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ARTICLE INFO ABSTRACT

Keywords: Biodegradable food packaging films were prepared from chitosan incorporated with microencapsulated antho-
Anthocyanins cyanins powder (MAP) that was extracted from purple corn cob using the casting method. Anthocyanins extracts
P‘{rple corn cob ) were microencapsulated with maltodextrin, gum arabic, and soy protein using a spray-drying method. The film
Iggsctri:zﬂcapsmanon based on chitosan and MAP (CHt@MAP) was prepared through citric acid cross-linking and plasticization with

glycerol. The structural analysis of the CHt@MAP film revealed a semicrystalline structure by X-ray diffraction.
The interactions were mainly via electrostatic and hydrogen bonding, as confirmed by Fourier-transform
infrared. Based on scanning electron microscopy, the morphology of the films revealed evidence of the pres-
ence of MAP on the surface and cross-section. The microcapsules inside the films produced an increase in
thickness (0.18-0.21 mm), lower water vapor permeability (12.4-8.5 X 10710 g m'ls_lPa'l), and reduced
elongation at break (217 % to 165 %), as well as tensile strength (1.3 to 0.45 MPa) compared to the chitosan film.
Furthermore, the antioxidant activity of CHt@MAP film was high, with a radical scavenging activity of 56 %. It
also exhibited a strong barrier to UV and visible light. The results indicate that the CHt@MAP film preserves the
shelf life of blueberries at room temperature and could be used as an active packaging film for foods.

Biodegradable films

1. Introduction

Food spoilage is a serious concern as it leads to significant economic
losses during the transportation and storage of agricultural products,
due to environmental factors, handling, and microbial contamination
[1]. To address this challenge, the development of packaging with
bioactive compounds has emerged as a promising strategy. These active
compounds preserve food quality, extend shelf life, and reduce food
waste [2].

Purple corn cob (Zea mays L.) is a by-product of purple corn that
presents a very intense purple color because it is a rich source of

* Corresponding author.

anthocyanins (Cy-3-glucoside, Pg-3-glucoside, Pn-3-glucoside, Cy-3-
malonylglucoside and Cy-3-dimalonylglucoside) [3,4], as well as other
phenolic compounds.

Anthocyanins, a type of flavonoid, are particularly attractive for
these applications because of their excellent antioxidant and light bar-
rier properties [5]. However, anthocyanins are susceptible to external
factors such as light, oxygen, pH, and high temperatures [6]. Consid-
ering the challenges of anthocyanin degradation, microencapsulation
emerges as the most effective and scalable solution. This process utilizes
various biopolymers as protective “wall materials” to encapsulate the
bioactive compounds. Techniques such as spray drying achieve this
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encapsulation, which can preserve the properties and ensure the sta-
bility and longevity of the bioactive compounds (i.e., the core material)
such as anthocyanins [7].

Encapsulation of Anthocyanins with maltodextrin demonstrates
optimal effects in preventing degradation due to heat, light, and others
forms of degradation [8]. Maltodextrin concentrations from 7 % to 20 %
are the most common for spray drying conditions [9]. However,
maltodextrin has limitations, particularly regarding its water solubility.
To address this issue, proteins and gum arabic can be used as comple-
mentary encapsulation materials. While proteins have low solubility in
water, they exhibit good film and gel-forming properties and are also
used as carriers for the microencapsulation and stabilization of bioactive
compounds [10]. Similarly, gum arabic is a water-soluble polymer with
low viscosity that has an excellent capability to encapsulate flavors,
aromas, phenolic compounds, antioxidants, and nutraceutical com-
pounds [11]. Therefore, it is important to incorporate microcapsules
into a polymeric matrix [12]. Chitosan is one of the most well-known
polymers because of its excellent film formation, biocompatibility,
biodegradability, and antioxidant properties [13]. This polysaccharide
dissolves in an acidic medium, such as acetic acid. However, acetic acid
releases an unpleasant odor that, if used for packaging, may transfer the
smell to the food [14]. For this reason, citric acid was used to prepare the
active film because it is an organic compound recognized as safe (GRAS)
and is commonly used as a food preservative [15]. At present, micro-
encapsulated anthocyanins incorporated into films are being used for
food preservation during storage. The increasing demand for fresh fruit
in international markets requires a better solution for fruit preservation.
Teixeira et al. reported that chitosan deep eutectic solvent films incor-
porated with 2 % of acai microparticles exhibited the most desirable
combination of mechanical and antioxidant properties, thus making it a
promising material for use in food packaging [16]. Although several
studies have investigated the use of films containing bioactive com-
pounds to extend the shelf life of foods, the use of anthocyanin micro-
capsules extracted from purple corn cob as an alternative to enhance the
antioxidant and preservative potential of biodegradable films has not
been investigated.

Therefore, this study aimed to develop and characterize the effect of
incorporating microencapsulated anthocyanins powder from purple
corn cob on the food packaging properties of biodegradable chitosan
films. The films were obtained by casting method, and the structure,
morphology, physical and barrier properties, antioxidant properties and
biodegradability of the films were studied and compared with the chi-
tosan film without microcapsules. Additionally, the potential of these
films in fresh blueberries packaging was evaluated, aiming to preserve
their shelf life while maintaining quality.

2. Material and methods
2.1. Material

The raw material was purple corn cob (Z. Mays L) that was collected
directly from a local market (Arequipa, Pert). Citric acid anhydrous
(Scharlau), high molecular weight chitosan (75 % deacetylation) was
purchased from Sigma-Aldrich, maltodextrin (MD) with a dextrose
equivalent (DE = 10-15), soy protein (purity >90 %), and gum arabic
(GA) were purchased from Oregon Chem Group (Lima, Pert). All re-
agents were of analytical grade.

2.2. Extraction of anthocyanin from purple corn cob

Dry purple corn cobs were manually cleaned to remove soil and then
dried in a drying oven at 30 °C. Next, they were ground into a powder
using a mill (ML G201, GRINDER), and the powder was sifted through
100-mesh sieve. Samples were stored in amber glass bottles until further
use.

For the extraction process, 10 g of purple corn cob powder was added
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to 200 mL of an acidified solution of 60 % ethanol in water. The pH of
this solution was adjusted to 2.0 using a 1 M citric acid solution. This
solution was maintained in an ultrasonic bath (EMAG UC-20 SD, Ger-
many) at 45 kHz and 120 W for 1 h. The solution was then stirred for
1 min and filtered using a semi-slow filter paper (7-um) to collect the
anthocyanin extract. The anthocyanin extract was then concentrated
using a rotary evaporator (RE100-PRO, DLAB, China) at 40 °C for 1 h to
remove organic solvents. Finally, the concentrated purple corn cob
extract (PCCE) was stored in amber glass bottles under refrigerated
conditions (10 °C) until further use.

2.3. Preparation of anthocyanins microcapsules

The encapsulation process of PCCE included a spray-drying method
utilizing maltodextrin MD, soy protein (SP), and GA as the wall material.
The microencapsulation process began with a mixture of matrices each
one at (10 % w/v). Initially, 10 g of MD was dispersed into 100 mL of
distilled water and stirred magnetically for 1 h. Next, the MD solution
was mixed with 10 g of SP for 1 h, and finally, 10 g of GA was added and
mixed for another 1 h. Each matrix was subject to continuous stirring at
500 rpm and room temperature. After that, the matrix solution was
maintained at rest for 12 h. Furthermore, 100 mL of the concentrated
anthocyanin extract was added to the coating material suspension as
wall material (10:3, v/w) under constant stirring at 700 rpm for 3 h. The
total soluble solid content of the mixture was 20° Brix.

The resultant solutions were fed into the primary chamber through a
peristaltic pump at room temperature under continuous stirring. The
drying process was performed in a Mini Spray Dryer (Model B-290,
Buchi, Switzerland). The spray dryer was operated with an inlet tem-
perature of 160 °C and an outlet temperature of 90 °C + 5 °C, with a feed
rate of 4.8 mL/min, a drying air flow rate of 538 L/h, nozzle diameter of
0.7 mm, and an aspiration rate of 75 %. The process was performed in
triplicate. The obtained microencapsulated anthocyanin powders (MAP)
were vacuum sealed and stored in a desiccator at 23 °C and 28 % relative
humidity (RH) for further physicochemical analyses.

2.4. Preparation of active films

The solution casting method was used to prepare the films. A chi-
tosan solution (2 wt%) was added to 100 mL of citric acid solution
(2 % w/v). The mixture was stirred at 500 rpm for 5 min and sonicated
for 8 min (2 min on and 1 min off sequentially) using a sonotrode
$24d22D and 240 W (HIELSCHER ultrasonic homogenizer, 24 kHz,
model UP400ST) to disrupt the particle agglomerates. This mixture was
then degassed for 30 min to obtain a homogeneous filmogenic solution.
After cooling to 35 °C, 2 g of anthocyanin microparticles were added to
the filmogenic solution as previously described. The mixture was placed
in an ultrasonic homogenizer for 2 min and stirred magnetically for
another 15 min. Thereafter, 2 mL of glycerol was added to the mixture
and thoroughly mixed for 30 min, followed by degassing for 20 min.

The resulting solutions were cast onto a plastic petri dish (150 x
20 mm) and dried in a drying oven at 30 °C (MEMMERT, model UF75)
for 16 h. The chitosan film (CHt film) with anthocyanin encapsulated
(CHt@MAP) was stored in a desiccator at an RH of 28 % for several
weeks before analysis.

2.5. Characterization of extract and microcapsules

2.5.1. Total anthocyanin content
The total anthocyanin content (TAC) was evaluated using the pH
differential method described by Giusti and Wrosltad [17] and calcu-
lated using Eq. (1).
A x MW x DF x 1000

TAC(mg/L) = P )
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where A equals (Abs530nm — Abs700nm) py 10 — (Abs530nm —
Abs700nm) py 4.5, MW is the molecular weight of cyanidin-3-glucoside
(C3G) (449.2 g/mol); DF is the total dilution factor of the sample; ¢ is
the molar extinction coefficient of C3G (26,900 L/(mol ! cm’l)); and L
is the path length of the cuvette (1 cm).

2.5.2. Encapsulation efficiency

The encapsulation efficiency (EE) of the microcapsules was calcu-
lated using Eq. (2), as described by Zhang et al. [18], with modifications
to the process. Initially, 100 mg of microcapsules were mixed with 1 mL
of distilled water and extracted in an ultrasonic bath for 30 min. Then,
9 mL of ethanol was added, and the microcapsules were filtered after
10 min. The resulting mixtures were analyzed to calculate the TAC. To
determine the surface anthocyanin content (SAC) of the microcapsules,
100 mg samples were mixed with 10 mL of ethanol, vortexed, centri-
fuged, and the supernatant was collected and filtered.

TAC — SAC
= X

EE(%) = 2 = x 100, 2

2.5.3. Moisture content and drying yield of the microcapsules
The moisture content percentage in the microcapsules was deter-
mined using a humidity balance (MB120, OHAUS, USA). In addition, the
drying yield percentage was evaluated using Eq. (3) [19].
__powder after spray drying(g)

o inld (08 —
Drying yield (%) solids in feed solution(g) x 100 ®

2.5.4. Total phenolic content (TPC) and oxygen radical absorbance
capacity (ORAC) analysis to determine antioxidant capacity

The total polyphenol content (TPC) and antioxidant capacity of PCCE
and MAP were calculated using the method detailed by Huaman-Castilla
et al. [20], with a preliminary treatment used for the extraction of TPC
and antioxidant compounds from MAP. For TPC, 0.2521 g of sample
powder was dissolved in 5 mL of distilled water, stirred for 2 min, and
stored in the dark for approximately 1 h. Subsequently, the supernatant
was filtered using Whatman Filter Paper Grade 42 and collected in a
falcon tube for further analysis. The TPC samples were then evaluated
using a UV-vis spectrophotometer (Genesys 150, Thermo Scientific) at
765 nm and expressed as the gallic acid equivalent (GAE) per g of dry
weight, utilizing a standard curve of gallic acid (20 mg/mL — 80 mg/mL;
r2: 0.9995).

For the ORAC analysis, 0.5 g of sample powder was dissolved in
50 mL of distilled water, followed by the prior extraction of anthocya-
nins from MAP. The results were represented by plotting the fluores-
cence values against time and integrating the area under the curve.
Trolox calibration curves with known concentrations were used to
convert the area under the curve to Trolox equivalents. The antioxidant
capacity was expressed as pmol Trolox equivalents per gram of dry
weight.

2.6. Characterization of the active film

2.6.1. Chemical structures

The X-ray diffraction (XRD) pattern of the prepared film samples was
measured using a Rigaku MiniFlex 600 X-ray) diffractometer operated at
40 kV and 15 mA with Cu Ka radiation (¢ = 1.5418 A). Diffractograms
were captured between 5 and 60° at a scan speed of 2°/min with a step
size of 0.02.

Identification of the different functional groups on the film surface
and the interaction between polymers was obtained using a Fourier-
transform infrared (FTIR) spectrophotometer (Shimadzu IRTracer-100
Model) in attenuated total reflectance (ATR) mode. The analysis was
performed with a resolution of 2 cm™! in the wavenumber range of
4000-400 cm ™! with a total of 32 scans.
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2.6.2. Surface morphology

Surface morphology and cross-sections of the films were evaluated
using a Thermo Scientific Scios 2 DualBeam microscope. The prepared
samples were deposited on carbon conductive tape and coated with a
thin layer of gold. An accelerating voltage of 15 kV was used during the
experiments.

2.6.3. Thickness and moisture content

The film thickness was measured at six random positions using a
Mitutoyo digital micrometer (0.001 mm). In addition, the moisture
content was determined using the humidity balance described above.

2.6.4. Optical properties

A film sample was cut into 3.5 x 1 cm pieces and placed in a cuvette
cell within a UV-vis spectrophotometer (Shimadzu, UV-1800, Japan) to
determine its optical properties. The film opacity was measured using
Eq. (4).

Ab.
5600 4
X

Opacity =

where Abs600 is the absorbance value of film at 600 nm and x is the
value of the film thickness (mm) that was measured with the digital
micrometer as described above.

2.6.5. Water vapor permeability

The water vapor permeability (WVP) of the films was performed
according to the method previously described by Quequezana-Bedregal
et al. [21]. Vials containing 1 mL of an oversaturated potassium nitrate
solution were sealed with film samples and maintained in a desiccator
(24.23 °C, 44.89 % HR). The WVP was measured in g m s !Paland
calculated using Eq. (5).

WVPR x 2

wwp=—"—""2"
P x ARH

5)
where the WVP rate (WVPR) is calculated as the slope/film area, P is the
water vapor pressure (Pa), ARH is the difference in RH, and z is the film
thickness (m).

2.6.6. Mechanical properties

Tensile strength (TS), elongation at break (EB), and Young’s modulus
(YM) properties were determined according to the ASTM D882-02
standard method using a universal testing machine (Testometric
X500-50). The films were cut into rectangular strips (1 x 10 cm) and
kept in a desiccator with a constant temperature of 25 °C and an RH of
50 % +5 % for 48 h before testing. The tests were performed with a
crosshead speed of 30 mm/min and an initial grip separation of 50 mm,
in accordance with the ASTM D882-02 standard method for all
experiments.

2.6.7. Biodegradation test

The film’s biodegradation was evaluated according to the method
described by Chavez-Marquez et al. [22]. The films were cut into 2 x
2 cm squares and placed inside a 10 x 20 x 5 cm cell, buried approxi-
mately 1 cm deep in commercial compost. The cell was maintained at
room temperature, and films were carefully removed every 1, 2, and
3 days. Before visual inspection of the buried films, the samples were
washed and dried at 25 °C.

2.6.8. Antioxidant activity of films

The DPPH radical scavenging activity (RSA) was performed ac-
cording to the method described by Miao et al. [23] and was calculated
using Eq. (6). Approximately 0.5 g of the films were dissolved in 50 %
ethanol and vortexed (Vortex Vib J.P. Selecta) for 2 min. Subsequently,
50.7 pM of DPPH solution (3 mL) was combined with the solubilized film
(1 mL) and stored in the dark for 30 min.
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(ADPPH - Asample)

RSA% =
Apppy

% 100. (6)

2.7. Evaluation of CHt@MAP films for the enhanced preservation of
blueberries

CHt and CHt@MAP films were cut into 10 x 4 cm rectangles and
sealed in bags using a heat sealer (FreshpackPro, QH-01, China).
Approximately 2 g of fresh blueberries with a small size, maturity, and
no damage were used for the test. The bags were stored at room tem-
perature of 25 °C + 3 °C and an RH of 54 % for 32 days.

Furthermore, the weight loss of blueberries was determined every
2 days during the first week and then every 3 days thereafter. An OHAUS
PX225D analytical balance (+0.0001 g) was used, and the results were
expressed as a percentage of weight loss relative to the initial sample
weight. The packaging tests were performed in triplicate, and the
average results were reported.

Weight loss(%) = (w

o

) %100, %)

where W is the initial weight and W is the weight after the established
time.

2.8. Statistical analysis

Experimental data were processed using statistical software (Mini-
tab, 18). The Student’s t-test was used to determine differences at a 95 %
significance level. All data were expressed as the mean + standard de-
viation of the analyses performed in triplicate.

3. Results and discussion

3.1. Characterization of the extraction and microencapsulation of
anthocyanin

The TAC of the PCCE was 24.5 + 0.2 mg/g dry weight and was
quantified in terms of C3G as the main component in purple corn cob
[24] from Arequipa [25].

The MAP was obtained through the spray-drying method by
combining three types of wall materials (MD, SP, and GA). The feed
solution was prepared with a total soluble solid content of approxi-
mately 20° Brix. The concentration of the carrier agent played an
important role [9] in increasing the dry yield (61 + 5 %) and reducing
the moisture content (3.5 £+ 0.3 %) of the microcapsules. The EE per-
centage of anthocyanin with wall materials was 97 + 2 %. These results
demonstrate that the composition and relation of the wall material to
bind anthocyanin, as well as the core:wall ratio, influence the micro-
encapsulation efficiency. In addition, the drying temperature did not
affect the recovery of the bioactive compound. Moreover, several studies
have shown that combining polysaccharides with proteins can increase
their stability, preservation, and protection properties [26], as well as
enhance the efficiency [27,28] of encapsulated bioactive compounds
[10,29] due to their ability to change the hygroscopic and thermoplastic
characteristics of the powder [30].

3.2. TPC and antioxidant capacity of PCCE and MAP

The antioxidant capacity and phenolic content in PCCE before
microencapsulation were 1537 + 25 pM T.E./dw and 71 + 1 mg GAE/g
dw, respectively. Notably, the TPC of PCCE was higher than the previ-
ously reported value of 58.1 mg/g cob [26]. This indicates the ability of
PCCE to neutralize free radicals and its phenolic compound concentra-
tion per unit of dry weight.

MAP exhibited an antioxidant capacity and phenolic content of
159 + 5 pM T.E./dw and 1565 + 0.1 mg/100 g of microsphere,
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respectively. Moreover, the TPC of the MAP was notably higher than
that of microcapsules obtained by spray-drying [19] and freeze-drying
[31], suggesting that the microencapsulation process was more effec-
tive than previous methods in preserving or enhancing phenolic content
and antioxidant capacity. It is crucial to encapsulate natural antioxi-
dants with high TPC and antioxidant capacity and incorporate them into
film packaging to increase the shelf life of fresh foods vulnerable to
oxidation [32].

3.3. Structural characterization

3.3.1. XRD

Fig. 1 shows the XRD patterns used to analyze the crystal structure of
the dry PCCE, MAP, and CHt@MAP films. The XRD pattern of PCCE
exhibited the dominance of an amorphous pattern with a wide diffrac-
tion peak around 24°. After PCCE microencapsulation, it was observed
that the wall materials used had an impact on the crystallinity, which
resulted in a semicrystalline structure with a broad main peak around
19°. These changes in the structure may be associated with physical or
chemical interactions among the molecules of the wall materials and the
bioactive compounds [33], which likely occurred during the spray-
drying process.

Conversely, the initial chitosan powder exhibited a crystalline
structure with diffraction peaks at approximately 10° and 20°. However,
processing the chitosan powder into films resulted in a semicrystalline
state, as evidenced by diffraction peaks at approximately 8.9° and 19.6°
(data shown in the supplementary material). Moreover, the intensity of
the semicrystalline peaks of the chitosan film was not affected by the
addition of MAP and exhibited a broad main peak around 19.7°, sug-
gesting a chemical interaction between chitosan and the MAP.

It has been reported in other studies that the crystalline structure of
microcapsules impacts their storage stability, which is an important
factor in the food industry [34,35]. In addition, during storage, films
with a higher crystallinity are less hygroscopic and soluble than amor-
phous materials [33,35], which might prolong the time of storage,
microstructure collapse, nutritional degradation, and probable micro-
bial growth [35,36].

—— CHt@MAP film

— MAP
——PCCE

Intensity (a.u.)

\ ] \ ' | ‘ \ J \ :
10 20 30 40 50 60

20 (degree)

Fig. 1. X-ray diffraction patterns of the purple corn cob extract (PCCE),
microencapsulated anthocyanin powder (MAP), and chitosan with MAP
(CHt@MAP) films.
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3.3.2. FTIR

ATR-FTIR spectroscopy was used to investigate the functional groups
and intermolecular interactions between the PCCE and wall materials, as
well as the application of MAP in CHt films. Fig. 2 depicts the spectral
analysis of the PCCE, which revealed a broad band at 3314 cm™!
because of the stretching vibration of hydroxyl groups (O—H bonds)
[37,38] that are present in the phenolic groups of the flavonoid molecule
[39,40] and water, while the small bands between 2980 and 2903 cm!
are related to the C—H bond stretching vibrations of the flavonoid ar-
omatic phenyl ring [41]. The strong band at 1643 cm ™! is related to the
stretching vibration of the C=C bond in the aromatic benzenoid ring
structure of anthocyanin [42], while the band at 1452 cm ! indicates a
C—C bond deformation vibration of phenolic groups [43] or a skeleton
vibration of the heterocyclic benzopyran ring in the anthocyanins [44].
The two bands at 1385 cm ™! and 1225 cm ™! are associated with the
interaction between the O—H angular deformation and C—O stretching
in phenolics [45], while the band at 1274 cm ! is related to the
stretching of the flavonoid pyran rings (C=0) [46]. The band at
1085 cm ™! was attributed to the stretching vibration of the C—O ester
[46] or C—C rings [47], while the strong band at 1044 cm ! indicates
the stretching vibration of the flavonoid C—O esters bond [40]. In
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addition, the band in the 1000-600 cm ! region indicates the presence
of aromatic rings [40].

As shown in Fig. 2, we observed modifications in the FTIR spectrum
of MAP. In this sample, a broad band with a reduced intensity at
3314 cm™! suggests a decrease in the O—H stretching vibration, which
indicates the formation of a hydrogen bond between flavonoids and wall
materials [26], water removal during the spray-drying process, or the
presence of carboxylic acids [48] from the wall materials (SP and GA).
The broad band that appears at 2929 em ! indicates free C—H
stretching from the carboxylic group of carbohydrates [28,49] because
of the overlap of the extracted aromatic band. A lower band observed
around 1734 cm™ ! could represent ester carbonyl groups, suggesting
that the carbonyl and amine groups of proteins form hydrogen bonds
with the hydrophilic region (hydroxyl group) of anthocyanins [50],
resulting in hydrogen bond interaction. The new broad band at
1717 em ™! indicates ester bond C=O stretching vibrations between
phenolic present-OH groups of in the extracted anthocyanin and car-
boxylic acid (-COOH) of proteins or carbohydrates [51]. This chemical
interaction provides information regarding the stability of encapsulated
anthocyanins. A strong band appearing at 1643 cm ™ is related to amide
I, which indicates the interaction between anthocyanins and the C—O,

3308

<
AN
(@]
N

]

2923

83308
o

3

<

3314

29

Transmittance (a.u.)

g

2

3308

2980

3314

=== PCCE e=== Capsulated e VJAP ==CHt film e CHt@MAP film
without PCCE
| | | |
3500 3000 2500 1500 1000 500

Wavenumber (cm™)

Fig. 2. Attenuated total reflectance-Fourier-transform infrared spectrum of purple corn cob extract (PCCE), capsulated without PCCE, microencapsulated antho-

cyanin powder (MAP), CHt film, and CHt@MAP film.
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C—N, and N—H groups of proteins via hydrophobic attraction [52],
electrostatic interaction, or hydrogen bonding [53]. The bands at 1395,
1336, and 1210 cm ™! are attributed to the C—O angular deformation of
the phenol hydroxyl group [54], or phenolic esters attached to poly-
saccharides. Furthermore, bands at 1145, 1075, and 1017 cm ™! indicate
stretching of the C—O bond of carbohydrates [43] and proteins [55].
The bands below 840 cm ™! are also present in the wall materials, which
suggests that they protect the PCCE during the microencapsulation
process. The shift of the band in the amide region may confirm the
interaction between phenolic compounds and wall materials, mainly
through electrostatic forces [26] or hydrogen bonding [28].
Alternatively, the ATR-FTIR spectrum of the CHt@MAP film
exhibited a similar spectrum to that of the CHt film (data shown in the
supplementary material), but with a slight shift in the bands. This sug-
gests that the addition of MAP had no significant effect on the chemical
structure, as has been reported by similar systems using different
biopolymer matrices for encapsulation [33]. The presence of bands at
3353 and 3308 cm ™! after the incorporation of the MAP indicates that
hydrogen bonds formed between the hydroxyl and amino/hydroxyl
groups because of the interaction between the flavonoid and poly-
saccharides [5,56]. Moreover, similar to the CHt film, C—H stretching
vibrations were observed at 2924-2854 cm™', which indicates that
hydrogen bonds may have formed between the chitosan carbon groups
and the hydroxyl groups of the polyphenols present in the capsule [51].
A band at 1716 cm ™! is attributed to the presence of flavonoids within
the microcapsules of the film [51]. In the MAP, the band at 1643 cm!
shifted to 1626 cm™! in the CHt@MAP film, which indicates the
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presence of electrostatic interactions between the MAP due to phenolic
compounds and film [57]. The band at 1571 emLis recognized as an
amide II (C—N extension and N—H group of the angular change) [58],
while bands at 1382, 1326, and 1210 cm! are related to the N—H and
C—N of amide III in the film [58,59]. This shifted band, from 1395 to
1336 cm! also indicates electrostatic interactions between the MAP
and film. The bands at 1152 and 1025 cm ™ are related to the elongation
length of the glycosidic chain in the saccharin structures because of the
MAP addition into the film [51].

3.4. Morphological characterization

Fig. 3(a) shows a scanning electron microscopy (SEM) image of the
morphology of MAP, which exhibits a regular and irregular spherical
shape with a dented surface. The formation of this shrinkage on the
surface of the microcapsule particles could be related to the loss of
moisture during the cooling of the drying process. In addition, particle
agglomeration is observed, possibly resulting from the inherent sticki-
ness of the encapsulating material. Statistical analysis of the images,
using log-normal functions to fit the particle size distribution, revealed a
mean size diameter of 8.83 pm and a polydispersity of 0.32 for the
microcapsules.

Fig. 3(b) shows SEM images of the CHt@MAP film surface; Fig. 3(c)
shows a cross-section of the CHt@MAP film; and Fig. 3(d) presents a
magnification image of the cross-section region. In general, several MAP
particles were observed dispersed on the surface and within the cross-
section of the CHt@MAP films. The appearance of MAP in the film

S HFW mag M p det
276 ui 0 kV 16.0532 mm 1500 x 6.87E-3 Pa ETD

s THFW HV WD mag M pressure |det
X 41.4 ym 15.00 kv 32.8807 mm 10 000 x 1.70E-3 Pa ETD.

Fig. 3. Scanning electron microscopy image of the microencapsulated anthocyanin powder (MAP) and their particle sizes histogram (a), surface and cross-section of
chitosan with MAP (CHt@MAP) films (b and c), and a magnification of image c (d).
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could indicate successful incorporation with chitosan. In addition, the
films exhibited a uniform thickness of 0.203 mm, a similar value was
obtained when using the micrometer, and no cracks were observed in
the films.

3.5. Film thickness and moisture content

Film thickness analysis revealed a considerable increase (from
0.18 £ 0.02 mm to 0.21 £ 0.02 mm) after incorporating 2 wt% of MAP
into the CHt film. This increase may be attributed to the space occupied
by the MAP and swelling of the wall material granules, which subse-
quently increases the film’s thickness and can disrupt the inner structure
of the film. In addition, the cross-section SEM images confirmed the
presence of MAP in the films.

Moreover, the addition of MAP significantly decreased the moisture
content of the CHt film from 11.2 4+ 0.3 % to 9 + 1 %. The reduction of
moisture content in the CHt@MAP film could be attributed to the
decreased amount of free hydroxyl groups in the film [56,60], thus
reducing the water uptake capacity of the film. In addition, the storage
conditions (as RH and light) can also impact the moisture content of the
films, while the film thickness is an important parameter as it directly
influences the opacity, WVP, UV-vis light barrier properties, as well as
the mechanical properties of the films.

3.6. Optical properties

Film transmittance and opacity were evaluated based on their ability
to block UV-vis light because it can substantially damage food products
by causing oxidation or the degradation of nutrients [33,61]. Therefore,
a UV-vis light barrier is a desirable property of food packaging films.

Fig. 4 shows that the CHt film without bioactive components
exhibited high light transmittance within the UV-vis range, likely
because of a lack of UV-vis absorption groups [60]. As a result, the CHt
film offers minimal UV-vis light barrier protection.

However, the UV-vis light barrier ability of CHt@MAP films was
enhanced through the incorporation of MAP, which is related to the
aromatic rings in the anthocyanin structure (e.g., C=C and C=O0) that
can efficiently absorb UV-vis light [5,62]. Notably, CHt@MAP films
completely blocked UV light in the range of 200-350 nm, which is
attributed to the abundant aromatic rings [61] present in the polyphenol
[63], phenolic, and flavonoid structures [33,64]. In addition, CH@MAP
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Fig. 4. UV-vis light transmittance of chitosan (CHt) and CHt with micro-
encapsulated anthocyanin powder (CHt@MAP) films and an inset of the
physical appearances of the films.
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films exhibited a significantly heightened light barrier, extending the
light range from 350 to 550 nm, accompanied by a notable decrease in
light transmittance approximately 550 nm, which was correlated with
the increased anthocyanin content in the films [65].

Moreover, the inset photographs in Fig. 4 show the reduced trans-
parency of the CHt films upon the incorporation of the capsulated an-
thocyanins, which results in a dark red color. This is reflected in the
opacity measurement, where the CHt@MAP films show a significantly
higher opacity compared to the pure CHt film (0.56 and 2.6 mm at
600 nm absorbance, respectively). Furthermore, the opacity of the CHt
films is a parameter that is influenced by the type of acid used and the
percentage added, where more opaque films are obtained from the
addition of a 5 wt% acid solution [66]. Opacity is an important
parameter to consider in food packaging films for consumer acceptance.

In addition, the CHt@MAP films demonstrated excellent color sta-
bility when stored at room temperature, whereas the unencapsulated
anthocyanins in films often fade over time during storage [5]. These
results suggest that CHt@MAP films have excellent barrier properties in
the UV-vis region (below 530 nm) and could be used to protect food
against quality loss and extend its shelf life.

3.7. Water vapor permeability (WVP)

Normally, food packaging applications require a low WVP of the
films to minimize moisture transfer between the food and environment
[671, thereby inhibiting chemical and microbial degradation of the food
[64] and avoiding the dehydration of fresh produce [68].

The WVP value of the CHt films was significantly higher than those
reported for chitosan casting films prepared using different organic acids
(2.6t06.9 x 10710 g m s ! Pa—1) [59] and that of the CHt@MAP films
(approximately 24 °C and 45 % RH). This high WVP value can be
attributed to the presence of a large number of hydroxyl groups in the
film’s structure [69].

Furthermore, the increased concentration of glycerol-plasticizer in
chitosan films increased their WVP values [70-72] because the plasti-
cizer can increase the intramolecular distance within the chitosan films,
thereby making them less dense. In addition, glycerol is hydrophilic
because of its free hydroxyl groups, which can absorb moisture, which
leads to enhanced water vapor transmission [68]. Moreover, the cross-
linking of chitosan and citric acid can reduce the availability of free
hydroxyl and amino groups within the chitosan structure [73] because
of the increased hydrophobic ester groups [74]. Because of this, the
effect of glycerol is reduced, and the interaction with water molecules
can be challenging, which leads to a decrease in the WVP. However, the
WVP of films can be increased by high concentrations of citric acid [74].

The improved WVP in CHt@MAP films may be attributed to the
dispersion of capsulated anthocyanins [75], which provides a physical
barrier within the films, leading to an increase in the difficulty of water
vapor transport because of a more challenging path [64,75].Other fac-
tors that can reduce WVP in CHt@MAP films may be attributed to the
formation of ordered layers because of the addition of encapsulated
anthocyanins that exhibit semicrystalline structures. This is because the
crystalline phase creates a greater barrier to the passage of water mol-
ecules compared to the amorphous phase in the films [51]. In addition,
as confirmed by FTIR analysis, this may be attributed to the formation of
hydrogen bonds and electrostatic interactions between biopolymers and
the capsulated anthocyanins, which could have a minor impact on
reducing the hydrophilic hydroxyl groups in the CHt@MAP films and
consequently result in a lower WVP.

Thus, these results (Table 1) suggest that the reduction in WVP of the
films was influenced more by the creation of a challenging path because
of the addition of encapsulated anthocyanins and their semicrystalline
structure than by hydrogen bonds and electrostatic interactions, which
hindered the passage of water molecules through the film.
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Table 1
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Opacity, water vapor permeability (WVP), and mechanical properties (TS, Tensile Strength; EB, Elongation at beak; and YM, Young’s modulus) of chitosan (CHt) and

CHt with microencapsulated anthocyanin powder (CHt@MAP) films.

Film Opacity (mm™?) WVP (x 1071 g m~'s7'Pa!) TS (MPa) EB (%) YM (MPa)
CHt 0.56 + 0.04 12.4 £ 1.9 1.3+ 0.3 217 + 35 0.6 +0.1
CHt@MAP 2.6 +0.3 8.5+ 0.6 0.45 + 0.05 165 + 45 0.32 + 0.08

Values are presented as the mean =+ standard deviation (n = 3 for opacity; n = 6 for TS, EB, and YM).

3.8. Mechanical properties

The mechanical behavior of the films was evaluated through the
properties of TS, EB, and Young’s modulus (YM), which are presented in
Table 1.

The CHt film exhibited a large EB (approximately 217 %) and low TS
(approximately 1.3 MPa). We used glycerol and citric acid as cross-
linkers to enhance the mechanical properties of the CHt films. The low
TS and high EB values obtained could be related to a high amount of
citric acid [76] within the films, which increases the brittleness of the
films [66]. Furthermore, the chemical structure of citric acid with one
hydroxyl and three carboxyl groups confers different functionalities.
This allows it to act as both a cross-linking agent and a plasticizer [59]
when present in excess in the films [73,74,77] or to form hydrogen
bonds between the OH groups of chitosan and citric acid, thus rein-
forcing the film structure [78]. In addition, an increase in the amount of
glycerol can lead to a reduction in TS because of the small glycerol
molecules that can diffuse between the chitosan chains [70]. This in-
creases the hydrogen bonding with chitosan [79] (as reflected in the
FTIR spectra), and an elevated EB [59] can be attributed to an increase
in the film’s extensibility (increasing the film’s elongation) [70], thus
enhancing the chitosan polymer chain flexibility or mobility [80].

Meanwhile, the capsule incorporation led to a significant decrease in
both the TS (approximately 0.45 MPa) and EB (approximately 165 %)
values of the CHt@MAP film when compared to the CHt film data, which
are comparable with previous reports that demonstrated TS and EB
values of 0.14-0.75 MPa and 12.1 %-124.2 %, respectively [12]. These
reductions in values were probably because of the irregular arrangement
of capsule agglomerates, which can increase the pore size of the films (as
evidenced by the SEM images) [81], and likely contributed to a reduc-
tion in the polymer matrix cohesiveness (density) or reduced mobility of
chitosan chains [82]. This made the film structure less compact with a
discontinuous microstructure, as well as weak intermolecular in-
teractions (electrostatic interactions) between the capsules and chitosan
chains, which improved the mobility of polymeric chains and the plas-
ticizing effect. However, the TS value reported in this study is higher
than the TS of previously reported food packaging films (TS of approx-
imately 36 kPa) [81].

Furthermore, the YM of the CHt films was close to 0.6 MPa, whereas
the CHt@MAP films exhibited a significantly lower value of 0.32 MPa.
Thus, the addition of capsules may have caused a less rigid film than that
of CHt. In addition, a decrease in the YM value indicates that the films
become more flexible with the incorporation of glycerol [68]. Table 2
summarizes the mechanical, barrier, and antioxidant properties of films
with antioxidant activity values reported in the literature. The values of
the CHt@MAP film obtained in this work are comparable to those

Table 2
Properties of CHt@MAP film and other films with antioxidant activity from
literature.

Property CHt@MAP Other films with
Film antioxidant activity
Water vapor permeability (WVP) (x 8.5 4.2-4.4 [16,51]
107 gm~Is7lpal)
Elongation at break (EB) (%) 165 20-200 [12,58,83,84]
Opacity (mm 1) 2.6 1.81-2.50 [12,23,61]

Radical scavenging activity (RSA) (%) 56 56-60 [23,85,86]

reported in the literature, as shown in Table 2.

Moreover, the CHt films have a certain level of crystallinity because
of the strong polymer-plasticizer interactions, which remain after the
incorporation of the encapsulated anthocyanin, as confirmed by the XRD
results. Furthermore, it is reported that a semicrystalline structure pro-
vides a higher mechanical strength [87] and a lower toughness [76] in
the material.

These results suggest that an excess of citric acid and glycerol cross-
linking induces a plasticizing effect in the CHt film, which results in
higher chain mobility and leads to a lower TS and increased EB.
Meanwhile, the mechanical properties of the CHt@MAP films could be
attributed to the excessive aggregates of encapsulated anthocyanins that
interrupt the compactness of the film network and weaken the chemical
interactions between them.

3.9. Biodegradability of films in vegetable compost

The biodegradation of CHt and CHt@MAP films was qualitatively
evaluated based on the time required for the films to degrade when they
were exposed to organic vegetable composting soil (Fig. 5). Unfortu-
nately, we were unable to assess the degradation of the films based on
weight changes because of the challenge of removing soil residue that
adhered to the film. Fig. 5 shows the general change produced on the
surface of the CHt and CHt@MAP films when they were collected for
analysis each day. After 1 day of testing, changes on the surface of the
films, such as holes and color changes, were visually observed, with the
most noticeable differences being observed in the CHt@MAP film
compared with the CHt film. In the following days, the changes became
more noticeable in the films because of the activity of microorganisms
[70], which suggests the beginning of the degradation of films. The
temperature, moisture, enzymatic activity of microorganisms, and soil
composition are the main factors that determine the film’s rate of
biodegradation [88].

Other studies have reported successful degradation of chitosan and
glycerol films after 4 weeks, thus highlighting the importance of the
film’s glycerol content during the degradation process [70]. However,
blackberry particles in starch films did not alter their biodegradation,
with nearly complete disintegration observed after 38 days [88]. The
degradation of CHt and CHt@MAP films is less than that of previously
reported materials, indicating that biodegradability is a characteristic
determined by the matrix chemical composition.

3.10. Antioxidant activity of the films

The RSA of the CHt film was 27 %, thus confirming antioxidant ac-
tivity because of its free radicals and amino groups, which could prevent
the generation of reactive oxygen species related to chain reactions
[63,86,89]. Furthermore, this is comparable with other reports of chi-
tosan film incorporating citric acid and glycerol. The film showed 29 %
antioxidant activity compared to chitosan films that were prepared with
other acids, such as acetic acid, which exhibited an antioxidant activity
of <20 %.

Meanwhile, the RSA of the CHt@MAP film was 56 %, which is
similar to a previous study with tea polyphenol microcapsules that
exhibited an RSA of 37 %-58 % [23]. Other films with antioxidant
properties presented an RSA of 60 % and preserved strawberries for
about 7 days [85]. These results suggest that the CHt@MAP films could
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Fig. 5. Photographs of chitosan (CHt) and CHt with microencapsulated anthocyanin powder (CHt@MAP) films showing the degradation variation in organic

vegetable composting soil after 3 days.
improve the shelf life of fresh foods.

3.11. Use of CHt@MAP film in fresh blueberries preservation assays

The food packaging potential of the biodegradable CHt and
CHt@MAP films was assessed using fresh blueberries, which were stored
at room temperature for 5 weeks to simulate the marketing storage
conditions. Fig. 6 shows changes in the appearance of the fresh blue-
berries during the storage period. On the first day, all the blueberries
were intact that is, they had a bright dark blue color, a smooth texture,
and no wrinkles on the surface. After 1 week of storage, the blueberries
packed with the CHt film showed water loss that caused surface wrin-
kling and the beginning of dehydration. However, the blueberries
packed in the CHt@MAP films retained a high moisture content, and no
wrinkling was observed. After 2 weeks of storage, the changes in the
morphological features of blueberries were more noticeable in samples
packaged with theCHt films than in films with the added microcapsules,
which indicates quality deterioration of the blueberries (Fig. 6). After
5 weeks of storage, the blueberries packed in CHt films were observed to
be almost completely dehydrated, while the blueberries packed in the
CHt@MAP films showed only slight changes in appearance. Addition-
ally, the film color did not change during the time of storage.

i
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DPPH radical scavenging activity(%)

-

CI-‘t film CHt@MAP film

Fig. 6. DPPH radical scavenging activity (%) of chitosan (CHt) and CHt with
microencapsulated anthocyanin powder (CHt@MAP) films.

As seen in Fig. 7(b), weight loss is an important indicator for the
evaluation of fruit quality. Blueberries packaged with the CHt films
exhibit a rapid high weight loss (80 %) during the first 2 weeks of
storage, after which it remained constant. Compared with the blue-
berries packaged with the CHt@MAP films, these films decreased the
weight loss of the blueberries with storage time, and the surface state
gradually deteriorated, which indicates that this film functioned as a
physical barrier to retain water inside the fruit and delayed weight loss.
Furthermore, a film with microcapsules reduced the rate of weight loss
of strawberries by 49.03 % over 10 days [83], whereas the CHt@MAP
films showed a rate of 25 % during the same period (Fig. 7).

At the end of the storage experiment, we found that the water
retention of the blueberries packed in the CHt@MAP film was consistent
with the low WVP value obtained [73,82] and as a physical barrier to
isolate bacteria. This allows for the utilization of the antioxidant and
antimicrobial properties of encapsulated anthocyanins and chitosan in
food preservation, thereby extending the shelf life of the products.

Furthermore, it reported that the controlled release of capsules
embedded within films prolonged the shelf life of fresh blueberries for
7 days [81], whereas our films prolonged freshness for 3 weeks. These
results indicate that the incorporation of MAP into biopolymer-based
films is a viable approach to developing active packaging to enhance
the freshness of fruit. Further research is required to validate the impact
of CHt@MAP films on fresh food.

4. Conclusion

The anthocyanin extract from purple corn cob was successfully
microencapsulated using MD, GA, and SP isolates as wall materials via
spray-drying, achieving an EE of about 96 %. XRD analysis showed that
the anthocyanin transitioned from an amorphous to a semicrystalline
structure due to the encapsulating matrices. SEM images revealed
spherical to semi-spherical particles, some with surface cracking. FTIR
analysis indicated successful encapsulation by identifying a new ester
band at 1717 cm™!. Active packaging films based on chitosan with
incorporated MAP were successfully prepared using the casting method.
The CHt@MAP film displayed that their crystallinity did not change
after the addition of MAP. ATR-FTIR results indicated that the electro-
static interaction and hydrogen bonding were identified as the main
driving forces between MAP and chitosan. The CHt@MAP displayed an
improvement in the WVP, UV-vis light barrier ability, and antioxidant
activity (an increase from 27 % to 56 %), and a decrease in EB (from
217 % to 165 %) and TS (from 1.3 to 0.45 MPa) compared to the CHt
film. This could be related to an excess citric acid and glycerol cross-
linking, which causes a plasticizing effect in the CHt film, leading to
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Fig. 7. a) Photographs of blueberries when packed in chitosan (CHt) and CHt with microencapsulated anthocyanin powder (CHt@MAP) films for freshness

monitoring of the blueberries and b) weight loss during 32 days of storage.

reduced TS and increased EB. Fresh blueberries packaged in CHt@MAP
film preserved 52 % of their weight after 32 days, and the biodegrad-
ability test revealed rapid degradation of the films within 3 days. The
results of the study suggest that active films hold significant potential for
industrial applications in fruit packaging. These films can help lower
refrigeration costs while enhancing the safe preservation of fresh fruit
products.
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