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ARTICLE INFO ABSTRACT

Keywords: Colorimetric films incorporated with anthocyanins as an indicator for freshness monitoring have aroused
Intelligent packaging growing interest recently. The pH-sensing colorimetric film were developed based on pectin (HM), containing
Encapsulation

aqueous hibiscus extract microparticles (HAE). HAE microparticles were obtained by spray drying with different
wall materials (Inulin -IN, maltodextrin- MD and their combination). The films were obtained on large scale by
continuous casting. These films were characterized for physicochemical analysis, morphological structure,
thermal and barrier properties, antioxidant activity, and color change at different pH. The addition of HAE
microparticles caused relevant changes to HM-based films, such as in mechanical behavior and improved barrier
property (11-22% WVTR reduction) depending on the type of wall material used and the concentration added. It
was verified with the thermal stability of films, with a slight increase being observed. The color variation of smart
films was entirely pH-dependent. Overall, the proposed color indicator films showed unique features and

Biopolymer films
Continuous casting

functionalities and could be used as an alternative natural pH indicator in smart packaging systems.

1. Introduction

In recent years, the development of active and intelligent packaging
based on biopolymeric and biodegradable materials has been gaining
emphasis in the scientific scenario (Agarwal, 2021; Jamroz et al., 2022;
Priyadarshi, Roy, Ghosh, Biswas, & Rhim, 2021). Biodegradable intel-
ligent packaging can be explored as freshness indicators of food, as
capable of monitoring and informing the direct quality information of
food products to consumers by responding to the changes occurring in
products arose from microbial growth or metabolism (Jingrong Liu
et al.,, 2019). Generally, the microbial spoilage of food will lead to
changes in acidic and basic nature of food matrix or its surrounding
environment due to the generation of organic acids, amines, ammonia
and carbon dioxide (Alizadeh-Sani et al., 2021). Therefore, it is conve-
nient to evaluate the food freshness by detecting the variation in pH
values associated with the food, which can be visually indicated by
pH-sensing dyes. Highlighted on the development of pH-sensing color-
imetric film added with bioactive compounds, such as anthocyanins

(Alizadeh-Sani et al., 2021; Luo et al., 2021; Roy, Kim, & Rhim, 2021;
Shi, Zhang, Jia, Yang, & Zhou, 2021) to replace artificial pigments and
dyes incorporated in the production of such packaging.

Anthocyanins are non-toxic potential natural food a type of flavo-
noids (phenolic phytochemicals), one of the plant’s secondary metabo-
lite (Roy et al., 2021), readily available, cost-effective, mainly represent
the glossy orange, blue, purple, pink, and red colors of some plants’
flowers and fruits (Roy et al., 2021), and may be extracted from different
sources, such as plant products derivatives and food waste (Cheng et al.,
2022; W. Yang et al., 2022). Furthermore, anthocyanins also have some
other special functional effectiveness including antioxidant and anti-
microbial activities, which may be favorable to the stabilization of
foodstuffs and extension of their shelf life (Silva, Costa, Calhau, Morais,
& Pintado, 2017). Among the various sources of anthocyanins, calyxes,
or Roselle flowers, calyxes, or Roselle flowers (Hibiscus sabdariffa L.),
also known as Hibiscus, were used in this study. Hibiscus aqueous
extract (HAE) is an accessible source, with a high amount of anthocya-
nins (1.5 g/100 g on a dry weight basis) (Degenhardt, Knapp, &
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Winterhalter, 2000). HAE contains pectin, ascorbic acid, and phenolic
compounds that offer health benefits due to its various pharmacological
and functional activities (antibacterial, anti-inflammatory, antihyper-
tensive, antifertility, and antifungal) (Grajeda-Iglesias et al., 2016;
Maciel et al., 2018). In addition, some studies have reported the HAE’s
color changes ability as a function of pH variation, with the same
behavior when incorporated into polymeric films (Peralta, Bitencourt-
Cervi, Maciel, Yoshida, & Carvalho, 2019). Zhai et al., (2017) when
developing colorimetric films using Roselle anthocyanins, starch, and
PVA, reported the gradual change from purple to green and then to a
yellow coloration.

However, most of the current studies have shown direct incorpora-
tion of the anthocyanins extract into polymer matrices (Alizadeh-Sani
et al., 2021; Giusti & Wrolstad, 2001; Grajeda-Iglesias et al., 2016; Jiang
et al., 2020; Pereira, de Arruda, & Stefani, 2015; Shi et al., 2021; Singh,
Nwabor, Syukri, & Voravuthikunchai, 2021; W. Yang et al., 2022; Zhai
et al., 2017), which may affect its stabilization and bioavailability due to
physical and chemical factors (e.g., environmental conditions and dur-
ing its application). Given the sensitivity of this pigment, the microen-
capsulation of HAE as a possibility to maintain the stability of its
antioxidant compounds when exposed to unfavorable conditions is a
viable alternative and a promising technology to preserve its function-
ality (Nogueira, Fakhouri, Velasco, & de Oliveira, 2019). Encapsulation
is defined as a technique in which substances in the solid, liquid, or
gaseous state (encapsulated agent or active core) are packaged with an
encapsulating agent (wall or shell material) (Tarone, Cazarin, & Mar-
ostica Junior, 2020). This is a technique that may solve this issue, as
highlighted in other recent studies to protect the bioactive compounds
from adverse environmental conditions (Sakulnarmrat & Konczak,
2022; Sharif, Khoshnoudi-Nia, & Jafari, 2020; Tarone et al., 2020).
Sharif et al., (2020) reported that spray drying is the most popular
technique among the ones studied for anthocyanins encapsulation.
Initially, anthocyanins spray drying involves choosing to encapsulate
agents, such as biopolymers maltodextrin (MD) and inulin (IN), which
improve the encapsulation stability (da Silva Carvalho et al., 2016;
Jimenez-Gonzalez et al., 2018; Mar et al., 2020). Akhavan Mahdavi,
Jafari, Assadpoor, & Dehnad, (2016), when studying the complexation
of anthocyanin-rich extract with maltodextrin and gum arabic by spray
drying. They observed encapsulations with improved physical proper-
ties (moisture content, hygroscopic, agglomeration and solubility level),
among other properties that microparticles must exhibit depending on
their application.

Nowadays, pH-sensing indicators have received growing attention
in food freshness monitoring due to their versatile fabrications and
easily distinguishable visual color variations (Zhai et al., 2018). Some
typical pH-sensing indicators have been successfully applied to monitor
quality of shrimp (Kang et al., 2018; Jingrong Liu et al., 2018; Ma, Du, &
Wang, 2017; Ma, Ren, Gu, & Wang, 2017), fish (Huang et al., 2019) (Ma,
Du, et al., 2017; Ma, Ren, et al., 2017), pork (Choi, Lee, Lacroix, & Han,
2017; Zhang, Zou et al., 2019) and milk (Ma & Wang, 2016; Pereira
et al., 2015).

Moreover, as reviewed in other studies, only a few researchers have
focused on the correlation between structural, physical, and functional
indication characteristics of anthocyanins encapsulated by spray drying
with film-forming substrates (Luiza Koop et al., 2022; Santos, Rodrigues,
Costa, & Madrona, 2019). As mentioned earlier, there is a lack of
research on the incorporation of anthocyanins encapsulated by spray
drying technique into biopolymer matrices.

In this context, this study aimed to analyze the influence of spray
drying technique in HAE encapsulation combining different encapsu-
lating agents (Maltodextrin - MD and Inulin -IN) on the production and
physical and chemical properties of pectin-based biodegradable colori-
metric films (varying the concentration of the incorporated HAE an-
thocyanins microparticles), as a way of mapping out different
components and their interactions on microparticles and biopolymer
matrix characteristics. To the best of our knowledge, this is the first
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study on attaining pectin intelligent pH indicator film by varying HAE
concentrations that were produced continuously using a pilot-scale
lamination unit. The continuous casting time is extremely shorter than
those required for batch casting of most edible films. This denotes its
main advantage. The shorter time required for drying may avoid phase
separation in a heterogeneous mixture, improving therefore the prop-
erties of the film when compared to batch casting (Manrich et al., 2017).
The films obtained by continuous casting were tested for their coloration
change ability as a function of different pHs. We hypothesized that
colorimetric biopolymer films obtained from pectin matrix (HM)
incorporated into anthocyanins-HAE microparticles, with combination
of wall materials and different concentrations, could increase the effi-
ciency of the functional properties, as well as their barrier and me-
chanical properties., because both IN and MD wall materials, as well as
their combinations, allow for better encapsulation efficiency (Araujo-
Diaz, Leyva-Porras, Aguirre-Banuelos, Alvarez-Salas, & Saavedra-Leos,
2017; Fernandes, Borges, & Botrel, 2014), as well as polysaccharides
with structures similar to HM, serving as possible fillers and reinforce-
ment (de Oliveira Filho et al., 2021), in addition to allowing the
assessment of possible interactions with the matrix, since the anthocy-
anin molecules are associated differently with each polymer (Deng &
Zhao, 2011). In the present work, HAE microparticles encapsulated with
inulin (IN, concentration 1:1 and 1:4), maltodextrin (MD, 1:1 and 1:4)
and their combinations (IN/MD, 1:1 and 1: 4) were incorporated with 10
and 20 % w/w HM. In addition, the biopolymeric colorimetric films
were obtained by the continuous casting technique, and their potential
use to obtain new food packaging was evaluated.

2. Materials and methods
2.1. Materials

High-methoxylation-degree pectin (HM) (DM > 50 %; Mw =
130,000 g.mol’l) was supplied by CP Kelco (Limeira-SP, Brazil). The
carrier agents used in the spray drying were inulin (IN) with a > 10
polymerization degree (OraftiGR, BENEO-Orafti, Tienen, Belgium) and
maltodextrin (MD) (DE-12-20). Hibiscus (Hibiscus sabdariffa) was pur-
chased from local retailers. Glycerol was obtained from Synth (Rio de
Janeiro-RJ, Brazil). 2.2-diphenyl-1-picrylhydrazyl (DPPH) and 6-hy-
droxy-2,5,7,8-tetramethylchroman-2-carboxylic  acid, or Trolox
(Sigma-Aldrich Co. LLC, USA) were used as received.

2.2. Extraction of hibiscus e anthocyanins

Hibiscus calyxes extract (HAE) that was rich in anthocyanins was
prepared according to the literature with a slight modification (Abdel-
ghany, Menazea, & Ismail, 2019; Chumsri and Sirichote Anchalee,
2008). Approximately, 5 g hibiscus calyxes were added to 100 mL of
distilled water and heated at 60 °C for approximately 60 min. Then, the
extract was filtered and stored under refrigeration.

2.3. Microencapsulation of hibiscus anthocyanin-rich extract

HAE microparticle’s were prepared using the spray drying technique
according to Carmo et al., (2019) and A Figueiredo et al., (2020), with
slight modifications. For the microparticle’s production, feed solutions
contain 100 g of HAE, MD and IN. The solutions were prepared by
varying the carrier agents (IN and MD) and their ratios (1-1 and 1-4, in
relation to HAE), as follows: Inulin (IN/ HAE, 1:1 and 1:4), Maltodextrin
(MD/HAE, 1:1 and 1:4) and their combinations (IN/MD/HAE, 1:1:1 and
1:1:4). Table 1 described the proportions used for the microparticle’s
formulation. The solutions were prepared using a homogenizer (Ultra-
Turrax IKA T18 basic, Wilmington, USA) under stirring at 5000 rpm for
30 min. Then, the solutions were dried by spray-drier (Model MSD 1.0;
Labmaq do Brasil, Ribeirao Preto, Brazil) equipped with a two-fluid
nozzle atomizer made of a tip with a 0.7 mm internal opening, at 8 +
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Table 1
Proportions of Hibiscus anthocyanin-rich extract (HAE), maltodextrin (MD) and
inulin (IN) used for the microcapsule’s formulation.

Sample HAE(g) Inulin (g) Maltodextrin (g)
IN/HAE-1:1 50 50

IN/HAE-1:4 75 25

MD/HAE-1:1 50 50

MD/HAE-1:4 75 25
IN/MD/HAE-1:1:1 50 25 25
IN/MD/HAE-1:1:4 75 12.5 12.5

2 g. min~! feeding rate, 35 L.min'drying airflow, with a 120 °C inlet
temperature and approximately 85 °C outlet temperature. The resulting
powders were collected from the cyclone and stored in a desiccator,
away from light, at room temperature for further analysis and applica-
tion to films.

2.4. Films-forming protocol

Control pectin films and pH-sensing colorimetric film incorporated
with HAE microparticle’s were prepared according to studies by
Mendes, Norcino, Manrich, et al., (2020) and Mendes, Norcino, Martins,
et al., (2020a), following the procedure shown in Fig. 1.

Indicator composite films were prepared by adding 10 and 20 % w/w
of pre-prepared HAE microparticle’s powders (IN/HAE-1:1, IN/HAE-
1:4, MD/HAE-1:1, MD/HAE-1:4, IN/MD/HAE-1:1:1 and IN/MD/HAE-
1:1:4). All films were homogenized, degassed, and molded into films
in a KTF-S-B continuous lamination system (Mathis, Switzerland). The
dried films were balanced out at 52 + 3 % relative humidity (RH) and 25
+2°C.

2.5. Characterization of calorimetric film

2.5.1. Infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) were acquired by a
Vertex 70 spectrophotometer (Bruker, Germany). Spectra were recorded
from 4000 to 400 cm ' at 32-scan rate and 4 cm™! spectral resolution
using an attenuated total reflectance (ATR) module.

o CHLOH
W& o
) OH
. I @
" o000 o f/;“m OH N
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e 2o o
Inulin (IN) Maltodextrin
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2.5.2. X-ray diffraction (XRD)

The crystalline structures of the films were analyzed through
diffraction patterns obtained on a XRD-6000 X-ray diffractometer (Shi-
madzu, Kyoto, Japan). Samples were scanned from 5 to 40 ° (2e) at 1°.
min L. Crystallinity index (CI) was determined based on the areas under
the Gaussian-deconvoluted crystalline and amorphous peaks after
baseline correction, according to the Eq. (1) (Alamri & Low, 2010):

Ac

C(%) =
(%) Ac + Aa

x 100 (€8]

where Aa and Ac represents the area referring to the amorphous and
crystalline part, respectively, of HM and HM / anthocyanin-HAE
microparticles.

2.5.3. Scanning electron microscopy (SEM) observation

SEM observation micrographs of the samples were examined under a
by Scanning Electron Microscopy (SEM) (JEOL JSM-6510) operating at
5 kV. All specimens were sputter-coated with gold (Balzer, SCD 050).

2.5.4. Mechanical properties

Films were submitted to uniaxial tensile assay on a DL3000 universal
testing machine (EMIC, Sao Paulo-SP, Brazil). Tests were carried out
according with ASTM D822-09 (ASTM D882-09, 2009) and other studies
(Abral et al., 2019; Gouveia, Biernacki, Castro, Goncalves, & Souza,
2019; Saricaoglu, Tural, Gul, & Turhan, 2018). At least six 15-mm wide,
100-mm long, and ca. 0.8-mm thick (measured using an IP65 Mitutoyo
digital micrometer at five random positions) specimens per treatment
were stretched at 25 mm min ' using an initial clamp-to-clamp distance
of 50 mm and a 50-kgf load cell. The elastic modulus (E) was determined
from the linear slope of the stress versus strains curves. The tensile
strength (6/,0x) Was calculated by dividing the maximum force by the
initial cross-sectional area. Elongation at break (&) was calculated by Eq.
(2), wherein d is the final displacement and dj is the initial clamp-to-
clamp distance:

d—dy

(%) === x 100 )

Through the values obtained in the stress versus strain graphs, the

Production of colorimetric films
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Fig. 1. (a) Representation of the method for obtaining colorimetric indicator films based on pectin (HM) and anthocyanin-HAE microparticles; (b) Images of
colorimetric films obtained by continuous casting.
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toughness of the films was calculated for the area below the curve.

2.5.5. Water vapor permeability (WVP) and moisture content (MC)

The water barrier properties of the films were determined using a
modified ASTM method E96/16 (ASTM E96, 2016). The sample were
cut into circles and sealed on the top of permeation cells containing
dried silica gel to provide constant RH. The cells were then stored in a
desiccator containing distilled water (100 % RH; 2.337 x 10° Pa vapor
pressure at 20 °C). Afterwards, the amount of water vapor transferred
through the film was quantified gravimetrically over 8 h. WVP (g.mm.
kPa—1.h~!.m™2) was calculated by Eq. (3):

_ Wx )
T A+AP

3

where Wis change in cell weight [g], § is average film thickness [m], and
A, t, and AP are exposed film area [m2], time [s], and partial water vapor
pressure differential [Pa], respectively. The average WVP value for each
sample was obtained in triplicates.

The moisture content (MC) of films was determined by thermally
drying to an equipoise weight at 105 °C in an oven. MC was calculated
based on the following Eq. (4).

Mi x Mf

MC(%) = 100%(— -

) )
where Mi was the initial weight of films stored in 75 % RH to moisture
equilibrium (g) and Mf was the final weight of films dried at 105 °C (g).

2.5.6. Thermal properties

The thermal degradation profiles of the samples (ca. 6 mg) were
obtained on a TGA Q500 (TA Instruments, USA), from 25 to 600 °C at
10 °C.min ", within a synthetic air atmosphere. Differential Scanning
Calorimetry (DSC) analysis was performed using a differential scanning
calorimeter (TA Instrument Q100). The measurements were made on
the samples of 6.5-7 mg obtained from a central part of the injection
molded standard dumbbell-shape specimens in the temperature range
between 20 and 200 °C under nitrogen atmosphere (60 mL.minY). All
measurements were taken according to the following program: heated
between 20 and 200 °C at a scanning rate of 10 °C.min"!, maintained at
200 °C for 1 min, and cooled between 200 and 20 °C at a scanning rate of
5 °C.min"'. The whole process was carried out twice to analyze pro-
cessing memory/history of the materials (the first heating—cooling
cycle) and the thermal properties of the composites (the second hea-
ting—cooling cycle). An empty pan was used as a reference. Crystalli-
zation and melting parameters as: crystallization temperature (Tc),
melting temperature (Tm), melting enthalpy (AHm), and crystallization
enthalpy (AHc).

2.5.7. Optical properties

Film color and opacity were determined using a Konica Minolta CM-
5 colorimeter (Minolta Camera Co., ltd, Osaka, Japan). A white standard
color plate (L = 97.76, a =-0.26, b = -0.44) was used for calibration and
as background before luminosity (L*) as well as the chromatic co-
ordinates a* and b* were determined by reflectance according to the CIE
L*, a* and b* scale. The color parameters were used to calculate total
color difference (AE*, Eq. (5)).

AE" = \/(AL*)2 +(Ad") + (Ab")° ®)

2.5.8. Total monomeric anthocyanins (TMA), total phenolic compounds
(TPC), and antioxidant capacity

Total monomeric anthocyanins (TMA), total phenolic compounds
(TPC), and antioxidant capacity were obtained for HAE, microparticle’s
powders, and films. TMA content was determined using the pH differ-
ential method described by AOAC (2006), Giusti & Wrolstad (2001), and
da Silveira et al. (2019). TPC was determined according to the Folin-

Food Research International 162 (2022) 111914

Ciocalteu spectrophotometric method described by Singleton,
Orthofer, & Lamuela-Raventos (1999). Antioxidant activity was deter-
mined as described by Brand-Williams, Cuvelier, & Berset, (1995) and
Franco et al., (2020).

2.5.9. Color stability

The color stability of the colorimetric films were performed ac-
cording to the studies of Jialin Liu, Huang, Ying, Hu, & Hu, (2021), Zhai
etal., (2017) and Z. Yang et al., (2021). The pH sensing films was firstly
cut into a disc in diameter of 2 cm and submerged in pH 3,4,7 and 10
buffers solutions for 10 min. Then, the film color was determined by
using a portable colorimeter (Minolta Camera Co., ltd, Osaka, Japan). L*
(lightness), a* (redness-greenness), b* (yellowness-blueness) were
measured to evaluate the color of the films. Three measurements were
taken on each film. The total color difference (AE) was calculated ac-
cording to Eq. (5).

2.6. Statistical data treatment

The results were submitted to analysis of variance (ANOVA) and
multiple comparison Tukey test, both at a 5 % significance level (p <
0.05), using the statistical software Sisvar® (Version 5.4).

3. Results and discussions
3.1. Infrared spectroscopy analysis

ATR-FTIR spectroscopy was carried out to find possible interactions
among HM, HAE and wall materials (IN/MD) and the films’ chemical
structure. The spectra are shown in Fig. 2 and S1.

HM films showed characteristic bands around 3342, 2936, 2865, and
1009 cm’l, attributed to the inter- and intramolecular —OH free
stretching vibration (Nisar et al., 2018) —-CH stretching (Nisar et al.,
2018), and the structure’s —COC stretching vibration, respectively
(Azeredo et al., 2016). Typical HM bands were also found in the spectra
of films incorporated with HAE encapsulated with either IN, MD (1:1 or
1:4) or their combinations (IN/MD/HAE, 1:1:1 or 1:1:4) at 10 and 20 %
wt. % (in relation to HM mass) (Fig. 2a and b). This suggests that the
addition of anthocyanins-HAE microparticles had no effect on HM’s
chemical structure, as characteristic bands resulting from the MD/IN
powders and their combinations like those of HM were observed
(Fig. S1), which overlap. This is in line with similar systems comprising
different biopolymer matrices for encapsulation (Miranda-Linares,
Quintanar-Guerrero, Del Real, & Zambrano-Zaragoza, 2020; Moghbeli,
Jafari, Maghsoudlou, & Dehnad, 2019). Furthermore, this may suggest
that the matrix successfully covered the encapsulated anthocyanins, as
seen in Fig.S1; also observed by Mehran, Masoum, & Memarzadeh,
(2020). However, when compared with the HM spectrum, the band’s
intensity at 1650 cm ™" in the film’s spectrum added with anthocyanins-
HAE microparticles (HM/IN/HAE, HM/MD/HAE, and HM/IN/MD/
HAE) with 10 % (Fig. 2a) and 20 % (Fig. 2b) increased. This band cor-
responds to —~CC aromatic ring elongation vibration (Jiang et al., 2020).
According to Jiang et al., (2020) and Prietto et al., (2017) the apparent
increase in this band intensity showed that anthocyanins-HAE micro-
particles were incorporated into the HM matrix. Furthermore, the in-
tensity of the band assigned to hydroxyl stretching vibration
(3700-3000 cm ™) was narrower and higher after adding anthocyanins-
HAE microparticles, possibly indicating the formation of new hydrogen
bonds between anthocyanins and HM (Pourjavaher, Almasi, Meshkini,
Pirsa, & Parandi, 2017). This narrowing in the 3700-3000 cm ™! bands
possibly indicates the film’s hydrophilicity decrease. It agrees with the
WVP results, as to be discussed later in this study.

3.2. X-ray diffraction (XRD) analysis

XRD was used to analyze the crystal structure and evaluate the
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compatibility among HM, IN, MD, HAE and their combinations. Fig. 3
shows the XRD patterns for the encapsulated anthocyanins HM films and
those containing IN, MD, IN/MD/HAE.

The XRD patterns were observed for the control film, i.e., only HM
evidenced a semicrystalline pattern with peaks centered at 2e = 13 and
20° (Almasi, Azizi, & Amjadi, 2020; Nisar et al., 2018). In the case of IN/
HAE, MD/HAE, and IN/MD/HAE encapsulated anthocyanins-HAE mi-
croparticles, a broad peak was observed around 19.6°, which indicates
its amorphous structure (Fig. 3a). Similar amorphous structures have
also been reported for anthocyanins from black carrots and purple sweet
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potato (Fraga, Galleano, Verstraeten, & Oteiza, 2010; Koosha & Hamedi,
2019), as well as for the IN and MD wall materials (Zimeri, 2002).
Anthocyanins-HAE microparticles loading caused an XRD pattern
change of HM/IN/HAE (Fig. 3b), HM/MD/HAE (Fig. 3c), and HM/IN/
MD/HAE (Fig. 3d) films, i.e., the position and intensity of all peaks
related to HM’s semicrystalline nature were affected by the incorpora-
tion of IN/HAE, MD/HAE and their combinations. Thus, it was found
that anthocyanins-HAE microparticles with different wall materials (IN
or MD), the ratio between IN/MD and HAE and the concentration added
in the films (10 or 20 %) interfered with the intra- and intermolecular
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in this figure’s caption, the reader is referred to the Web version of this manuscript). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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hydrogen bond formation in HM itself, which agrees with the FTIR
spectra (Fig. 2). Furthermore, it was observed that increasing the con-
centration of anthocyanins-HAE microparticles added into HM films (i.
e, 20 % w/w HAE encapsulated compared to HM) decreased the
diffraction intensity. However, this was not seen with increasing HAE
incorporation into the microparticles (1:4 ratio). According to Zabot,
Silva, Azevedo, & Meireles, (2016), these changes in the structures may
be associated with a physical interaction among the wall materials’
molecules (IN and MD), HAE, and HM, suggesting that the encapsulated
bioactive compounds are present in the polymer matrix. This agrees
with the crystallinity index of the film samples, as presented in Table 1.
The crystallinity indexes (Table 2) of the control film sample were 17 %
(HM), 12-19 % (IN/HAE-1:1 and 1:4), 16-28 % (MD/HAE-1:1 and 1:4)
and 14-29 % (IN/MD/HAE-1:1 and 1:4). The increased crystallinity in
the films by IN/MD combination may influence active compounds
release, as higher activation energy is required to dissolve the crystals
when compared to the amorphous film (L. Wu, Zhang, & Watanabe,
2011). Yu, (2001) e Zabot et al., (2016) stated that films with higher
crystallinity are less hygroscopic and soluble than amorphous materials,
which may be observed in the current study (Table 3).

3.3. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images for pectin (HM) films, as
well as HM/IN/HAE and HM/MD/HAE and HM/IN/MD/HAE composite

Table 2

Tensile attributes — tensile strength (TS), elongation at break (¢), elastic modulus
(EM) and toughness (T) - as well as crystallinity index (IC %) — of pectin (HM)-
based films and encapsulated anthocyanin powders with different wall materials
of inulin (IN), maltodextrin and inulin/maltodextrin (IN/MD) combination, at
different ratios (1: 1 and 1: 4) and concentrations (10 and 20%) added in the
films.

Samples Thickness/ TS/ e/% EM/MPa T/J. Cl/
um MPa mm~3 %
HM 32+ 27 354+ 31+ 21514+  20.0 + 17
3.23b¢ 0.13b¢ 331.9° 3.2¢f
IN/HAE- 35+ 37 3.2+ 3.0+ 23219+ 317+ 12
1:1:10 5.0%¢ 0.6% 182.7% 5,22b¢
IN/HAE- 35+ 37 278+ 23+ 2289.0 + 16.7 % 19
1:1:20 8.13b¢ 0.5%¢ 278.0° 5.5
IN/HAE- 35+ 37 350+ 25+ 2397.0+  35.4+ 14
1:4:10 9.72 0.32b¢ 409.3% 5.8%
IN/HAE- 35+ 37 254+ 21+ 2665.8 + 222+ 19
1:4:20 7.5%¢ 0.3 423.3° 3.0d¢f
MD/HAE- 35 + 67 302+ 23+ 2341.6 + 252+ 16
1:1:10 8.82b¢ 0.73b¢ 42417 7.3bede
MD/HAE- 35+ 37 395+ 24+ 27718+  39.2+ 28
1:1:20 7.9° 0.5%¢ 205.7% 6.0
MD/HAE- 35 + 57 231+ 20+ 2680.6 + 239+ 19
1:4:10 4.1 0.3¢ 557.7% 3,80def
MD/HAE- 35+ 27 285+ 1.9+ 2769.0 + 348 + 14
1:4:20 8.5%¢ 0.9 237.3% 4,32
IN/MD/ 35+ 27 215+ 1.7+ 2103 + 17.3 + 14
HAE- 5.4 0.4 349.5% 4.2f
1:1:10
IN/MD/ 35+ 37 354+ 29+ 2193.0+ 305+ 20
HAE- 9.3 0.7 821.0° 2.6%cd
1:1:20
IN/MD/ 35+ 27 3.2+ 24+ 2095.1 + 269+ 29
HAE- 9.2b¢ 0.5%¢ 204.8% 5.4bede
1:4:10
IN/MD/ 35 + 4° 242+ 24+ 27171+ 327+ 25
HAE- 4,22b¢ 0.6 674.0° 5.0%¢
1:4:20

Mechanical attributes are reported as average values and standard deviations.
Using Tukey’s test, the same letters on the same column indicate the values were
not statistically significant (p > 0.05).
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Table 3

Water vapor transmission rate (WVTR), Water vapor permeability (WVP),
Moisture content (MC), and thermal parameters — initial (Tonset) and final
(Toffset) degradation temperatures — of pectin (HM)-based films and encapsu-
lated anthocyanin powders with different wall materials of inulin (IN); malto-
dextrin (MD) and the inulin/maltodextrin (IN/MD) combination, at different
ratios (1: 1 and 1: 4) and concentrations (10 and 20%) added in the films.

Samples WVTR/g. WVT/g.mm. MC/% Tonset/ Toffset/
m2day !  kPal.dayl. °C °C
m—z
HM 44 + 42 0.63 + 0.08% 71+ 221 460
0.9"

IN/HAE- 39 + 3¢ 0.63 + 0.05% 6.7 + 213 477
1:1:10 0.9

IN/HAE- 42 £ 1°b¢ 0.63 + 0.01% 6.5 + 217 474
1:1:20 0.7°d

IN/HAE- 37 + 3¢ 0.66 + 0.01% 7.4+ 218 472
1:4:10 0.9"

IN/HAE- 39 + 3¢ 0.56 + 0.05% 5.4 + 217 468
1:4:20 1.4Pbcde

MD/HAE- 40 + 32b¢ 0.47 + 0.01% 11.2 + 224 465
1:1:10 1.12

MD/HAE- 37 + 13 0.57 + 0.09* 5.6 + 225 472
1:1:20 0.9Pbede

MD/HAE- 39 + 3¢ 0.58 + 0.09* 31+ 223 469
1:4:10 0.5¢

MD/HAE- 40 + 5% 0.60 + 0.04* 4.6 + 221 465
1:4:20 2.0bede

IN/MD/ 43 + 0 0.49 + 0.01% 5.4 + 222 472
HAE- 1.7bcde
1:1:10

IN/MD/ 33+ 2° 0.49 + 0.07% 3.7+ 221 471
HAE- 0.94
1:1:20

IN/MD/ 43 £ 2% 0.58 + 0.05% 5.1+ 213 480
HAE- 0.6"¢de
1:4:10

IN/MD/ 35 + 3% 0.50 + 0.08% 41+ 227 476
HAE- 0.2¢4¢
1:4:20

Water vapor transmission rate (WVTR), Water vapor permeability (WVP),
Moisture content (MC) were reported as average values and standard deviations.
Using Tukey’s test, the same letters on the same column indicate that the values
were not statistically significant (p > 0.05).

films’ surface and cross-section images are shown in Fig. 4a and 4b,
respectively. Fig. S2 shows the microparticles external microstructure
with irregular surfaces, spherical shapes, and different sizes, features
usually found in samples obtained by spray drying.

The HM-only film surface was homogeneous, smooth, and uniform
(Fig. 4a). Overall, regardless of the wall material (IN and MD) and
concentration (1:1 and 1:4) used to encapsulate HAE, the HM/IN/HAE,
HM/MD/HAE, and HM/IN/MD/HAE films showed slightly rough and
uneven surfaces but presented a compact structure (fracture image)
showing a good IN/HAE, MD/HAE distribution and their combinations
in the HM matrix with low aggregation. For this, some studies have
reported that the increased compactness might be due to strong in-
teractions formation among IN, MD, HAE, and the film matrix (Mandal
& Chakrabarty, 2019; Oun & Rhim, 2016; Zabihollahi, Alizadeh, Almasi,
Hanifian, & Hamishekar, 2020), as shown by FTIR (Fig. 2) and XRD
(Fig. 3) structural conformations. The strong interactions and compati-
bility among IN, MD, and HM may be related to the similar poly-
saccharide structure of these components.

Moreover, in the composite films fracture’s SEM images (Fig. 4b), the
films added with microparticles with higher HAE concentrations (1:4)
showed smoother and more uniform surfaces especially those produced
from MD and its combinations (IN/MD). This was verified with the 20 %
w/w encapsulated anthocyanins microparticles incorporation (Fig. S2).
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Fig. 4. Surface scanning electron microscopy (SEM) and cryogenic fracture images of pure pectin (HM) films (Fig. 4a) and pectin composites incorporated from

encapsulated anthocyanin microparticles (Fig. 4b).

Nayak & Rastogi, (2010) observed smooth surfaces when MD with
higher dextrose equivalents, such as DE 10-20, were used for anthocy-
anins encapsulation from Garcinia indica extract. According to Ghar-
sallaoui, Saurel, Chambin, & Voilley, (2012), the occurrence of lower
roughness in particles composed of higher DE polysaccharides may be
attributed to their low viscosity when dispersed. The low molecular
weight sugar presence may act as a plasticizer, preventing irregular
microparticle surface shrinkage during the drying process. Therefore,
MD with a high level of hydrolysis, as used in this study, produces a
higher amount of smooth particles, as observed in Fig. S2. Da Silva
Carvalho et al., (2016), observed that smoother particles present higher
anthocyanins retention, which may be linked to better pigment ac-
commodation in the particle. However, IN/MD/HAE-1:1:20 and IN/
MD/HAE-1:4:20 films showed cracks on their fracture surfaces, which
could form agglomerates and disrupt the HM network compaction. As a
result, films homogeneity was reduced, and they showed a rough cross-
section (Koshy et al., 2021; Zhai et al., 2017). Thus, the encapsulated
HAE microparticle’s surfaces and distributions interfered with the film’s
morphologies, as evidenced in Fig. 4b and S2 and Table S1.

3.4. Mechanical test

The mechanical properties - tensile strength (TS), elongation at break
(e), elastic modulus (EM) and toughness (T) - of HM control films and the
composites added with different IN/HAE, MD/HAE, and IN/MD/HAE
microparticles concentrations were investigated. The results are pre-
sented in Table 2 and Fig. S3.

HM pure film thickness was 35 um, maintained for the other films
HM/IN/HAE, HM/MD/HAE, HM/IN/MD/HAE (Table 2), even after
encapsulated HAE incorporation. This shows the efficiency in stan-
dardizing the film’s attainment by continuous casting technique. A
similar phenomenon was reported in other studies by the group (Mendes
et al., 2019a, 2019b, Mendes, Norcino, Manrich, et al., 2020).

Overall, a reduction in TS (35.4-23.1 MPa) and €% (3.1-1.7 %)
(Table 2) by approximately 35 % and 45 %, respectively, occurred,
although no statistical difference was observed among films. This may
be attributed to possible defect points and stress concentration in the
films after encapsulated HAE microparticles incorporation (Etxabide,
Maté, & Kilmartin, 2021), except for samples IN/HAE-1:4:10 (35 MPa
and 2.5 %) and MD-1-1-20 (39.5 MPa and 2.4 %). The HM composite
films showed distinct mechanical behavior for the types and
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concentrations of the wall materials used for the encapsulated HAE
microparticles production, as seen in Table 2. Azeredo et al., (2016)
found a tensile strength of 7.4-4.4 MPa for a smart pectin composite
with citric acid-containing pomegranate juice anthocyanins. Thus, the
tensile strength values reported in our study were higher than the ones
from studies based on polysaccharides and anthocyanins (Eca, Machado,
Hubinger, & Menegalli, 2015; Pereira et al., 2015). Furthermore, a
significant increase in EM was observed in the films (p < 0.05), making
them stiffer as a function of increasing HAE microparticles concentra-
tion. These results may be due to reduced molecular chains mobility, as
well as lower adsorbed water content (Table 3) - known for plasticizing
biopolymer-based films (Mendes, Norcino, Martins, et al., 2020b).

When comparing the results of the IN/HAE, MD/HAE, and IN/MD/
HAE composites with the polyethylene and polyethylene terephthalate
(PET) mechanical properties, the composite films showed much lower
specific stress than that of PET - about 38 % lower - and 52 and 37 %
higher compared to low-density polyethylene (LDPE) and high-density
polyethylene (HDPE), respectively. The indicator films’ elastic
modulus (2103-2772 MPa) was considerably higher when compared to
PET (2100-3100 MPa), LDPE (200-400 MPa), HDPE (600-1400 MPa),
PLA (350-2800 MPa), PA (1400 MPa), and PVC (25-1600 MPa).

3.5. Barrier property

The water barrier properties of HM-based films added or not by IN/
HAE, MD/HAE, and IN/MD/HAE microparticles were analyzed using
water vapor permeability (WVP) and water vapor transmission rate
(WVTR) measurements, of which results are shown in Table 3. The
WVTR is the rate of water vapour permeating through the film. In This
work, the WVTR, is determined from the slope of the regression line of
sample weight versus time graph whereby the slope is then divided by
the area of the films being exposed to the transmission (Item 2.5.5), and
WVP values calculated from the WVTR values (Eq. (3)).

The highest WVP (0.63 g.mm.kPa!.day *.m %) and WVTR (44 g.
m—z'day_l) shown by the (HM) are found by the control films (HM), this
is caused by hydrophilic hydroxyl groups gifts in pectin and glycerol
(Maftoonazad, Neda Ramaswamy & Marcotte, 2007). Although the WVP
of HM films and HM composites with HAE microparticle’s with different
wall materials (IN, MD, and IN/MD) and concentrations (10 and 20 %
w/w) showed no significant difference (p > 0.05) (Table 3), the com-
posites containing anthocyanins-HAE microparticles showed a ca.
reduction by 11 % (HM/IN/HAE), 25 % (HM/MD/HAE), and 22 % (HM/
IN/MD/HAE), respectively. This was also seen for the WVTR values
(HM/IN/HAE and HM/MD/HAE — 14 % and HM/IN/MD/HAE — 19 %).
Furthermore, the increase in barrier properties was more pronounced in
the composite films incorporated at 10 % w/w added with
anthocyanins-HAE microparticles obtained from single encapsulating
materials, such as HM/IN/HAE and HM/MD/HAE films and in the films
at 20 % w/w with microparticles obtained by encapsulating materials
combination (MD/IN). Therefore, the type of wall material used and the
microparticles concentration incorporated in the films affected the
barrier properties. This may be related to the amount of polar groups (e.
g., hydroxyl) in the molecular assembly (Milda E. Embuscado, 2009) and
the increased crystallinity of films, as shown in Table 2. The incorpo-
ration of IN/HAE, MD/HAE, and IN/MD/HAE microparticles formed
more crystalline HM-based films, consequently reducing pectin chains’
mobility and rearrangement decreasing the availability of hydroxyl
groups responsible for polysaccharide-water interactions, which resul-
ted from hydrogen bonds formation between IN/HAE, MD/HAE and HM
hydroxyl groups, as shown in the FTIR results (Fig. 2), corroborating
with the studies by Alizadeh-Sani et al., 2021; Zhang, Liu et al., (2019).
A uniform and interconnected matrix (Fig. 4), forming, which reduced
water vapor diffusivity at the film interface may have contributed to
such increase.

As for the influence of encapsulating materials (IN, MD and their
combinations), in the WVP and WVTR values, Pereira Souza, Deyse
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Gurak, & Damasceno Ferreira Marczak, (2017), attributed to the
dissociated electrostatic interactions between carboxylic pectin groups
and the flavyl cation of anthocyanins. They also found that combining
maltodextrin and pectin and increasing the added concentration
allowed for a hydrophobic effect. A similar effect was reported by
Sganzerla et al., (2021) for carboxymethyl cellulose (CMC)-based films
and incorporated of different amounts of anthocyanin-rich blackberry
extract (Morus nigra L.). Considering the WVP levels, the films produced
here are suitable for use as moisture barriers in food packaging (Bedane,
Ei¢, Farmahini-Farahani, & Xiao, 2015; Jiménez, Fabra, Talens, &
Chiralt, 2010).

The MC (Table 3) of HM films (7.1 %) and of HM/IN/HAE (6.7-5.4
%), HM/MD/HAE (11.2-4.6 %) and HM/IN/MD/HAE (5.4-3.7 %)
composites was significantly reduced (p < 0.05). According to Sganzerla
etal., (2021), this may be due to the higher concentration of extract used
in the formulation, which decreases absorption, and consequently
swelling by water with the presence of anthocyanins. This corroborates
with the WVP data since the extract incorporation changed the inter-
action between the films’ component, decreasing the MC value (Zhai
et al., 2017).

3.6. Thermal properties

The film’s thermal property reflects its ability to resist decomposition
at high temperatures. The thermogravimetric (TG) curves and their first
derivatives (DTG) for HM-based films and their composites (HM/IN/
HAE, HM/MD/HAE, and HM/IN/MD/HAE) are shown in Fig. 5(a-c).
The corresponding temperatures for thermal degradation’s initial
(Tonset) and final (Toffset) are shown in Table 3.

HM-based films’ thermal decomposition occurred in three distinct
mass-loss stages; similar to the other composite films. The first one
occurred at the 25-150 °C temperature range due to physical desorption
of water and/or other volatile. The second one (ca. 180-230 °C) was
attributed to sample’s degradation, polymer and wall material constit-
uents’ depolymerization (Fernandes et al.,, 2017; Guo et al., 2021;
Mendes et al., 2019a), and glycerol evaporation (boiling point =
182 °C). The third stage (around 450 °C, DTG peak) referred to pectin
components degradation, forming carbonaceous materials (Mendes
et al., 2019a). HM/IN/HAE and HM/IN/MD/HAE composite films
showed a mass loss event at about 168 and 170 °C (DTG peaks),
respectively, related to IN depolymerization (Zabot et al., 2016).

For the composite films, the HM-rich phase began to decompose at a
slightly higher temperature (Table 3). The HM was thermally stable up
to 221 °C, while the composite films were thermally stable up to 227 °C.
The increased initial degradation temperature (Tonset) for composite
films suggested that adding anthocyanins-HAE microparticles may have
increased the molecular interactions between adjacent HM chains, and
strengthened the hydrogen bonding between pectin, inulin, and malto-
dextrin’s hydroxyl groups with the polar compounds (polyphenols)
found in the anthocyanins (HAE), as shown by FTIR (Fig. 2) and XRD
(Fig. 3). Composites HM/IN/HAE (1:1:10-20 % and 1:4:10-20 %)
(45-57 %) HM/MD/HAE (1:1:10-20 % and 1:4:10-20 %) (51-57 %),
and HM/IN/MD/HAE (1:1:1:10-20 % and 1:1:4:10-20 %) (45-55 %)
showed lower mass loss at lower temperatures compared to HM (58 %
mass loss), indicating that anthocyanin-HAE microparticles incorpora-
tion slightly increased the color indicator films’ thermal stability. A
similar result was found by Silva-Pereira, Teixeira, Pereira-Jtnior, &
Stefani, (2015), when adding red cabbage extract to chitosan/corn
starch film. The films obtained in the current study showed stability at
temperature below 100 °C, an essential requirement for food packaging.

Differential scanning calorimetry (DSC, Fig. 6) was analysed to assess
the effect of IN/HAE, MD/HAE, and IN/MD/HAE microparticles incor-
poration on HM films’ thermal stability. The melting temperature (Tm)
of HM/IN/HAE (1:1:10-20 % and 1:4:10-20 %) (116-131 °C), HM/MD/
HAE (1:1:10-20 % and 1:4:10-20 %) (125-135 °C), and HM/IN/MD/
HAE (1:1:1:10-20 % and 1:1:4:10-20 %) (127-139 °C) films was
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Fig. 5. Thermogravimetric (TG; left) and derivative (DTG, right) profiles of pectin (HM) films and of pectin (HM)-based films, and encapsulated anthocyanin
powders with different wall materials of inulin (IN, a); maltodextrin (b) and the combination of inulin/maltodextrin (IN / MD, c), at different ratios (1: 1 and 1: 4)

and concentrations (10 and 20%) added in the films.
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Fig. 6. Profile for pectin (HM) films and of pectin (HM)-based films and encapsulated anthocyanin powders with different wall materials: inulin (IN, a); maltodextrin
(b), and inulin/maltodextrin combination (IN / MD, c¢), at different ratios (1: 1 and 1: 4) and concentrations (10 and 20%) added in the films.

significantly higher than that of the control film (HM, 119 °C). This
showed that incorporating the anthocyanin microparticles encapsulated
with IN and MD increased the pectin-based films’ thermal stability, as
seen in the thermogravimetric results.

3.7. Optical properties

The food packaging materials’ color and transparency play an
essential role in their appearance and customer acceptance. The effect of
HAE microparticles on HM films colorimetric parameters is presented in
Table 4.

The presence of anthocyanins-HAE microparticles in the films
decreased L* values (reduced lightness) (Table 4). The red-green (a*)
and blue-yellow (b*) parameters increased significantly (p < 0.05) with
increasing the anthocyanins-HAE microparticles (20 % w/w) compared

to the control film. The effects were more significant when the films
were developed at the 1:1 (wall material concentration - HAE) ratio and
incorporated microparticles obtained from the individual wall materials
(added only IN/HAE and MD/HAE). Thus, the HAE microparticles
decreased the luminosity (L*), while increasing the redness (a*-value)
and yellowing (b*-value) in the films due to the red and yellow colors of
anthocyanin and pectin, respectively (Rawdkuen, Faseha, Benjakul, &
Kaewprachu, 2020; Roy et al., 2021). The total color difference (AE*)
values were calculated considering the HM film as standard. Despite
reduction in L* values reduction, all films showed high luminosity (i.e.,
L*values close to 100), which is recurrent for edible films (Araujo-Farro,
Podadera, Sobral, & Menegalli, 2010; Basiak, Lenart, & Debeaufort,
2017; Galus, 2018). As a result, the total color difference (AE*) increased
significantly (p < 0.05) by adding HAE microparticles to the films. Ac-
cording to Pajak, Przetaczek-Roznowska, & Juszczak, (2019), films with
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Table 4

Luminosity (L*), chromatic coordinates (a* and b*), and colorimetric parameters
(AE, total color difference) for pectin (HM) films and pectin (HM)-based films
and encapsulated anthocyanin powders with different wall materials: inulin
(IN); maltodextrin and the inulin/maltodextrin (IN/MD) combination, at
different ratios (1: 1 and 1: 4) and concentrations (10 and 20%) added in the
films.

Samples L* a* b* AE Apparent
opacity
/%
HM 87.0 + -1.0+ 5.01 + 6.2 + 47.0 £ 9.0°
0.1° 0.0’ 0.067 0.1

IN/HAE- 77.4 + 12.6 + 0.20 + 20.0 + 39.5 + 1.8%°
1:1:10 0.3f 0.4 0.018 0.5¢

IN/HAE- 67.0 + 27.3 + 3.06 + 37.6 + 44.2 + 0.1
1:1:20 0.7 0.9% 0.03% 1.1°

IN/HAE- 81.0 + 73+ 2.00 + 135 + 36.2 + 6.0°°
1:4:10 0.1¢ 01h 0.07¢ 0.2h

IN/HAE- 76.1 + 14.2 + —-0.20 + 21.6 + 34.4 + 2.0°°
1:4:20 0.58 0.3¢ 0.16" 0.6

MD/HAE- 76.0 + 14.6 + —0.40 + 22.1 + 33.1 + 0.6%
1:1:10 0.2°8 0.3¢ 0.01' 0.44

MD/HAE- 66.2 + 28.4 + -3.63 39.0 + 36.3 + 3.2
1:1:20 0.2} 0.4 0.03™ 0.4

MD/HAE- 78.5 + 11.0 + 0.67 + 17.7 + 41.0 £ 1.2%°
1:4:10 0.2¢ 0.2f 0.05° 0.3f

MD/HAE- 70.9 + 22.0 + —2.20 + 31.0 + 39.4 + 1.5%
1:4:20 0.2! 0.2° 0.06 ¢ 0.3

IN/MD/HAE-  79.8 + 8.9 & 1.52 + 15.4 + 36.2 + 4.8%°
1:1:10 0.44 0.48 0.07¢ 0.68

IN/MD/HAE-  72.6 + 19.4 + ~1.60 + 27.9 + 34.0 + 1.5°°
1:1:20 01h 0.4¢ 0.04 0.2¢

IN/MD/HAE-  83.4 + 3.0+ 3.56 + 9.1+ 37.0 + 1.2°°
1:4:10 0.1° 0.1 0.07° 0.1}

IN/MD/HAE-  80.2 + 8.5+ 1.38 + 15.0 + 29.4 +1.3°
1:4:20 0.2« 0.28 0.05° 0.38"

Luminosity (L*), chromatic coordinates (a* and b*), and colorimetric parame-
ters (AE, total color difference) are reported as average values and standard
deviations. The same letters on the same column indicated that the values are
not statistically significant (p > 0.05), using Tukey’s test.

AE* > 2 show a difference in appearance compared to the control.
Light protection also plays a critical role in food packaging, as light
may lead to vitamin degradation, fresh food’s discoloration, develop-
ment of off-flavors, and self-oxidation of fats (Duncan & Chang, 2012;
Etxabide, Maté, et al., 2021). The control HM films showed higher
transparency and higher light transmittance in the visible area. In
contrast, HM/IN/HAE, HM/MD/HAE, and HM/IN/MD/HAE composite
films presented strong UV light screening properties, significantly (p <
0.05) reducing light transmittance compared to control (HM) films
(Table 4). Such characteristic is linked to anthocyanins ability to
strongly absorb ultraviolet light due to their unique functional groups
(C. Wuetal., 2019; Yong et al., 2019). Recent studies have also reported
a decrease in UV-vis light transmission after adding anthocyanins to
biopolymer films (Alizadeh-Sani et al., 2021; Yong et al., 2019).

3.8. Total monomeric anthocyanins (TMA), total phenolic compounds
(TPC), and antioxidant capacity

The results of total phenolic content (TPC), antioxidant activity
(DPPH), and total monomeric anthocyanins (TMA) for the microparti-
cles, HM-based films, and their composites (HM/IN/HAE, HM/MD/
HAE, and HM/IN/MD/HAE) are presented in Table S2 and Fig. 7,
respectively.

Hibiscus calyx extract (HAE) presented anthocyanins (TMA) con-
tents of 192 mg/100 g and total phenolic compounds (TPC) contents of
23.5 mg GAE g 1). As for antioxidant activity, HAE extract showed 18.2
mg TEAC g™ 1. These values are in agreement with Liu, Zhang, Fu, & Cui,
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(2022) and Zhen et al., (2016). The HM films, as reported in other
studies (Soultani, Evageliou, Koutelidakis, Kapsokefalou, & Komaitis,
2014), showed no antioxidant activity, and thus was not represented in
Fig. 7. In contrast, films incorporated with HAE microparticles showed
antioxidant and phenolic compounds. Kim, Yang, Lee, Beak, & Song,
(2017) and Sayago-Ayerdi, Velazquez-Lopez, Montalvo-Gonzalez, &
Goni, (2014) stated that dietary plant extract, such as that of hibiscus
(HAE), have different bioactive compounds, such as vitamins (Vitamin
C, Vitamin B1, and Vitamin B2), minerals (sodium, calcium, and po-
tassium), and polyphenols (anthocyanins and carotenoids), acting as
antioxidants. Also, there are many phenolic compounds in HAE, such as
delphidin-3-sambubioside, cyanidin-3-sambubioside, quercetin, luteo-
lin glycoside, and chlorogenic acid (Sayago-Ayerdi et al., 2014).

Thus, the increase in antioxidant compounds was proportional to the
1:1 ratio and 20 % w/w concentration in the addition of IN/HAE, MD/
HAE, and IN/MD/HAE microparticles. Gomez-Estaca, Bravo, Gomez-
Guillén, Aleman, & Montero, (2009) reported that the biodegradable
films’ antioxidant activity is linked to the amount of antioxidant addi-
tives added, which agrees with the current study. This was observed that
HM-based films added with MD/HAE microparticles showed higher
antioxidant activity and total phenolic content. The HM/MD/HAE
1:1:20 films showed the highest phenolic compounds (20 mg GAE g™ 1)
and DPPH (11 mg TEAC gfl) content. It was probably due to the anti-
oxidant activity present in the HAE extract, as shown in Table S2, and in
other studies (Cruz-Galvez et al., 2018; de Moura et al., 2019; H. Kim
et al., 2017; Peralta et al., 2019). Moreover, the higher antioxidant ac-
tivity of biodegradable films added with MD microparticles may be
linked to their good protection against oxidation and better storage
stability. Chranioti, Nikoloudaki, & Tzia, (2015) and Chranioti & Tzia,
(2014) showed similar observations. According to Vasco, Ruales, &
Kamal-Eldin, (2008) foods may be classified into three levels as per their
phenolics concentration: low (0.21 to 0.91 mg GAE.g™ 1), intermediate
(0.92 to 10.1 mg GAE.g™1), and high (above 10.1 mg GAE.g™1). Taking
this classification into account, it was found that films incorporated with
IN/HAE, MD/HAE, and IN/MD/HAE microparticles at 1:1 ratio and 20
% concentration may be classified as high content in phenolic com-
pounds. Conversely, the other films may be seen as intermediate (Fig. 7).

3.9. Color stability of films

As one of the possible uses of these colorimetric films produced in our
work is for the detection of the freshness of foods, such as meat and milk
products, based on the color change of the film, it is necessary to char-
acterize these modifications as a function of the variation of the pH
(3,4,7 and 10). Table 5 shows the color changes of HM films and their
composites (HM/IN/HAE, HM/MD/HAE, and HM/IN/MD/HAE) under
different pH conditions. In this study, we sought to evaluate the color
changes of the colorimetric films produced, simulating a more sensitive
and objective measurement of color, using a calorimeter, since its
measurement method is basically the same as that of the human eye, as
established in other studies (Choi et al., 2017; Koshy et al., 2021; Jialin
Liu et al., 2021; Ma, Du, et al., 2017; Teixeira, Soares, & Stringheta,
2021; Z. Yang et al., 2021; Zhai et al., 2017).

The results in Table 5 show that L*, a* and b* values and the overall
color difference (AE*) of HM films did not change significantly with the
3-10 pH variation. This was verified with L* values for HM/IN/HAE,
HM/MD/HAE, and HM/IN/MD/HAE composite films incorporated with
HAE extract microparticles, regardless of the wall material used to
encapsulate it. However, a* and b* parameters varied significantly as a
function of pH value, as observed in Table 5. The a* values decreased
with the increase in pH from 3 to 10, indicating a gradual loss of red
coloration. The color changes of the films can be explained by the in-
teractions of the chromophore nucleus of the anthocyanin with the H +
concentration of the solutions. Chemically, anthocyanins can be defined
as heterosides of an aglycone unit (anthocyanidins) linked to glycosides.
With only one chromophore the flavylium nucleus, these pigments can
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Fig. 7. Total phenolic content and antioxidant activity pectin (HM) films and pectin (HM)-based films and encapsulated anthocyanin powders with different wall
materials: inulin (IN, a); maltodextrin (MD, b) and the inulin/maltodextrin combination (IN/MD, c), at different ratios (1: 1 and 1: 4) and concentrations (10 and

20%) added in the films.

provide a large range of colors, due to their interactions with compounds
existing in aqueous medium. When raising the pH of an acid solution
containing an anthocyanin, an acid-base protonation balance of the
flavylium cation occurs very fast. The flavylium cation (AH + ) is the
predominant species in the equilibrium under strongly acidic condi-
tions. With an increase in pH, AH + undergoes two parallel reactions:
deprotonation, followed by proton loss, to give the hemiketal. Inter-
conversion of these species produces large changes in color and stability.
The colored species are AH+ (red), at low pH values, and A (purple/
blue), which is not thermodynamically stable. These reactions lead to a
structural configuration of anthocyanins in which, as the pH increases,
decreases the number of conjugated double bonds and this characterizes
the loss of coloration due to the pyrylium ring cleavage (Grajeda-Iglesias
et al., 2016; Tarone et al., 2020). Table 5 shows that such reduction was
greater in HM/IN/MD/HAE films added with HAE microparticles con-
taining two wall materials, IN and MD. This may be related to better
HAE extract encapsulation, corroborating with the studies of Calliari,
Campardelli, Pettinato, & Perego, (2020), de Moura et al., (2019) and de
Moura, Berling, Germer, Alvim, & Hubinger, (2018). Furthermore, at
acidic pH (3-4), a* parameters were observed with values above zero,
which indicates a reddish-pink coloration. A similar analysis for the b*
parameter showed values above zero (yellowish color) and below (blue
color tendency) for films with 20 % and 10 % HAE microparticle con-
centration, respectively. According to Etxabide, Kilmartin, & Mateé,
(2021) the color intensity decreases as the extract’s concentration de-
creases. As for color difference (AE*), AE between pH 3-4 and pH 7-10
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were higher than 5, which indicates that color differences may be
identified with the naked eye (H.-J. Kim, Roy, & Rhim, 2022; Koshy
et al., 2021; Pourjavaher et al., 2017). Some more recent studies have
used colorimetric films, similar to those developed in this study, to
determine the quality and shelf life of certain foods (Hashim et al., 2022;
D. Liu, Cui, Shang, & Zhong, 2021; Z. Yang et al., 2021; Zheng et al.,
2022).

4. Conclusion

It has been demonstrated in the current study that incorporating
anthocyanins-HAE microparticles by spray-drying with two encapsu-
lating agents (MD and IN) at different concentrations to the HM-based
films affected their matrices, giving them active functionality, preser-
ving, and even improving their physicochemical properties. The incor-
poration of HAE microparticles in the HM matrix allowed the films to
present antioxidant activity, which could also be considered as active
films. Colorimetric films showed improved mechanical properties and
barrier properties. To sum up, their application as intelligent packaging
was highlighted, presenting coloration changes according to the
different pH, further increasing their potential application in the food
industry. All the materials used to fabricate the colorimetric films were
nontoxic and biodegradable. Hence, the colorimetric films can be used
as safe and eco-friendly fish, shrimp, pork, or milk indicators for intel-
ligent packaging.
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Table 5

Luminosity (L*), chroma a*, chroma b*, and global color difference (AE*) of
pectin (HM) films and pectin (HM)-based films and encapsulated anthocyanin
powders with different wall materials: inulin (IN); maltodextrin and inulin/
maltodextrin combination (IN/MD), at different ratios (1: 1 and 1: 4) and con-
centrations (10 and 20%) added to the films immersed in different pH conditions
buffer (from 3 to 10).

Samples pH L% a* b* AE
HM 3 87.0 + -1.1+ 5.0+0.1%®  6.0+0.2%
0.23‘)(3) 0.1b(0 (e)
4 87.0 + ~0.9+ 5.0 +£0.1°® 6.2+ 0.2%®
0.1b(a) O.la(h)
7 87.0 + -1.0+ 5.0+0.1°® 6.0+ 0.2°0
0.3ab(a) 0.12®
10 88.0 + “1.1+ 5.1+ 0.1% 6.0 + 0.3°
0.43(3) 0.1bg"(e) (bc) (€3]
IN/HAE- 3 76.0 + 14.4 + 0.4° —0.03 + 22.0 + 0.4
1:1:10 0.2ab(Cd) () O‘OSb(E) ()
4 72.0 + 13+0.1° —0.5+0.1° 22,0+ 2.0°
640b(fg) (cde) (ef) ©
7 77.0 £ 12.4+0.8° 05+0.1°D 20,0+ 1.0°
0.7ab(cde) (de) (efg)
10 80.0+ 9.1 +1.4¢ 0.7 £ 0.2% 16.0 + 2.0°
1. 2a(abc) (bed) (fgh) (de)
IN/HAE- 3 65.0 + 31.0+1.0° —3.7+0.2° 42.0+1.0°
1:1:20 0.9b® @ ) @
4 64.0 + 30.0£1.2° —50+04° 420+1.3°
O.Sb(h) (a) (hi) (a)
7 67.0 + 26.0 + 4.0° —3.1+0.6" 36.0+4.0°
Z.Zb(h) (ab) ® (ab)
10 710+ 16.0 £ 4.0° —21+0.7% 26.0 + 3.0°
Z.Oa(Cd) (b) [©] (b)
IN/HAE- 3 81.0 + 8.0 +1.0° 20401 140+
1:4:10 0.9%© @ © 1.0°@
4 81.0 + 8.0 + 0.9 2.0 + 0.2 14,0 + 1.0
l.oa(bc) (€3] (ef)
7 81.0 + 7.0 £0.7% 2.4 +0.2° 13.0 +
O‘Sa(b) €3] (b) O.Qab(hi)
10  84.0 + 9.0 + 4.0° 3.2+ 0.4 10.0 + 0.9°
3.02@ (bed) (bedef) (defg)
IN/HAE- 3 74.0 £ 17.0+1.1° —05+01° 250+1.4°
1:4:20 0.7b(d) () ® ()
4 750+ 1.0° 150+15 —15+01° 23.0+2.0%
(def) (© ® (©
7 75.0 + 15.0+1.4°> -1.5+01° 23.0+20°
1.2b(e) @ (e) (e)
10 80.0 + 5.3 £ 1.4° 2.0 £ 0.8° 13.0 + 2.0°
1. Sa(abc) (cde) (defg) (def)
MD/HAE- 3 77.04+ 0.5 140+07° -05+01¢ 21.0+0.8*
1:1:10 @ © ® ©
4 76.0 + 140+1.2° —08+0.1° 21.0+1.4°
0. 8b(cde) (cd) (ef) (cd)
7 78.0 + 11.0+0.8° 1.1+0.1° 17.0 + 0.7°
0.4 (@ @ (ef)
10 80.0 + 5.0 + 4.0° 2.3 £ 0.6 14.0 + 4.0°
1A9a(abc) (cde) (cdefg) (def)
MD/HAE- 3 65.0 & 31.0+1.0° -3.8+02° 420+1.4°
1:1:20 0.9°® @ ™ @
4 66.0 + 27.0+2.0° -54+07° 38.0+20°
1,120 @ @ @
7 66.0 + 27.0+2.0° -54+07° 38.0+20°
1. oa(h) @) (@ @)
10 720+ 140 +54* —1.6+0.9*° 24.0 +5.0°
2.0a(cd) (be) (hi) (bc)
MD/HAE- 3 79.0 + 9.5 + 3.0° 1.0 +0.2°® 16,0 + 3.5°
1:4:10 2,02 @ @
4 78.0 + 11.0 £2.0°  0.10 + 18.0 + 2.0°
l‘Oa(Cd) (def) 0.0la(dd (de)
7 79.0 + 11.0+£0.7°  1.1+0.1° 17.0 + 0.7
0.32(med) (def) (cd) (fgh)
10 79.0 + 9.0 + 4.0 1.3+ 0.9 16.0 + 3.0°
1.4a(abc) (bed) (efg) (de)
MD/HAE- 3 67.0 £ 22.0+3.0° —4.0+01°> 34.0+20°
1:4:20 0.4%@ ® 0 ®
4 69.0 + 22.0+1.4°> —4.0+06> 320+23°
1.7a(gh) (b) ) (b)
7
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Table 5 (continued)

Samples pH L* a* b* AE
69.4 + 22.0+1.4> —4.0+06> 320+23°
1.72(®) (bc) ® (cd)
10  65.0 + 60.0 +£3.0° 63.0+£20%  93.0+3.0°
9.0a(d) (@ (@) (a)
IN/MD/HAE- 3 79.0 + 10.0 + 1.44+0.1%  17.0+
1:1:10 0.4°© 0.5@ @ 0.6
4 79.0 + 10.0 + 1.0 +0.3° 17.0 +
0.6b(bcd) 0.2(ef) (cd) 0.5(e)
7 80.0 + 8.3+ 2.3 £ 0.5° 15.0 +
O.Sb(bc) 0.9(30 (be) 0.9(gh)
10 850+ 1.2+ 3.5+ 0.5° 9.0 +
2'Oa(ab) 0.1(de) (bede) 1.3(efg)
IN/MD/HAE- 3 75.0 + 14.0 £0.9° -1.3+0.1°> 220+0.8°
1:1:20 O.2a(Cd) (© ®) ©
4 71.0 + 20.4+1.5° —28+04° 30.0+1.8"
1. Zb(efg) (b) [€3) (b)
7 71.0 + 20.4+1.4° -28+04° 30.0+1.8
1.9b® © ® @
10 770+ 9.0 + 1.14 0.1 £ 0.0 18.0 + 1.1°
O.Ga(bc) (bed) (ghi) (cd)
IN/MD/HAE- 3 84.0 + 3.6 +0.2° 3.4+01"  10.0 + 0.4
1:4:10 0.32® © ® ©
4 83.0 + 3.5+ 0.3% 32+02® 9540720
O.Ga(ab) ®
7 85.0 + 2.5 +0.3" 4.0+0.4"%  83+0.9%
0'9a(a) (fg) (@ [¢1)]
10 850+ 1.2+ 0.1¢ 3.5+ 0.5 8.8 +1.3°
2.1a(ab) (de) (bed) (fg)
IN/MD/HAE- 3 80.0 + 9.5 + 0.4 1.2 +0.0° 16.0 + 0.5%
1:4:20 O.Sb(C) @ (GY) @
4 79.5 + 9.4 + 0.9° 0.8 +£0.1° 16.0 + 1.1°
0v7b(bcd) (3] (cd) ©
7 80.0 + 8.2 + 0.5° 1.7 £0.1° 14.5 + 0.7°
0. sab(bc) (ef) (be) (gh)
10 820+ “1.1+ 6.0 £2.0°®  11.2+20°
1_1a(ab) 0.1b(e) (defg)

Different letters within the same treatment (without parentheses) and between
treatments (in parentheses) indicated statistically significant differences (p <
0.05) by Tukey’s test.
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