36.1 162.0 169.1 20 + 4%°
+1.3¢ +3.0° +1.7°
P-F 39.4 154.2 163.5 18.9 + 1.0°
+0.3b° +0.6° +0.4°
P-C 46 + 0.0° 158.8 167.4 20.3 + 1.6°
+1.4° +1.7°
p-P 41+0.3° - 163.8 24 + 2°
+0.3°
Second Heating Scan
Tg pra (°C) Tm 1 (°C) Tm 2 (°C) AH,, (J/g
polymer)
P 29.1 163.0 170.0 + 2.0° 18.6 + 3.0%°
+0.14 +2.0°
P-F 33.9 154.0 162.0 + 0.1¢ 19.4 + 0.7°
+0.7¢ +0.3
P-C 37 + 0.0° 159.3 165 + 2° 21.4 + 1.0°
+1.9°
pP-P 36.4 - 162.9 + 0.3° 22.4 4+ 1.6°
+0.2°

Ty ferulic (°C): 172.54; T, p-coumaric (°C): 214.9; Ty, protocatechuic (°C):
199.15

Different superscript letters (a-c) within the same column indicate significant
differences among formulations (p < 0.05).

Fig. 1. Field Emission Scanning Microscope (FESEM) micrographs of the cross-section of PLA-PHBV blend films (P) and PLA-PHBV blend films containing ferulic acid
(P-F), p-coumaric acid (P-C), and protocatechuic acid (P-P) (magnification: 650X; bar: 10 um).
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transition temperature (Tg), melting temperature (Tp), and melting
enthalpy (AHy,) of PLA-PHBV active films as deduced from 1st heating
scan and the second heating scan when the thermal history of the
polymers was erased (Table 1). In Fig. 2, the DSC curves from the 1st and
the 2nd heating scan are shown.

In both first and second heating scans, a two-peak endothermic event
was observed for the polymers at about 160 and 170 °C, as observed by
Requena et al. (2018) for similar blend films with PLA and PHBV. Only
the films containing protocatechuic acid showed a single endothermic
peak at 163 °C, also observed in some films with a similar PLA/PHBV
ratio. Moreover, these films containing protocatechuic acid exhibited an
exothermic peak around 75-80 °C during both scans, which suggests
that supercooling of PHBV was promoted in the presence of proto-
catechuic acid and, as a consequence, PHBV crystalized after glass
transition in the PLA matrix. Considering the slower crystallization of
PLA, mainly in the amorphous form used, there are two possibilities for
the origin of the two melting peaks: the melting and subsequent crys-
tallization of the PHBV or the formation of two types of lamellae
structures in the crystals, as speculated by Furukawa et al. (2005) by
analyzing the crystallization behavior of PHB in different blends with
PLA. In fact, the total melting enthalpy values are very close in all film
formulations (19-22 J/g), which considering the mass fraction of PHBV
in the blend and the melting enthalpy of pure PHBV (146 J/g PHBV,
(Gonzalez-Ausejo et al., 2017) represent a crystallinity degree of PHVB
of about 55%. However, in the films containing protocatechuic acid, this
crystallinity was only reached after heating the films, and much fewer
crystalline forms would be present in the supercooled obtained film. The
incorporation of ferulic and p-coumaric acids slightly decreased the
melting points of PHBV, with no significant changes in the total melting
enthalpy, which showed values in the range reported by Requena et al.
(2018) for similar polymer blends. This reduction reflects the specific
interactions between phenolic acid and PHBV, such as hydrogen bonds
between phenolic hydroxyls and polyester carbonyls, which slightly
reduces the size of crystals and melting point. In the case of proto-
catechuic acid, these interactions promoted the polymer supercooling
without total crystallization in the film, but only when the temperature
increased above the Tg of the PLA matrix. This behavior suggests that
protocatechuic acid could establish stronger interactions with the
polymers that affected the crystallization behavior in the matrix. The
particular molecular structure of protocatechuic acid (Table 4) could be
more able to promote interchain hydrogen bonds, enhancing the
cross-linking effect, thus inhibiting crystallization because of the more
limited molecular mobility. This inhibition was also reflected in the Tg
values of PLA commented below. The reduction of melting points due to
the addition of p-coumaric acid was also observed by Contardi et al.
(2019) in polyvinylpyrrolidone films.

The glass transition of PHBV was not recorded in the DSC analyses
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due to the low expected value (—1 °C, Ferreira et al., 2002) that could
not be evaluated with the used equipment. For the PLA phase, the T,
values were 36 °C for the first scan and 29 °C for the second scan, which
agreed with those previously reported by Requena et al. (2018) for
similar polymer blends. The relaxation enthalpy associated with the
endothermic peak in the glass transition region was observed in the first
heating scan for P-P and P-C films due to the aging effects. The incor-
poration of phenolic acids led to increased Tg values, especially for
coumaric and protocatechuic acids, which exert an anti-plasticizing ef-
fect in the PLA:PHBV matrix. As previously pointed out, this could be
due to the promotion of interchain interactions through hydrogen bonds
between phenolic hydroxyls and carbonyl of polyesters, thus reducing
the molecular mobility in the matrix and increasing the Tg. The ability of
each acid to promote interchain associations will be affected by the
molecular structure of phenolic acid (shown in Table 4). In contrast,
Kasmi, Gallos, Beaugrand, Paés, and Allais (Kasmi et al., 2019) use
synthesized ferulic acid derivatives (without hydroxyl groups) as plas-
ticizers in PLA.

The effect of phenolic acids on the thermal degradation pattern of
PLA: PHBV blends is shown in Fig. 3. All films exhibited two different
degradation steps that can be attributed to the separated degradation of
each polyester, PLA and PHBV, according to the lack of polymer
miscibility previously reported (Armentano et al., 2015; Requena et al.,
2018), being PLA more thermostable than PHBV as reported by Ferreira
et al. (2002) and Zhao et al. (2013). The initial degradation tempera-
tures (Tonset) and the temperature at the maximum degradation rate
(Tpeax) for the different degradation steps of the polyester blend films
containing or not phenolic acids are shown in Fig. 3.

The peak temperatures are at around 267 °C and 321 °C and can be
attributed to the PHBV and PLA maximum degradation rates, respec-
tively. Incorporating phenolic acids into the polymeric matrix provoked
different effects on thermal behavior. Ferulic and coumaric acids led to a
significant increase (p > 0.05) in the initial degradation temperatures of
the polymer blends. However, this effect was not observed with the
addition of protocatechuic acid, which caused a decrease in the thermal
stability of the blends, decreasing both the onset temperature and those
of the maximum degradation rates of PHBV and PLA. These changes in
thermal degradation behavior are coherent with the described patterns
for glass transition and crystallization deduced from DSC analyses.
Degradation temperature increases when the cohesive forces in the
matrix arise, which are affected by the cross-linking and crystallization
degree in the matrix. The described cross-linking effect promoted by
phenolic acids could explain the slight delay in the onset of thermal
degradation of polyesters when ferulic, and coumaric acid were added.
In contrast, protocatechuic acid inhibited PHBV crystallization, and
therefore thermo-degradation occurred at lower temperatures.

Microstructural and thermal analyses revealed that PLA, PHBV, and
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Fig. 2. DSC thermograms of PLA-PHBV blend films (P) and PLA-PHBV blend films containing ferulic acid (P-F), p-coumaric acid (P-C), and protocatechuic acid (P-P)

obtained from the first heating scan (left) and the second heating scan (right).
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Fig. 3. Thermogravimetric analysis (TGA) and DGTA curves (initial degradation temperature (Tonser) and the temperature at the maximum degradation rate (Tpeax)
for the main steps of PLA-PHBV blend films (P) and PLA-PHBV blend films containing ferulic acid (P-F), p-coumaric acid (P-C), and protocatechuic acid (P-P)).

phenolic acids are not completely miscible, but interchain interactions
occurred probably due to the interchain hydrogen bonds and phenolic
molecules. The latter modifies the molecular mobility in the matrix,
giving rise to an increase in the Tg and changes in the polymer crys-
tallization pattern, affecting the polymers’ thermal stability. Proto-
catechuic acid seems to promote the strongest interactions, enhancing
the Tg value and limiting the crystallization of PHBV. In contrast, the
lack of crystallization in protocatechuic acid-containing films makes the
PHBV matrix less thermostable (Nuchanong et al., 2021).

3.2. Tensile properties and film thickness

The thickness values of the films are shown in Table 2. The incor-
poration of p-coumaric acid did not have a significant effect (p > 0.05)
on film thickness, but ferulic acid led to an increase in film thickness,

Table 2

Tensile properties (Elastic modulus: EM, tensile strength: TS and deformation at
break: %E), thickness, barrier properties (water vapor, WVP, and oxygen, OP,
permeability), color parameters, total color difference as regards P film (AE),
gloss and internal transmittance (T;) at 550 nm of PLA-PHBYV blend films (P) and
PLA-PHBV blend films containing ferulic acid (P-F), p-coumaric acid (P-C) and
protocatechuic acid (P-P). Mean values + standard deviation.

P P-F P-C P-P
EM (MPa) 1050 1112 1176 1231
+ 90° + 100> + 507 + 907
TS (MPa) 19.0 23.0 23.0 24.5
+1.5° +1.9° +2.3° + 3.6
E (%) 23+£02" 24+04° 22+03" 23+04°
Thickness (um) 145 155 143 138
+0.015" +0.018° +0.016° +0.018°
WVP (g.mm.kPa—'.h~!.  0.21 0.16 0.18 0.14
m~2) + 0.05° +0.01%° +0.02%° +0.01°
oprx10™* 168 £ 0.3  149+10° 122+1.6° 110
(em®*m~1s~1pa~!) +7.7¢
L* 77.0 78.7 78.0 76.7
+0.9° +0.7° +0.5% +0.5°
hap* 82.5 82.5 83.8 81.6
+0.8° +0.6° + 0.5° + 0.4
Cab* 14.8 14.1 14.6 13.5
+0.5° +0.6° +0.3%° +0.4°
AE - 1.74 1.03 1.37
+0.1° +0.1° +0.3%
Gloss 60° 12.4 18.9 23.6 21.6
+1.3¢ +2.9° +2.3° +3.2°
T; (A = 550 nm) 80 +0.01° 82+0.01° 83+0.01° 83
+0.01°

Different superscript letters (a-d) within the same column indicate significant
differences among formulations (p < 0.05).

whereas protocatechuic acid led to a significant decrease. This could be
associated with the different interchain forces and subsequent film
compactness established in each case, depending on the molecular
structure of phenol. These interaction forces also affected the film
flowability and extension during the compression-molding step.

The mechanical properties give essential information for analyzing
the strength, stiffness, resistance to break, and extensibility of materials
(Liu et al., 2020). The mechanical behavior will be affected by the in-
teractions between the different components of the matrix and the
incorporated active compounds (Talon et al., 2017). Table 2 shows the
elastic modulus (EM) and tensile strength (TS), and deformation at
break (%E) of the different films. The obtained values of tensile pa-
rameters for the polyester blend without acids (P) were in the range of
those reported by Requena et al. (Requena et al., 2018) for similar
polyester blends obtained by melt-blending and compression molding.

The incorporation of phenolic acids significantly (p < 0.05) affected
the tensile parameters of the films. Elastic modulus (EM) and tensile
strength (TS) increased with the addition of the three acids, higher for
protocatechuic acid, which agrees with the above-mentioned more
marked interactions of protocatechuic acid with the polymeric chains
that limited the crystallization of PHBV (Yen et al., 2008). These results
differ from that obtained in other studies carried out with PLA-based
films (without PHBV), in which the incorporation of ferulic acid or
p-coumaric acid led to a decrease in the TS values (Dintcheva et al.,
2018; Rigoussen et al., 2018; Sharma et al., 2020). On the other hand, no
significant differences in the elongation at break (E) were observed with
incorporating the phenolic acids. However, previous studies have shown
an increase in extensibility when incorporating ferulic acid into
semi-crystalline PLA films (Dintcheva et al., 2018). Therefore, the
addition of phenolic acids in the PLA-PHBV matrix resulted in more
resistant and stiffer films, which could be attributed to the promoted
interactions between phenolic acids and PHBV, but with the same
extensibility as the polyester blend (Hernandez et al., 2022).

3.3. Barrier properties

Water vapor permeability (WVP) and oxygen permeability (OP) of
films conditioned for one week at 25 °C and 53% RH are shown in
Table 2. P films showed WVP values slightly lower than that observed in
previous studies (Requena et al., 2018). The incorporation of phenolic
compounds in PLA:PHBV polymer matrix reduced the water vapor
permeability of the films, probably due to the interaction of the end
chain OH groups with acid molecules during the thermal process, which
further limits the water solubility in the films and then permeation
capability of water molecules. The hydrogen bonding between the
phenol groups and oxygen of the polyester group would also affect the
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water permeation through the polymer matrix. The slight reported
improvement in the water barrier properties was significant (p < 0.05)
in films containing protocatechuic acid, coherent with the more marked
above-mentioned interactions with PHBV chains.

Likewise, the addition of phenolic acids to the polyester blend led to
a significant decrease in oxygen permeability. This improvement was
more accentuated for films with protocatechuic acid, coherently with
the above-mentioned higher interactions with the polymer chains.
Therefore, the decrease in oxygen permeability promoted by phenolic
acids can be explained by the interactions between the phenols and
polyester chains, tightening the polymer matrix and limiting mass
transport phenomena through the films (Benbettaieb et al., 2019; Con-
tardi et al., 2019).

3.4. Optical properties

Table 2 shows color parameters, internal transmittance, and gloss
values (at 60°) for PLA-PHBV blend films with and without phenolic
acids. Incorporating phenolic acids promoted slight changes in the color
parameters, with total color change (AE) inside the non-perceptible
range. Likewise, the gloss and internal transmittance (T;) values of the
films slightly increased in films with phenolic acids, especially with the
addition of p-coumaric and protocatechuic acids.

The changes in film microstructure and color of the incorporated
compounds could cause different light interactions with the films that

10
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could affect their optical properties, promoting light scattering or
wavelength-selective absorption. Microstructural changes in the film
matrix commented on above could affect the light scattering behavior of
the films, affecting the film transparency, whereas the colorless nature of
the incorporated active compounds would not promote notable changes
in the film color and appearance. However, the quantified changes in
optical properties were very low given the relatively low concentration
of active compounds in the films and their good integration in the
polymer matrix.

3.5. Retention of active compounds after film processing and release
kinetics

The methanol extraction of phenolic acids from films with ferulic, p-
coumaric, and protocatechuic acids and the subsequent quantification
by a spectrophotometric method yielded similar values of 83.0 + 0.03,
80.0 + 0.1, and 79.0 + 0.04 g compound retained/100 g compound
incorporated, respectively. This decrease in the initially incorporated
amount of acids implies a final concentration of 1.7-1.6 g of actives
/100 g film, which could be considered enough to inhibit bacterial
growth if it is completely released to the food substrate, taking into
account the minimal inhibitory concentration of the acids against some
bacteria (Table 4). However, the effective release of these compounds
into the food substrate is necessary to exert this action. In this sense,
analyses of the release kinetics of these active compounds into different

(a)
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Fig. 4. Values of M/Mj (ratio of the amount of phenolic acid released at each time with respect to the initial mass in the film) as a function of time for the simulant A
(a) and simulant D1 (b). Experimental data (points) and Peleg and Korsmeyer-Peppas fitted models (continuous and discontinuous lines, respectively). Values were
considered until the film started to disintegrate. Films with ferulic acid (P-F), p-coumaric acid (P-C) and protocatechuic acid (P-P). For Peleg’s model R? ranged
between 0.996 and 0.974 and for Korsmeyer-Peppas R? ranged between 0.987 and 0.929 for simulant A and for Peleg’s model R? ranged between 0.986 and 0.834
and for Korsmeyer-Peppas R? ranged between 0.983 and 0.904 for simulant D1.
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food simulants (with high and intermediate polarity) were carried out.

Fig. 4 shows the data obtained for the released amount of actives as a
function of contact time, for simulants A and D1, respectively, in terms
of the My/M values (ratio of the amount of phenolic acid released at
each time concerning the initial content in the film). The fitted models
(Peleg and Korsmeyer-Peppas) were also plotted in Fig. 4. Likewise,
Table 3 shows the obtained kinetic parameters from Peleg and
Korsmeyer-Peppas models. As expected, different release behavior was
observed for the phenolic acids in both simulants according to the
different chemical affinity of compounds with the polymer matrix and
solubility in both simulants, both factors defining the partition coeffi-
cient at equilibrium (Requena et al., 2017). The released ratio of
phenolic acids into the simulant D1 (richer in ethanol) was higher than
that obtained in simulant A for p-coumaric and protocatechuic acids,
whereas this was slightly lower for ferulic acid. One important fact was
the film’s disintegration into the simulants from a determined contact
time, depending on the simulant. The kinetic data were only considered
up to the disintegration point since from this time the release behavior
was accelerated stochastically due to the loss of film integrity. This
disintegration occurs faster for films containing acids, whereas the
acid-free polyester film remains whole for more than 20 days in contact
with both simulants. This suggests that the acid release and the subse-
quent pH decrease in the aqueous media highly contribute to the film
disintegration. The pKa values of the acids are 4.58, 4.64, and 4.26,
respectively for ferulic, p-coumaric, and protocatechuic acid, and
considering the amount released at equilibrium, pH values will be lower
than 5 in the aqueous media. However, other authors also observed
degradation of PLA films in contact with ethanolic simulants; the higher
the ethanol concentration and temperature, the greater the PLA degra-
dation (Jamshidian et al., 2012). Likewise, the release rate of different
phenolic antioxidants increased when the ethanol concentration rose,
which has been mainly attributed to the penetration of ethanol into the
PLA matrix, opening the matrix and favoring the compound diffusion
(Mascheroni et al., 2010). Considering the faster release of phenolic
acids in D1 simulant (50% aqueous ethanol) and its lower water ratio, a
faster pH decrease was expected in this case, thus implying a faster film
disintegration. In fact, this disintegration occurred in all acid-loaded
films after about 190 h of contact with simulant A (10% aqueous
ethanol) and 12 h in contact with simulant D1 (50% aqueous ethanol).
Therefore, the asymptotic release value M, (considered as the equilib-
rium value) was determined from the fitting of Peleg’s model to the M
vs. t data inside the mentioned ranges and considered to calculate the
M/M,, values used to fit the model of Korsmeyer-Peppas.

The highest initial release rate (1/k;) and release ratio at equilibrium
was obtained for ferulic acid in the two simulants, whereas proto-
catechuic acid was the compound most slowly released from the films in
both simulants, also reaching the lowest release ratio at equilibrium
(0.7% and 5.4% of the film load, in simulants A and D1, respectively). As
concerns the effect of simulant, very close values of final release (My/
M,) were obtained for the three acids (6.8-5.4%) in simulant DI,
whereas these values differ more in the most polar simulant A. The
maximum released amount of the acids was much lower than the com-
pound solubility in water that, in turn, increases with the ethanol con-
tent in the simulants. Therefore, the different chemical interactions of
the compounds with the polyester matrix and its different degree of

Table 3
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relaxation in contact with the solvent can explain the differences found
in the kinetic parameters. In fact, the release rate and the released
amount at equilibrium for all phenolic acids were higher in simulant D1,
which contained a higher proportion of ethanol, as observed by other
authors (Jamshidian et al., 2012) for PLA films. A greater ethanol con-
tent promotes PLA relaxation and release of the incorporated
compounds.

As concerns the parameters of Korsmeyer-Peppas Model, values of n
coefficient were lower than 0.5 in almost all the cases, thus indicating
that quasi-Fickian diffusion mechanisms are involved in the release of
the three phenolic acids from the PLA:PHBV matrix. Only for proto-
catechuic acid in simulant D1, n value was higher than 0.5, which is
associated with an anomalous transport where diffusion mechanism was
coupled with polymer relaxation and swelling caused by the ethanol
penetration in the matrix.

From the release study, a very slow release of the active compounds
was deduced, highly affected by the polarity of simulant, being non-
polar systems, such as fatty foods, those more suitable to favor the de-
livery of phenolic acids. These systems are more sensitive to oxidation
reactions than bacterial growth. Nevertheless, studies in real foods
would be necessary to prove the active compound’s effectiveness. Next
section analyses the antibacterial properties of the phenolic acids and
the films containing these, using a gram-positive (Listeria innocua) and
gram-negative (Escherichia coli) bacteria.

3.6. Minimum inhibitory concentration (MIC) of phenolic acids and
antibacterial performance of the films

As shown in Table 4, all the used phenolic acids exhibited antibac-
terial activity against Escherichia coli and Listeria innocua, with values of

Table 4
Minimum inhibitory concentration (MIC) of the ferulic, p-coumaric, and pro-
tocatechuic acids studied against Escherichia coli and Listeria innocua.

Phenolic acids MIC (mg/ Other studies (mg/L)
L) Escherichia coli Listeria innocua
Escherichia

coli Listeria
innocua

Ferulic acid 800 700 > 1000 (Alves 1942 (Miyague
et al., 2013) et al., 2015)
o
HBCOQ/\/“\OH 1250 (Borges > 1000 (Alves
et al., 2013) et al., 2013)
HO
p-coumaric acid 800 900 1000 (Alves 2461 (Miyague
et al., 2013) et al., 2015)
> 1000 (Alves
o) et al., 2013)
=
HO'
Protocatechuic acid 750 700 > 1000 (Cueva 3082 (Miyague
et al., 2010) et al., 2015)
(e} 1000 (Alves 1000 (Alves
OH et al., 2013) et al., 2013)
HO
OH

Parameters of Peleg Model: 1/k; (% released/h); M,/Mo= 1/k» (% released at equilibrium) and Korsmeyer-Peppas Model: n (dimensionless) and k (h™) in simulants A
(ethanol aqueous solution, 10% v/v) and D1: (ethanol aqueous solution, 50% v/v). Mean values and standard deviation.

Formulation Simulant A Simulant D1
Parameters of Peleg Model Parameters of Korsmeyer-Peppas Model Parameters of Peleg Model Parameters of Korsmeyer-Peppas Model
1/k, M./M, n K 1/k, M/M, n K

P-F 0.4 +0.04 8.5+ 0.4 0.4 +0.01 0.13 +0.05 2.5+ 0.6 6.8 +0.4 0.4 +0.07 0.35 + 0.06

P-C 0.2 +0.04 3.0+£0.3 0.3 £0.02 0.22 £ 0.07 1.05 + 0.05 6.0 £0.6 0.51 + 0.05 0.19 £ 0.01

P-pP 0.2+0.1 0.7 £ 0.4 0.2+0.1 0.37 +0.03 0.46 + 0.03 54+15 0.77 £ 0.01 0.08 £ 0.01
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MIC ranging from 700 mg/L to 900 mg/L. Protocatechuic acid was the
most effective at inhibiting the growth of Escherichia coli (lowest MIC)
and showed the same MIC as ferulic acid against Listeria innocua. The
reported MICs values were slightly lower than those found by other
authors (Alves et al., 2013; Borges et al., 2013; Cueva et al., 2010;
Miyague et al., 2015), which can be explained by changes in the test
conditions such as inoculum volume, incubation time, temperature,
culture medium, and pH (Pei et al., 2009).

Fig. 5 shows the results of the in vitro tests performed with the films in
TSB culture medium inoculated with L. innocua after 6 days of cold
storage. Results showed that the incorporated phenolic acids led to a
slight significant decrease (p < 0.05) in the growth of Listeria innocua,
with no significant differences between phenolic acids, whose MIC
values were relatively similar. However, the microbial growth inhibition
with respect to the polyester films without phenolic acids (P, control)
was lower than 2 log CFU, which is what is usually considered as being
significant in microbial growth studies. This scarce efficacy of the
potentially active films can be explained by the small amount of acid
released from the polymeric matrix into the highly polar inoculated
culture media, as can be deduced from the release study. In view of these
results, antibacterial activity of the films against E. coli was not expected,
since the MIC values were very similar and were not clearly reached in
the medium due to the limited compound delivery from the films. This
limited release of the active compounds in aqueous media will also affect
the potential antioxidant activity of the films. However, these com-
pounds were effective at preventing fat oxidation in packaged pork meat
in this kind of films laminated with starch films (Hernandez et al., 2022).

4. Conclusions

The incorporation of 2% (w/w) of ferulic, p-coumaric or proto-
catechuic acids by melt- blending and compression molding in a poly-
mer matrix of PLA:PHBV (75:25) led to an increase in the glass transition
temperature of PLA while PHBV supercooling occurred in the films
containing protocatechuic acid. These changes affected the thermal
degradation behavior. The addition of ferulic acid increased the thermal
stability of the polyester blend films whereas the incorporation of pro-
tocatechuic decreased it. Likewise, matrices with phenolic acids were
stiffer and more resistant to break than the polyester blend, but with
similar extensibility. Oxygen and water vapor barrier capacity were also
improved by phenolic acids, in agreement with the higher cohesion
forces of the films. Protocatechuic acid promoted the highest effects. The
release rate and ratio of phenolic acids increased when the polarity of
the food simulant decreases, although very slow delivery was observed
in all cases. The three phenolic acids exhibited antibacterial activity
against gram-positive (Listeria innocua) and gram-negative (Escherichia
coli) bacteria. However, their incorporation into the polyester blend
films did not inhibit significantly the growth of Listeria innocua in
inoculated culture medium, due to the very limited release of active
compounds in the polar culture medium. This would also affect the
antioxidant activity of the films since the active compound was not
efficiently delivered in aqueous systems. Therefore, the target applica-
tion of these potentially active packaging materials should consider the
scarce release of active compounds in aqueous systems, which will affect
the antibacterial performance of the films, although these could act as
antioxidant in fatty foods. Further studies are necessary to evaluate
other techniques for incorporating the active compounds into the
polymeric matrix in order to achieve a more effective release of the
active compounds and better antimicrobial performance. Likewise,
other active functions of the films, such as the antioxidant capacity,
should be evaluated in systems with different polarity.
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