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ABSTRACT: The valorization of unavoidable food waste and - Bjackcurrant PN

repurposing through the adoption of circular, zero-waste principles Pomace guz  Microwave e

is an important driver to combat global grand challenges of food h)ﬁ:;‘ﬂ:g:ta '

security, responsible consumption and production, and, ultimately,
climate change. Herein, the microwave-assisted hydrothermal

— Pectin  Anthocyanins Defibrillated
cellulose

valorization of blackcurrant pomace into anthocyanin (ACN), NaAlg-based films with

blackcurrant pectin (BCP), and defibrillated cellulose (DFC) HAGU TR EN e Ammonia Antifogging

fractions and their repurposing into pH-sensitive sodium alginate @ ﬁ DSl F

(NaAlg) films is reported. The inclusion of BCP, DFC, and ACN W

fractions into NaAlg matrices positively affected the antioxidant @ (la-_:j &\ ’f”"s ; t H,0 & '
7 ¢ *\\_ 0 6h tO t3h

activity. The inclusion of BCP primarily influenced the mechanical
properties and hydrophilicity of films. NaAlg—BCP films were able
to detect ammonia, with NaAlg—BCPS0 showing the most distinct color change. Moreover, NaAlg—BCPS0 showed reversible color
changes upon sequential exposure to NH; and CH;COOH. Differential scanning calorimetry (DSC) showed that the films are
suitable for relatively high-temperature food applications (up to 187 °C). In addition, the films demonstrated antifogging properties
due to their high water vapor permeability (WVP), supporting their use in packaging for highly perishable produce. This work
demonstrates the potential for reducing unavoidable food waste and repurposing it into intelligent food spoilage indicator films.

KEYWORDS: blackcurrant pomace, microwave hydrothermal treatment, biomaterials, anthocyanins, pectins, pH-responsive films

1. INTRODUCTION sources, followed by recombination into biobased pack-
The global population is estimated to reach approximately 10.3 aging.9 "' However, the residual biomass remaining - after
billion by 2080," which will directly impact food security, food extraction is overlooked, although it can be potentially
scarcity, and food supply chains. Ironically, in 2022, 1.05 converted to value-added products. Moreover, conventional
billion tons of food waste were generated.” In line with the extraction methods for biopolymers such as pectin and
United Nations Sustainable Development Goals (SDGs), cellulose typically involve harsh chemicals, which can pose
particularly SDG 12: Ensure sustainable consumption and environmental and sustainability concerns.’

production patterns, these issues must be addressed through a Microwave hydrothermal extraction has been reported as an
food security lens that focuses on circular economy concepts, environmentally friendly and efficient method for the isolation
doing more with less, reusing and repurposing byproducts, and of pectin and defibrillated cellulose (DFC) from various
adopting zero-waste strategies throughout the food supply biomass sources."””'* Compared with conventional techni-
chain. ques, it offers better energy efficiency, shorter processing times,

Unavoidable food supply chain byproducts, such as agro-
industrial waste, are Valuable sources of bioactive compounds
and structural biopolymers.”* Blackcurrant pomace , a major
product after juice processing, which particularly consists of
anthocyanins (ACNs), blackcurrant pectin (BCP), and
cellulose,”® presents a significant opportunity for value-added
applications in sustainable material development.”® The

and reduced chemical usage. In addition to its effectiveness for
biopolymer recovery, microwave-assisted extraction has also
shown promising results in enhancing the extraction of
bioactive compounds, including phenolics and ACNs, due to

improved cell wall disruption and solvent penetration.'>"®

demand for biodegradable and functional packaging materials Received:  May 29, 2025 Slistalnable
is growing, leading to an upsurge in research focused on Revised:  August 11, 2025 B
converting such biomass into active films with tailored Accepted:  August 11, 2025

properties.g’lo Published: August 18, 2025

Current research has largely focused on the separation of
natural colorants and biopolymers from various agricultural
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ACNs, pH-responsive pigments,”” >> have been widely
studied for their application in pH-sensitive intelligent films,
offering added antioxidant and antibacterial benefits."”"®
Incorporating ACNs into films can lead to a color change at
different pH levels, making them effective indicators for
monitoring food spoilage, such as in fish, shrimp, pork, and
milk."”"”~*" Additionally, combining ACN extracts with other
biopolymers, such as chitosan, carrageenan, and cellulose, is
both biodegradable and safe for handling and applicable in the
food industry.”'%*°

Several techniques, including biopolymer blending,”** cross-
linking,18’22’23 and reinforcement adding,“’24 have been
proposed for improving film properties. For instance, Gohil
et al. and Nei et al. demonstrated the synergistic effect of
sodium alginate (NaAlg)—pectin blending under calcium
chloride or zinc chloride cross-links, where the carboxyl
groups of NaAlg and pectin interact with calcium ions or zinc
ions, creating the “egg box” model. The unique physical cross-
linking of the amorphous molecular structure of the “egg box”
resembles the structure of the synthetic semicrystalline
polymers, called “frin§ed—micellar”, resulting in improved
mechanical properties.””** Rezvanian et al. further investigated
the optimal condition of cross-linking of NaAlg—pectin
hydrogel films, in which 0.5 wt% calcium chloride positively
affected mechanical properties.”® Moreover, Lei et al.
introduced cellulose nanocrystals as a reinforcement agent to
NaAlg—pectin smart films incorporating ACNs from red
cabbage. The optimally prepared film demonstrated a pH-
indicating material that can be used for shrimp freshness
monitoring with reduced water solubility and enhanced
mechanical strength.' In this study, blackcurrant pomace is
explored as a single source of ACNs as a pH-responsive agent,
BCP, as a biopolymeric matrix, and DFC, as a filler/
reinforcement agent, in the production of pH-sensitive sodium
alginate films (Figure S1). Importantly, all three components
are simultaneously extracted using microwave hydrothermal
treatment, demonstrating a more environmentally friendly and
energy-efficient alternative to conventional extraction methods.

2. RESULTS AND DISCUSSION

2.1. Characterization of Blackcurrant Pomace ACN-
Rich Extracts. Blackcurrant ACNs from ethanol—water
(ETW) and microwave extracts were identified via high-
performance liquid chromato7graphy—ultraviolet—mass spec-
trometry (HPLC—UV—MS).”” The chromatograms of black-
currant extracts monitored at 520 nm and their analysis are
depicted in Figure S2 and summarized in Table SI.
Delphinidin-3-glucoside (D3G), delphinidin-3-rutinoside
(D3R), cyanidin-3-glucoside (C3G), and cyanidin-3-rutinoside
(C3R) were identified as the major ACNs extracted, which
correlate well with the literature.”**** The ETW extract of
blackcurrant pomace was found to have the highest total
anthocyanin content (TAC) (15.32 mg C3G/g) among all
extracts (Table 1). Meanwhile, the TAC of microwave extracts
decreased from 7.22 mg C3G/g to not detected (n.d.) as the
microwave extraction temperature increased from 100 to 160
°C. In contrast, the total phenolic content (TPC) varied from
28.30 to 195.54 mg GA/g with increasing microwave
temperatures, indicating the higher efficiency of microwaves
for phenolic extraction. Furthermore, microwave extraction at
high temperatures causes thermal degradation of ACNs into
phenolics, especially cyanidin, which thermally degrades into
protocatechuic acid, 4-hydroxybenzoic acid, and phlorogluci-

Table 1. TPC, TAC, and Antioxidant Activity”

sample  TPC (mg GA/g) TAC (mg C3G/g) DPPH inhibition (%)

ETW 28.30 + 6.94° 1532 + 2.1§8° 65.94 + 0.12¢
MW100 9431 + 0.34" 722 + 0.66° 85.29 + 0.05
MWI20  163.82 + 3.92¢ 421 + 0.53¢ 85.03 + 0.43°
MWI140  195.54 + 4.07¢ 0.78 + 0.044 86.27 + 0.54*
MWI160  131.07 + 3.01° nd. 68.75 + 0.29°

“Values are presented as mean + SD (n = 3). Lowercase letters
indicate the significant differences (p < 0.05).

naldehyde.”® Moreover, phloroglucinaldehyde and gallic acid
can be obtained from the thermal degradation of delphinidin.*!
The antioxidant activity of the blackcurrant pomace extracts
(Table 1) was determined by the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay and expressed as DPPH inhibition (%). The
DPPH inhibition of blackcurrant pomace extracts varied from
66 to 86%, with the lowest value found in the ETW extract.

These results are in good accordance with the literature,
showing that microwave-assisted extraction of blackcurrant
helps improve phenolic content compared to conventional hot
solvent extraction, in which the TPC increased from 31.25
(conventional extraction) to 41.77 mg GA/g (deionized water,
microwave, 780 W, 60 min)'® and from 26.32 (conventional
extraction) to 40.19 mg/g (microwave, 600W, 10 min).”” The
TPC vyield significantly increases to 58.60 mg/g when
microwave-assisted aqueous two-phase extraction was ap-
plied.””

Based on our findings, microwave-assisted hydrothermal
extraction (MW) at 100 °C (MW100) is recommended for
ACN extraction, which can yield high TAC without requiring
any additional mineral acid or organic solvent. The highest
TAC value of microwave-assisted hydrothermal extracts was
7.22 mg of C3G/g (Table 1). Although the obtained TAC
value is lower than that of blackcurrant extract obtained from
microwave-assisted acid extraction (20.4 mg C3G/g at 700W,
pH 2),' it is higher than that of the TAC of microwave-
assisted ethanolic extraction (104.09 mg C3G/100g or 1.04
mg C3G/g, 30% ethanol).”

The optical properties of the blackcurrant pomace extracts
across the full pH range were investigated by using ultraviolet—
visible (UV—vis) spectroscopy (Figure 1). The shift in the
maximum absorption peak is primarily due to the color change
of blackcurrant pomace extracts with pH, which is influenced
by the ionic nature of the CAN, which can undergo structural
transitions in response to changes in pH: from red flavylium
cation (pH < 3) to colorless carbinol pseudo base, by
hydration (pH 4—S5), to blue quinonoidal base (pH 6—9) and
finally to yellow chalcones (pH > 10).”"***% As the pH of the
solution increases from 1 to 11, the maximum absorption peak
undergoes a notable hypsochromic (blue) shift from
approximately 495 nm to below 400 nm, accompanied by a
color change from red to yellow. The MWI100 extract was
chosen for further application in pH-responsive film fabrication
because it responded well to both acid and base. In contrast, all
other microwave extracts had less ability to respond to an
acidic pH.

2.2. Characterization of NaAlg and NaAlg—BCP Films.
The appearance and microstructures of NaAlg and NaAlg—
BCP films on the surface and cross section were examined
using scanning electron microscopy (SEM) (Figure 2). All of
the NaAlg and NaAlg—BCP films are transparent (Figure 2A).
The NaAlg film exhibited an amorphous-like texture, illustrated

13989 https://doi.org/10.1021/acssuschemeng.5c05240
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Figure 1. (A) Visual appearance of aqueous solutions of extracts from pH 1 to 12. (B) UV—vis spectra of MW100 extract aqueous solutions from
pH 1 to 11.
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Figure 2. (A) Visual appearance, (B) ATR-IR spectra, and (C) SEM images (insets show cross sections (4000x)) of NaAlg—BCP films.
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by smooth surfaces without pores or holes from top to bottom.
However, some cracking was observed, likely attributable to
the soft nature of the polymer films. The cross-sectional
fractures indicate good homogeneity within the films. The
interactions between BCP, NaAlg, and the Ca?" jons likely
contributed to forming a more stable and uniform network
(Figure 2C). Incorporation of DFC or ACN into the NaAlg—
BCP20 film altered its microstructure, giving the surface a
rougher and less homogeneous appearance. The addition of
DEC or ACN appeared to disrupt the polymer network,
resulting in a less structured film and consequently reducing its
tensile strength (see later). Similarly, cracking has been
observed in the literature when ACNs from rose and
blackcurrant were added to NaAlg/apricot peel pectin films
and konjac glucomannan/carboxymethyl cellulose films.”*

Attenuated total reflectance infrared (ATR-IR) analysis was
used to confirm the functional groups present in the films
(Figure 2B). All films exhibited the main characteristic
absorption bands associated with the structure of NaAlg at
around 3267 (O—H str.), 2920 (C—H str.), 1605 (COO—
str.), and 1409 cm™' (C—C or C—O str.)."””® After BCP was
added, a new band was observed at 1740 cm™’, attributable to
the methyl ester of galacturonic acid within pectin or possibly
the product of esterification of pectin and glycerol. No new
significant absorbance bands were observed after adding either
DFEC or ACN. The O—H stretching band in NaAlg—BCP20 at
3263 cm™! shifted to 3255 and 3253 cm™' for NaAlg—DFC
and NaAlg—ACN, respectively. This change may be due to the
incorporation of NaAlg—BCP and DFC or NaAlg—BCP and
ACN through hydrogen bonding.'”*"**

2.3. Mechanical Properties of Films. The tensile
strength of NaAlg—BCP films ranged from 2.14 to S5.15
MPa, while the tensile strain at break ranged between 1.86 and
2.98 mm/mm (Table 2). It was observed that the NaAlg—

Table 2. Mechanical Properties of NaAlg—BCP Films®

sample tensile stress (MPa) tensile strain at break (¢, mm/mm)
NaAlg 2.90 + 1.22° 2.59 + 040"
NaAlg—BCP10 2.72 + 0.40° 2.98 + 0.36°
NaAlg—BCP20 2.88 + 1.73° 222 + 042"
NaAlg—BCP30 5.15 + 1.60° 1.86 + 0.25°
NaAlg—DFC 2.14 + 041° 1.88 + 0.21°
NaAlg-CAN 226 £ 0.37° 2.37 £ 026™

“Values are presented as mean = SD (n = 3—6). Lowercase letters
indicate the significant differences (p < 0.05).

BCP50 film exhibited the highest tensile strength among all of
the NaAlg—BCP films. However, there was no significant
difference between the other NaAlg—BCP films. This is
possibly due to the synergistic effect of NaAlg—pectin
blending,”> where the carboxyl groups of NaAlg and pectin
interact with calcium ions, creating the “egg box” model. The
unique physical cross-linking of the amorphous molecular
structure of the “egg box” resembles the structure of the
synthetic semicrystalline polymers known as “fringed-Micel-
lar”*® and may have contributed to the increased strength of
the films. This aligns with results from the literature, where a
similar highest tensile strength trend was found at around 40%
pectin content.”> Moreover, the higher tensile strength of the
NaAlg film when adding BCP may also be due to hydrogen
bonding between molecular polymer chains®” and the chemical
cross-linking between glycerol and nonesterified pectin

structures.*’ However, the interaction that improves the tensile
strength property of the films leads to a densely packed
structure, resulting in reduced tensile strain at break of the
NaAlg—BCP films with increased BCP content.

The addition of DFC into the NaAlg—BCP20 film resulted
in reduced tensile strength and tensile strain at break. This
phenomenon may be attributed to the residual insoluble lignin
present in DFC, which was found to be up to 20% in our
previous study.” The presence of insoluble lignin could
interfere with intramolecular interactions between NaAlg/
BCP and DFEC, potentially leading to a discontinuous polymer
network and the formation of defect zones, thereby limiting
reinforcement within the film matrix. Unlike DFC, the addition
of ACN decreased the tensile strength of the NaAlg—BCP film;
however, a slight increase in the tensile strain at break was
observed. This could be attributed to the plasticizing effect of
ACN. As small polyphenolic molecules, ACNs can act as
plasticizers by interacting with NaAlg/BCP polymer chains
through hydrogen bonding. These interactions enhance chain
mobility, leading to increased film flexibility."" However, the
presence of ACN may also disrupt intramolecular interactions
within the polymer matrix, thereby weakening the overall film
structure.”' This finding was consistent with previous studies,
which suggested that polyphenols can inhibit the chain
interaction in the film structure, thereby reducing the tensile
strength.zo"‘g’%22 In addition, the tensile strength of the NaAlg
and NaAlg—BCP films is significantly lower than that of
commercial packaging, ranging from around 15 to 70 MPa.*’
This limitation may be influenced by the structural character-
istics of NaAlg, which consists of different polymer block types,
including homopolymeric blocks (MM or GG) and alternating
blocks (MG or GM). Among these, GG blocks have a stronger
affinity for binding with Ca’* ions, which can enhance cross-
linking and improve mechanical strength.43 Therefore,
optimizing the ratio of mannuronic acid (M) to guluronic
acid (G) monomers and selecting NaAlg with a higher content
of GG blocks could be promising strategies to enhance the
tensile strength of NaAlg—BCP films. Moreover, the
incorporation of biobased acid cross-linkers may offer
additional mechanical reinforcement. For instance, Singh et
al. demonstrated that NaAlg/pectin films cross-linked with
citric acid and tartaric acid through covalent bonding exhibited
tensile strength values of up to 18 MPa.*™*

2.4. Rheological Properties of NaAlg—BCP Film-
Forming Solutions. Viscosity significantly influences film
properties such as thickness, spread ability, mechanical
properties and homogeneity of films.**® All rheology curves
(Figure S3) exhibited shear thinning behavior in which
increasing shear rate decreases shear viscosity. This behavior
indicates the deformation of the entanglement structure and
the reduction of intermolecular forces between pectin and
NaAlg with increasing shear rate. The weakening of
intermolecular forces with increasing shear rate is consistent
with the berry pectin gel and NaAlg solution.””*® Compared
with the NaAlg solution alone, solutions with higher
concentrations of BCP showed lower shear viscosity (Figure
S3-A), suggesting that NaAlg primarily dominates the viscosity
of NaAlg—BCP solutions. The shear viscosity upon the
addition of glycerol as a plasticizer (Figure S3—B) was slightly
lower than that without glycerol in the NaAlg—BCP solutions.
Glycerol molecules are able to occupy intermolecular spaces
between golymer chains, weakening the ordered polymer
network.” As expected, the addition of a calcium cross-linker
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Figure 3. Rheological properties of NaAlg—BCP film-forming solutions. (A) Amplitude sweep curves showing (i) storage modulus (G’), (ii) loss
modulus (G”), and (iii) comparison of storage (G') and loss (G”) moduli. (B) Frequency sweep curves showing (i) storage modulus (G’), (ii) loss
modulus (G”), and (iii) loss tangent (tan §).

increased the shear viscosity of NaAlg—BCP solutions (Figure an interlinked networks involving NaAlg, BCP, and Ca** ions.
$3—C), confirming the formation of “egg box” structures and The highest shear viscosity among the NaAlg—BCP film-
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forming solutions containing Ca** ions was observed in the
NaAlg—BCP20 formulation, followed by NaAlg—BCPS50,
NaAlg—BCP10, NaAlg, NaAlg—ACN, and NaAlg—DFC.
However, no significant differences in shear viscosity were
found among NaAlg—BCP10, NaAlg, NaAlg—ACN, and
NaAlg—DFC. The shear viscosity results generally correlated
well with the tensile strength of the corresponding NaAlg—
BCP films. Specifically, NaAlg—BCP10, NaAlg, NaAlg—ACN,
and NaAlg—DEFC films exhibited no significant differences in
tensile strength, while NaAlg—BCPS0 showed a relatively
higher value.

The amplitude sweep test of the NaAlg—BCP film-forming
solutions containing glycerol and CaCl, (Figure 3A) was
conducted to evaluate the linear viscoelastic region (LVR) and
rheological stability of the viscoelastic solid/liquid. All curves
showed the LVR within a strain of 1%, and the crossover point
or yield point was not observed in the range of study (strain of
0.1-100%). The NaAlg solution predominantly displayed
viscoelastic liquid behavior, and a higher value of loss modulus
(G”) over storage modulus (G') was observed.

The frequency sweep test was conducted to observe the
change in the stability and microstructure of the film-forming
solution during storage or transportation.m‘45 The frequency
sweep test of the NaAlg—BCP film-forming solutions
containing glycerol and CaCl, (Figure 3B) was conducted
within the LVR, as determined earlier by the amplitude sweep
test. The G’ and G” of the NaAlg—BCP film-forming solutions
increased with increasing frequency (Figure 3B(i and ii)). The
tan &, the ratio of loss modulus (G”) to storage modulus (G’),
reflects the balance between the viscous and elastic behavior.*’
The tan § (Figure 3B(iii)) of the NaAlg solution was greater
than 1, indicating liquidlike behavior (G” > G’). The tan§
values of NaAlg—BCP solutions decreased with increasing
BCP content and the addition of DFC or ACN, reflecting a
transition from a more liquidlike (G” > G’) to a more solidlike
(G’ > G") matrix. This shift is primarily attributed to the cross-
linking of the higher content of low-DE BCP facilitated by
Ca?" ions, where enhanced entanglement contributes to an
increase in solidlike behavior.*® However, the tan & of NaAlg—
BCPSO remained below 1 throughout the entire frequency
sweep test, signifying consistently solidlike behavior within the
range of study. It can be seen that the viscosity of NaAlg—BCP
solutions incluiding glycerol and CaCl, increased with
increasing BCP content (Figure S3—C), while tan § decreased
(Figure 3B(iii)), indicating that adding BCP can improve the
elastic property of NaAlg solutions.

The creep recovery test evaluates the elasticity of
materials.”’ NaAlg and NaAlg—BCP10 showed a small
recovery and largely permanent deformation with the recovery
values of 1.12 and 0.19%, respectively (Figure 4 and Table 3),
indicating predominantly viscous behavior with negligible
elasticity. As the BCP content increased, the recovery
improved significantly, with NaAlg—BCPS0 exhibiting the
highest recovery (93.53%). This reflects a shift toward elastic
(solidlike) behavior due to the enhanced network structure
created by BCP, which allows the material to regain its original
shape partially. For the NaAlg—BCP20 solution, the addition
of DFC or ACN exhibited a reduction in recovery from 64.82
to 9.01% or 4.33%, respectively. This again confirms the
decrease in network structure, which may be due to DFC or
ACN interference.

According to the frequency sweep and creep recovery tests,
increasing the BCP content in NaAlg films resulted in lower
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Figure 4. Strain (%) experienced by the NaAlg—BCP film-forming

solutions when subjected to a creep recovery test at a constant shear
of 0.5 Pa.

Table 3. Recovery (%) of the NaAlg—BCP Film-Forming
Solutions”

samples recovery (%) at a shear stress of 0.5 Pa
NaAlg 112 + 0.23<
NaAlg—BCP10 0.19 + 0.23¢
NaAlg—BCP20 64.82 + 6.89
NaAlg—BCP50 93.53 + 3.29°
NaAlg—DFC 9.01 + 1.13°
NaAlg—ACN 4.33 + 0.69%

“Values are presented as mean + SD (n = 3). Lowercase letters
indicate the significant differences (p < 0.05).

tan 0 values and higher recovery rates, indicating enhanced
elastic behavior in the film-forming solutions. However, this
trend contrasts with the mechanical properties of the final films
(Table 2), where a higher BCP content was associated with a
decrease in tensile strain at break, suggesting reduced
flexibility. This may be due to water loss during film drying,
which leads to structural rearrangement and densification of
the polymer network, resulting in different mechanical
behaviors in the final films.

2.5. Physical Properties of Films. The control film
(NaAlg) had a thickness of 0.074 mm and the highest moisture
content among all of the films (Table 4). The addition of BCP
resulted in no significant difference in thickness compared to
the control film. This is in good accordance with previous
literature, where no differences in thickness were observed
between al%inate and alginate—commercial low-methoxy
pectin films.”® The introduction of either DFC or ACN from
blackcurrant pomace extracts into the NaAlg—BCP20 solution
led to a gradual increase in the film thickness from 0.065 mm
(NaAlg—BCP20) to 0.078 mm (NaAlg—DFC) or 0.077 mm
(NaAlg—ACN). This increase in thickness is likely due to the
higher dry matter content of DFC and ACN. A similar trend
was observed when cellulose nanocrystals were added to
NaAlg—pectin and NaAlg—pectin—red cabbage ACN films,"”
as well as when incorporating blackcurrant waste powder to
chitosan or pectin films.>

The hydrophobicity or hydrophilicity of the surface of the
films was determined by water contact angle measurements
(Table 4 and Figure S4). The contact angle of the NaAlg film
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Table 4. Physical, Water Vapor Transmission, and Antioxidant Properties of NaAlg and NaAlg—BCP Films”

moisture content

water contact angle (

sample thickness (mm) (%) 0 s
NaAlg 0.074 + 0.011* 27.75 £ 1.79 21.67 + 1.79*
NaAlg—BCP10  0.068 + 0.008% 16.53 + 1.31° 30.71 + 1.81°
NaAlg—BCP20  0.065 + 0.010° 14.94 + 1.41° 3847 + 0.75°
NaAlg—BCP50  0.066 + 0.009® 14.54 + 1.17° 47.02 £ 091
NaAlg—DFC 0.078 + 0.015° 10.72 + 0.94° 39.06 + 1.39°
NaAlg—ACN 0.077 + 0.012" 1470 + 1.17° 37.98 + 0.38°

deg) at WVTR WVP DPPH inhibition

(x1073 g/s:m?) (107" g/m-s-Pa) (%)

435 + 0.82° 8.53 + 0.63% nd.

2.16 + 0.48° 5.54 + 1.05° 1.50 + 0.16
3.12 + 0.42 574 + 1.13° 4.55 + 0.07°
3.94 + 0.32% 7.57 + 0.52% 25.66 + 0.11°
422 + 0.88% 10.53 + 2.16° 9.17 + 0.38°
464 + 1.15° 1121 + 2.93° 14.53 + 0.11¢

“Values are presented as mean + SD (n = 3—6). Lowercase letters indicate the significant differences (p < 0.05).

was 21.67° (60 s), and it increased with increasing BCP
concentration. The NaAlg—BCP films showed contact angles
higher than the NaAlg films, indicating a relatively more
hydrophobic surface in the former. However, all contact angles
of the NaAlg—BCP films were less than 90°, indicating that all
of the films have hydrophilic surfaces.

2.6. Water Vapor Transmission Properties. The water
vapor transmission rate (WVTR) and water vapor permeability
(WVP) of NaAlg—BCP films reflect the moisture transfer
property of the film. The WVTR was observed in a range of
2.16—4.64 x 1073 g/s‘mz, while the WVP ranged from 5.54 to
1121 x 107" g/m-s-Pa (Table 4). A similar trend was
observed for both WVTR and WVP, in which the NaAlg film
exhibited a higher value than NaAlg—BCP10, NaAlg—BCP20,
and NaAlg—BCPS0 films. This reduction can be attributed to
the denser network formed between NaAlg and BCP through
intramolecular interactions, resulting in lower WVTR and
WVP values. However, the addition of DFC or ACN resulted
in increased WVTR and WVP values compared to the NaAlg
film, possibly due to the accumulation of DFC or ACN within
the polymer network, which created greater free volume in the
films. The increased free volume facilitated a higher rate of
water vapor transmission, thereby enhancing the moisture
permeability of films.>>*

The WVTR and WVP values of NaAlg—BCP films were
lower than the previous findings, where NaAlg—CaCl, films
exhibited higher WVTR values, ranging from 13.38 to 36.70 X
1073 g/s'm*>* and NaAlg—pectin—ZnCl, films showed WVP
values between 23.9 and 51.3 X 107" g/m-s-Pa’** The
relatively lower WVTR and WVP values of NaAlg—BCP films
compared to those of NaAlg—CaCl, films and NaAlg—pectin—
ZnCl, films may be due to the differences in measurement
methods. This study employed the dry cup method, whereas
the others used the wet cup method,”””* which typically yields
higher permeability values.”>*® However, the relatively high
WVTR and WVP values of the NaAlg—BCP films, which are
significant higher than the commercial low-density poly-
ethylene films (a WVTR of 7.23 X 10~° g/s'm* and a WVP
of 8.46 x 107'¢ g/m-s-Pa), suggest their potential to regulate
water vapor transmission and reduce condensation, thereby
providing antifogging functionality and helping to extend the
shelf life of perishable products.>

2.7. Antifogging Properties. Since the NaAlg—BCP films
possess a hydrophilic surface, as evidenced by water contact
angles below 90° and high water vapor transmission properties,
their antifogging behavior was further evaluated. The fogging
test was visually assessed using NaAlg—BCP films, with a glass
slide serving as the control. The results were scored and are
summarized in Table S and Figure SS. At the initial point (f,),
all NaAlg—BCP films and the glass slide appeared completely
transparent (score A). The control glass slide revealed a
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Table 5. Antifogging Scores (A—E) of the Glass Slide and
NaAlg—BCP Films over a 180 min Period

test time (min)

sample L) ts  to o t3 teo tiao tigo
glass slide (control) A B B B C D E E
NaAlg A A A A A A-B A-B A-B
NaAlg—BCP10 A A A A A-B A-B A-B A-B
NaAlg—BCP20 A A A A A-B A-B A-B A-B
NaAlg—BCP50 A A A A A-B A-B A-B A-B
NaAlg—DFC A A A A A-B A-B A-B A-B
NaAlg—ACN A A A A A-B A-B A-B A-B

fogging surface (score B) within S min of water vapor exposure
and developed small, discrete water droplets (score C) by 30
min of exposure. With prolonged exposure, an increase in the
water droplet size was observed (scores D and E). In contrast,
the NaAlg—BCP films maintained their transparency for up to
20 min under heating. By 30 min, slight crinkling on the film
surface and a reduction in transparency was observed (scores A
and B). Although the reduced transparency was observed, no
fogging was observed on the NaAlg—BCP film surface. This
condition remained stable up to 180 min of exposure to heated
water vapor. The antifogging property of NaAlg—BCP films
can be attributed to their hydrophilic nature, which enables
rapid absorption of water vapor through hydrogen bond-
ing.>>*” In addition, the relatively high WVTR and WVP
values of the films facilitate the transmission of water vapor
through the film. As a result, no condensed water droplets were
observed on the film surface. Therefore, the hydrophilic nature
of the NaAlg—BCP films, combined with their high water
vapor permeability, contributes to their effective antifogging
performance.

2.8. Antioxidant Properties of Films. The antioxidant
activity of NaAlg—BCP films, represented by the percentage of
DPPH inhibition, increased with an increase in the BCP
content (Table 4). The higher DPPH inhibition of the NaAlg—
BCP films may be attributed to the higher ACN-bound or
remaining polyphenolics in BCP. Similar results were found in
pectin extracted from lemon, pomelo, and pitaya peels.”® The
incorporation of either DFC or ACN into NaAlg—BCP20 films
improved the antioxidant activity. This may be due to residual
lignin in the DFC, the ACN in BC extract, or a combination of
both factors.””*” This suggests that adding BCP to the NaAlg
film improves both tensile properties and antioxidant activity.
NaAlg—BCPS0 demonstrated the highest antioxidant activity,
possibly attributed to the increased amount of bound ACN in
BCP. While our primary focus is on using blackcurrant ACN as
a pH indicator for monitoring food quality, its antioxidant
capabilities could also be harnessed to extend the shelf life of
food products.
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Table 6. CIE Lab Color Analysis of NaAlg and NaAlg—BCP Films after Exposure to 10% v/v CH;COOH and NH; for 6 h”

color attributes

conditions sample L*
control at £, NaAlg 64.67 + 0.58*
NaAlg—BCP10 54.67 + 0.58%
NaAlg—BCP20 §7.67 + 058"
NaAlg—BCP50 51.67 + 0.58"
NaAlg—DFC 58.67 + 0.58*
NaAlg—ACN 56.00 + 0.014
10% CH,COOH, 6 h NaAlg 64.67 + 0.58™
NaAlg—BCP10 54.33 £ 0.58"
NaAlg—BCP20 35.67 + 0.58%
NaAlg—BCP50 5233 + 058"
NaAlg—DFC 57.00 + 0.01%
NaAlg—ACN 57.00 + 0.01%
10% NH;, 6 h NaAlg 66.33 + 0.58™
NaAlg—BCP10 56.00 + 0.01*
NaAlg—BCP20 43.67 £ 0.58"
NaAlg—BCP50 29.67 + 1.15%
NaAlg—DFC 45.00 £ 0.01%
NaAlg—ACN 45.00 + 1.00*

a* b* color difference (AE)

—0.33 + 0.58* 433 + 0.58* n/a

0.33 + 0.58%% 11.00 + 0.01% n/a

1.33 + 0.58° 9.67 + 0.58% n/a

3.67 + 0.58% 14.67 + 0.58%* n/a

0.00 + 0.01¢% 8.33 + 0.58% n/a

1.00 + 0.01%% 10.33 + 0.58% n/a

0.00 + 0.01%° 4.67 + 0.58* 0.94 + 0.82

1.00 + 0.014% 11.67 + 0.58%¢ 1.05 + 0.92%

3.67 + 0.58% 13.33 + 0.58% 4.87 + 0.66%°

4.67 + 0.58% 16.67 + 0.58™ 249 + 1.10%®

2.00 + 0.01%° 11.00 + 0.01% 3.75 + 0.655

1.00 + 0.018% 9.67 + 0.58%¢ 128 + 1.43%

0.00 + 0.014 4.00 + 0.0124 191 + 1.017

1.33 + 0.58% 21.00 + 0.01%¢ 10.15 + 0.09%¢*

7.67 + 0.58%° 36.00 + 0.01%* 30.50 + 0.844*
13.33 + 0.58% 34.67 + 0.58% 31.28 + 1.524%%

5.00 + 0.01%° 31.33 + 0.58%° 2722 + 1.114b%

5.00 + 0.01%¢ 32.33 + 0.584° 2493 + 1.174b%

“Values are presented as mean + SD (n = 3). Different lowercase letters (a—e) indicate significant differences (p < 0.05) between films under the
same conditions. Different uppercase letters (A—C) indicate the significant differences (p < 0.05) for the same film under different conditions. AE

> S (*) indicates a color difference noticeable to the human eye.

Table 7. CIE Lab Color Analysis of the NaAlg—BCP50 Film after Exposure to NH; at Varying Concentrations, Ranging from

10% v/v to 500 ppm, for 2 and 6 h*

color attributes

a*

13.33 + 0.58"
5.00 + 0.014°
0.33 + 0.58%¢
3.67 + 0.58"
8.33 + 0.58%
1.00 + 0.01%

—0.67 + 0.58"
4.67 + 0.58"

h*
34.67 + 0.58*
29.00 + 0.014°
21.33 + 0.58*
19.33 + 0.58%
35.67 + 0.58™
27.00 + 0.01%°
18.67 + 0.58%
19.33 + 0.58%¢

color difference (AE)

31.28 + 1.52A%
20.80 + 0.44°b*
9.01 + 0.79*
7.61 + 0.35%%
30.78 + 0.79%*
17.20 + 0.63%*
6.54 + 0.645*
4.96 + 0.33%

conditions sample L*
10% NH;, 6 h NaAlg—BCP50 29.67 + 1.15%¢
5% NH,, 6 h NaAlg—BCP50 36.67 + 0.58%
1% NH;, 6 h NaAlg—BCP50 46.67 + 0.58™
500 ppm of NH;, 6 h NaAlg—BCP50 45.67 + 0.58™
10% NH;, 2 h NaAlg—BCPS0 29.67 + 0.58"
5% NH,, 2 h NaAlg—BCPS0 40.00 + 0.01%*
1% NH;, 2 h NaAlg—BCPS0 49.00 + 0.01%
500 ppm of NHj, 2 h NaAlg—BCP50 50.67 + 0.58*

“Values are presented as mean + SD (n = 3). Different lowercase letters (a—e) indicate significant differences (p < 0.05) between films exposed to
different NH; concentrations at the same exposure time. Different uppercase letters (A—C) indicate the significant differences (p < 0.0S) for the
same film exposed to similar NH, concentrations at different exposure times. AE > 5(*) indicates the observer may notice the difference between

two colors.

Table 8. CIE Lab Color Analysis of the NaAlg—BCPS0 Film Following Sequential Exposure to 10% NH; and 10% CH;COOH,

for 2 and 6 h”

conditions sample
at t, NaAlg—BCPS0 after 6 h of 10%NH; exposure
10%CH;COOH, 2 h
10%CH;COOH, 6 h

color attributes

L* a* b* color difference (AE)
28.67 + 1.15° 13.33 + 0.58" 34.67 + 0.58 n/a
42.67 + 0.58" 15.67 + 0.58° 40.00 + 1.00° 15.54 + 0.90%*
46.00 + 0.01° 15.67 + 0.58% 41.67 + 0.58% 18.88 + 1.11%*

“Values are presented as mean + SD (n = 3). Different lowercase letters (a—c) indicate significant differences (p < 0.05) between films exposed to
the same CH;COOH concentration at different exposure times. AE > S (*) indicates a color difference perceptible to the human eye.

2.9. Volatile NH; and CH3;COOH Detection. Aqueous
CH;COOH and NH; solutions were prepared at a
concentration of 10%v/v to demonstrate the ability of NaAlg
and NaAlg—BCP films to detect volatile acids and amines
within packaging environments. Figure S6 shows the color
changes of the NaAlg—BCP films after 6 h of exposure to
CH;COOH and NH;. A color change in response to NHj is
seen in all NaAlg—BCP films, although the ACN fraction had

not blended in films such as NaAlg—BCP10, NaAlg—BCP20,
and NaAlg—BCP50. The observed color change can be
attributed to the conversion of ACN*® molecules into chalcone
molecules due to an increase in pH from the addition of
NH;.*"***° In addition, the darkening of the brown color may
be a result of the ionization of the phenolic hydroxyl groups in
an alkaline system, which has also been observed in the
polyhydroxyalkanoate/tannin films.** In contrast, CH;COOH
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Table 9. CIE Lab Color Analysis of NaAlg—BCP50 over a 14-Day Period”

color attributes

sample conditions L* a* b* color difference (AE)
NaAlg—BCPS50 day 0 61.67 + 1.53° 13.00 + 0.01° 12.67 + 0.58% n/a

day 1 63.33 + 1.53® 12.00 + 0.01° 12.00 + 0.01° 2.10 + 0.60°
day 2 63.33 + 0.58® 1233 + 0.58% 1333 + 0.58% 229 + 1.63°
day 3 63.67 + 0.58" 11.33 + 0.58% 13.33 + 0.58" 2.85 + 0.56°
day 4 63.00 + 1.00® 12.00 + 1.00® 14.33 + 0.58"% 2.74 + 0.87°
day 5 63.00 + 0.01° 12.33 + 0.58® 14.67 + 0.58"d 291 + 0.58°
day 6 63.33 + 0.58™ 10.33 + 0.58* 14.00 + 0.01°¢ 3.68 + 0.48%
day 7 64.00 + 0.01° 10.67 + 0.58* 15.33 + 0.58°%f 436 + 123"
day 8 64.00 + 0.01° 11.67 + 1.15® 16.00 + 1.00%8 4.51 + 1.01%
day 9 64.00 + 1.00° 12.00 + 1.00® 16.33 + 0.58°% 4.57 + 0.44%¢
day 10 64.33 % 0.58" 11.33 + 0.58% 17.33 + 0.58% 5.71 + 0.79°*
day 11 64.00 + 0.01° 10.33 + 0.58* 17.00 + 1.00%8" 5.74 + 123
day 12 64.00 + 0.01° 11.33 + 0.58% 17.67 + 0.58%" 5.90 & 0.520<%
day 13 64.33 + 0.58" 10.67 + 1.53* 18.67 + 1.15" 7.16 + 0.84°%%
day 14 64.33 + 0.58 10.67 + 0.58* 19.33 + 0.58' 7.72 + 1.04%

“Values are presented as mean + SD (n = 3). Different lowercase letters (a—i) indicate significant differences (p < 0.05) between films over 14

days. AE > 5 (*) indicates a color difference perceptible to the human eye.

vapor did not cause significant changes in the film color. This
may be due to the pH of CH;COOH being 3—4, which cannot
drive the ACN molecules into the red flavylium cation
structure occurring at pH below 3.*"***° Additionally, the
International Commission on Illumination (CIE) Lab color
analysis confirmed a significant change in the color of NaAlg—
BCP films (Tables 6, 7, and 8). The AE was >S5, indicating that
the change could be differentiated by the naked eye for all of
the NaAlg—BCP films under NH; detection (Figure S6), and
the NaAlg—BCPS0 film displayed the most significant change
(Table 6).

Further tests with various concentrations of NH; solutions
(Table 7) were performed on the NaAlg—BCPSO0 film. The
color change became visible after 2 h of exposure to NH;
solution, with the light red-brown color intensifying into a dark
brown upon prolonged exposure to NH; vapors. A
concentration of 500 ppm of NH; was selected to demonstrate
the spoilage environment of minced beef or pork, correspond-
ing to the upper limit of the biogenic amine index, which is 500
mg/kg or 500 ppm.*’ This concentration was the lowest level
found to induce a visible color change in the NaAlg—BCPS0
film within 6 h, with a AE value of 7.61. Therefore, the
NaAlg—BCPS0 film has the potential to detect pork or beef
spoilage within 6 h.

To demonstrate the reusability of NaAlg—BCP films for pH
detection, a color-reversible test was performed on the NaAlg—
BCPSO0 film. The film was sequentially exposed to 10% NH;
for 6 h, followed by 10% CH3;COOH. Within 2 h of exposure
to CH;COOH, a visible color change was observed, shifting
from dark brown to pale brown (Table 8 and Figure S6).
However, the film cannot fully revert to its original color. This
incomplete recovery can be explained by the sensitivity of
ACN, which can be degraded under high-pH conditions.”

2.10. Stability of ACN within the Films. The stability of
ACN can be influenced by various factors such as pH,
temperature, light, antioxidants, oxygen, and the like.* Due to
their excellent pH sensitivity, ACN incorporated into NaAlg—
BCP films show successfully demonstrated visible color
changes when exposed to NHj, representing a high-pH
environment. However, several other factors may affect the
stability of ACN within the film matrix. Therefore, the NaAlg—

BCPSO0 film was selected for further stability testing to evaluate
how the film’s color changes over a 14-day period and can be
seen in Figure S7. CIE Lab color analysis (Table 9) confirmed
a gradual color change in the NaAlg—BCP50 film, with the AE
value increasing steadily with each day. A noticeable visual
difference in color was observed within 10 days (AE > §). As
the film was stored in an incubator at 25 °C, its color change
may have been influenced by temperature, light, and air
exposure. ACNs are known to be more stable at lower
temperatures (2—4 °C).°"*> The observed brownish colora-
tion can be attributed to the rinég opening of ACN into
chalcones at elevated temperatures.”’ Moisture in the air can
also promote the deglycosylation of ACN into anthocyanidin
glycosides, which can then convert into chalcones.”® Oxygen is
another critical factor affecting ACN stability, as its presence
can lead to degradation through oxidative reactions or
enzymatic activity involving oxidases.’* Light, particularly
high-intensity or UV light, can also induce ring opening of
ACN into chalcones.”’ However, in this study, light was likely
not the primary factor contributing to the film’s color change,
as the samples were stored in an incubator exposed only to
natural light. As a result, the ACN in the film is not stable
under ambient conditions, with color changes occurring within
10 days. Thus, the films should be stored under low-
temperature, low-light, and low-oxygen conditions to preserve
their stability and color integrity.

2.11. Thermal Stability of Films. The DSC profiles of
NaAlg—BCP films revealed a small endothermic peak and a
predominant sharp endothermic peak (Figure S8-B). As the
BCP content in the films increased, the small endothermic
peaks shifted to higher temperatures (from 147 to 152 °C),
while the main sharp peak shifted lower (from 204 to 187 °C).
This shift is likely due to the interference caused by the
branches of pectin or ACN-bound pectin in BCP, which
hinders the formation of the “egg box” structure. Moreover,
incorporating DFC or ACN into NaAlg—BCP20 films did not
affect the small endothermic peak at 150 °C. However, the
main endothermic peak shifted higher to 195 °C with DFC
addition and lower to 189 °C when ACN was incorporated.
These findings suggest that no significant thermal transitions
occur below 187 °C, indicating that all NaAlg—BCP films are
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well-suited for room temperature storage and relatively high-
temperature food heating applications.

2.12. Green Aspects. The integrated microwave hydro-
thermal extraction at 100 °C successfully yielded ACN, BCP,
and DFC from blackcurrant pomace, with each component
functionally involved in the final film products. The total
recovery yield of the three components was approximately
38%, comprising 4.42% ACN, 2.36% BCP, and 31.35% DFC.
However, the nonrecovery part accounted for 61.87%,
primarily composed of alkaline-resolved lignin (from the
bleaching process) and low-molecular-weight carbohydrates
such as sugars derived from hydrothermal hydrolysis of
carbohydrate matters (from microwave hydrothermal treat-
ment). Sugars can serve as bioderived acids or biofuel
feedstock,”>% while lignin can be considered as a source of
antioxidants, hydrophobic biobased additives, or bioenergy
source.””%”
pomace highlights the potential of a zero-waste biorefinery
approach.

In comparison to conventional extraction methods, micro-
wave hydrothermal treatment significantly reduced processing
time from 2 h to 15 min of holding time and eliminates the
need for harsh acids or organic solvents. In this study,
microwave hydrothermal extraction has shown a lower energy
consumption of approximately four times compared with
conventional extraction (Table S2), supporting its environ-
mental benefits.

Moreover, the NaAlg and NaAlg—BCP films are composed
of biodegradable polysaccharides and natural colorants,
suggesting favorable degradation under natural or composting
conditions. The degradation is expected to proceed primarily
via microbial breakdown of alginate, pectin, and cellulose,
leaving no toxic residues®’® and making these films a
sustainable option for short-term applications such as smart

packaging.

%8 This multistream valorization of blackcurrant

3. CONCLUSIONS

Blending ACN, BCP, and DFC derived from blackcurrant
pomace within a NaAlg matrix can produce pH-sensitive
biobased films for potential food applications. These
colorimetric films can detect NHj; as a proxy for food freshness
monitoring. Their antifogging properties, supported by high
WVP, make them especially suitable for packaging highly
perishable produce. Rheological studies revealed that NaAlg—
BCPSO0 exhibited the most solidlike behavior, highest recovery,
and highest tensile strength among all NaAlg—BCP films,
making it potentially useful for applications requiring structural
integrity under stress. However, for a wider range of
commercial applications, the tensile strength of the prepared
films based on NaAlg needs to be improved and the oxygen
permeability and barrier properties need to be explored.”’ By
leveraging BCP-derived components, the study highlights a
sustainable approach to reducing food waste, enhancing food
safety, and committing to responsible production and
consumption. Moreover, the feasibility of using blackcurrant
pomace as a multifunctional raw material is demonstrated
through the use of microwave-assisted hydrothermal treatment,
which consumes approximately four times less energy than
conventional extraction methods, offering a more environ-
mentally friendly alternative.

4. EXPERIMENTAL SECTION

4.1. Materials and Methods. All chemicals utilized in this
research were supplied by Fisher, Sigma-Aldrich (now known as
Merck Ltd.), and VWR chemical companies without any further
purification. Dried blackcurrant pomace, consisting of seed, skin, stalk,
and stem, was ground and sieved through a stainless steel mesh with a
diameter of <2 mm. BCP and DFC were obtained from our previous
study through microwave-assisted hydrothermal treatment at 100 °C.”
Statistical analysis was performed on a one-way analysis of variance
(ANOVA) with Tukey’s test at a 0.0S significance level using the IBM
SPSS Statistics program (version 29.0.2.0).

4.2. ACN Extraction. 4.2.1. 1:1 Ethanol-Water Extraction
(Control). Milled blackcurrant pomace (40 g) and solvent (200 mL;
1:1 ethanol/water) were heated under reflux for 2 h. The filtrate was
evaporated and freeze-dried to dryness. The ethanol—water extract
was stored in a closed vial and labeled as ETW.

4.2.2. Microwave Hydrothermal Extraction (MW100—160).
Milled blackcurrant pomace (20 g) and deionized water (300 mL)
were placed into a PTFE microwave vessel and subjected to
microwave irradiation (Milestone Synthwave Microwave, 2.45 GHz
magnetron frequency, 1500 W) at various temperatures (100, 120,
140, or 160 °C) for a 15 min ramp time and 15 min hold time, under
10 bar nitrogen and at 60% stirring. Thereafter, the filtrates were
centrifuged, and the supernatants were retained for pectin
precipitation by adding ethanol (1:2 supernatant/ethanol) and then
kept in the refrigerator at 4 °C overnight. The BCP pellet was isolated
from the supernatant by centrifugation. The supernatants, containing
the ACN pigment, were evaporated and freeze-dried for further
characterization and labeled as MW100, MW120, MW140, or
MW160.

4.3. Film Fabrication. NaAlg—BCP aqueous solutions (4 wt % in
30 mL of deionized water) of ratios of 100:0, 90:10, 80:20, and 50:50
were prepared and stirred vigorously (800 rpm) at 40 °C for 3 h.
Thereafter, glycerol (0.625 g), DFC suspension (0% or 2 wt %, 1.25
mL), and ACN solution (0% or 0.5 wt %, 1.25 mL) were added to the
polymer mixture. The entire mixture was then stirred at 800 rpm and
40 °C for 30 min. Thereafter, the mixture was sonicated in degas
mode at room temperature for 20 min and carefully poured into 9
mm diameter Petri dishes (10 g) and set to cast in an oven at 50 °C
for 20 h.

Filter papers (9 mm diameter) were soaked overnight in a 0.5%
CaCl,—7%glycerol solution, removed, and placed on top of the
previously oven-dried films for 2 min to facilitate cross-linking. The
cross-linked films were dried in a fume hood at ambient temperature
overnight and then stored in plastic zip-lock bags. The prepared films
were labeled as shown in Table 10.

Table 10. Composition of NaAlg—BCP Films

sample code NaAlg/BCP ratio additives (%)

NaAlg 100:0

NaAlg—BCP10 90:10

NaAlg—BCP20 80:20

NaAlg—BCP50 50:50 -
NaAlg—DEC 80:20 DEC (2%)
NaAlg—ACN 80:20 ACN (0.5%)

4.4. Characterization of Blackcurrant Pomace Hydrolysate.
4.4.1. Determination of Total Phenolic Content. The total phenolic
content in the blackcurrant hydrolysate was determined following a
modified literature method.”" Gallic acid solution/sample solution
(0.5 mL) was mixed with 1 N Folin—Ciocalteu reagent (0.5 mL).
Na,CO; solution (2%w/v, 9 mL) was added to the mixture and
allowed to stand for 25 min at room temperature. The final
concentrations of gallic acid solution were 0, 0.002, 0.004, 0.006,
0.008, and 0.010 mg/mL. A standard curve was plotted (y = 99.043x
+0.084, R* = 0.9998), and the contents of phenolic compounds were
measured at 730 nm using UV—vis spectroscopy with deionized water
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as the reference. The result was expressed as milligrams of gallic acid
(GA) equivalents per gram of dried weight sample (mg GA/g dry
weight). The total phenolic content (TPC) of the extracts was
calculated using the following equation

cXV

m

TPC =

where c is the sample concentration before dilution (mg/mL), Vis the
volume (mL) of the solvent used for dissolving, and m is the weight
(g) of the dried sample.

4.4.2. Determination of Total Anthocyanin Content. The total
anthocyanin content was determined according to the AOAC
protocol.”>”* Blackcurrant hydrolysate samples were prepared at a
concentration of 1 mg/mL. One portion (1.5 mL) of the hydrolysate
was mixed with potassium chloride buffer (0.2 M, pH 1.0, 1 mL), and
another portion (1.5 mL) was mixed with sodium acetate buffer (0.2
M, pH 4.5, 1 mL). Then, the mixtures were diluted by adding
deionized water (2 mL), and absorbance was recorded using a Jasco
500 UV—visible spectrophotometer at wavelengths of 520 and 700
nm, for solutions at pH 1.0 and 4.5, respectively. The total
anthocyanin content (TAC) was expressed as cyanidin-3-glucoside
equivalents (C3G mg/g) and was calculated using the following
equation

TAC[(BG%]:AXMWXDFXV

g eXIxXW

where A is (Asy nm — A700 nm)le.O = (As20 um — A700 nm)pH4,5) MW is
the molecular weight of C3G (449.2 g/mol), DF is the dilution factor,
Vis the volume of the solvent (mL), W is the sample weight (mg), ! is
the path length (cm), and ¢ is the molar extinction coefficient of C3G
(26,900 L/mol-cm).

4.4.3. Antioxidant Activity Based on the DPPH Assay. The DPPH
assay was carried out using the method reported by Do et al.”*
Blackcurrant hydrolysates (0.12 mg/mL, 2.5 mL) were mixed with
DPPH solution (0.3 mM, 2.5 mL). The mixtures were incubated for
20 min in a dark area at room temperature. The absorbance of
mixtures was measured at 517 nm using a Jasso 500 UV-—visible
spectrophotometer. Ethanol was used as a reference. DPPH inhibition
was calculated by the following equation

Acontrol - Asample

DPPH inhibition (%) = X 100

control

where Ao is the absorbance of the mixture of ethanol and DPPH
solution and Agy. is the absorbance of the mixture of the sample
extract and DPPH solution.

4.4.4. Uv-Visible (UV-Vis) Spectroscopy Analysis. The pH-
responsive color of the blackcurrant hydrolysates was investigated by
measuring their absorption spectra in buffer solutions from pH 1 to
11. The spectra were determined by using a Jasso 500 UV—visible
spectrophotometer from 400 to 700 nm.

4.5. Characterization of Films. 4.5.1. Microstructure Analysis.
The microstructure study of films was conducted using a scanning
electron microscope (JEOL JSM 7800F Prime field-emission gun
scanning electron microscope, FEGSEM) at a 5 kV accelerating
voltage and a magnification of 1000 and 4000X.

Samples were prepared by mounting on 12.5 mm diameter
aluminum pin stubs (Agar Scientific UK. Ltd.) using carbon-rich self-
adhesive discs (Agar Scientific UK. Ltd.). Cross sections were
prepared by cryofracturing with liquid nitrogen. All of the mounted
samples were sputter-coated with platinum in a Safematic CCU-10
sputter coater.

4.5.2. ATR-IR Analysis. ATR-IR analysis of film samples was
performed using a PerkinElmer Spectrum 400 IR. The spectra were
scanned and recorded from 4000 to 600 cm™’, with the force gauge
between 100 and 120 and four scans per sample.

4.5.3. Mechanical Properties. The tensile properties were
evaluated using an Instron 3367 device (Instron). Dog bone-shaped
specimens (20 mm in length and 3 mm in width) were obtained from

the films and tested at a speed of 4 mm/min. The tensile properties
were determined based on the thickness of the film, which was
calculated for each sample using the mean thickness. The results are
presented as mean values and standard deviations derived from five
measurements.

4.5.4. Rheological Study. Flow curves, amplitude sweep and
frequency sweep analysis, and creep and recovery tests were
conducted with a Kinexus rheometer (Malvern Instruments Ltd.,
Malvern, U.K.) equipped with a cone plate measuring system (CP4/
40, 40 mm diameter, 0.1448 mm gap) at 25 °C. Flow curves were
measured from 1 to 1000 s! in 2 min. The amplitude sweep test was
conducted at an angular frequency (@) of 1 Hz and shear strain (y)
ranging from 0.1 to 100%. The frequency sweep test was evaluated at
a shear strain of 0.5% (within the LVR) and a frequency ranging from
0.1 to 10 Hz. Creep and recovery tests were conducted at a gap of 1
mm by the step test while applying a shear stress of 0.5 Pa for 180 s,
followed by removing the shear stress for 180 s to observe the strain
recovery.

4.5.5. Physical Properties. Film thickness was measured with a
digital micrometer at 17 different points within every 1 cm interval
across the film samples. The moisture content was calculated using
the following equation and measured four times for each sample

W, - w
2 x 100

0

moisture content (%) =

where W is the initial weight of the film and W is the weight of film
after drying.

4.5.6. Water Contact Angle Analysis. The hydrophilicity of the
film was measured by an Attension Theta tensiometer using the
sessile drop analysis and Young—Laplace analysis mode. Films were
cut into (1 cm X 1 cm) pieces, and deionized water droplets (1 yL)
were dropped on each film sample. Each sample was measured five
times in an ambient atmosphere. Water contact angle analysis was
performed using the Image] program (version 1.54g) with a drop
analysis plugin.

4.5.7. Water Vapor Transmission Properties. The WVTR and
WVP of the NaAlg—BCP films were measured using the dry cup
method, modified according to Azmi et al.*> and based on the ASTM
E96 standard. Glass vials with a transmission area of 64 mm?” were
used for the measurement. The NaAlg—BCP films were placed in a
desiccator maintained at 25 °C with a saturated magnesium nitrate
solution to control the relative humidity at S0 & 5% for 24 h. A digital
ThermoPro TP49 hygrometer (ThermoPro, China) was placed inside
the desiccator to monitor the real-time temperature and humidity.
Anhydrous calcium chloride was added to the vial to maintain a
relative humidity of 0%. Silicone grease was applied to the rim of the
vial, and the NaAlg—BCP films were placed on top. The initial weight
of the vial with the films was recorded, after which the vial was stored
in a desiccator maintained at 50% RH and 25 °C. The weight of the
vial was monitored daily for 7 days. The WVTR and WVP were
calculated using the following equation

WVTR = 27
At-A

WVP = WVT i
R[AP]

Am . . . . . .
where A—'f" is the weight gain over time, A is the transmission area of

the film, L is the film thickness, and Ap is the difference in water
vapor partial pressure across the film.”®

4.5.8. Fogging Test. The antifogging groperty of NaAlg—BCP films
was investigated using the hot-fog test.”” A volume of 0.75 ml of water
was added to a 3 mL vial, and silicone grease was applied to the rim to
ensure a proper seal. The NaAlg—BCP films were then placed in the
vial openings. The vial was heated to 60 °C for 3 h to induce
condensation. The transparency of each sample was visually evaluated
and scored on a scale from A (completely transparent) to D (fully
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Figure S. Pictures of different scores based on surface appearance after the fogging test: (A) transparent surface, (B) fogging surface with reduced
transparency, (C) fogging surface exhibiting small, discrete water droplets, (D) surface with reduced transparency and medium-sized, discrete water

droplets, and (E) surface exhibiting coalesced water droplets.

fogged with coalesced water droplets) (Figure 5). A glass slide was
used as a control.

4.5.9. Antioxidant Activity. The antioxidant activity of the films
was investigated by the DPPH assay.”>”* The absorbance of a freshly
prepared DPPH solution in ethanol (0.025 mM) was measured at 517
nm (Acgnior)- Then, small pieces of the films (0.3 cm X 2.0 cm) were
placed in the DPPH solution and incubated in a dark area for 1 h. The
absorbance of each film (Asample) in the DPPH solution was measured
using a Jasco 500 spectrophotometer at 517 nm with a resolution of
0.5 nm after 1 h of incubation. DPPH inhibition was calculated using
the following equation

Acontrol - Asample

DPPH inhibition (%) = "

X 100

control

4.5.10. CH;COOH and NH; Detection. The capability of the films
to detect CH;COOH and NHj; vapor was evaluated using the method
described by Ferri et al.** The films were cut and put into the hole of
the vial cap, containing CH;COOH or NHj; solution (10%v/v, 2 mL).
The vials were allowed to stand in the fume hood for 6 h to
investigate any color change of the films. The NaAlg—BCP50 film was
selected for further sensitivity testing with varying concentrations
(500 ppm, 1, S, 10%v/v) of NH;. The NaAlg—BCPSO film after
exposure under NH; (10%v/v, 6 h) was chosen for the color-
reversible test with CH;COOH (10%v/v). The color transitions were
quantified by using the CIE Lab color space system, which measures
colors with Cartesian coordinates (L*, a*, and b*). Photos were taken
under consistent conditions, and the total color difference (AE) was
calculated using the following equation

AE = \|(Ly = Ly)* + (ap — ap)® + (b — by)*

when the value of the AE is greater than S, the observer can clearly
perceive two different colors.

4.5.11. Stability of ACN within the Films. Freshly prepared
NaAlg—BCP50 films (n = 3) were used to investigate color changes
over time. Prior to analysis, photographs of the films were taken and
recorded on day 0. The films were then stored in an incubator at
25 °C and photographed daily at 24 h intervals for 14 days. Color
measurements were quantified by using the CIE Lab color space
system. All photographs were taken under consistent lighting and
camera settings to ensure accuracy.

4.5.12. Thermal Stability. Differential scanning calorimetry was
conducted using MDSC, TA Instruments. The film samples (about
5—6 mg) were heated in a hermetically sealed aluminum pan under a
nitrogen atmosphere, from 40 to 300 °C at a heating rate of 10 °C/
min. An empty sealed aluminum pan was used as a reference, and the
instrument was calibrated with an indium standard."”
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