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Abstract: Carbon-neutral and eco-friendly biomass-based processes are recognized as a frontier
technology for sustainable development. In particular, biopolymers are expected to replace
petrochemical-based films that are widely used in food packaging. In this study, the fabrication
conditions of functional (antioxidant and antibacterial) bioelastomers were investigated using
by-products from the juice processing (experimental group) and freeze-dried whole fruit
(control group). Bioelastomer was fabricated by a casting method in which polydimethylsiloxane
(PDMS) was mixed with 25 or 50 wt% aronia powder (juice processing by-products and freeze-dried
whole fruit). The mechanical properties of the bioelastomers were measured based on tensile strength
and Young’s modulus. When the mixture contained 50 wt% aronia powder, the strength was not
appropriate for the intended purpose. Next, the surface and chemical properties of the bioelastomer
were analyzed; the addition of aronia powder did not significantly change these properties when
compared to PDMS film (no aronia powder). However, the addition of aronia powder had a significant
effect on antioxidant and antimicrobial activities and showed higher activity with 50 wt% than with
25 wt%. In particular, bioelastomers fabricated from aronia juice processing by-products exhibited
approximately 1.4-fold lower and 1.5-fold higher antioxidant and antimicrobial activities, respectively,
than the control group (bioelastomers fabricated from freeze-dried aronia powder).

Keywords: aronia; bioelastomer; biorefinery; food packaging; food waste

1. Introduction

In recent years, petroleum-based plastics have caused greenhouse gas emissions and various
environmental problems owing to the production process. Consequently, carbon-neutral and
eco-friendly biopolymers have attracted great attention as alternative materials. From food sources such
as corn, cassava, and sugarcane to non-food resources such as wood, agricultural and food processing
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by-products, sustainable biomass can be used as a raw material for biopolymer production [1,2].
The biopolymer market reached US$ 35.9 billion in 2018, 51% of which was used in the food packaging
industry [3]. The global food packaging market is estimated to increase from US$ 16.1 billion in 2018
to US$ 19.6 billion in 2023, registering a compound annual growth rate (CAGR) of 3.9%, which is
expected to increase the demand for biopolymers [4]. Recently, various packaging containers and
durable products using bioplastics have been actively developed [5-7].

The fruit juice processing industry has become one of the largest markets in the agro-industrial
sector [8]. Juice processing by-products are usually buried directly in the soil, which causes serious
environmental pollution [9]. However, these by-products still contain bioactive compounds such
as tannins, flavonoids, flavanols, vitamins, essential minerals, fatty acids, volatiles, and pigments,
which can be utilized as natural bioactive compounds [10]. The scientific community has suggested
the use of these natural compounds instead of synthetic compounds due to their synergy, potency,
and minimal side effects [11]. These bioactive compounds have both antioxidant and antibacterial
properties [12]. Antioxidants are used as food additives for the inhibition of oxidation, to increase the
shelf life of foodstuffs [13]. Antibacterial agents are usually applied in edible films and coatings to
improve food quality by preventing foodborne illnesses [14]. Research using bioactive compounds
derived from food processing by-products to produce film-type functional materials has recently
attracted attention, and related studies are summarized in Table 1. Bioactive compounds can be prepared
from various food processing by-products such as grape seed, tomato skin, spinach stems, rice hulls,
cocoa shell, etc., and bioelastomers are produced by blending with polymers such as polypropylene
(PP), polyvinyl alcohol (PVA), low-density polyethylene (LDPE), and polydimethylsiloxane (PDMS)
under various conditions. In particular, film-type functional materials can be beneficially applied in
various fields such as food packaging, cosmetics, and medicine.

Table 1. Summary of food processing by-products-based film-type functional materials: an overview
of methods and emerging applications.

By-Products Polymers Methods Applications Ref.
Polydimethylsiloxane RB and corn starch were added to .
Red beetroot (RB) (PDMS) 14 mL of heptane Food packaging [13]
White and red grape seeds Blending under a nitrogen stream at Stabilization against
and, tomato skins Polypropylene (PP) 180 °C, increasing the screw rate from thermal-oxidative [15]
and seeds 20 to 32 rpm for 10 min degradation
Parslce())r;rald Z}grﬁfi:tems, Microcrystalline Solution of 3% by weight of solids in Packaging and [16]
p ’ cellulose (MCC) Tetrahydrofuran for 29 days biomedicine
and rice hulls
Two grams of chitosan was dissolved
.. . . in 100 mL of 2% (v/v) acetic acid at
S}{’lt(lg;?d dr:lltsistair’:,:;om) POIYVE;}\]}Aa)lCOhOI 25 °C for 24 h and 2 g of PVA was Food packaging [17]
cra ous medrierraneis dissolved in 100 mL of distilled water
at 80 °Cfor 6 h
0,
Chardonnay grape Low-density Sample of 96/4 wt% LDPE/grapOe
pomace and turmeric olyethylene (LDPE) pomace waste, melt state at 140 °C [18]
waste (Curcumina longa) polyethy with 160 rpm
Polydimethylsiloxane ~ Micronized CSW was added to 10 mL Food packaging and
Cocoa shell waste (CSW) (PDMS) of heptane biomedical device (1]
Carrot, radicchio, parsley, Polyvinyl alcohol Powders were dispersed in 5% (w/w) Cosmetics and [20]
and cauliflower (PVA) water solution of HCI biodegradable polymer
Apricot (Prunus armeniaca Soy protein isolate SPland g'lyctherol were disp ers'ei'l n Food and drug ;
L) kernel skin (AKS) (SPI) 50 mL deionized water containing packaging [21]
’ AKS at 80 °C for 30 min with 150 rpm
Frozen blackberries Arrowroot starch was dispersed in
Arrowroot starch distilled water (4%, w/w) and mixed Food packaging [22]

(Rubus fruticosus)

with glycerol and blackberry powder

Aronia (Aronia melanocarpa) is a berry known to contain various polyphenols such as flavonols,
flavanols, anthocyanins, proanthocyanidins, and phenolic acids [23]. These polyphenols have bioactive
properties including antioxidant, antibacterial, antidiabetic, and anti-inflammatory activities [24].
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Aronia is generally consumed as a juice rather than by direct consumption because of its tart and bitter
taste [25]. After juice processing, the dry weight of aronia by-products remains at approximately 44.6 to
50% [26]. The bioactive compounds contained in the whole fruit remain in the by-products, thus, it can
be used as additives for functional materials with antioxidant and antibacterial properties [27,28].

In this study, in order to utilize by-products generated from aronia juice processing as a valuable
resource, functional bioelastomers that can be used for food packaging were fabricated. Since aroniajuice
processing by-products contain abundant natural bioactive molecules, antioxidant and antibacterial
activities can be expected. In order to evaluate the potential value of the biomass, all experiments were
designed by comparing the freeze-dried powder as control experiments. Based on natural bioactive
compounds in aronia, bioelastomers were prepared using non-toxic and flexible PDMS as a food
packaging material. In addition, the physicochemical properties of the bioelastomer fabricated according
to the source and content of aronia powder were analyzed by using as follows: Fourier—transform
infrared spectroscopy (FT-IR), water contact angle (CA) and field emission scanning electron microscopy
(FE-SEM). Finally, the potential of produced bioelastomers as functional packaging materials was
evaluated by analyzing their antioxidant and antibacterial activities.

2. Materials and Methods

2.1. Materials

Aronia was purchased from Sandlehae (Gyeongsangnam-Do, Korea), which was harvested in
the Honam area, South Korea. Folin-Ciocalteu reagent, sodium carbonate (Nap,COs), gallic acid,
sodium nitrite (NaNO,), sodium acetate trihydrate (CH3CO,Na-3H,0), potassium persulfate (K,5,0s),
1,1-diphenyl-2-picryl-hydrazyl (DPPH), and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethanol, methanol,
sodium hydroxide (NaOH), and potassium chloride (KCl) were obtained from Samchun Chemical
(Seoul, Korea). Aluminum chloride (AlCl3) was supplied by Duksan Pure Chemical (Ansan, Korea).
All reagents used in the current study were of analytical grade.

2.2. Preparation of Bioelastomers

Aronia juice was extracted at 23,000 rpm using a blender (WellbeingQ, Gapo, Seoul, Korea),
and solid residues (by-products of aronia juice processing) were collected and dried in an oven at
40 °C for three days. In addition, the whole fruit of aronia was dried in a freeze-dryer, and the
freeze-dried powder was used as a raw material for control experiments. Each powder was sieved
to a diameter of 90 um or less using a test sieve (3203 X 41 mm, Chung Gye Sang Gong Sa, Seoul,
Korea). Aronia powder was added to 10 mL of heptane and mixed vigorously in a conical tube for
10 min to obtain a homogeneous suspension. PDMS (Elastosil E43, Wacker, Munich, Germany) was
mixed with the aronia-heptane mixture. The suspension was poured into a Petri dish and dried at
room temperature to form the film-type of a bioelastomer. Table 2 presents the detailed conditions of
the powder and PDMS composition for aronia bioelastomer formation.

Table 2. Experimental conditions for aronia bioelastomer formation.

Sample Powder (g) PDMS (g) Powder (wt%) PDMS (wt%)
PDMS 0 10 0 100
Control 251 25 7.5 25 75
Control 50! 5.0 5.0 50 50
Experimental_25 2 25 7.5 25 75
Experimental_50 2 50 5.0 50 50

1 Bioelastomer with the freeze-dried aronia powder. 2 Bioelastomer with the aronia juice processing by-products.
2.3. Characterization of Bioelastomers

FT-IR (Frontier, Perkin Elmer, Waltham, MA, USA) was used to analyze chemical properties
of the powders (freeze-dried aronia and aronia juice processing by-products powder) and films
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(PDMS, control group, and experimental group). Both the control and experimental groups were made
as a disk-type with potassium bromide, and the bioelastomers were confirmed by attenuated total
reflectance (ATR)-mode. The water CA was measured using CA measurements (phx300, SEO, Suwon,
Korea) with a droplet of distilled water on the surface of the prepared bioelastomer. The morphology of
the bioelastomers was investigated using FE-SEM (5-4800, Hitachi, Tokyo, Japan) at 15 kV. The samples
were prepared by sputter coating with a thin Pt layer on a double-adhesive carbon disk to avoid charging
problems. The mechanical properties of the bioelastomers were evaluated using a universal testing
machine (UTM; model 4467, Instron, Norwood, MA, USA) following American Society for Testing and
Materials (ASTM) D882. All experiments were performed in triplicate to indicate standard deviation.

2.4. Antioxidant Activity of Bioelastomers

2.4.1. Total Polyphenol Content

To extract antioxidants from bioelastomers, 2 g of bioelastomer was soaked in 20 mL 50% ethanol
at 100 °C for 1 h. Total polyphenol content was measured by modifying the Folin-Ciocalteu colorimetric
method [29]. Then, 10 puL of the extract was mixed with 790 pL distilled water and 50 pL. Folin—Ciocalteu
reagent and reacted at 30 °C for 8 min. Subsequently, 150 pL of 20% sodium carbonate solution was
added to the mixture, followed by reaction at 25 °C for 1 h. Optical absorbance was measured at
765 nm using a spectrophotometer (DU 730, Beckman Coulter, Brea, CA, USA). Total polyphenol
content was expressed as mg gallic acid equivalent (GAE) per g of dry powder (mg GAE/g dry powder).
All experiments were performed in triplicate to indicate standard deviation.

2.4.2. Total Flavonoid Content

To extract antioxidants from bioelastomers, 2 g of bioelastomer was soaked in 20 mL 50% ethanol
at 100 °C for 1 h. The aluminum chloride colorimetric method was used to quantify total flavonoid
content [30]. A total of 30 uL of 5% NaNO, solution was added to 50 uL of extract and reacted at 25 °C
for 6 min. Subsequently, 50 uL of 10% AICl; solution was added to the mixture and reacted at 25 °C
for 5 min. Finally, 300 uL of 1M NaOH and 1000 uL of distilled water were added and reacted at 25 °C
for 15 min. Optical absorbance was measured at 510 nm. Total flavonoid content was expressed as mg
rutin equivalent (RE) per g of dry powder (mg RE/g dry powder). All experiments were performed in
triplicate to indicate standard deviation.

2.4.3. DPPH Radical Scavenging Activity

To extract antioxidants from bioelastomers, 2 g of bioelastomer was soaked in 20 mL 50% ethanol
at 100 °C for 1 h. DPPH radical scavenging activity was analyzed to determine antioxidant activity [31].
First, 500 uL of the extract was reacted with 500 uL of 0.5 mM DPPH solution at 25 °C for 30 min;
then, absorbance was measured at 517 nm. The blank was 1 mL methanol, and the control was a
mixture of 500 pL. methanol and 500 pL 0.5 mM DPPH solution. DPPH radical scavenging activity was
calculated according to the following equation:

DPPH radical scavenging activity (%) = (1 = (OD gample/OD contro1)) X 100 1

All experiments were performed in triplicate to indicate standard deviation.

2.4.4. ABTS Radical Scavenging Activity

To extract antioxidants from bioelastomers, 2 g of bioelastomer was soaked in 20 mL 50% ethanol
at 100 °C for 1 h. An ABTS radical cation decolorization assay was used to estimate antioxidant
activity [32]. ABTS®** cation radical was reacted with 7 mM ABTS solution and 2.45 mM potassium
persulfate (1:1) for 12 h before use and stored at room temperature. ABTS** solution was diluted with
methanol until the absorbance at 734 nm reached 0.7. A total of 950 uL of diluted ABTS** solution and
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50 uL of extract were added and reacted at 25 °C for 30 min, and then absorbance was measured at
734 nm. The blank was 1 mL of methanol and the control was a mixture of 950 uL of diluted ABTS®**
solution and 50 pL of methanol. ABTS** radical scavenging activity was calculated according to the
following equation:

ABTS radical scavenging activity (%) = (1 = (OD samp1e/OD contro1)) X 100 (2)
All experiments were performed in triplicate to indicate standard deviation.

2.5. Antibacterial Activity of Bioelastomers

Bioelastomer antibacterial activity was evaluated using Staphylococcus aureus as Gram-positive
bacteria and Escherichia coli as Gram-negative bacteria. Bacteria were cultured in nutrient broth (NB) at
37 °C for 24 h with 150 rpm rotary agitation. The cultured bacteria were diluted to 10° colony forming
unit (CFU)/mL and inoculated onto nutrient agar plates. Bioelastomers were cut to a size of 1 X 1 cm and
placed on each agar plate, which were then incubated at 37 °C for 24 h. All experiments were performed
in triplicate to indicate standard deviation. The characteristics of antibacterial activity were determined
by the area of inhibition, which was calculated using Image ] software (v1.52i, National Institutes of
Health, Bethesda, MN, USA).

3. Results and Discussions

3.1. Mechanical Properties of Bioelastomers

The mechanical properties of the bioelastomers were examined for their stable use in applications
such as packaging (Figure 1). Both tensile strength and Young’s modulus were significantly influenced
by the addition ratio of aronia powders in the bioelastomers. The addition of powders reduced the
tensile strength of the bioelastomers due to the low physicochemical interaction of the silicon network,
thus causing the bioelastomers to become brittle (Figure 1a) [19]. Young’s modulus of Control_50
and Experimental_50 was higher than that of PDMS, Control_25, and Experimental_25. High loading
of powders negatively affected the interactions of the silicone network, causing loss of elastomeric
properties. The relatively stiff bioelastomers displayed low elongation levels before breakage owing
to a low degree of cross-linking with the heterogeneous constitutions of by-products. Furthermore,
all bioelastomers had Young’s modulus higher than 2.42 + 0.04 MPa of PDMS because of the random
distribution of powders in the composite which could change the extent of PDMS cross-linking
(Figure 1b) [33]. A similar trend in the reduction of Young’s modulus was observed in previous studies
of starch-based bioelastomers containing red beetroot and PDMS bioelastomers containing cocoa shell
waste [13,19]. In addition, in bioelastomers prepared using >50 wt% powder, the PDMS framework
was easily broken, which rendered them unsuitable for use as the final products. An appropriate
amount of powder should be considered before manufacturing bioelastomers.

3.2. Surface Properties of Bioelastomers

The film-type of a bioelastomer of PDMS-based composites can be deformed and remain flexible,
as shown in the upper section of Figure 2. Transparent PDMS (Figure 2(a-1)) became dark brown
upon addition of aronia powder (control and experimental groups; (Figure 2(b-1, c-1, d-1, e-1)).
The different macroscopic surfaces of aronia power-added bioelastomers were investigated (Figure 2
(lower section)). The surface morphology of PDMS was smooth, as shown in Figure 2(a-2). With an
increase in the powder content of the bioelastomers (25 wt% and 50 wt%), agglomerations of powders
within the PDMS matrix appeared rougher and more porous. As shown in Figure 2(d-2, e-2), large pores
were observed on the surface of the bioelastomers owing to the by-products, namely, berries, seeds,
and remaining branches. As shown in Figure 3, powder type was observed in the control group;
however, the experimental group consisted of powders and long branches, which may affect the
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surface morphology of the bioelastomers. We expected that the porous surfaces of Experimental_25
and Experimental 50 were related to the shape and compositions of the simulated aronia processing
by-products (Experimental group). The water CA was measured to characterize the surface chemical
properties of the bioelastomers. As shown in Figure 2(a-2) (inset), water CA was almost x90° due
to the hydrophobic property of PDMS that is attributed to the presence of methyl groups (Si-CH3).
Static water CA was also affected by the surface roughness of all the bioelastomers contributing to
hydrophobic properties. The water CA of the bioelastomers was similar to that of PDMS; no significant
changes in water CA were observed (Figure 2(a-2,b-2,c-2,d-2,e-2) (inset)). The rough surface and
chemical properties of the bioelastomers also contributed to high water CA (>90°); however, the porous
structure of the bioelastomers was expected to increase mass transfer properties [34].
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Figure 1. Tensile stress-strain curves (a) and Young’s modulus (b) of different bioelastomers
(PDMS, Control_25, Control_50, Experimental_25, and Experimental_50).
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Figure 2. Photographs (upper section denoted by 1) of the rolling state of the bioelastomers.
Field emission scanning electron microscopy (FE-SEM) images (lower section denoted by 2) of
bioelastomer surfaces. Inset shows the water contact angle of the bioelastomers. (a: PDMS, b: Control_25,
c: Control_50, d: Experimental_25, and e: Experimental_50).

3.3. Chemical Properties of Aronia Powders and Bioelastomers

In the FT-IR spectrum for powders (control and experimental groups), a broad band at around
3400 cm~! indicating O-H stretching vibration from polysaccharides, and two sharp peaks of C-H
asymmetric/symmetric stretching vibration at 2920 cm~! and 2850 cm™! from the lipid content
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appeared, as shown in Figure 4a [35]. The absorption peak of the carbonyl C=0 stretching at 1740 cm ™"
was assumed to be due to the presence of polyphenol and flavonoid compounds such as rutin.
The spectrum of PDMS presented peaks of CHz asymmetric/symmetric stretching at 2965 cm™! and
2905 cm™, respectively [36].

Figure 3. FE-SEM images of aronia freeze-dried powder (a) and aronia juice processing by-products

(b).
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Figure 4. (a) Attenuated total reflectance—Fourier transform infrared spectroscopy (ATR-FTIR) spectra
of aronia freeze-dried powder, aronia juice processing by-products, PDMS (0 wt%), Control_25,
Control_50, Experimental_25, and Experimental_50; (b) details of Si-CH3 bands of bioelastomers.

The acetoxy peak of PDMS was not evident owing to the release of acetic acid during long curing
times [19]. Other strong bands assigned to Si-O-5i asymmetric/symmetric stretching were observed
at 1065 cm ™! and 1010 cm™!. In addition, the methyl symmetric bending of Si-CHj; showed strong
intensity at 1260 cm™! [13]. These peaks indicated the polymerization of PDMS due to the addition of
powders. After the blending of PDMS and powders, the strong peak of Si-O-Si shifted to a slightly
higher wavenumber as the amount of powder added was increased (Figure 4b). We regarded that
changes in the vibrational energy of the siloxane, or the electronegativity of the Si atom, were due
to alterations involving the components [37]. The degree of PDMS curing should be examined to
utilize the effective performance of the silicone polymer prior to use. Although biomass powder
was mixed to form a bioelastomer, a curing process occurred through a hydrolysis reaction between
hydroxyl-terminated PDMS and triacetoxymethylsilane cross-linker under conditions of mild moisture.
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3.4. Antioxidant Activity of Aronia Powders and Bioelastomers

The polyphenol and flavonoid contents in extracts of two different powders and the bioelastomer
are shown in Table 3. The content of phenolic compounds can be used as a significant indicator of
antioxidant activity and can be applied to select food packaging materials [38]. The results showed that
the experimental group contained 80% polyphenols and 90% flavonoids in comparison to the control
group. After harsh juice processing, the experimental group still presented 37.2 + 1.3 mg GAE/g dry
powder polyphenols, and 18.5 + 0.8 mg RE/g dry powder flavonoids, which indicated that aronia
processing by-products are an effective resource for antioxidant materials. Various studies have also
reported that phenolic compounds remain in by-products after juice processing [9,39-41]. However,
the polyphenols and flavonoids extracted from the bioelastomer were found to be lower than the
powder. It was difficult for the ethanol/water solution to gain access to the inside of the PDMS,
with water CA = 90°, indicating hydrophobic surface properties. In the bioelastomers, the contents
were shown to be exactly proportional to the amount of powder.

Table 3. Total polyphenol and flavonoid contents of aronia powder and bioelastomers.

Polyphenol Contents Flavonoid Contents

(mg GAE!/g Dry Powder) (mg RE?/g Dry Powder)
Aronia freeze-dried powder 420+14 20.0+1.1
Control_25 16.0+ 0.5 8.0+0.3
Control_50 18.0 +0.8 120+04
Aronia juice processing by-products 372+1.3 185 +0.8
Experimental_25 13.1+0.3 44+02
Experimental _50 153+ 04 8.8+0.3

1 GAE: gallic acid equivalent. 2 RE: rutin equivalent.

Flavonoids exert a potent antioxidant effect by removing free radicals through metal ion chelation,
and by providing electrons or hydrogen atoms [42]. Anthocyanins belong to a subclass of flavonoids
and remove free radicals, preventing the oxidation of cells [43]. Oxidation causes food decomposition,
involving lipids, nutrients, and pigment destruction, so adding antioxidants to food packaging
materials can extend the shelf life and improve quality [44]. Aronia has been reported to be rich
in anthocyanins such as cyanidin-3-O-glucoside, cyanidin-3-O-xyloside, cyanidin-3-O-galactoside,
and cyanidin-3-O-arabinoside [45]. Flavonoid glycosides are a form of sugar bound to flavonoids,
which improve the physicochemical properties of hydrophobic flavonoids, including solubility,
intra- and intercellular transport, chemical stability, and biological half-life [46]. Flavonoid glycosides,
which are known to have higher antioxidant activity than flavonoid aglycone in vitro, are considered
to be more suitable as food packaging materials [47].

DPPH and ABTS assays were performed to measure the radical scavenging activity of the
bioelastomers, as shown in Table 4. Measuring DPPH and ABTS radical scavenging activities are
the most common and simple methods to determine the antioxidant activity of hydrophilic and
lipophilic substances in food science [48]. Aronia freeze-dried powder showed 1.4-fold and 2.1-fold
stronger radical scavenging activity than aronia juice processing by-products in DPPH and ABTS assays,
respectively. The control groups showed approximately 1.3 to 1.6-fold higher radical scavenging activity
than the experimental groups. These results indicated that Experimental_25 and Experimental_50
still had effective antioxidant activity similar to Control_25 and Control_50 when mixed with PDMS.
Even the same bioelastomers had different radical scavenging activity (%) between DPPH and ABTS
assays. This is because the DPPH assay is suitable for measuring the antioxidant activity of lipophilic
compounds, whereas the ABTS assay is appropriate for hydrophilic and lipophilic compounds [49].
In summary, as the powder content increased, both the content of phenolic compounds and the radical
scavenging activity increased. A similar correlation between polyphenol and flavonoid content and
antioxidant activity in plant ethanol extracts has been reported previously [50].
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Table 4. Determination of radical scavenging activity of aronia powder and bioelastomers.

Radical Scavenging Activity (%)

DPPH ABTS
Aronia freeze-dried powder 89.4+0.8 62.9 +2.6
Control_25 354+0.1 16.7 £ 0.1
Control_50 49.6 + 0.6 26.8 +1.1
Aronia juice processing by-products 63.8 +0.1 294+03
Experimental_25 26.2+0.2 124 +0.2
Experimental_50 35.7+04 16.8 £ 0.1

3.5. Antibacterial Activity of Bioelastomers

The presence of bacteria such as S. aureus and E. coli in food causes food spoilage,
food-borne diseases, reduced shelf life, and economic loss [51]. Growth inhibition of these bacteria
is considered an indicator of food safety [52]. Figure 5 demonstrates the antibacterial activity of
the bioelastomers using agar plates for S. aureus and E. coli. In all agar plates with bioelastomers,
bacteria around the bioelastomers were dead in antibacterial active zones. In order to measure the
area of the antibacterial zones, the images were adjusted in contrast with a color threshold using
Image ] software. When comparing the effectiveness of the control and the experimental groups,
the antibacterial zone by Experimental_50 was the greatest area among that of other bioelastomers
(Figure 5). Porous morphology (Figure 2(e-2)) provided a relatively large surface area to release
functional chemicals that kill bacteria [53]. Antibacterial activity of the bioelastomers significantly
affected the Gram-positive bacterium S. aureus; however, the effect was not clearly observed for E. coli.
Gram-positive bacteria do not have an outer membrane that protects cells from toxic molecules and
provides an additional barrier to the inner membrane [54]. Catechins contained in aronia interact with
the cell walls and membranes of bacterial cells and produce hydrogen peroxide, which causes fatal
damage to bacterial cells [55]. Demirbas et al. [56] also demonstrated that the antibacterial activity of
blackberry extract is only effective against Gram-positive S. aureus, not Gram-negative E. coli.
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Figure 5. Antibacterial activities of the bioelastomers against Gram-positive (S. aureus) and
Gram-negative (E. coli).
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4. Conclusions

It was found that antioxidants remained in aronia juice processing residue, which was used as a
raw material for the fabrication of functional bioelastomers. In bioelastomer fabrication, 25 and 50 wt%
of the powder from aronia juice processing by-products were mixed in PDMS, and the powder of the
freeze-dried aronia was used as a control group. In all experiments, the mechanical properties of the
bioelastomer mixed with 50% powder were found to be unsuitable for use as a film-type of bioelastomer.
As a result of surface morphology, it was found that the surface of the bioelastomer became rough
when aronia powder was added, and the surface area increased as the content of aronia powder
increased. However, compared to the PDMS film, there were no significant differences in the chemical
properties of bioelastomers containing aronia powder. The antioxidant activity of the bioelastomer was
approximately 1.4-fold lower than that of the control group; however, the antimicrobial activity was
about 1.5-fold higher.

Through this study, we explored the possibility that food processing by-products could be used
as functional materials, and their effect is expected to be significant if the mechanical properties of
bioelastomers are improved. In the future, our research direction aims to improve the mechanical
properties of bioelastomers and develop more economical and broader antimicrobial substances that
can act on a variety of bacteria. Finally, this study, which directly utilized food processing by-products
to produce functional materials, is expected to demonstrate an advantageous case for the development
of economical biorefineries.
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