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ARTICLE INFO ABSTRACT

Keywords: Active packaging is becoming increasingly significant in the food industry. The present study aims
Active packaging to explore the use of Syzygium Cumini Seed Extract (SCSE) as an antioxidant and chitosan as an
Chitosan

antibacterial agent to produce active packaging based on polylactic acid (PLA), poly e-capro-

gﬁygmm cumin seed extract (SCSE) extract lactone (PCL), and polyethylene glycol (PEG) blend. Using advanced characterization techniques,
PCL active packaging (PLA/PCL/PEG) incorporating with 0.5 g chitosan-0.5 mL SCSE was evaluated

for its mechanical, physical, structural, and antibacterial-antioxidant properties. The addition of
chitosan-SCSE caused an 18.57 % increase in tensile strength and decreased the Water Vapor
Transmission Rate (WVTR) by up to 52 %, whereas smooth surface microscopy indicated good
compatibility between polymers and active agents. Active packaging incorporating chitosan-SCSE
reduced 96.66 % of Gram-positive bacteria Staphylococcus aureus and 73.98 % of Gram-negative
bacteria, Escherichia coli. During 15 days of storage, the active packaging was able to slow the
increase in Total Volatile Basic Nitrogen (TVBN) in beef and prevent the decrease in vitamin C
contents in pineapple.

1. Introduction

Organic acids, enzymes, bacteriocins, fungicides, natural extracts, and ions are incorporated into a matrix (gelatin, starch, and
polymers) to form active packaging. Active packaging is one of the novel methods that have been developed, allowing interactions
between food ingredients, packaging, and the environment to improve quality, safety, and extend product shelf life. Also known as
smart packaging, active packaging is designed to detect and warn of food spoilage [1]. This system utilizes humidity, time, temper-
ature, freshness, spoilage, and biosensors to ensure food safety ([2,3]). Microbiological reactions or developments that occur over time
due to the interaction of metabolites produced by microbial growth and chemicals provide visual signals and information about food
degradation [4].
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Polylactic acid (PLA) is among the most promising biopolymers for active packaging applications among many polymers derived
from natural materials. The active packaging production process based on PLA is easier because it employs commercial tools. However,
PLA has a drawback for active packaging applications due to its low water vapor barrier properties, rigidity, and heat distortion
temperatures ([5,6]). Combining PLA with other biocompatible aliphatic polyesters, such as poly e-caprolactone (PCL), is expected to
compensate for these drawbacks. This combination allows the production of new biomaterials with improved physical, mechanical,
and thermal properties ([7-9]). Since the PLA-PCL blend has high rigidity, polyethylene glycol (PEG) is commonly added as a plas-
ticizer to improve flexibility and meet the requirements for active packaging. PEG offers the advantage of having a wide range of
molecular weights that effectively increase polymer blend chain mobility, ductility, and durability [10].

The additive used to produce active packaging must be chosen in accordance with established regulations, particularly in terms of
toxicological effects [11]. Chitosan is widely used in food packaging because it is non-toxic and decomposes naturally. Chitosan can
also form excellent films, has broad antimicrobial activity, is selective against gases (COz and O,), and is compatible with other
substances such as vitamins and minerals [12]. Table 1 summarizes recent research on various types of polymer blend films with
various additives for active packaging applications. Most of the previous works considered PLA in their study; however, they added
acetyl tributyl citrate (ATBC), PCL, polybutylene succinate adipate (PBSA), polybutylene adipate terephthalate (PBAT), and PEG to
produce the active packaging. Various additives derived from essential oils and plant extracts, as well as their combinations, were used
to improve the physical mechanical properties of active packaging. When essential oils, plant extracts, and other polysaccharides were
used as natural agents to produce active packaging, variations in tensile strength and WVTR were observed (Table 1). Therefore, the
additive used should be compatible to form a homogeneous blend with the biopolymer. It should not be too volatile as it may evaporate
with rising process temperature and should not migrate easily to avoid material contamination".

A study involved blending PLA/PCL with thymol-carvacrol, and SEM morphology analysis revealed that the resulting film surface
became rough, with a large number of pores formed due to the low miscibility between polymers and the additive [28]. Many re-
searchers have extensively used essential oils as antibacterials in the production of active packaging and have concluded that essential
oils can increase water vapor permeability [29]. Since essential oils are highly hydrophobic, they influence the hydro-
philic/hydrophobic balance of the film by creating a more porous microstructure. Additionally, essential oils improve the oxygen
permeability of the film [30]. The addition of essential oil as an additive reduces the compactness of the polymer, resulting in the
formation of discontinuities in the film matrix and consequently lowering the tensile strength [31].

Utilizing natural antioxidant and antimicrobial ingredients, such as plant extracts, presents a viable alternative to synthetic active
packaging, as indicated by several studies. SCSE has garnered significant attention due to its safe and potent antioxidant and anti-
bacterial properties, effective against a wide range of bacteria ([32-34]). SCSEs belong to a class of natural antioxidant compounds
derived from the Syzygium Cumini Linn plant [35]. Its composition is rich in phenolic compounds, including anthocyanins, flavonoids,
and tannins, all of which impart functional properties such as antioxidative capabilities, making it suitable for active packaging. The
active components within SCSE exhibit robust antioxidant activity, effectively inhibiting the oxidation process in food products [36].
Therefore, the aim of this study is to investigate the impact of the chitosan-SCSE ratio as an antibacterial and antioxidant agent in the
production of PLA-PCL-PEG active packaging. To the best of the author’s knowledge, no study has reported on the use of hybrid
additives, such as chitosan-SCSE, in the formulation of active packaging. The study assesses the mechanical and physical properties,
characteristics of the polymer blend, and colony reduction due to the addition of active agents, targeting both Gram-positive bacteria
like Staphylococcus aureus and Gram-negative bacteria like Escherichia coli. Subsequently, the application of active packaging was
employed in the preservation of food industry materials to investigate their ability to maintain the nutritional quality of perishable
foods, including monitoring Total Volatile Basic Nitrogen (TVBN) levels in fresh beef and preserving Vitamin C content in pineapple.

Table 1

Previous works on different types of polymer blend with additives for active packaging.
Type of material Additive Tensile strength (MPa) WVTR (g.mm.h’l.m’z.kPa’l) Ref
PLA-ATBC Carvacrol-thymol 22.8 - [13]
PLA-PEG Chitosan-rosemary 16.8 - [14]
PLA Lemon balm 45.3 - [15]
PLA-PBSA Carvacrol 38.92 06.92 [16]
PLA-PBSA thymol 12.32 8.261 [171
PLA-PCL Thymol-carvacrol 6.42 - [18]
PLA halloysite nanotubes 37.23 0.1183 [19]
PLA Chitosan-rosemary 93 0.170 [20]
PLA-PBAT citral 10.2 MPa 0.049 [21]
PLA Mesoporous silica nanoparticles-clove oil 11.8 MPa 02.14 [22]
PLA Tea polyphenol 2.72 MPa 5.393 [23]
PLA-PBAT Carvacrol 18.90 MPa 0.68 [24]
PLA Thymus-mediterranean propolis 23.2 MPa - [25]
PLA Chitosan-AgNPs 27.8 MPa 0.120 [26]
PLA-PCL Green tea 42.3 MPA 0.244 [27]
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2. Materials and method
2.1. Materials

Reagent grade of PLA (MW: 60,000) procured from NatureWorks Co., Tangerang, Indonesia. Reagent grade of PCL (MW: 80,000)
also obtained from NatureWorks Co., Tangerang, Indonesia. Technical grade of PEG-400 supplied by Rudang Jaya, Medan, Indonesia.
Technical grade of ethanol 70 % provided by Rudang Jaya, Medan, Indonesia. Pharmaceutical grade of chitosan (MW: 50 kDa,
deacetylation: 75-85 %), purchased from PT Fugha Pratama Mandiri, Lhokseumawe, Aceh. Food grade of syzygium cumini seed supply
by a local farmer in Lhokseumawe, Aceh. ATCC (American Type Culture Collection) staphylococcus aureus (Gram-positive) and
escherichia coli (Gram-negative) obtained from the Laboratory of Pharmaceutical Microbiology, Department of Biology, Universitas
Sumatera Utara.

2.2. Extraction of SCSE from jamblang fruit

The extraction procedure was conducted employing a conventional Soxhlet apparatus, in accordance with the methodology out-
lined by Ref. [36] The process was carried out at a controlled temperature of 55 °C, utilizing ethanol as the solvent. Precisely 20 g of
Syzygium cumini seed powder were encased within a filter paper and securely positioned within a thimble holder. Then, the thimble
assembly was submerged in the distillation flask containing the solvent. The extraction process was run for 6 h. Following this
extraction period, the solute content present in the SCSEs was meticulously separated from the solvent. This separation process was
achieved through a distillation technique, which was performed at a controlled temperature of 60 °C, lasting for a duration of 45 min.

2.3. Active packaging production and melt processing

2.3.1. Active packaging production for mechanical properties

The film was produced using a single-screw extrusion process, similar to the technique described by Ref. [37], but with a few
modifications. The operating temperature was precisely set at 160 °C, and this condition was maintained for 45 min. In the processing
chamber, 9.5 g of PLA and 0.5 g of PCL were carefully put into the processing chamber. The blending process was meticulously carried
out at the aforementioned temperature for 45 min at a mixing rate of 20 rpm. The blending of biopolymer material was then extruded
and elongated to form fine filaments. Following that, approximately 10 g of the PLA-PCL biopolymer blend was weighed and com-
pressed molded in a heated press. Chitosan, SCSE, and PEG were thoroughly mixed with the PLA-PCL blend using a stirring apparatus
at a stirring speed of 40 rpm. The entire mixing and fusion process was carried out at a temperature of 160 °C and a pressure of 100 bar.
Table 2 shows the formulations used to develop the active packaging.

2.4. Characterization of syzygium cumini seed extract (SCSE) extract

2.4.1. Characterization of antioxidant compounds from SCSE using the gas Cromatography and mass spectroscopy (GC-MS)

The GC-MS-QP2010 Ultra is connected to a mass spectrometer (Agilent 5975C) using a DB-1MS capillary column (30 x 0.25 mm I.
D 0.25 pm layer thickness). The carrier gas was helium, flowing at a rate of 1 mL/min. The temperature starts out at 60 °C (1 min), rises
to 240 °C at a rate of 6 °C/min, stays for 6 min, then rises to 250 °C at a rate of 10 °C/min, reaching 250 °C for the final 10 min. Sample
SCSE (0.1 pL) were injected with a split less mode.

2.4.2. Antioxidant activity characterization of SCSE using the DPPH method
A total of 100 pL of SCSE with concentrations of 100, 200, 300, 400, and 500 pg/mL, is added with 1.0 mL of 0.4 mM DPPH in a5

Table 2

Composition of each material in the active packaging production.
Sample Matrix Plastisizer Active Agent (10 % w/v)

PLA (g) PCL (g) PEG 30 %(mL) Chitosan (g) SCSE (mL)

Xal 9.5 0.5 3 0.1 0.9
Xa2 9.5 0.5 3 0.2 0.8
Xa3 9.5 0.5 3 0.3 0.7
Xa4 9.5 0.5 3 0.4 0.6
Xa5 9.5 0.5 3 0.5 0.5
Xa6 9.5 0.5 3 0.6 0.4
Xa7 9.5 0.5 3 0.7 0.3
Xa8 9.5 0.5 3 0.8 0.2
Xa9 9.5 0.5 3 0.9 0.1
Xal0 9.5 0.5 3 1 -
Xall 9.5 0.5 3 - 1
Xal2 9.5 0.5 3 - -
Xal3 9.5 0.5 - - -

Xal4 10 -
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mL tera flask then added ethanol up to the tera limit. Then the mixture is vortexed for 30 s and then put into the incubator for 30 min.
The solution is then measured for absorbance using a UV-vis spectrophotometer at a wavelength of 515 nm. Antioxidant activity can
be calculated by using Equation (1):

Absy _ Absg

% 1=
? Absy

x 100% (€D)]

Where I defined as inhibiton, Abs,, is absorbance from control solution, and Abs; is absorbance from initial sample.
2.5. Characteristics of PLA-PCL active packaging with PEG plasticizers and chitosan/SCSE as active agents

2.5.1. Fourier transform Infra red (FTIR)

Fourier transforms infrared (FTIR) spectra are recorded in absorbance mode using a Shimadzu model (IRPrestige 21). FTIR
spectroscopy used to analyze the chemical composition and molecular structure of the packaging material. Sampling identified within
a wave number range of 400-4000 cm ™, at a resolution of 4 cm L.

2.5.2. Tensile strength ASTM D-638

The mechanical properties of the films are determined using a universal testing machine (model JIS 2241) according to the
standard method of ASTM D-638. The test involved specimens measuring 160 mm x 25 mm, which were evaluated both longitudinally
(LD) and transversally (TD). Tensile strength (cmax, MPa), and elongation-at-break (emax, %), were derived from the stress-strain
curves. At a load of 100 kgf and test speed of 2 mm/s, with an average of three repetitions for each sample. The sample is poured
into the dumbbell mold as much as 15 mL. All samples are stored at 25 °C and 50 % relative humidity (RH) for 48 h prior to char-
acterization. The obtained tensile strength data were analyzed using standard statistical methods, including analysis of variance
(ANOVA), to evaluate significant differences between the various film formulations.

2.5.3. Scanning Electron Microscopy

The morphology of the prepared films was examined using Scanning Electron Microscopy (SEM, JEOL-JSM). SEM images were
captured with a high-tension voltage of 1.5 kV and a spot size of 30 pm. Specimens were immersed in liquid nitrogen, gold-coated, and
affixed to a glass substrate. The immersion of the sample in liquid nitrogen is primarily aimed at preserving the structural and
morphological integrity of the sample. SEM analysis requires the sample to be in a solid-state, and freezing it with liquid nitrogen helps
to maintain its physical properties without any distortion or alteration, ensuring that the sample remains stable throughout the
analysis. Then, magnified up to 100 times (morphology) then photographed on each surface of the broken specimen.

2.5.4. Water Vapor transmission rate (WVTR)

The water vapor permeability rate (WVPR) of the films was assessed using a gravimetric test following the ASTM standard (2002).
Each cup was filled with 10 g of silica gel. A film sample, approximately 0.06 cm in diameter, was positioned on the top of the cup and
sealed using a top ring secured in place by tight clamps. The film’s surface exposed to vapor transmission measured 10 cm?. The cups
were initially weighed and then placed inside desiccators containing a saturated KCl solution. Subsequently, the cups were weighed at
certain intervals, and the WVTR calculated based on previous works by Ref. [38]. The water vapor transmission rate is determined by
Equation (2):

AX
WVTR =—= (2)

Where AX is Slope of cup after weight increase (g/h), and A is the surface area of the films (m?).
The resulting data were subjected to statistical analysis, including calculation of means and standard deviations, to assess the
variations within and between different film formulations. Statistical significance was determined using one-way ANOVA.

2.5.5. Antimicrobial activity

Potato Dextrose Agar (PDA) was employed to assess the antimicrobial activity of the samples against both Gram-negative (E. coli)
and Gram-positive (S. aureus) bacteria. Approximately 20 mL of PDA was poured into a sterilized Petri dish using an autoclave of HV
and HVE Hirayama type, maintained at 120 °C for 15 min 100 pL of cell culture is coated in solidified PDA at 37 °C for 24 h (Wong
et al., 2020). The quantitative inhibitory effect of the films is carried out according to the standard test method for determining the
activity of antimicrobial agents under dynamic contact conditions (ASTM E 2149-01). Bacterial growth is visualized after incubation at
37 °Cfor 24 h (S. aureus) and 48 h (E. coli) using a Colony Counter Scan300. The following formula was used to calculate the percentage
inhibition of biofilm formation:

__colony control — colony reduce

Inhibition percentage (%) = Colony control x 100% 3)
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2.6. Application on beef and pineapple

2.6.1. Total Volatile Basic Nitrogen (TVB-N)

Kjeldahl semi-micro distillation was used to determine the TVB-N content of beef. This test is carried out according to Ref. [39].
Beef (10 g) that has been packed in 14 cm x 9 cm film for 0-15 day at 4 °C, vacuum-sealed before analysis to minimize exposure to
oxygen as much as possible then unpacked. Grind the beef sample into a fine paste using a mortar and pestle. Transfer the beef paste
into a clean beaker. Add distilled water as much as 100 mL to the beef paste in the beaker to create a slurry then, stir the slurry at 100
rpm vigorously with a glass rod to ensure thorough mixing at 25 °C for 45 min. Filter the slurry through a filter paper to obtain a clear
beef extract. After filtering, 10 mL of the supernatant obtained was mixed with 10 mL of MgO solution (10 g/L) and then distilled for 5
min using a Kjeldahl distillation unit. The distillate is absorbed by 10 mL of boric acid solution (20 g/L) containing 5-6 drops of
indicator. The filtrate was then titrated with a solution of 10 mmol/L HCl, and the results were determined as mg/100 g sample. TVBN
measurements were conducted at regular intervals during the storage period. Statistical analysis of the TVBN data was performed using
one-way analysis of variance (ANOVA). This analysis enabled us to determine the influence of different active packaging formulations
on TVBN content.

2.6.2. Vitamin C

The content of vitamin C in pineapple was determined by the spectrophotometric method [40]. Quantitative analysis of vitamin C is
carried out by titrimetry with 2,6-dichlorophenolindophenol reagents. As much as 50 g of pineapple that has been wrapped in active
packaging (15 cm x 15 cm) is stored in a refrigerator at 4 °C for 15 days of storage. The process carried out by homogenizing pineapple
piece with a certain amount of water then, the solution is sonicated, centrifuged, and then analyzed with a spectrophotometer (UV-Vis
Split 8600U). Distilled water was used as reference. The absorbance was measured at 300 nm and the Vit C content of the sample was
expressed as mg/100 mL. The impact of active packaging on the vitamin C content of pineapple samples was assessed using a ran-
domized complete block design (RCBD).

2.7. Limitation of the study

This study has provided valuable insights into the development of active packaging using PLA/PCL/PEG films integrated with
chitosan and Syzygium cumini seed extract, therefore it is important to acknowledge certain limitations about real-world testing
condition since the research primarily focused on laboratory-scale evaluations and controlled environmental conditions. Futhermore,
the influence of various food types, pH levels, and moisture content on the performance of the active packaging materials remains an
area for future research also It is essential to assess the long-term stability of these agents to ensure their efficacy throughout the
intended shelf life of packaged products.

3. Results and discussion
3.1. Characteristic of syzygium cumini seed extract (SCSE)

3.1.1. Gas Cromatography and mass spectroscopy (GC-MS) analysis

Table 3 presents various antioxidant compounds found in SCSE. SCSE is rich in phenolic compounds, including p-humulene,
a-guaiene, methandrostenolone, caryophyllene, f-elemene, a-humulene, y-gurjenene, and epiglobulol, all of which play a crucial role in free
radical scavenging activity.

These phenolic compounds within the SCSE group exhibit remarkable antioxidant properties. According to research conducted by
Ref. [41], the quantity of colonies of pathogenic microorganisms such as Klebsiella pneumoniae, Escherichia coli, and Pseudomonas
aeruginosa can be reduced due to the essential oil compounds humaulene and caryophyllene, which possess strong antimicrobial activity.
Another study by Ref. [42] has confirmed the antioxidant activity of p-elemene, p-caryophyllene, and a-humulene using the DPPH
method, with a value of 113.84 pg/mg. Furthermore, research by Ref. [43] validated the chemical composition and antioxidant

Table 3

GC-MS results of the characterization of SCSE.
No Retention time %Area Components
1 16.065 27.06 p-humulene
2 13.46 12.48 a-guaiene
3 13.537 8.88 Methandrostenolone
4 14.191 5.53 a-guaiene
5 13.228 3.35 Caryophyllene
6 12.827 1.26 p-elemene
7 15.614 1.21 a-guaiene
8 13.654 1.19 a-humulene
9 13.924 0.82 y-gurjenene
10 14.06 0.72 Epiglobulol
11 13.823 0.53 Caryophyllene
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activity of essential oils from pine plants, including a-guaiene, methandrostenol, and -humulene, using GC-MS. Study has identified 30
components in thymus essential oil, with major constituents such as p-caryophyllene (14.5 %), carvacrol (13.4 %), spathulenol (5.3 %),
and a-humulene (5.1 %) [44].

SCSE comprises numerous molecules capable of neutralizing free radicals by accepting or donating electrons to eliminate unpaired
free radicals. These SCSE molecules react with reactive radicals to create new free radicals that are less active and less harmful than
unneutralized free radicals. The free radical scavenging ability of SCSE is attributed to its aromatic ring structure, which can delocalize
unpaired electrons through hydroxyl groups. This study aligns with prior work by Ref. [45], wherein -elemene exhibited antioxidant
activity when reacting with oxygen.

3.1.2. DPPH assay (2,2-diphenyl-1-picrylhydrazyl)

Table 4 presents the antioxidant properties of SCSE measured using the DPPH method. The table demonstrates that SCSE exhibits
an impressive antioxidant activity of 53.39 % as determined by the DPPH method. Artificial free radicals, represented by DPPH, react
with the antioxidant compounds present in SCSE, resulting in a reduction of free radicals by more than 50 % with an ICs( value of
452.37 pug/mL. The ICsg value is an important metric indicating the amount of SCSE required to neutralize 50 % of the free radicals,
according to established standards. This neutralization occurs because diphenylpicrylhydrazyl (DPPH) radicals become neutral and
transform into diphenylpicrylhydrazine in the presence of functional groups, including (-OH). This transformation effectively disrupts
free radical chains by either accepting or donating electrons, thereby eliminating unpaired free radicals.

Notably, the ICs¢ value obtained in the present study is superior to previous findings using SCSE reported by Ishartati et al. (2021),
where they recorded an ICsg value of 492.17 pg/mL. A smaller ICs( value indicates higher antioxidant activity. It’s worth mentioning
that variations in ICsg values can be attributed to differences in the solvents employed, as demonstrated in another study by Ref. [46].
They investigated various plant extracts using different solvents, resulting in ICso values ranging from 31.9 to 59.7 pg/mL.

3.2. Characteristics of PLA-PCL active packaging with PEG plasticizers and Chitosan/SCSE as an active agents

3.2.1. Fourier transform Infra red (FTIR) analysis

To investigate the interactions among the functional group present in the PLA, PCL, PEG, chitosan, and SCSE films, FTIR spec-
troscopy was employed to monitor shifts in absorption bands in specific regions. Fig. 1 displays the FTIR spectra of the PLA-PCL-PEG
blend incorporating the active agent chitosan and SCSE. Several characteristic absorption bands are observed in the spectra, providing
insights into the molecular interactions within the films. Bands at 1969 em ™%, 1639 em™!, 1335 em ™!, and 1120 ecm ™! correspond to
C-H chain vibrations, C=C stretching, and the C-O peak, respectively (Xal3). In the carbon chain, this group acts as a bond desta-
bilizer. PLA-PCL-PEG films containing chitosan exhibit a broader absorption band at 2870 cm ™!, indicating interactions and dispersion
between the PLA-PCL-PEG matrix and chitosan (Xall) [47].

The addition of chitosan is also marked by the appearance of an amine group (N-H) peak at 1631 cm ™. Further interactions are
evident when the PLA-PCL-PEG blend interacts with SCSE (Xal2), influencing the stretching of the O-H group at 2870 cm ™" and the
C-H group at 1969 cm ™. These shifts suggest interfacial adhesion between the PLA-PCL-PEG functional groups and SCSE. Another
noteworthy spectrum, Xa7, displays a broad absorption band at 3626 cm™!, corresponding to the stretching vibration (O-H) of hy-
droxyl groups found in alcohols and phenols. Additionally, absorbance peaks at 2870 cm ™! correspond to the stretching vibrations of
N-H groups in chitosan, while peaks at 1969 cm ™! indicate the presence of O-H and C-H aromatic compounds. Furthermore, sample
Xa3 exhibits carbonyl group (C=0) stretching vibrations. The absorption band shift from 1639 cm ™ to 1969 cm ™ is attributed to the
presence of phenolic compounds, specifically flavonoids, in SCSE, which induce stretching of the aromatic rings (C—C). Stretching of
the N-H group also occurs again in the absorption band 3273 cm™'. Another significant presence of hydroxyl groups (O-H) in 1355
em ! and 3626 cm ™! absorption bands within the bioplastic film may ascribed to the potential movement of hydroxyl groups asso-
ciated with SCSE during interactions between the bioplastic matrix and the active substance.

3.2.2. Tensile strength

Fig. 2 illustrates the tensile strength of active packaging films, tested using the Universal Tensile Machine (UTM) following ASTM
D-638 standards. The matrix with PEG plasticizer (Xal2) exhibited a tensile strength of 32.91 MPa. Since PEG is non-polar, it leads to
limited interaction and compatibility between the matrix and plasticizer. The use of non-polar plasticizers can reduce mechanical
properties by up to 15 %. Sample Xa5 displayed the highest tensile strength, approximately 44.69 MPa. This superior performance can
be attributed to the presence of fewer voids in the blends, as observed in Fig. 3(b), which result from better film-forming properties and

Table 4
Antioxidant activity of SCSE.
Concentration (pg/mL) Absorbance Antioxidant activity (%) Linear regression equation
0 0.72 0 y = 0.1061x +2.0026
100 0.62 13.89 R%=0.99
200 0.55 23.97 ICs0 = 452.37
300 0.47 34.80
400 0.39 45.02
500 0.33 53.39
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Fig. 1. The interaction between the fuctional group of the PLA-PCL-PEG and the active agent chitosan/SCSE based on FTIR analysis.
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Fig. 2. The effect of the active agent chitosan/SCSE on the tensile strength value for each sample.

material compatibility, thus enhancing their mechanical properties. Since chitosan molecules contain amino and hydroxyl groups that
can form hydrogen bonds with the polymer chains in the blend, these interactions strengthen the intermolecular forces within the
material, enhancing its mechanical properties. On the other hand, SCSE containing antioxidant compounds, such as phenolic groups
have the ability to scavenge free radicals. When incorporated into the packaging material, these antioxidants can protect the polymer
chains from oxidative degradation. This protection can prevent the breakdown of polymer bonds and maintain the structural integrity
of the material over time. Therefore, the compatibility of SCSE compounds with chitosan can disrupt the formation of a uniform crystal
structure in the polymer matrix. This disruption can weaken intermolecular hydrogen bonds and inhibit interactions between polymer
chains, resulting in a material with a denser structure. This improved structure contributes to higher tensile strength.

Chitosan, when added at 3%-5% by weight, acted as a filler and restricted the movement of the matrix segmental chains,
consequently strengthening the bioplastic films. The tensile strength increased by 5 % with the addition of chitosan. This increase is
associated with the effective dispersion of chitosan and favorable interactions with other components [48].

In contrast, a 34.50 % reduction in tensile strength was observed in samples Xa6-Xal0. This decrease was caused by the formation
of chitosan aggregates surrounded by weak interfacial interactions, resulting in a gradual decrease in tensile strength as depicted in
Fig. 3. (a), and (c). The combination of phenolic compounds, such as SCSE, with chitosan can disrupt the formation of a uniform crystal
structure within the matrix, weaken intermolecular hydrogen bonds, and inhibit interactions between polymer chains. High tensile
strength values were also observed in samples containing only SCSE additives. Sample Xal1l, for instance, exhibited a tensile strength
of 37.90 MPa. This increase can be attributed to the compatibility between polymers and SCSE, as depicted in Fig. 3(d). This
compatibility results in a denser surface due to the interaction of polymer and SCSE interfaces. Since SCSE contains hydroxyl groups, it
is highly reactive and forms bonds with polymeric chains, contributing to the increased tensile strength of the film.

3.2.3. Elongation at breaks
Fig. 4 illustrates the impact of the active agent chitosan/SCSE on the elongation at break for each sample of active packaging films.
The introduction of 30 wt% PEG to the PLA-PCL blend without active agents (Xal2) resulted in an increase in elongation at break. As
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Fig. 4. Effect of the active agent chitosan/SCSE on elongation at break for each bioplastic film sample.

indicated in Fig. 4, sample Xal2 exhibits a higher elongation at break, reaching up to 8.9 %. This enhancement is attributed to the
smaller molecular size of PEG with a low molecular weight, facilitating its incorporation into the matrix chain and thus promoting a
more effective plasticizing effect. PEG plasticization enhances the mobility of PLA and PCL chains, increasing their ductility and
compatibility (PLA/PCL/PEG), thereby broadening the range of potential applications. Using PEG as a plasticizer improved flexibility
and processability in PLA/PCL blends [49].

Fig. 4 further demonstrates that the inclusion of chitosan and SCSE reduces the elongation at break from 8.9 % to 2.67 %. This
reduction occurs because chitosan acts as a reinforcing agent, increasing the rigidity of the films. Additionally, films with a higher SCSE
content (10 % by weight) exhibit reduced elongation at break, primarily due to the abundance of phenolic compounds present.

3.2.4. Water vapor transmission rate (WVTR)

Fig. 5 shows the addition of active agent to the matrix reduced the WVTR by 52 %, from 2.91 g/m?/hour (Xa1) to 1.38 g/m?/hour
(Xa5). One of the carboxylic groups from chitosan (-COOH) interacts with the hydroxyl group (-OH) of the SCSE group, resulting in the
release of one molecule of water and the formation of a hydrophobic carbonyl group (-C=0) for each (-COOH). As water molecules are
removed, the crosslink resulting in a more compact film. The less hydrophilic due to the formation of the (-C=0) group, can explain
the lower WVTR value. The decrease is also influenced by the PLA-PCL blend which has a high moisture barrier due to its hydrophobic
properties.

The increase in SCSE content resulted in much more hydrogen bonding through the adsorbed water and resulted in a surface with
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Fig. 5. Effect of chitosan/SCSE on water vapor transmission rate.

high hydrophilicity. Another factor that causes the WVTR higher is the roughness of the surface. The film matrix has more pores for
transporting gas and vapor permeations, causing a higher WVTR. The addition of PEG also increasing WVTR value in this study. PEG,
as a hydrophilic plasticizer, changes the functional and increases the WVTR value. The PEG functional group increases the free volume
for water adsorption on the matrix chain, resulting in a looser matrix polymer network.

3.2.5. Antimicrobial activity

All samples exhibited antibacterial activity against both S. aureus and E. coli, though there were significant differences in their
antibacterial effects. Additionally, chitosan-SCSE showed stronger inhibitory activity against Gram-positive bacteria (S. aureus) than
Gram-negative bacteria (E. coli). This difference is due to structural differences in bacterial cell walls. Gram-negative bacteria have an
outer lipopolysaccharide membrane, whereas Gram-positive bacteria have a peptidoglycan structure with a single layer ([50,51]).
Furthermore, when the proportion of SCSE exceeded that of chitosan, a higher percentage of colony reduction was observed for both
types of bacteria. The absence of additional solvents, resulting from the acid group, during the mechanical production of active
packaging films did not lead to an increase in the degree of deacetylation of chitosan. It is worth noting that chitosan has been found to
inhibit the formation of bacterial and fungal biofilms ([52,53]). The degree of deacetylation and molecular weight play pivotal roles in
influencing antibacterial activity. Bacterial biofilms represent microbial populations attached to surfaces and enclosed within a matrix
of self-produced extracellular polymeric substances. The interaction between chitosan, SCSE, and microbial cell membranes, related to
both positive and negative charges, can lead to the disruption of bacterial biofilms, resulting in the leakage of proteins and other
cellular components, ultimately leading to bacterial death.

The addition of a small quantity of positively charged chitosan may inadvertently lead to bacterial accumulation since its slight
positive charge is insufficient to neutralize the negative charge on bacteria, ultimately promoting bacterial growth over time.
Furthermore, the concentration of SCSE also exerts a notable influence on its inhibitory effect against bacterial growth. As illustrated in
Fig. 6, the impact of chitosan/SCSE as an active agent is depicted. It is observed that all samples effectively inhibit biofilm formation.
Specifically, the percentages of inhibition for biofilm formation by S. aureus and E. coli at the same concentration (Xa6) are 96.66 % and
73.98 %, respectively.
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Fig. 6. Reduction of bacterial colonies on each bioplastic film with the addition of chitosan/SCSE as an active agent.
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The lipophilic properties of phenolic compounds present in SCSE significantly contribute to their antibacterial activity. The active
agent chitosan/SCSE disrupts the bacterial cell membrane, leading to direct binding with genomic DNA and subsequently reducing the
formation of colonies, as illustrated in Fig. 7. A decrease in the green coloration of bacterial colonies is observed after 24 and 48 h of
storage. The concentrations of SCSE impact cell membrane permeability, which can result in the leakage of cellular materials and
alterations in cell morphology. Additionally, SCSE induces minor changes in the secondary structure of DNA and modifies DNA
morphology due to the interaction between the active agent chitosan/SCSE and genomic DNA.

3.2.6. Application

3.2.6.1. Total Volatile Basic Nitrogen (TVB-N) in beef. Films containing active agents such as chitosan and SCSE, which are phenolic
compound-rich products, have been shown to positively delay microbial proliferation and growth in beef products. Fig. 8 shows the
effect of the active agent chitosan/SCSE concentration on the increase of TVB-N after 15 days of storage at 4 °C. Based on Fig. 9, the
amount of TVB-N in all samples has increased. This demonstrates that even the low temperature does not kill microorganisms, but
rather slows their growth and reproduction. The increase of TVB-N in all samples is caused by primary or secondary hydrolysis
(extensive hydrolysis).

When wrapped using PLA/PCL/PEG film that does not contain an active substance (Xal2), the oxidation process becomes faster.
The amount of TVB-N in beef increased from 32.84 mg/100 mg (6th day) to 68.65 mg/100 mg (15th day). This increase reached 52.16
% comparing to the samples wrapped with packaging contains active agent chitosan/SCSE (Xa6). On the same day, the increase in the
TVB-N from the packaged sample (Xa6) is 26.90 mg/100 mg—45.71 mg/100 mg or around 41.11 %. Chitosan as an active agent is
bacteriocidal which kills bacteria present in beef and inhibits its growth. SCSE is a group of polyphenols, which work by denaturing
proteins, changing cell wall permeability, and causing cell leakage [54]. Similar findings have been reported in previous studies on
essential oils containing antibacterial and antioxidant effectively inhibit food degradation during storage [55].

3.2.6.2. Vitamin C in pineapple. Fig. 9 shows a reduction in vitamin C contents in pineapples cut packed with bioplastic films con-
taining the active agent chitosan/SCSE (Xa6). The vitamin C content of all samples decreased linearly with storage time. This could be
due to Vitamin C oxidation and consumption by physiological metabolism. Overall, the contens of vitamin C in pineapple packed in
active packaging film containing the active agent chitosan/SCSE (Xa6) are higher than pineapple packed in a PLA/PCL/PEG film
(Xal12).

The vitamin C content in all samples decreased linearly with storage time. This could be due to Vitamin C oxidation and con-
sumption by physiological metabolism. Fig. 9 shows that samples containing the active agent chitosan/SCSE could keep vitamin C
content at 1.43 mg/100 mL until the sixth day of storage. Chitosan’s hydrophobic properties helps to keep vitamin C contents in
pineapple. These properties create an environment with adequate CO, and low O concentrations, which slows respiration and
deteriorative reactions. The right concentration of CO can prevent vitamin C depletion due to enzymatic reactions.

Samples wrapped PLA/PCL/PEG film decreased the vitamin C content from 1.43 mg/100 mL on day 0-0.52 mg/mL after sixth day
storage. Enzymatic reactions caused a 63.63 % reduction in vitamin C contents. The polyphenol oxidase (PPO) enzyme found in
pineapple, which is high in antioxidants, is involved in the enzymatic reaction. Phenols begin to oxidize into quinones when phenolic
and PPO compounds from food are exposed to oxygen. Then, in a number of reactions, these quinones and their derivatives are
polymerized to create melanin, a brown pigment that is relatively insoluble. The melanin serves as an indication of vitamin
deterioration.

4. Conclusion

The active packaging containing 0.5 g chitosan/0.5 mL SCSE (Xa5) had the best mechanical and physical properties. Morphology
observation using SEM shows a relatively smooth surface with small amounts of voids resulting in a tensile strength of 44.69 MPa and a
WVTR of 1.38 g/m?/hour. Colony decreased for each Gram-positive bacteria S.aureus (96.66 %) and Gram-negative bacteria E.coli
(73.98 %). The active packaging films also able to maintain beef quality according to their TVB-N up to 22.94 % (storage for 15 days)
and vitamin C content in pineapple 1.43 mg/100 mL after 6 days of storage.
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