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Abstract

Aqueous extracts from rice straw (RS), using ultrasound-assisted reflux heating extraction (USHT) and subcritical water
extraction (SWE), under two process conditions (160 °C, 7 bars; and 180 °C, 11 bars), were obtained and characterised as
to their phenolic content and antioxidant and antimicrobial capacities. These extracts were incorporated (6% wt.) into poly
(lactic acid) (PLA) films by melt blending and compression moulding that were characterised as to their structural and
functional properties and their capacity to preserve fresh pork meat, as vacuum thermo-sealed bags, throughout 16 days of
cold storage. The extracts slightly reduced the extensibility, resistance to break, and water barrier capacity of the PLA films
but enhanced their oxygen barrier capacity and the UV light-blocking effect. The films with RS extracts were effective at
preserving meat quality parameters, inhibiting microbial growth, meat oxidation, discolouration, and weight loss. The SWE
extract obtained at 180 °C was the most effective at obtaining active films for meat preservation, exhibiting the greatest
antioxidant and antibacterial activity. Therefore, the green SWE technique is useful for obtaining active extracts from RS,

allowing for its valorisation in the development of biodegradable active materials useful to preserve food quality.

Keywords Subcritical water extraction - Ultrasound-reflux heating method - Antimicrobial extracts - Antioxidant

compounds - Meat preservation - Agro-industrial valorisation

Introduction

Active food packaging improves food preservation by main-
taining its quality and safety for longer, thus extending the
food shelf-life (Baghi et al., 2022; Sung et al., 2013). To this
end, it is necessary to release active compounds into the food
or headspace in order to inhibit, minimise, or delay undesir-
able reactions, such as oxidation, discolouration, or microbial
growth, that cause food spoilage (Han et al., 2018; Nerin
et al., 2008). Of the different strategies to obtain active pack-
aging materials, the direct incorporation of active compounds
into the polymer matrix for their subsequent release into the
food system is the most common practice (Almasi et al.,
2021; Sabaghi et al., 2022). Specifically, antioxidant and
antimicrobial compounds are frequently used in the devel-
opment of active materials for food packaging since oxidation
and microbial attack are the most common spoilage processes
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in food products (Campos et al., 2011; Sofi et al., 2018).
In this sense, naturally occurring antioxidant/antimicrobial
compounds are highly appreciated by consumers since these
are seen as safer. Many plant extracts contain compounds
with antioxidant or antimicrobial capacity (Zazharskyi et al.,
2019; Saeed et al., 2012; Lee et al., 2003) that can be used as
active ingredients for the formulation of active films. In this
sense, the plant tissue from different agri-food waste could
be valorised as sources of active extracts for different uses in
the area of food preservation (Makris et al., 2007; Panzella
et al., 2020; Torres-Valenzuela et al., 2020). Specifically, dif-
ferent active extracts obtained from agri-food wastes, such
as pink pepper (Merlo et al., 2019), hops (Almeida et al.,
2022), grape seed (Bof et al., 2016; Zhao et al., 2022), cof-
fee and rice husks (Collazo-Bigliardi et al., 2019), or rice
straw (RS) (Menzel et al., 2020), have been incorporated into
polymer matrices to obtain active materials for food packag-
ing or coating.

The use of biodegradable polymer matrices to obtain
active food packaging materials is a highly recommended
means of reducing the environmental impact of plastics,
while the active properties add value to the more expensive
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biodegradable polymers. Thus, the valorisation of agro-
industrial wastes and by-products into value-added prod-
ucts, useful for developing biodegradable, active packaging
materials, represents an interesting practice in the reduction
of ecological and environmental problems while boosting
the circular economy (Bhat, 2021).

One of the most produced agro-industrial residues
worldwide, rice straw (RS) is one of the leftovers gener-
ated after the rice harvest that has no direct economic value,
and is usually burned in the rice paddies (Peanparkdee &
Iwamoto, 2019; Saini et al., 2015). Given its renewability,
availability, cheapness, and richness in lignocellulosic frac-
tions (~70% dry matter), several environmentally-friendly
approaches have been proposed to valorise and exploit its
potential (Goodman, 2020). Obtaining bioactive extracts
from RS, using green and sustainable extraction processes,
is of great interest given the notable antioxidant and anti-
microbial properties (Menzel et al., 2020; Freitas et al.,
2021) of some of its components, such as ferulic, gallic,
protocatechuic, or p-coumaric acids (Karimi et al., 2014;
Menzel et al., 2020). The process extraction efficiency and
the profile of active extract compounds depend on factors,
such as temperature and time, kind of solvent, pressure, or
sample pre-treatments (Alara et al., 2021; Herrero et al.,
2012). Likewise, the extraction process must be green, fast,
scalable, toxic solvent-free, and economically profitable.
To this end, different technologies have been applied, such
as supercritical extraction, microwave-assisted extraction,
ultrasound-assisted extraction, or subcritical water extrac-
tion, using green solvents (Torres-Valenzuela et al., 2020).

Freitas et al. (2020) applied ultrasound pre-treatment and
reflux heating water extraction to obtain RS antioxidant
extracts that contain a notable content in polyphenols and
antioxidant capacity. Application of high shear rates caused
by acoustic cavitation promoted the extraction of the target
compounds from the plant matrix due to the intense disrup-
tion of the plant structure and the exposure of the innermost
cell tissues (Cheung & Wu, 2013; Luque-Garcia & Luque
de Castro, 2003; Ojha et al., 2020), thus facilitating solvent
accessibility in the subsequent heating step that promotes
the debonding of phenolic compounds from the plant matrix.

Subcritical water extraction (SWE), also known as pres-
surised hot water extraction, is a green, innovative extrac-
tion technique that uses water under subcritical conditions,
i.e., temperatures above the boiling point of water and pres-
sures high enough to keep the liquid water below its critical
point (~374 °C and 218 atm) (Castro-Puyana et al., 2013).
SWE has been applied in the green extraction of a wide
range of components from different plant sources (Collazo-
Bigliardi et al., 2019; Moirangthemet al., 2021; Requena
et al., 2019a), improving the mass transfer of non-polar com-
pounds due to changes in the water solvent properties, such
as the decrease in surface tension or dielectric constant, as
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a function of the pressure/temperature (Ong et al., 2006;
Plaza et al., 2010a). Therefore, SWE at a different process-
ing temperature/pressure will give rise to extracts with dif-
ferent composition profiles and bioactivity.

Poly (lactic acid) (PLA) is a compostable polymer that
are used to obtain active packaging materials for food pres-
ervation purposes (Burgos et al., 2017). It is recognised as
safe and has already been used as a food packaging material
(Sodergard & Stolt, 2002), fulfilling functions of mechanical
protection, barrier to moisture, fats, and gases. The devel-
opment of biodegradable PLA-based films incorporating
active extracts obtained from agro-industrial waste has great
potential to extend the shelf-life of packaged foods. These
materials would contribute to a reduction in food residues
and plastic contamination, and to the valorisation of agro-
industrial waste, boosting the circular economy.

In this study, aqueous extracts from rice straw, using US
assisted reflux heating extraction (USHT) and SWE under
two extraction conditions (160 °C, 7 bars; and 180 °C, 11
bars), were obtained and characterised as to their phenolic
content and antioxidant and antimicrobial capacity. These
extracts were incorporated into PLA films obtained by melt
blending and compression moulding that were analysed
as to their structural and functional properties (mechani-
cal, optical, thermal, and barrier properties). Likewise, the
capacity of the films to preserve fresh pork meat, as vacuum
thermo-sealed bags, was analysed through the control of the
meat quality parameters (pH, colour, weight loss, microbial
counts, and oxidation) throughout 16 days of cold storage.

Material and Methods
Materials

RS (Oryza sativa L. var. J. Sendra) was obtained as waste
from the rice industry and collected in a L’Albufera paddy
field (Valencia, Spain). The RS was dried, milled, and sieved
as previously described by Freitas et al. (2020) and stored at
20 + 2 °C until further use.

Amorphous PLA 4060D (average molecular weight of
106,226 D and density 1.24 g/cm?) was purchased from
Natureworks (USA). Trichloroacetic acid (> 99% purity),
magnesium nitrate (Mg(NOs),), and di-phosphorous pentox-
ide (P,05) were supplied by PanReac Quimica S.L.U (Cas-
tellar del Vallés, Barcelona, Spain). 2-Thiobarbituric acid
(> 98% purity), ethanol (98% purity), and methanol (> 99.9
purity) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). For microbiological tests, buffered peptone water,
trypticasein soy broth (TSB), and Man Rogosaand Sharpe
agar (MRS) were purchased from Labkem (Barcelona,
Spain). Violet red bile agar (VRB) was supplied by Scharlab
S.L. (Sentmenat, Spain). Strains of Listeria innocua (CECT
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910) and Escherichia coli (CECT 101) were purchased from
the Spanish Type Collection (CECT, University of Valencia,
Valencia, Spain).

Obtaining and Characterisation of RS Aqueous
Extracts

Three aqueous RS extracts were obtained, by applying a
previously optimised combined ultrasound-reflux heating
treatment (USHT) (Freitas et al., 2020) and subcritical water
extraction (SWE) at 160 (SWE160) and 180 (SWE180) °C
(Fig. 1). For SWE processes, the RS particles were dispersed
in distilled water at a ratio of 1:10 (w/w) and submitted to
extraction in a pressure reactor (Model 1-T-A-P-CE, 5 L
capacity, Amar Equipment PVT.LTD, Mumbai, India) under
two extraction conditions: 160 °C, 7 bars, 150 rpm for 30
min, and 180 °C, 11 bars, 150 rpm for 30 min.

After each extraction step, the RS dispersion was filtered
(Filterlab) to obtain the liquid extracts, which were freeze-
dried (Telstar, model LyoQuest-55) at —60 °C, 0.8 mbar for
72 h. The obtained freeze-dried extracts were stored in a
dark bottle at 0% relativity humidity (RH) (with P,Os) and
at4 + 2 °C until further use.

The dried extracts were characterised as to their total
phenolic content (TPC) and antioxidant capacity. TPC was
determined in triplicate for each extract, by using the modi-
fied Folin-Ciocalteu method, as described by Menzel et al.
(2020). The TPC was determined through the absorbance

Fig. 1 Schematic illustration of
the applied extraction methods
to obtain RS extracts: subcritical
water extraction (SWE) under
two extraction conditions (160
°C, 7 bars (SWE160); 180 °C, 11
bars (SWE180)) and ultrasound-
reflux heating (USHT)

M S

Rice Straw (RS)

values and the standard curve (R’ = 0.9991) of gallic acid
(2-20 mg L™"). The results were expressed as mg gallic acid
equivalent (GAE) per g of dry extract.

The antioxidant activity of the extracts was determined
through the ABTS and DPPH radical scavenging capacity.
The ABTS assay was carried out as reported by Re et al.
(1999). Each extract was analysed in duplicate. The stand-
ard curve was prepared using different concentrations of
Trolox (0-25 pmol LR = 0.9982), and the results were
expressed as Trolox equivalent antioxidant capacity (TEAC),
in pmol Trolox/mg extract.

The 2,2-diphenyl-1-pikryl-hydroxyl (DPPH) method
(Brand-Williams et al., 1995), with some modifications
(Freitas et al., 2020), was also used to quantify the antioxi-
dant capacity of the extracts. The antioxidant activity of the
different extract was reported as the ECs, value, which is the
concentration required to reduce the DPPH concentration by
50% when the reaction is stable, using a standard curve with
different concentrations of DPPH (0.08—0.1 mmol L' R?
= 0.9992). The time to achieve reaction stability was 12 h
for all cases.

The minimal inhibitory concentration (MIC) of the
extracts for a Gram + (Listeria innocua) and a Gram
— (Escherichia coli) bacteria was analysed in order to assess
the potential antibacterial effect of the extracts, as described
by Requena et al. (2019a), with the modifications described
by Freitas et al. (2020), using a 96-well disposable sterile
microtiter plate (well volume of 200 pL). Stock solutions of

Milling and
sieving

RS < 500 um

Subcritical water

RS:water (1:10) ‘ RS:water (1:20)

Ultrasound (30 min, 25 °C) +
Reflux heating (1 h, 100 °C)

160 °C extraction 180 °C
7 bars 11 bars
30 min 30 min

S$160 extract

SWE-180 extract USHT extract
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each extract and different dilutions, ranging between 20 and
200 mg mL~! (with 10 mg mL~! intervals) were obtained
with the TSB broth medium. The MIC value of each extract
was analysed in duplicate.

Film Preparation and Characterisation

PLA films with the different RS extracts were prepared
by melt blending and compression moulding. The amor-
phous PLA pellets were preconditioned in P,O5 for 2 days
to eliminate residual water. On the basis of previous stud-
ies (Freitas et al., 2022), PLA samples were hand-mixed
with the dried extracts, at 6% with respect to the poly-
mer mass, and melt-blended, using an internal mini-mixer
(HAAKETM PolyLabTM QC, Thermo Fisher Scientific,
Karlsruhe, Germany), at 160 °C and 50 rpm for 6 min.
PLA films without RS extract were also prepared as control
films. All films were thermoformed by thermocompression
of 3 g of the blend, previously milled (IKA, model M20,
Germany), using a heat plate hydraulic press (Model LP20,
Labtech Engineering, Thailand) (Freitas et al., 2022). The
films were labelled as PLA (control), PLA-USHT, PLA-
SWE160, and PLA-SWE180, which indicate the type of
active extract incorporated in the PLA film.

Film Microstructure

The morphologies of the cross-sections of films were evalu-
ated using a field emission scanning electron microscope
(ULTRA™ 55, Zeiis, Oxford Instruments, UK). The film
samples were cryo-fractured by immersion in liquid nitrogen
and then platinum coated, using an EM MEDO020 sputter
coater (Leica BioSystems, Barcelona, Spain). The micro-
graphs were taken at 2.0 kV acceleration voltage.

Colour and Transparency

A spectro-colorimeter (CM-3600d, Minolta Co. Tokyo,
Japan) was used to measure the optical properties of the
films according to the Kubelka-Munk theory of multiple
scattering. The internal transmittance (7}) and infinite reflec-
tance spectra (R,,) were obtained from the film reflectance
(R) on black (R,) and white (Rg) backgrounds, in the range
of 400 to 700 nm (Egs. (1)-(4)), as previously described
(Freitas et al., 2023a). The CIEL*a*b* colour coordinates of
the films were obtained from the infinite reflectance spectra.
Chroma (C_,*) (Eq. (5)) and hue angle (%, *) (Eq. (6)) were
also calculated.

T. =

l

(a—Ry)’ =12 M

@ Springer

R, ,=a-b )
a_5k+<_ﬂ?if>] 3)
b=Va?-1 4)

C* = Va? +b*? (%)

h*arctg(%) (6)

A UV-visible spectrophotometer (Evolution 201, Thermo
Scientific) operating in light transmission mode was used to
determine the UV-vis spectra of the films. For each formu-
lation, the spectra were obtained between 200 and 900 nm,
in triplicate.

Tensile Properties

Tensile strength at break (TS), elastic modulus (EM), and
elongation at break (E) were determined following the
ASTM D882 method (ASTM, 2012) using a universal test
machine (TA.XTplus model, Stable Micro Systems, Hasle-
mere, England) (Freitas et al., 2022). Before the analysis, a
digital micrometre (Palmer, model COMECTA, Barcelona,
accuracy of 0.001 mm) was used to measure the thicknesses
of the films at ten random film positions. Eight replicates
were evaluated per treatment.

Barrier Properties

The water vapour permeability (WVP) of the films was
determined following the gravimetric method ASTM E96/
E96M (ASTM, 2005) applying the modification proposed
by McHugh et al. (1993). The cups were weighed every
1.5 h with an analytical balance (+0.0001 g) throughout 48
h. Finally, the WVP was calculated from the slope of the
weight loss-time curves (Freitas et al., 2021). For each for-
mulation, the analysis was carried out in triplicate.

An oxygen permeation analyser (Model 8101e, Systech
Illinois, Illinois, USA) was used to determine the oxygen
permeability (OP) of the films at 25 °C and 53% RH, follow-
ing the ASTM D3985-05 methodology (ASTM, 2010). The
oxygen transmission rate (OTR) through the film samples
(50 cm?) was measured every 15 min until equilibrium was
reached (difference between the last 4 measurements of less
than 1%). The OP of the films was calculated according to
Eq. (7), and the measurements were taken in duplicate for
each formulation.
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OP = i—T; X thickness (7)

where Ap is the difference in partial pressure of oxygen
between the two sides of the film.

Thermal Behaviour of the Films

Differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) of the films was carried out to analyse
the effect of extracts on phase transitions and thermal stability
of PLA, respectively. Film samples (5-7 mg) in aluminium-
sealed pans were analysed in the calorimeter (Stare System,
Mettler-Toledo Inc., Switzerland), under a nitrogen flow (30
mL min~!), by applying a heating scan previously described by
Freitas et al. (2022). For TGA, film samples (3—5 mg) was also
analysed following the Freitas et al. (2022) methodology. The
derivative curves (DTGA) of the thermograms were analysed,
and the initial degradation temperature, the temperature at
maximum degradation rate, and the mass loss were determined.

Pork Meat Preservation Capacity of the Films

The capacity of the films with different active extracts to pre-
serve fresh pork meat during cold storage was evaluated. To
this end, fresh pork meat was obtained from the local market
and aseptically cut into fillets of about 22 g. Previously, the
control and active films (12 cm X 7 cm) were thermo-sealed
using a vacuum sealer (Vacio Press, Saeco) to obtain bags.
Then, the fillets were put into the film bags, and thermo-sealed
at vacuum conditions. The packaged samples were stored for
16 days at 4 °C. The meat quality parameters, typically pH,
mass loss, colour, microbial count, and 2-thiobarbituric acid
reactive substances (TBARS) index, were evaluated on days
0, 7, and 16 days of storage, using two different sample bags
for each time.

Colour Measurement

The meat CIEL*a*b* colour coordinates were obtained with
a spectro-colorimeter (CM-3600d, Minolta Co., Japan) using
a D65 illuminant and at 10° observer. The meat colour param-
eters at initial time (Ly*, a*, b,*) were used to determine the
total colour difference of the samples (AE*) throughout the
storage, by applying Eq. (8).

AE* = \/ (AL*)* + (Ad*)? + (Ab*)? ®)

where AL* = (L* - LE“)); Aa* = (a* - az‘)); Ab* = (b* - bg).

Mass Loss and pH Measurement

The pH analysis was performed by immersing an electrode
probe (Mettler-Toledo GmbH, Schwerzenbach, Switzerland)
into the pork meat fillets (five measurements per sample). In
addition, the sample weight loss was determined by weigh-
ing each fillet at 0, 7, and 16 days of storage (Eq. (9)).

' Wo — Wy
Weight loss (%) =

x 100

o ©
where w, and w,are the initial and final weight (on day 7 or
16) of the meat sample

TBARS Assay

The antioxidant capacity of the active films was evalu-
ated by measuring the TBARS index of the meat following
the methodology previously described by Siu and Draper
(1978) and Freitas et al. (2023b). The absorbance at 532
nm was measured, and the TBARS index were expressed
as mg malonaldehyde (MDA) per kg of meat using
1,1,3,3-tetramethoxypropane as standard (0.5-12 uM). The
measurements were performed in triplicate.

Microbiological Analysis

Microbial counts, typically total viable (TV), psychrotrophic
bacteria (PB), total coliforms (TC), and lactic acid bacteria
(LA) were determined in packaged meat throughout stor-
age, as described by Freitas et al. (2023b). For each micro-
organism and treatment, plates with 25-250 colonies were
selected to determine the bacterial count and expressed as
log colony-forming units (CFU) per gram of meat (log CFU
g~ sample).

Statistical Analysis

Analysis of variance (ANOVA) and Tukey’s HSD (honestly
significant difference) test, considering the least significant
difference (a) of 5%, were applied to determine whether
there were significant differences among the active extracts

and or the film formulations. The statistical analysis was car-
ried out using the Minitab Statistical Software (version 17).

Results and Discussion
Active Properties of the RS Extracts
Table 1 shows the phenolic content, antioxidant param-

eters, and MIC values of each active extract. A different
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Table 1 Total solid yield (TSY), total phenolic content (TPC), antioxidant capacity (ECs, and Trolox equivalent antioxidant capacity (TEAC)),
and minimum inhibitory concentration (MIC) for L. innocua and E. coli of the bioactive extracts obtained with different extraction methods

USHT" SWE160" SWE180"
TSY (g dry extract 100 g~! RS) 13.95 + 0.13b 23.1+0.3a 234 + 1.1a
TPC (mg GAE g~! dry extract)” 37.1 + 0.4c 51.1 + 2.4b 82.5+3.2a
EC;, (mg dry extract mg~! DPPH) 6.3 +£0.3a 2.0+ 0.1b 1.2 +£0.1c
TEAC (umol Trolox.mg™" dry extract) 0.59 + 0.02¢ 0.67 = 0.01b 0.94 + 0.02a
MIC L. innocua (mg mL™) > 200 50 + 3a 30 + 3b
MIC E. coli (mg mL™") > 200 > 200 182 +3

Different letters in the same row indicate significant differences between films by the Tukey test (@ = 0.05)
*USHT ultrasound-reflux heating, SWEI60 subcritical water extraction at 160 C, SWE180 subcritical water extraction at 180 °C, **GAE gallic

acid equivalent

phenolic content and antioxidant capacity were obtained via
the different extraction processes. SWE was more effective
than USHT process at phenolic extraction, the efficiency
increasing when the temperature rose. The phenolic content
of the extracts was linearly correlated with their ABTS radi-
cal scavenging capacity (r = 0.996), but a poor correlation
was observed between ECs, values and TPC (r = —0.828).
The higher the TPC, the lower the ECs, values (a smaller
extract amount was required to reduce the DDPH radical
activity by 50%), although SWE extracts seem to exhibit a
different tendency with respect to TPC. This suggests that
phenolic compounds detected from the Folin-Ciocalteu
assay in the extracts did not have the same composition pro-
file in USHT extract as in the SWE extracts and exhibited
different DPPH scavenging capacity. In this sense, other
antioxidant compounds neo-formed through Maillard and
caramelisation reactions at the highest SWE temperature
could also contribute to the EC, values, as described by
other authors as regard the SWE of different plant matrices
(Plaza et al., 2010a). Plaza et al. (2010b) studied the forma-
tion of Maillard and caramelisation products during SWE
using glycation model systems with amino acids and glu-
cose, as a function of temperature, and found that the extent
of non-enzymatic browning reactions was higher when the
temperature increased. Therefore, SWE180 extracts could
contain a greater ratio of these kinds of brown compounds.

For comparison purposes, the ECs,, values of potent anti-
oxidant compounds, such as ascorbic acid or a-tocopherol,
are 0.12 and 0.26 mg compound /mg DPPH, respectively
(Brand-Williams et al., 1995), which indicates that the SWE
extracts, especially SWE180, exhibited a high DPPH radical
scavenging capacity, nearer to that of the strong antioxidants.

As concerns the antimicrobial capacity of the extracts,
the MIC values of the extracts for both Gram-positive and
Gram-negative bacteria also suggested greater antibacte-
rial activity of the SWE extracts, since lower MIC values
were obtained for these extracts. Although in no case were
the MIC values of USHT extracts reached at the maximum
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concentration (200 mg mL_l) used, SWE extracts reached
the MIC value of L. innocua at 30 and 50 mg mL™" for
SWE160 and SWE180 extracts, respectively. E coli was less
sensitive to these extracts, exhibiting higher MIC values
(over 200 mg mL~!, for SWE160 extract). Previous studies
with phenolic acids, which are the main phenolic compounds
in RS aqueous extracts (Menzel et al., 2020), also pointed
to the differences as regards their effectiveness against each
bacterium (Ordoiiez et al., 2021) Ferulic acid, one of the
main constituents of rice straw aqueous extract (Menzel
et al., 2020), was also more effective against L. innocua than
against E. coli, as observed by other authors (Andrade et al.,
2022; Takahashi et al., 2013). Gram-negative bacteria, such
as E. coli, are expected to be more resistant to antimicrobi-
als, as their outer membrane limits the crossing of small
molecules to a greater degree (Bof et al., 2016; Liu et al.,
2020). Therefore, the obtained RS extracts may be used to
produce biodegradable active films, as reported for other
plant extracts (Bof et al., 2016; Hauser et al., 2016; Requena
et al., 2019b).

Properties of the Films
Microstructure and Optical Properties of the Films

Figure 2 shows the cross-sections of PLA films with and
without RS extracts obtained by different extraction meth-
ods (USHT, SWE160, and SWE180). The control PLA
films exhibited a plastic cryofracture, with brittle and rub-
bery domains, characteristic of this amorphous polymer,
as observed by other authors (Muller et al., 2017; Sanyang
et al., 2016). The incorporation of RS extracts promoted
appreciable differences in the microstructure of the films,
according to the new interactions established between
the extract components and PLA chains. The phenolic-
rich composition of the extracts, including ferulic acid,
p-coumaric acid, protocatechuic acid, and caffeic acid
(Mengzel et al., 2020), may imply the extensive formation
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Fig.2 FESEM micrographs of
the cryo-fracturated PLA films
with and without different RS
active extracts. The images were
taken at X600 magnification
(with inserts at xX2000)

PLA-SWE160

of hydrogen bonds between the phenol OH groups and
carbonyl of the PLA chains or with the end chain hydroxyl,
which could promote a new interchain entanglement. Like-
wise, the presence of small aggregates, or small holes,
in the polymer matrix, depending on the extract incor-
porated, suggested the lack of total compatibility of the
extract compounds and polymer, giving rise to phase sepa-
ration and a more heterogenous structure. The PLA-USHT
film showed a high proportion of small aggregates that
were well adhered to the polymer matrix, whereas films
with SWE extracts showed small holes that, in some cases,
contained loose particles. This suggests a different affin-
ity of non-miscible compounds of the extracts with the
polymer, giving rise to differing adhesion forces of dis-
persed particles with the matrix, depending on their com-
position. A rough surface pattern of the cross-section of
PLA films was also reported by Diaz-Galindo et al. (2020)
when the a greater concentration of grapevine cane extract
was incorporated (5-15% wt.). The SWE promotes the
extraction of less polar compounds, such as phenolic acids
(Ong et al., 2006; Plaza et al., 2010a), but also favours
the extraction of hemicellulose (Requena et al., 2019b),
which could be less compatible with the PLA chains, given
their polymeric, hydrophilic nature. Therefore, interchain
interactions with miscible compounds of the extracts and
dispersion of the non-compatible fractions provoked a
structural modification in the PLA matrix that can affect
its functional properties as a packaging material, such as
its optical, barrier, or mechanical properties.

PLA-USHT

12 ym
=i

PLA-SWE180

As concerns the optical characteristics of the films, their
visual appearance, colour coordinates, and UV-vis transmit-
tance spectra are shown in Fig. 3a. The incorporation of
extracts promoted marked changes in the film colour that
becomes reddish, more vivid, and darker than the control
PLA film. Active films exhibited a notable decrease in light-
ness (L*: from 90.7 to 61.0), with a pronounced increase in
colour saturation (C,_,*: from 2.7 to 49.2), and a significant
change in the hue angle (h,,*: from 99.0 to 75.2), in which
the extract SWE180 promoted the highest changes. The total
colour difference (AE*) of the active films with respect to
the control PLA film was higher for PLA-SWE180 films
(55.7) than PLA-SWE160 (45.1), while the lowest value was
obtained for PLA-USHT films (36.7). This is coherent with
a higher ratio of coloured compounds in the extracts, since
many chemicals present in the lignin fraction are responsi-
ble for the dark colour in plant matrices (Do et al., 2020).
Likewise, the high temperatures and pressures applied in
the SWE process could promote browning reactions, such
as Maillard and caramelisation reactions, giving rise to more
coloured/more intensely coloured extracts, mainly at 180 °C,
as previously reported (Plaza et al., 2010b).

As concerns the UV-vis transmittance spectra (Fig. 3b),
the net PLA film was highly transparent, with 70-80%
transmittance in the visible wave-length range, with a
slight light-blocking effect in the UV region (400-250 nm).
In contrast, the active films exhibited a marked decrease in
light transmission in both the visible and UV ranges, due
to the presence of the extract compounds in the polymer
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Fig.3 a Visual appearance and colour coordinates (mean values and standard deviations) and b UV-vis spectra of the PLA films with different

RS extracts

matrix with the ability to absorb UV light. In fact, phenolic
compounds are considered as photo-protective compounds
due to their molecular structure, with conjugated double
bonds and aromatic rings (Woo et al., 2011). The most
intense UV-vis light blocking effect was achieved for the
films with SWE extracts (SWE160 and SWE180). These
transmitted approximately 20% in the visible light range
and exhibited a total blocking effect between 400 and 450
nm. The PLA-USHT film was slightly more transparent
than the other active films, especially in the UV region.
Wen et al. (2020) also reported an excellent light-blocking
effect of poly (vinyl alcohol) films with green tea extract.
Thus, the presence of active RS extracts, especially those
obtained by SWE, prevented the UV light transmission,
which is responsible for promoting the photo-oxidation of
the components present in foods, such as vitamins, fatty
acids, or pigments.

Thermal, Mechanical, and Barrier Properties of the Films

Thermal analysis of the films obtained by DSC (second heat-
ing to delete the polymer thermal history) (Fig. 4b and c)
showed the typical glass transition of the amorphous PLA
at 55.8 °C, in the previously reported range by other authors
(Ordotiez et al., 2022). The incorporation of RS extracts pro-
voked a plasticising effect, reducing the 7, values by about 5
°C, regardless of the kind of extract (Table 2).

Likewise, TGA also revealed the effect of RS extracts
on thermal stability of PLA (Fig. 4a and b). The typical
degradation curve of amorphous PLA was obtained, with a
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single thermal event starting at 269 °C (7)) and maximum
degradation rate at 357 °C (T),), as reported by other authors
(Ordotiez et al., 2022). The incorporation of RS extracts pro-
voked a decrease in both 7, and Tp of about 50 and 15 °C,
respectively, regardless of the extract incorporated, as shown
in Table 2. These effects reflected the structural changes in
the PLA matrix due to action of some extract components,
such as phenolic acids or bonded water. These compounds
could promote the partial hydrolyses of PLA during ther-
mal processing, with the subsequent formation of shorter
chains. The low molecular weight chains would contribute
to a reduction in the Tg and thermal stability of the matrix,
whose degradation started at a lower temperature. Similar
effects on 7, of PLA matrices have been observed when
plant extracts were incorporated (Khakestani et al., 2017).

Figure 5a shows the typical stress—strain curves of the
films, whose mean thickness was 0.140 mm, with no signifi-
cant differences between formulations. The embedded table
in Fig. 4a gives the values of the film tensile parameters,
typically TS, E, and EM.

The control PLA films showed TS, E, and EM values
in the range found by other authors for PLA films of simi-
lar characteristics (Cvek et al., 2022; Muller et al., 2017).
Nevertheless, the incorporation of active extracts markedly
affected the tensile behaviour of the films, making them less
extensible and reducing their resistance to break, as shown
in Fig. 5a. Therefore, the active films exhibited a slightly
worsened mechanical performance with respect to the neat
PLA film, with reductions of about 18 and 36%, respectively,
in the TS and E values. This behaviour reflected the weaken-
ing effect provoked by the extract compounds in the polymer
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matrix resulting from the compound interactions with the
PLA chains that globally reduced the interchain forces and
matrix cohesiveness, as previously observed in PLA films
when molecular compounds of different characteristics, such

Table2 Thermal parameters of the PLA films obtained from DSC (glass
transition temperature (7,)) and TGA (initial temperature (7,), peak tem-
perature (T,,), and residue)

TGA DSC
Formulation T, (°C) Tp °C) Residue (%) Tg (8]
PLA 2609 +6a 357+1la 1.1+0.5a 55.8 + 0.4a
PLA-USHT 218 +4b 342+ 1b 1.7+04a 49.6 +2.5b
PLA-SWEI60 214 +2b 344+ 1b 14+0.5a 477 +2.2b
PLA-SWEI80 216 +3b 345+ 1b 1.8+04a 48.5 + 1.5b

Different letters in the same column indicate significant differences
between films by the Tukey test (@ = 0.05)

as phenolic acids (Ordofiez et al., 2022) or other antioxidant
compounds (Bassani et al., 2019; Freitas et al., 2023a), were
incorporated. Additionally, the phenolic acids present in the
extracts could promote the hydrolysis of the PLA chains dur-
ing the film thermo-manufacturing steps to a certain degree,
as deduced from the thermal analysis. This would also con-
tribute to the weakening of the PLA network. Nevertheless,
the described interactions did not significantly affect the film
stiffness since no notable changes were observed in the elas-
tic modulus of the films with extracts.

Figure 5b shows the WVP and OP values of the control
PLA film and those containing different RS extracts. The
extract-free film exhibited a WVP value of 0.077 g mm
kPa~! h™! m~2, similar to that reported by other authors for
PLA films (Diaz-Galindo et al., 2020; Jamshidian et al.,
2012). Nevertheless, the incorporation of the active extract
slightly worsened the water vapour barrier capacity of the
films, leading to an increase in the WVP values of about
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30% (p < 0.05). This could be associated with the pres-
ence of hydrophilic components from the RS extracts in
the matrix, which would enhance the solubility of water
molecules through the polymer network, and with the
weakening effect of the compound extracts in the polymer
network cohesion forces that enhances molecular mobility
and diffusion.

The OP values of the films were also greatly influenced
by the incorporation of the active extracts (p < 0.05). All
of the active films showed a decrease in the OP values with
respect to the control PLA film, which could be attributed
to several reasons: (1) the promotion of the hydrophilic
nature of the polymer matrix when RS extracts were pre-
sent that enhances the oxygen solubility in the matrix and
(2) the oxygen scavenging capacity of the extract com-
pounds that limits the oxygen transfer in the active films
(Bonilla et al., 2013). The PLA-USHT, PLA-SWE160, and
PLA-SWEI180 films exhibited reductions in the OP values
of approximately 16, 20, and 24%, respectively, which cor-
relate with the respective antioxidant capacity of the pre-
sent extracts. The greater the radical scavenging capacity
of the extracts, the more significant the OP reduction in
the films. This points to a greater impact of the antioxidant
power on the oxygen transfer through the films.

Therefore, despite the slightly worse mechanical prop-
erties and water vapour permeability of the films with RS
extracts, their oxygen and light barrier capacity as well as
their potential active properties could represent a signifi-
cant improvement in terms of their food packaging poten-
tial, as a means of preventing food oxidation reactions
during storage.
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permeability (OP), and water vapour permeability (WVP) of the PLA
films with different RS extracts (for each property, different letters
indicate significant differences)

Pork Meat Preservation Capacity of the Films

The active and control PLA films were used to evaluate their
ability to package and preserve fresh pork meat during stor-
age. For this purpose, the quality parameters of packaged
meat, namely weight loss, pH, TBARS index, microbial
count, and colour, were analysed throughout 16 days of cold
storage. Figure 6a shows the weight loss of the meat fillets
packaged in the active and control film bags. The samples
packaged with the control PLA films exhibited the greatest
weight loss, reaching values of about 10% after 16 storage
days, in the range reported by other authors (Herndndez-
Garcia et al., 2022). The active film bags were more effec-
tive at preventing the sample weight loss (~4% after 6 storage
days), with no significant differences between active bags.
The meat water retention capacity may be affected by dif-
ferent processing factors, such as cutting, temperature, salt
addition, or grinding, and by the intrinsic characteristics of
the meat, such as the pH value that directly affects the water
retention capacity of meat proteins (Haque et al., 2016).
Figure 6b shows the pH values of the meat as a function
of storage time, where the expected increase can be observed
in every sample. The pH increase is associated with the
deterioration of proteins through enzymatic reactions or the
metabolism of microorganisms that leads to the production
of alkaline compounds, such as biogenic amines. The initial
pH value of the meat was 5.59, consistent with the values
reported by other studies for fresh pork meat (Yang et al.,
2019). The meat packaged in the control film bag exhib-
ited a greater increase in pH (pH final value of 5.70) than
the samples packaged in active bags, which also coincides
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Fig.6 Weight loss (a), pH (b), and TBARS (c) values of the pork meat packaged in the PLA film bags with different extracts stored at 4 °C for 16 days

with the higher weight loss value of this sample. Meat sam-
ples packaged with PLA-SWE160 and PLA-SWE180 films
showed the smallest changes in the pH values throughout
time, which could be attributed to the active properties of the
films, as discussed below for the other quality parameters.
As concerns meat oxidation, the development of malondi-
aldehyde (MDA) levels, one of the end-products originating
from hydroperoxide decomposition, as a function of storage
time is shown in Fig. 6¢ for the different treatments. Initially,
the meat exhibited a TBARS index of 0.1 mg MDA kg~!
sample, typical of fresh pork meat (Kaczmarek et al., 2017).
The storage time and the type of packaging significantly
affected the TBARS values. All of the meat samples showed
a progressive increase in the TBARS index, but the samples
packaged with the control film had a much higher oxidation

rate. This indicates that the extracts incorporated into PLA
films were efficient at retarding meat oxidation during stor-
age. The ability to slow down the oxidative processes in
meat could be associated with the release of antioxidant
compounds from the films to the meat surface. Likewise,
the lower OP values and the significant UV-light barrier
of the active films could produce additional antioxidant
effects, since the lower oxygen and UV light exposure of
the meat samples prevent meat photo-oxidation. The anti-
oxidant effects were mainly appreciated after 16 storage days
and were aligned with the different antioxidant activity of
the extracts incorporated into the films (PLA-SWE180 >
PLA-SWE160 > PLA-USHT). Therefore, the films with a
SWEI180 extract with the lowest oxygen permeability, more
intense UV light blocking effect, and the highest antioxidant
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capacity of the extract were the most effective at preserving
the meat samples from oxidative deterioration.

Figure 7 shows the microbial counts in the packaged
meat, in terms of the TV, LA, TC, and PB bacteria, at
the different storage times. As reported by other authors
(Kim et al., 2016; Valencia-Sullca, 2018), all the micro-
organisms tested in the meat samples exhibited progres-
sive microbial growth. The microbial counts in the control
sample (packaged in an extract-free PLA bag) were higher
than those of the samples packaged in active films, which
indicates the capacity of these films to inhibit microbial
growth. Of the active films, the PLA-USHT was the least
efficient at reducing microbial counts, especially in the
case of TV and PB bacteria, with the samples exhibiting
similar counts to the control sample. In fact, the samples
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packaged in PLA and PLA-USHT bags exceeded the
acceptability limit of the total viable count in pork meat
(6 log CFU g~!, Commission Regulation No 2073/2005)
on day 16 of cold storage, whereas the samples packaged
in SWE160 and SWE180 films remained below this limit
throughout the entire period tested. The PLA-SWE180
film was the most effective at inhibiting microbial growth,
exhibiting a log reduction of TV, LA, TC, and PB bacteria
of about 1.9, 0.9, 1.1, and 1.4, respectively, after 16 stor-
age days with respect to the control sample. The antibacte-
rial effect of the released phenolic compounds is associ-
ated with their ability to inhibit bacterial virulence factors,
such as enzymes and toxins, interact with the cytoplasmic
membrane, and suppress the formation of bacterial bio-
films (Miklasinska-Majdanik et al., 2018).
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The colour changes of packaged meat, in terms of the
L*, C,,*, and h,,* coordinates, and the total colour differ-
ence (AE*) with respect to the initial coordinates are shown
in Fig. §, as a function of storage time at 4 °C. All of the
meat samples became darker (L* decrease) and less vivid in
colour (C,;,*) decrease), with small changes in hue, through-
out storage (Fig. 8). However, the samples packaged in the
extract-free film exhibited the most significant changes in
the colour coordinates, which was reflected in the higher
values of AE* at each storage time. The colour changes are
associated with water loss and pigment oxidation during
storage. Water loss modifies the sample surface reflectance
and pigment concentration, which affect sample colour
(Hernandez-Garcia et al., 2022). Myoglobin is the heme
protein responsible for meat colour, and the oxidation of
the central iron atom within the heme group is responsible
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for discoloration, producing changes from red OxyMb to
brownish MetMb. This oxidation has been linked to lipid
oxidation since the oxidation of one of these compounds
produces chemical species that can promote the oxidation
of the others. Therefore, previous studies reported that meat
colour was preserved by the incorporation of antioxidant
compounds (Faustman et al., 2010). In fact, active films with
antioxidant extracts better preserved the colour of the meat
samples, leading to smaller colour differences throughout
storage. The colour development was coherent with the sam-
ple oxidation pattern reflected in the TBARS analysis and
indicates the key role played by the antioxidant extracts in
delaying the oxidative decay of the samples that produces
both rancidity and colour degradation.

Active PLA films with RS extracts exhibited good pres-
ervation capacity to package fresh pork meat, compared to
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Fig.8 Colour parameters L* (a), C,,* (b), h,,* (¢), and AE* (d) of the pork meat packaged in the PLA films bags added with different extracts

stored at 4 °C for 16 days
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extract free PLA films, maintaining the quality parameters
throughout longer times. SWE (especially a 180 °C) pro-
duced extracts with greater antioxidant and antibacterial
activity, which were reflected in a greater effectiveness of
the films containing these extracts to preserve meat from
oxidative and microbial spoilage.

Conclusions

Aqueous RS extracts obtained by combined US-reflux heat-
ing and SWE exhibited antioxidant and antibacterial activity;
this was greater in the SWE extracts, especially at 180 °C.
These extracts tended to reduce the extensibility, resistance
to break and water barrier capacity of the PLA films when
incorporated at 6% wt. Nonetheless, they enhanced the oxy-
gen barrier capacity and the UV light blocking effect of the
films. When used for meat packaging, the films with RS
extracts were effective at preserving quality parameters for
longer, inhibiting meat oxidation, discolouration, and weight
loss. The SWE extract obtained at 180 °C was the most
effective at obtaining active films for meat preservation.
Therefore, the green SWE technique permits active extracts
to be obtained from RS, which is useful for producing active
PLA films to extend the meat shelf life. These results rep-
resent a sustainable alternative to valorise the RS waste for
developing biodegradable active materials to preserve food
products sensitive to oxidative and microbial deterioration.
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