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Abstract: The objective of this study is to investigate the viability of employing waste derived from Syzygium
cumini seeds as an environmentally sustainable antioxidant adjunct within the framework of PLA-PCL-
Nanochitosan active packaging for food preservation. The method involves the manufacturing of a food
packaging film by combining a PLA/PCL polymer blend with chloroform, followed by an evaporation process.
This polymer blend is subsequently mixed with an extract derived from Syzygium cumini seed waste and nano
chitosan. The mechanical mixing process takes 45 minutes and is carried out at a temperature of 160°C. The
results of this study show that the active film has excellent mechanical properties, and an even surface texture,
and was able to significantly reduce S. aureus colony counts by up to 98%. Active packaging film is also able
to maintain pH and total volatile basic nitrogen (TVBN) in chicken breast.
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1. Introduction

Active packaging development has become essential in the plastics industry, particularly in food
packaging, because this packaging is necessary for maintaining the quality, freshness, and safety of
food products. Active packaging can increase product shelf life by controlling the interaction between
the development and its environment, reducing food waste and the risk of product damage (Dirpan
et al., 2023; Martinez et al., 2023). The use of petrochemical plastics in food packaging has had several
drawbacks, particularly in terms of damaging the environment and causing a larger plastic waste
problem. The most important aspect, however, is that petrochemical plastics can leach dangerous
chemical compounds into food, such as bisphenol A (BPA), which can disrupt the human hormonal
system. Aside from that, plastic can harm the appearance and texture of food products, as well as
inhibit oxygen exchange, causing food ingredients to spoil faster (Glicerina et al., 2023; tomic et al.,
2023).

The development of PLA-based active packaging is a significant innovation in the food
packaging industry. PLA is a biodegradable polymer derived from renewable sources such as corn
or potato starch. One of the most significant advantages of PLA is that it is biodegradable, which
means that it can be naturally broken down by microorganisms in certain environments (Pandey et
al., 2022). Aside from that, PLA provides sufficient strength and resistance to water penetration to be
used in a variety of food packaging applications (Arias et al., 2022; Radhalakshmi et al., 2023). Since
PLA is brittle and has limited resistance to water vapor permeability, it is commonly employed in
industrial packaging applications alongside other polymers such as PCL. PCL as a more flexible
polymer with a lower level of crystallinity, blends with PLA to improve the mechanical, strength,
and barrier properties of packaging (Opalkova et al., 2022). This mixture provides PLA-PCL
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copolymer, which improves flexibility and resistance to water vapor permeation (Staffa et al., 2022).
PCL was selected as the best polymer to combine with PLA in packaging because it has a lower
melting point and crystallinity than PLA, allowing PCL to provide the elasticity required to overcome
PLA's brittleness in active packaging production.

Active packaging is produced by incorporating active agents such as antioxidants and
antimicrobials. Plant extracts, specifically extracts containing polyphenols such as Syzygium cumini
seed waste, are among the most frequently employed natural antioxidant sources in the development
of active packaging. Polyphenols are natural compounds with high antioxidant activity that can
protect food from oxidative damage (Ahmed et al., 2022; Zhang et al., 2022; Ullah et al., 2022). When
compounds in a material are exposed to oxygen, they undergo oxidative damage, also known as
oxidation (Wu et al., 2022). This reaction can cause color, taste, and texture changes, as well as
nutritional value loss in food ingredients (nawaz et al., 2022). Apart from that, Syzygium cumini seed
waste contains phenolics, such as gallic acid, ellagic acid, and catechin (Qamar et al., 2022; Kumar et
al.,2022). This phenolic has the ability to capture free radicals which contribute to oxidative damage
in food ingredients (Periyasamy et al., 2022). Its flavonoid content protects food products by
inhibiting lipid and protein oxidation.

Antibacterial properties in active packaging, alongside antioxidants, are highly crucial and may
offer further advantages in protecting food products. Bacteria, mold, and other pathogenic
microorganisms are common causes of food spoilage and food poisoning (Manaa et al., 2022). The
antibacterial properties of active packaging can inhibit the growth and development of these
microorganisms, thereby preserving product freshness and safety. Furthermore, in the food industry,
consumer safety is a top priority (Kumari et al., 2022). Antibacterials in active packaging can help
reduce the risk of cross-contamination or contamination by pathogenic microorganisms.
Nanochitosan, or chitosan in nanoparticle form, has characteristics that make it suitable for the
production of active packaging, especially because it is a source of antibacterial, the amino group
(NHz), which plays an important role in antibacterial properties (Khairy et al., 2022; Abdullazadeh et
al., 2023). Chitosan has a large surface area in the nanostructure, facilitating to interact effectively
with microorganisms such as bacteria (Sen et al., 2022).

This study develops environmentally friendly active packaging by utilizing Syzygium cumini
seed waste as an antioxidant. This aids in attempts to reduce organic waste and replace synthetic
chemicals in food packaging systems. This active packaging may improve food safety and quality by
preventing oxidative damage and the growth of harmful microorganisms. Therefore, this research
assists in reducing food waste and the risk of food poisoning while also supporting sustainability
principles in the food industry. Moreover, the addition of nano chitosanto the packaging
provides antibacterial properties, causing it to be more effective in preserving product freshness.

2. Material and method

2.1. The extraction of syzygium cumini seed as sources of antioxidant

The dried seeds of Syzygium cumini are ground into a fine powder as much as 30 g. The seed
powder is then placed in the extraction container. Water 5:1 is used as the solvent, and the extraction
process is carried out by heating the solvent to around 100°c using a controlled heater (Kant et al.,
2022). The seeds are soaked in boiling water for 45 minutes during the extraction process, allowing
water-soluble compounds such as polyphenols to be extracted into the solvent. Right after extraction,
the extract can be separated from the seeds by filtration and centrifuged (320R Benchtop centrifuge).

2.2. Preparation of active packaging

The solvent casting method was used to produce neat films according to Sutil et al., (2022). The
films were made with PLA (IngeoTM Biopolymer 3052D, Nature Works LLC), PCL (Aldrich, Mn =
80,000), Nanochitosan (Sigma Aldrich, Jakarta), and chloroform (98%, Sigma Aldrich, Jakarta).
Polymers blend utilizing using PLA which dissolved in 1250 mL of chloroform and PCL (1.5 g) in 750
mL of chloroform in separate glasses, then mixed together using a magnetic stirrer at 300 rpm for 8
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hours at 35 °C. After that, the mixture was poured into a Petri dish and dried in a 50°C oven. Table 1
summarises the various mixture compositions studied and the processing conditions used in the
active agent mixing process.

Table 1. Concentration of matrix and active agent.

Sampel PLA/PCL Nanochitosan Syzygium cumini seed extract
(8/8) (®) (ml)

SA1 9.5/0.5 5% 25%
SA2 9.5/0.5 10% 20%
SA3 9.5/0.5 15% 15%
SA4 9.5/0.5 20% 10%
SA5 9.5/0.5 25% 5%
SA6 9.5/0.5 30% 0%
SA7 9.5/0.5 - 30%
SA8 9.5/0.5 - -
SA9 9.5 - -

PLA/PCL blends are extruded using a single screw extruder (Chello0023 jigsaw) at a
temperature of 160 °C for 50 minutes with the aaddition of active agent. The sample printed using a
UTM printing machine to produce a tensile test sample. A specimen of a tensile rod is shown in
Figure 1.
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Figure 1. The tensile strength test specimen is in accordance with ASTM D-638.

2.3. Characterization techniques

The Universal Tensile Machine (UTM) tensile test is a method for testing the strength of a
material by applying an axial force load at a speed of 2 mm/minute. The FT-IR instrument operates
on the spectroscopy principle. Because of its complex spectrum of many peaks, infrared
spectroscopy/FTIR is used for organic compound identification (qualitative analysis). FTIR is also
used to determine the types of functional groups that can indicate a material's general composition
at 500 cm- 4000 cm. The detailed morphological features of the active packaging films were
explored using a scanning electron microscope (SEM-JEOL model).

2.4. Aplication of active packaging on chicken breast
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2.4.1. Colony reduction

Minced chicken breasts were analyzed for S. aureus on day 0 to determine the presence or
absence of this pathogen, while experimentally contaminated samples were analyzed for S. aureus
on day 0 and on days 3, 6, and 9 of storage. Minced chicken breast that had not been inoculated with
S. aureus was analyzed for total survival at 0 and days 3, 6, and 9 of storage. After opening from
active packaging, 10 g of minced meat was aseptically weighed, and transferred into a sterile bag,
and 180 ml of distilled water was added to each sample for bacterial counting. The chopped samples
were homogenized in the blender for 2 minutes. For the enumeration of different bacteria, serial
decimal dilutions are prepared, and 1 ml or 0.1 ml of appropriately diluted suspension is inoculated
directly on the surface of the appropriate medium. S. aureus was counted on PDA agar media and
incubated at 33 °C for 24 hours. Bacterial colonies were incubated for 24 hours at 37 °C in accordance
with ISO 21528-2 (2004). According to ISO 15214 (1998), colony reduction was calculated using a Scan
300 colony counter after 72 hours of incubation at 33 °C. The results were measured in colony-
forming units per gram (CFU/g).

24.2.pH

Before measuring pH, minced chicken breast samples were left at room temperature for 10
minutes. A pH meter Testo 205 (Testo AG, Lenzkirch, Germany) was used to measure the pH.

2.4.3. Total volatile basic nitrogen

Total volatile nitrogen (TVBN) was determined as described by Shao et al., (2022).
3. Result and discussion

3.1. Tensile strength of active packaging films

The  tensile  strength  analysis aims to  determine the influence  of
PLA/PCL/nanochitosan/Syzygium cumini seed extract variations on the tensile strength and
percentage elongation of the produced plastic films. One key finding of this research is that the
addition of Syzygium cumini seed extract and nanochitosan as reinforcements results in a significant
increase in the tensile strength of the produced nanocomposite plastic.

The addition of Syzygium cumini seed extract as a natural antioxidant source acts as a
strengthening agent, enhancing the intermolecular interactions within the polymer matrix. This
strengthening effect leads to increased load-bearing capacity and resistance to deformation under
pressure. The combination of nanochitosan with its amino and hydroxyl functional groups exhibits
excellent chemical compatibility with the polymer matrix. This compatibility facilitates a strong
interfacial bond between chitosan and polymer chains, contributing to the overall tensile strength of
the produced films. In Figure 2, the combination of Syzygium cumini seed extract and nanochitosan
also creates a synergistic effect further enhancing the tensile strength, as observed in sample SA4 (45.1
MPa). Syzygium cumini's seed extract ability to neutralize free radicals and inhibit the oxidation
process complements the strengthening properties of chitosan, resulting in a stronger polymer
network.
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Figure 2. tensile strength of each active packaging film.

Nanochitosan is chitosan that has been transformed into nanoparticles. This provides a larger
surface area and good dispersion properties within polymer matrices such as PLA/PCL.
Nanochitosan also has nanometer-sized particles, giving it a greater ability to reinforce the polymer
matrix. The uniform distribution of nanochitosan within the matrix can enhance tensile strength,
elastic modulus, and impact resistance more effectively than regular chitosan. Nanochitosan is
becoming increasingly popular globally as a potential food preservative due to its biocompatible,
bioactive, biodegradable, polycationic, and non-toxic properties. Generally, nanochitosan is
produced from chitin (the second most abundant biopolymer after cellulose) through a deacetylation
process, typically sourced from crustaceans such as shrimp. Through advancements in science and
technology, nanochitosan has been modified to exhibit superior properties, including antibacterial,
antifungal, antioxidant activities, and other remarkable characteristics, such as film-forming
capabilities.

3.2. FT-IR of active packaging films

The functional group analysis was conducted to identify the functional groups present in the
plastic film samples using Fourier Transform Infrared (FT-IR) spectroscopy. This analysis is based on
the characteristic peak wavelengths of a sample. These peak wavelengths indicate the presence of
specific functional groups in the sample because each functional group has its own characteristic
peak. The FT-IR analysis results can be seen in the figure below. Figure 3. shows the analysis results
of the best-blended sample (SA4) from the research, which indicates absorption at 3140.11 cm,
confirming the presence of N-H groups. This is consistent with the literature, which states that the
broad absorption appearing in the 3300-3500 cm! region is attributed to N-H groups, indicating the
presence of nanochitosan.
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Figure 3. FT-IR Spectrum of Sample SA4.

In the 3000-2850 cm! region, there is an absorption at 2964.59 cm™ indicating the presence of
C-H groups, while in the 2500-2000 region, there is absorption at 2355.08 cm! indicating the presence
of C=0 groups, and in the 1500-1250 cm™ region, there is absorption at 1454.33 cm! indicating the
presence of C-O groups, which suggests the presence of Syzygium cumini seed extract groups. These
results reveal the functional groups that make up the plastic polymer. The functional group
identification results in Table 3. show that all the functional groups present are consistent with the
base materials used, namely PLA, PCL, nanochitosan, and Syzygium cumini seed extract, without the
formation of new functional groups. It can be concluded that the plastic film manufacturing process
is perfectly executed as its constituent components have been successfully identified.

Figure 4. shows the results of sample SA5 as a reference. It is known that there is absorption at
3142.04 cm’!, indicating the presence of N-H groups, consistent with the literature that the broad
absorption appearing in the 3300-3500 cm™ region is attributed to N-H groups. In the 3000-2850 cm-!
region, there is an absorption at 2951.09 cm™ indicating the presence of C-H groups, in the 2500-2000
cm region, there is absorption at 2347.37 cm™ indicating the presence of C=O groups, and in the 1500-
1250 cm™ region, there is absorption at 1456.26 cm™ indicating the presence of C-O groups. These
results show that all the samples have the same functional groups but with different peak absorbance
levels. The differences in absorbance peaks occur because each type of molecule has its own unique
molar absorptivity coefficient, also known as the molar absorptivity coefficient. This value represents
how strongly a specific functional group or chemical bond in a molecule interacts with infrared
radiation. When there is a change in the concentration of a substance, the number of molecules
present in the sample also changes. This means that with higher concentrations, there are more
molecules available to absorb infrared light, resulting in higher absorbance values. In complex
samples or mixtures, various molecules or functional groups can interact with infrared radiation in
various ways. These interactions can lead to overlapping absorbance peaks, making it difficult to
separate the contributions of individual components. Changes in concentration can affect the
intensity and position of these peaks. It is important to note that absorbance is not a linear response
to concentration over a wide range. At high concentrations, absorbance can reach a saturation point
where further increases in concentration may not significantly increase absorbance. This occurs
because all available molecules have absorbed as much as they can at a specific wavelength.
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Figure 4. FT-IR Spectrum of Sample SA5.

3.3. SEM of active packaging film

Morphological characterization is an additional test in this research aimed at supporting the
results of the best samples from the biodegradation test. This test aims to observe the morphological
structure of the eco-friendly biocomposite blending process of PLA/PCL/nanochitosan/Syzygium
cumini seed extract using a microscope that relies on electron beams to depict the surface morphology
of the analyzed material. The following is the image of the analysis results using Scanning Electron
Microscopy (SEM). Figure 5. (a) indicate a surface structure that exhibits excessive agglomeration of
nanochitosan particles (25% by weight). Nanochitosan particles exhibit strong Van der Waals forces
between each other.

x100 100Um  — 20kV 74 x100 100pm

(a) (b)
Figure 5. morpholy of each sample (a) SA5 and (b) SA4.

When too many nanochitosan particles are in close proximity, these forces can cause the particles
to agglomerate. This is also influenced by the nanochitosan molecules attracting each other, leading
these particles to cluster together. When the concentration of nanochitosan in the solution is very
high, the likelihood of agglomeration increases. When too many nanochitosan particles are present
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in a limited space, they have more opportunities to come into contact and interact with each other,
which can result in agglomeration. Additionally, the choice of solvent and compatibility between the
solvent and polymer matrix can affect the nanoparticle distribution. If the solvent used to disperse
nanoparticles is not compatible with the polymer, it can lead to phase separation, causing the
nanoparticles to cluster in certain areas. Furthermore, factors such as particle size, shape, and surface
chemistry can also influence dispersion. Smaller nanoparticles and surface-modified particles tend to
disperse more evenly, while larger or unmodified particles are more prone to aggregation. Achieving
uniform nanoparticle distribution in active packaging materials involves addressing various factors
through proper formulation, mixing techniques, and the use of suitable dispersants to enhance
overall performance and effectiveness of the packaging material. Figure 5. (b) indicate a smoother
surface structure of the sample. This suggests that a smaller quantity of nanochitosan (20% by weight)
in the matrix minimizes high-energy distribution. When the amount of nanochitosan is limited, the
energy required to move the particles within the matrix becomes lower, making it easier to achieve
even dispersion. Nanochitosan can also interact with the matrix through surface adhesion. Based on
Figure 6, it implies that nanochitosan has the ability to adhere evenly to the matrix due to
compatibility as well as improved mixing and dispersion.
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Figure 6. Decrease in bacterial colonies in SA4.

3.4. Colony reduction

Nanochitosan has the scientific ability to reduce Staphylococcus aureus (S. aureus) colonies due
to various factors, including its physicochemical properties and antimicrobial mechanisms. S. aureus
is a pathogenic bacterium commonly responsible for human infections, including skin infections,
respiratory tract infections, and food poisoning. Nanochitosan is a derivative of chitosan, a natural
polysaccharide obtained from the exoskeleton of shrimp and crabs. Chitosan possesses strong
antimicrobial properties due to its positive charge. Nanochitosan, with its very small particle size,
has a large surface area, allowing it to interact with more S. aureus bacteria. The amine groups in the
chitosan structure interact with the phosphate groups on the cell walls of S. aureus bacteria,
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disrupting cellular membrane integrity and membrane permeability, thereby inhibiting growth and
causing cell lysis. Moreover, nanochitosan can penetrate bacterial cell membranes, leading to greater
internal damage.

Nano-sized chitosan at 20% by weight makes it easier for it to penetrate bacterial aggregates and
biofilms that may form from S. aureus. When nanochitosan successfully penetrates bacterial biofilms,
they can interact directly with the protected bacterial cells within. This is important because S. aureus
often forms biofilms that reduce the effectiveness of conventional antibiotics.

Good dispersion of nanochitosan in solution also allows them to evenly distribute in the
environment surrounding the bacteria, enhancing their ability to interact with a large number of S.
aureus bacterial cells. Syzygium cumini seed extract can also penetrate the double lipid membrane of
bacteria, disrupting membrane integrity. This can lead to osmotic imbalance and leakage of essential
substances from bacterial cells. As a result, bacteria experience cellular stress that can inhibit their
growth and division. Syzygium cumini seed extract can also inhibit the activity of vital enzymes in
bacterial cells. These enzymes are essential for bacterial metabolism and reproduction processes. By
inhibiting the activity of these enzymes, Syzygium cumini seed extract can disrupt various metabolic
pathways within bacterial cells, thereby reducing bacterial colonies.

3.5.pH

In this research, the pH of minced chicken breast with the addition of nanochitosan/Syzygium
cumini seed extract additives (SA4) was evaluated under cold conditions (20°C) and compared with
samples containing only PLA/PCL polymer (SA8). The optimal pH of chicken breast typically ranges
from 5.8 to 6.07, depending on the chicken type used and the slaughtering process. In this study, the
pH of minced chicken breast on the first day was 5.82 and did not show significant differences
between samples. Subsequently, the pH of chicken breast in SA8 packaging decreased after the first
day, as indicated in Figure 7. The pH decrease that occurred after a few days may be due to the
reaction of dissolved CO2 in water and the lipid fraction in chicken breast, resulting in the formation
of carbonic acid, which subsequently lowered the pH. Furthermore, there was a further decrease in
pH at specific periods, likely related to the growth of lactic acid bacteria.

5 4.67

Storage time (Day)

Figure 7. Effect of Syzygium cumini seed extract/nanochitosan in the active packaging film on the pH
value.

One of the factors influencing the pH decrease is the population of lactic acid bacteria. During
this study, it was observed that the lowest pH occurred on the 18th day, especially in chicken breast
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wrapped with the SA8 sample. In samples with SA4, the addition of nanochitosan and Syzygium
cumini seed extract could affect pH by reducing the population of lactic acid bacteria, which
ultimately could result in a lower level of acidity. Another factor contributing to the pH increase may
be related to the presence of alkaline and nitrogen compounds formed during protein changes in
chicken breast due to bacterial growth during storage. The possibly low storage temperature in this
study might have only slowed down food degradation but could not prevent the deterioration of
food quality, especially in food items with high water content. This research revealed that the SA4
sample was able to maintain the quality of chicken breast better than the polymer sample.

3.6. TVBN of chicken breast

TVBN is an indicator used to evaluate the freshness of chicken breast. When the meat is fresh
and in good condition, the level of volatile basic nitrogen (TVBN) is usually low. However, over time
and due to changes in storage conditions, the concentration of TVBN can increase. An increase in
TVBN typically indicates changes and damage to proteins in chicken breast, which can be caused by
bacterial activity, enzymes, and chemical reactions during storage. TVBN testing is an important tool
in monitoring the quality of chicken breast products during the storage and distribution cycle. It
allows manufacturers and suppliers to assess how long a product can be stored while maintaining
the freshness levels acceptable to consumers.

A high TVBN level can be an indicator that the product is no longer fit for consumption or has
low quality. From Figure 8. it can be observed that sample SA4 can better maintain the quality of
chicken breast compared to sample SAS8. This is because Syzygium cumini, as an antioxidant source,
can protect the proteins in chicken breast from oxidation, which can lead to changes and degradation.
Protein oxidation is one of the main factors in meat quality changes. Syzygium cumini, with its
antioxidant properties, can help slow down the protein oxidation process during storage. The SA4
film used as packaging, enriched with nanochitosan, can have better barrier properties compared to
polymer plastic (SA8) without additives. The SA4 packaging film can help reduce the entry of oxygen
and water into the chicken breast packaging. Oxygen and water are factors that can accelerate protein
changes. By reducing permeability to oxygen and water, plastic with nanochitosan can slow down
protein changes. Nanochitosan also has the potential to interact with proteins in chicken breast. This
can occur through hydrogen bonding or ionic bonding. These interactions can help maintain the
structure and stability of proteins, inhibiting conformational changes that can occur during storage.

60
50
40
30

20

TVBN (mg/100 mL)

10

0

0 3 6 9 12 15 18
=@=SA4  9.28 11.74 16.9 24.07 29.95 33.46 4291
SA8  9.28 14.17 22.84 30.13 36.28 48.65 54.79

Storage time (Day)

=@=SA4 SA8

Figure 8. TVBN value of chicken breast.

Hydrogen bonding is an interaction between a hydrogen atom from one molecule and oxygen,
nitrogen, or fluorine atoms from another molecule. These bonds form due to differences in
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electronegativity between these atoms, resulting in the hydrogen atom having a partial positive
charge that can interact with the partial negative charge of other atoms. Nanochitosan and Syzygium
cumini seed extract, with their structures rich in hydroxyl groups (-OH), have the potential to form
hydrogen bonds with the functional groups on the side chains of amino acids in chicken breast
proteins. These hydrogen bonds can occur between the hydrogen atom on the hydroxyl group of
nanochitosan and the oxygen or nitrogen atom in the protein. Hydrogen bonding can help maintain
the three-dimensional structure of proteins. When hydrogen bonds form, they can help maintain the
relative positions of atoms in the protein, which in turn preserves the correct protein conformation.
During storage, this can inhibit conformational changes that can occur due to environmental
pressures or interactions with other molecules.

4. Conclusion

In summary, the SA4 sample exhibited the highest tensile strength due to enhanced
intermolecular interactions within the polymer matrix facilitated by the addition of Syzygium cumini
seed extract and uniform distribution of nanochitosan. FT-IR analysis confirmed successful
interactions between the PLA/PCL matrix and nanochitosan and Syzygium cumini additives.
However, excess nanochitosan in the SA5 sample led to particle agglomeration. SA4-coated samples
showed a significant reduction in S. aureus bacterial colonies, up to 98%, and improved shelf life
based on TVBN and pH values.
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